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Abstract

The cubic and explicit algebraic stress (EASM) nonlinear type RANS models are tested for two different room geometries and ven-
tilation regimes. Broadening the works relevance, the flow features found are representative of those observed in low Reynolds number,
moderately complex geometry, mixed convection flows in general. The nonlinear models are used with both k—e and k—/ base models. The
cubic model is also tried in a hybrid LES-RANS strategy. Results are contrasted with linear k—e predictions and LES. Comparison is also
made with new velocity, temperature and species concentration measurements. This data is especially designed for the assessment of
room ventilation turbulence models. Overall, the EASM shows best RANS model performance. Despite one equation strategies being
popular for room ventilation modelling, nonlinear models that use the more complete k—e base model give better results than those using
the k—/. As would be expected, the eddy resolving approaches (LES and hybrid LES-RANS) show greatest potential but at extreme com-
putational cost. However, as a result of interfacing issues between the RANS and LES zones, the quality of the hybrid LES-RANS result
might be fortuitous. Although the nonlinear models show impressive performance for validation cases on simple geometry flows, for the

complex rooms any accuracy gains are case dependent and can be quite minor with high additional computational costs.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Room ventilation strategies can essentially be classed as
mixed or displacement. With the former, air is both sup-
plied (at relatively high velocity) and extracted at (or
around) the ceiling. With this approach the new and older
air in the room become relatively well mixed. With dis-
placement ventilation air is supplied at about floor level.
This cooler air then rises around hot objects in the room
and is extracted at the ceiling. Hence, the study of room
ventilation flows has generic relevance to mixed convec-
tion, low Reynolds number, moderately complex geometry
flows.

Many practical room ventilation design studies make
use of zero and one equation turbulence models. As shown
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by Chen and Xu (1998), these generally provide inferior
solutions but at potentially relatively low computational
cost. However, for more academic and thorough industrial
design studies (see Yoon et al., 2000; Lin et al., 1999; Sinai
et al., 2000), the standard linear k—e model is popular. Even
so, this model is known to give unsatisfactory predictions
for a number of flow configurations. Limitations of the lin-
ear k—e model for room ventilation are discussed by Chen
(1997). Peng et al. (1996) investigate performances of three
two-equations models for prediction of room airflows. It is
found that a modified version of the k—w model (Peng
et al., 1997) gives similar predictive accuracy to the k—e
but faster iterative convergence.

To increase the predictive accuracy of the standard k—e
model, variants such as the Re-Normalisation Group
(RNG) of Yakhot et al. (1992), the model of Kim et al.
(2001), which includes radiant effects, or the model of Jac-
obsen and Nielsen (1993) which includes buoyancy effects,


mailto:p.g.tucker@swansea.ac.uk

276 A. Jouvray et al. | Int. J. Heat and Fluid Flow 28 (2007) 275-288

have been introduced. Variants of the k—e model that have
been applied to room ventilation flows are given by Chen
(1996).

Jacobsen and Nielsen (1993) investigate the ability of
three types of k— model to predict flows in displacement
ventilated rooms. These models (standard k—e, k—e with
buoyancy term and the low Reynolds number model of
Chikamoto et al., 1992) are compared with temperature
and velocity measurements. Despite their differences, all
three models are found to give similar overall accuracy
levels.

Xu and Chen (2001a) propose a zonal turbulence model
for the evaluation of indoor air flows. With this, the one
equation model of Rodi et al. (1993) is used in the near wall
region (y* < 80). The standard k—e is used elsewhere. The
model is validated for natural and mixed convection cavity
flows as well as real room configurations (Xu and Chen,
2001b). It is found to be stable and give encouraging agree-
ment with measurements.

Davidson et al. (2000) show that for certain room flow
types linear RANS modelling is inadequate. Then much
improved results can be gained with LES (see Davidson
and Nielsen, 1996; Peng and Davidson, 2000; Nielsen
et al., 1978; Miiller and Davidson, 2000). With LES, the
large scales are resolved and the small scale eddies are mod-
elled by a Subgrid—Scale (SGS) model. Hence, LES predic-
tions are less model dependent. The simplest and first SGS
model to be developed is that of Smagorinsky (1963). This
has been applied to room ventilation problems by Emme-
rich and McGrattan (1998).

Although LES is promising, it is computationally expen-
sive. Hence, this is why here we propose to explore the use
of advanced nonlinear RANS models. The cubic model of
Craft et al. (1996) and explicit algebraic stress model
(EASM) of Gatski and Speziale (1993) are considered in
both low Reynolds number k—€ and k—/ forms. For com-
parative purposes linear low Reynolds number k—e model
simulations are made along with one Smagorinsky LES
simulation. In a preliminary way following Batten et al.
(2002) the cubic nonlinear model is used to create an
LES type model which is suitable for coarser grid
simulations.

Comparison is made with measurements for two rooms.
The first is the data of Yuan et al. (1999) for a displacement
ventilated room. A schematic of this is given in Fig. 1. Sec-
ondly, comparison is made with the new data of Jouvray
(2003) for both the mixed and displacement ventilation
modes. A schematic of the room geometry for this data is
given in Fig. 2. With complex room geometries, problem
definition (defining complex objects, flow inlet and outlet
devices and thermal boundary conditions, etc.) errors can
outweigh turbulence model errors. This makes turbulence
model assessment especially difficult. The measurements
of Jouvray (2003) have been carefully conducted with tur-
bulence model assessment in mind. Hence, boundary con-
ditions have been carefully recorded and problem
definition uncertainties kept to a minimum. It is often

found that studies of ventilated rooms focus on exploring
global air quality parameters rather than the underlying
fluid flow structures. For example, Shaw (2000) uses the
decay of a contaminant source to evaluate the effects of a
range of parameters on ventilation efficiency. The perfor-
mances of models when predicting global contaminant
transport/decay related parameters is also considered here.

2. Turbulence modelling and numerical methods
2.1. Turbulence modelling

The RANS, LES and hybrid RANS/LES models used in
this study are briefly described below. The RANS models
are the linear k—e (Launder and Spalding, 1974), linear k-
! (Wolfshtein, 1969), EASM and cubic. The latter two are
formulated using both low Reynolds number k—e and k—/
base models. The EASM and cubic eddy-viscosity models
have been developed to describe the flow in a more physi-
cally consistent manner. The EASM is a computationally
inexpensive simplified alternative to the Reynolds Stress
Model. Using the EASM, the Reynolds stress tensor is
defined as

2 k
Ty = =3 PkOy + 214, Sy + 24k, — (SuW iy + S W)

k 1
- 4:“[3 E <SikSkj - 3SmnSmn5ij> ) (1)

where S;; and W;; are the strain and vorticity rates. The tur-
bulent viscosity y, is evaluated as u, = ,oC,lik2 /€. Recent
trends in turbulence modelling seem to account for the fact
that C, (=0.09 for the linear k— model) is not a constant
and depends on the flow itself. Here it is defined in a tensor
form as
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where  and { are known as the invariance coefficients and
defined as
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The coefficients o; are expressed as

oc1:0.5(§7C1)g, d2:0.5(27C2)g, d3:0.5(27C3)g.
)

The following constants are used: g =0.233, C; =0.36,
C, =04, C3=1.25 and C4 = 6.8. As noted earlier, use of
this model with &~/ (Wolfshtein, 1969) and k—e base models
is explored. With k—e the Abe et al. (1996) damping func-
tions are used.
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Fig. 1. Room layout for Yuan et al. data set (see Table | for a description of items).

Fig. 2. Room layout for Jouvray data set: (1) filing cabinet, (2) large desk, (3) desk, (4) DIN man, (5) outlet, (6) door, (7) light, and (8) mixed ventilation
inlet.

The Craft et al. (1996) cubic eddy-viscosity model is also over linear and quadratic terms for capturing streamline
tested. The use of cubic terms has the distinct advantage  curvature. The Reynolds stress is calculated by
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The coefficients C; have been evaluated using empirical cal-
ibrations based on various shear flow configurations. They
are defined as: C; = —-0.1, C;, =0.1, C3=0.26, C4, = —1.0,
C5;=0.0, Cs=—0.1 and C; =0.1. The turbulent viscosity
u; is evaluated using the standard k—e (u;, = pCHfﬂkz/e) or
appropriate k- (u, = pC,Jﬂkl/z) expressions. Here again,
C, is introduced as the following flow dependent variable:

, (6)
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where S* and W" are dimensionless strain and vorticity
rates.

In LES a separation of eddy scales is assumed. The lar-
ger are resolved whereas the smaller eddies (universal in
nature) are modelled by the SGS Stress. For comparative
purposes a Smagorinsky LES simulation is made. The
SGS tensor 7;; is expressed as
Ty = il — il = %517 — 216Sij (7)
where fi545 is the SGS eddy viscosity. For the Smagorinsky
model, pisg is computed by

Hgs = Pl [S], (8)

where /[ is the modelled length scale, and S| = \/25;S;; is
the magnitude of the strain rate tensor based on the re-
solved velocities. The scale /g, is obtained from

Ises = Min(CsA, KV pin) 9)

where C; is the Smagorinsky constant, k = 0.42 is the von
Karman constant and y,,;, the normal distance to the near-
est wall. In this study, the volume based ‘filter’ width
A :(AxAyAz)l/ 3 is used, where Ax, Ay and Az are grid
spacings.

Hybrid RANS-LES models have been developed as a
compromise between the high accuracy of the LES and
the low computational expense of RANS models. Hybrid
RANS-LES are found under two main categories: zonal
models (see Davidson, 2001; Tucker and Davidson, 2004)
and embedded models. LNS of Batten et al. (2002) is an
embedded hybrid RANS-LES model in which no fixed
boundary exists between the RANS and the LES part of

the flow. The transition between RANS and LES is
achieved by scaling the effect of the turbulent viscosity of
the RANS model (see Speziale, 1998). The scaling coeffi-
cient used (o) is defined as a function of turbulent length
and velocity scales for both the RANS and the LES mod-
els. In this study, the LNS model makes use of the cubic (k-
€) and the Smagorinsky models. Using these, o is defined as
follows:
min (CS(AZS;;, C2 /e + Q))
o= 5 , (10)
C.lkfe+Q

where, Cs is the Smagorinsky constant (0.05), 4 the grid
spacing (taken as max(Ax,Ay,Az)) and € is a small number
used to avoid a singularity.

To model buoyancy in the momentum equations the
Boussinesq approximation is used. An extra source term
G that accounts for the production of turbulence by buoy-
ancy forces is also utilized. The modelling of Gy, is the sub-
ject of numerous studies (i.e., Peng, 1998). Here due to its
simplicity, the widely used standard gradient diffusion
hypothesis is used. In this approach,

p OT
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(11)

where f§ is a volumetric expansion coefficient. For the k—/
and k—e models, the source term Gy, is added to the k equa-
tion. In the € equation, the production term Py, is re-written
to include buoyancy effects as follows:

7 (PutGO(1+ CiRy), (12)

where Ry is the Richardson number defined here as
Gy
Ry =— , 13
y G 1P (13)

and C; ~ 0.8 (see Rodi, 1975).

2.2. General numerical modelling

The turbulence models have been implemented in the
NEAT solver (Tucker, 2001) and validated for a selection
of benchmark problems (see Jouvray, 2003) including
plane and sharply turned channel flows, the flow over a
backwards facing step and secondary motions (Prandtl’s
motions of the second kind) in a square duct.

NEAT is a well validated finite volume solver that uses a
structured staggered grid arrangement (see Patankar and
Spalding, 1972). The results presented here use the sec-
ond-order central difference scheme for both the convec-
tion and diffusion terms. For LES and hybrid simulations
the Crank—Nicolson time scheme is used. For stability,
even steady state solutions are time marched with relatively
small time steps. To model movement of a passive scalar a
standard convection, diffusion transport equation with a
Schmidt number of one in the diffusion term is used. When
this equation is solved for concentration decay, a first order
backwards difference temporal scheme is used.
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For the cubic model the original wall distance based
Yap (1987) correction is used. The wall distance (as with
the other models used here needing the wall distance) is
evaluated from a Poisson equation that gives a smoothly
varying distance field (see Tucker, 2001). For the cubic
model, the more basic stabilizing measures with respect
to discretized equation diagonal dominance outlined in
Craft et al. (1999) are used. Also, C, is limited so that it
has a maximum value of 0.09. The nonlinear terms/formu-
lations are introduced in a staged fashion for the different
transport equations and also ultimately (initially a constant
is C, used) for the C, formulation. In previous work, to
gain convergence, for both the EASM and cubic models,
for other low Reynolds number flows we have resorted to
limiting the magnitudes of the nonlinear term contributions
through clipping (see Tucker et al., 2003). However, the
potentially accuracy reducing approach was not resorted
to here.

3. Measurement data details

Comparison is first made with the velocity and temper-
ature measurements of Yuan et al. (1999) (Y1 Data Set) for
a displacement ventilated room. Also, comparisons are
made with the new data of Jouvray (2003) for both dis-
placement (J1 Data Set) and mixed (J2 Data Set) ventila-
tion modes. With this data, considerable effort has been
made to remove problem definition and boundary condi-
tion uncertainties.

Fig. 1 gives a schematic of the Y1 room geometry. The
Y1 data comprises measurements along nine vertical axes
of the room equi-spaced along the x and y axes. The veloc-
ities are measured using hot sphere anemometers and have
an uncertainty of +0.01 m/s. The temperature uncertainty
is known to be about +0.3 °C.

The J1 and J2 measurements, for the Fig. 2 geometry,
include hot sphere anemometer velocity (accuracy
+0.02 m/s), thermistor velocity (accuracy 4-0.025 m/s),
thermistor temperature (accuracy +1 K) and further ane-
mometer temperature data with an accuracy of £0.2 K.
Wall temperatures are measured using thermocouples with
an accuracy of £0.8 K. The concentration of a passive sca-
lar (SFy) is also measured. The uncertainty in this scalar
data is difficult to quantify. To minimize thermal radiation
low emissivity surfaces are used.

Full details of the Fig. 2 room dimensions and elements
can be found in Fig. ADM1 of additional material or Jouv-
ray (2003). To save space these details are not reproduced
here.

Likewise, precise locations of the 18 hot sphere ane-
mometer based velocity and temperature and 12 thermistor
based velocity and temperature measurements (localized to
the idealized room occupant) can be found in Fig. ADM?2
of additional material or Jouvray (2003). Such information
is not necessary to follow the results discussion.

A total of 27 thermocouples have been used to capture
the thermal behaviour of the test room’s walls (see

Fig. ADM3 of additional material or Jouvray (2003) for
precise locations). Another three thermocouples have been
used to monitor the thermal stratification of the air. These
are placed in the middle of the room at dimensionless
heights of Y =0.25, 0.5 and 0.6, respectively, where
Y =1 is the maximum system extent.

The diffusion of a pollutant source is measured in the
Jouvray (2003) data set. To mimic a breathing person,
the pollutant/scalar source has been placed in the vicinity
of the top of the idealized occupant (DIN man). The loca-
tion is such that the pollutant itself will be entrained by the
thermal plume from the occupant. The scalar concentra-
tion is measured at six locations that are mainly in the
breathing zone of a typical standing person (Y = 0.533).
Although it cannot be seen from Fig. 2, at its base, the ide-
alized occupant has rectangular openings at each of its four
faces. Full details of the pollutant source and measurement
point locations can be found in Fig. ADM4 of additional
material or Jouvray (2003).

4. Numerical modelling details
4.1. Yuan et al. (Y1) case

Table 1 summarises the dimensions, locations and con-
vective heat loads for each of the room’s components.
The radiative heat element has not been considered in this
study. Estimates of this and its use to obtain convective
components can be found in Jouvray (2003). The flow inlet
is on the side of block 2 that faces item 10 (the window).
Like most ventilation inlets, a grill is present at the inlet’s
surface. Hence, only 10% of the inlet area is effective. Since
the grill geometry is not resolved here, the inlet velocity is
evaluated according to the effective area of the grill. The
inlet velocity is ~0.834 m/s. The outlet is modelled as a
plain opening in the ceiling with simple zero gradient

Table 1

Dimensions of the room configuration (dimensions in m)

Label Description Xmin  Xmax VYmin  Vmax  Zmin Zmax Q (W)
0 Room 0.0 516 00 243 0.0 3.65 -
1 Cupboard 1 4.83 516 0.0 132 0.0 0.58 -
2 Inlet 488 516 0.0 1.14 1.51 2.04 -
3 Table 1 250 481 0.74 075 0.0 0.75 -
4 PC1 278 3.18 0.75 1.14 0.1 05 92
5 DIN 1 278 318 0.0 1.1 0.85 1.20 49
6 DIN 2 1.63 203 00 1.1 245 28 49
7 PC2 1.63 203 0.75 1.14 3.15 3.55 174
8 Table 1 0.0 223 0.74 0.75 290 3.65 -
9 Cupboard2 0.0 095 00 124 0.0 0.58 -

10 Window 0.0 0.02 094 2.1 0.16 3.50 -

11 Light 1 393 413 218 233 0.16 136 24

12 Light 2 263 283 218 233 0.16 136 24

13 Light 3 1.35 1.55 218 233 0.16 136 24

14 Light 4 393 413 218 233 229 350 24

15 Light 5 263 283 218 233 229 350 24

16 Light 6 1.35 1.55 218 233 229 350 24

17 Outlet 235 278 243 243 1.51 2.04
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boundary conditions. The inlet flow temperature is set to
17.2 °C.

Measured surface temperatures are also used as bound-
ary conditions. The data provided does not allow specifica-
tion of a thermal stratification along each wall. Thus
averaged wall temperatures are used. These are as follows:
Front wall (maximum z coordinate, i.e., Z = 1): 22.65 °C,
Back wall: 22.90 °C, East wall (minimum x coordinate):
22.57 °C, West wall: 21.69 °C, Floor: ~21.87 °C and Ceil-
ing: 22.87 °C. The sensitivity of results to the average wall
temperature assumption is discussed later for the Jouvray
case. The window is assumed isothermal with a tempera-
ture of 27 °C.

A grid of 117 x 69 x 83 (x, y, z) nodes is used for the sim-
ulations. Taking into account all solid surfaces, this grid
gives an average first off wall y* ~ 0.9. It is worth noting
that, for this low Reynolds number flow, Yuan et al. find
sensibly grid independent solutions for a mesh having over
13 times fewer cells than used here. Also, the convective
scheme used by Yuan et al. is more dissipative than that
used here.

4.2. Jouvray cases (J1 and J2)

The inlet velocities are set at measured values. These are
0.07386 and 0.3693 m/s for cases J1 and J2, respectively.
Similarly inlet airflow temperatures of 297.65 and
294.55 K for cases J1 and J2 are also specified. The outlet,
is modelled as a plain opening in the ceiling with simple
zero gradient boundary conditions.

4.2.1. Boundary and initial conditions

As with the Y1 case, avoiding modelling uncertainties,
measured wall temperatures are used as boundary condi-
tions. For case J1, two types of wall temperature specifica-
tion are tested. They are:

e Averaged wall temperature and,
e Specification of vertical thermal stratification.

For case J2, only averaged wall temperatures are used. The
averaged wall temperatures of cases J1 and J2 are summa-
rised in Table 2.

For the specification of the vertical temperature stratifi-
cation a quadratic polynomial of the form:

Ts(K) = O‘tyz + ﬁzy+ Ve (14)

is used where, T is the surface temperature and, y is the lo-
cal height in the room. The coefficients o,, 3, and 7y, are cal-

Table 2

Averaged wall temperatures for cases J1 and J2

Temperature Door  Back Left Right  Floor  Ceiling
(K) wall wall wall

Case J1 297.99 298.09 298.78 297.97 297.37 298.34
Case J2 294.61 295.06 29491 29474 29494 295.11

Table 3
Coefficients of the polynomial fit for wall temperature of case J1
Left Right Door Back DIN DIN
wall wall wall man J1 man J2
o, —0.222 0.008 —0.669 0.142 —0.032 —1.067
B, 0.950 0.250 2.150 —0.028 1.956 3.539
v,  297.40 297.51 296.51 297.65 300.98 297.84

culated from a polynomial fit to the measurements and are
given, for each wall of case J1, in Table 3. For the floor and
ceiling, averaged surface temperatures are used.

The specification of the idealized occupant heat source is
crucial in this study, especially for case J1. A quadratic
polynomial fit to the measurements is used to specify, as
boundary conditions, the vertical variation of the occu-
pant’s surface temperature for both cases. Eq. (14) coeffi-
cients describing the idealized occupant’s surface
temperature can be found in Table 3.

Measured velocities and temperatures at the top and
bottom openings of the idealized occupant are also speci-
fied as boundary conditions (full details of the locations
of thermistor based velocity and temperature probes in
the occupant zone can be found in Fig. ADM4 of addi-
tional material or Jouvray (2003)). Temperatures and
velocities at the top are on average 301.5 K and 0.3 m/s,
respectively. At the bottom the averaged velocity is
0.09 m/s. The flow directions at the top and bottom open-
ings of the occupant are assumed surface normal.

When modelling the temporal passive scalar decay, the
averaged measured concentration of sampling points
located at Y = 0.533 (the breathing zone) are used as initial
conditions. These are 25.56 and 51.50 ppm, respectively,
for cases J1 and J2 and are set at uniformly in the room.

For both cases, a grid of 75x 83 x 63 (x,y,z) nodes is
used. This gives an average first off wall y* value of 0.45
for both cases. The near wall LES grid has been modified
to ensure cross streamwise non-dimensional grid spacings
(Ax", Ay" or Az") are below 25 wall units (again this figure
is based on an average for all solid surfaces). The relatively
low Reynolds numbers allow such small values to be
obtained.

5. Results and discussion
5.1. Yuan et al. (Y1) case

Fig. 3 shows four velocity profiles (at X =0.833, Z=
0.5, X=05, Z=0.5; X=0.5, Z=0.33 and X=0.5,
Z =0.833) for the linear (Lam and Bremhorst, 1981),
EASM (with AKN damping function) and cubic k—e mod-
els. The figure indicates that all the models predict magni-
tudes in line with the experiment with only minor solution
differences. Fig. 4 compares the same profiles shown in
Fig. 3 but for the k—/ based models. The figure shows that
the profiles for these models are less monotonic than those
for the k—¢ based models. The lower monotonicity could
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Fig. 3. Comparison of measured velocity profiles with predictions of the linear, EASM and cubic k—e models at the following locations: (a) X' = 0.833,
Z=0.5(b) X=0.5,Z=0.5; (c) X=0.5, Z=0.33 and (d) X=0.5 and Z = 0.833.
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Fig. 4. Comparison of measured velocity profiles with predictions of the linear, EASM and cubic &~/ models at the following locations: (a) X' = 0.833,
Z=0.5;(b) X=0.5,Z=0.5;(c) X=0.5,Z=0.33 and (d) X=0.5 and Z = 0.833.

partly be attributed to the less smooth turbulence dissipa- locality. With systems cluttered with relatively block like
tion scale, which is to a greater extent a function of surface geometries the latter changes rapidly. Fig. 4 also shows that
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the differences between the linear, EASM and cubic models
are greater when used in a k—/ framework. Presumably, this
is as a consequence of the less monotonic turbulence length
scale distribution becoming magnified, in different ways, by
the extra nonlinear terms.

The differences observed between the linear k—e and
EASM models are also illustrated in a qualitative sense
in the Fig. 5 the velocity contour plot. The contours are
taken in the x—y plane at Z =0.5. The k—/ based models
have similar features to those shown in Fig. 5. In both
plots, the relatively cold inlet air can be seen to rapidly fall
on entering the room, soon being deflected horizontally by
the floor giving rise to a wall jet. Clearly, there is strong
streamline curvature (which the cubic model has the ability
to model the consequences of) and complex flow physics.

The accuracy of the models tested is summarised in
Table 4 which gives the relative error at each of the nine
profiles. The errors given in Table 4 and other tables are
obtained using the following equation — error (%) =
(|¢cED — PExpl/|PExp|) X 100. The table shows that overall
the k—e based models are more accurate than the k—/ by
about 5%. This is to be expected. The k—e model is more
complete having more plausible local dissipation levels.

The / equations in the k—/ model will be inadequate near
the inlet jet region. Also, they certainly have insufficient
physics to deal with the complex wall jet flow near the
floor. Numerous other complex flow features are also pres-
ent which will challenge the relatively simplistic turbulence
length scale equations used in Wolfshtein’s standard -/
model. Considering this, the 5% accuracy loss for the k—/
model seems relatively small.

The relatively high errors reported in Table 4 can partly
be explained by measurement errors. The hot-sphere ane-
mometers errors are of significant importance at low veloc-
ities (~0.1 m/s). The table shows that the EASM k—¢ is
most accurate. The accuracy improvements found using
the EASM and cubic model over the linear k&~ model are
however much less (<1%) than seen for simpler validation
and room geometry cases. In a k—/ framework, the EASM
has the same overall accuracy as the linear model and, the
cubic the worst accuracy of all the models. The cubic mod-
el’s poor k-I accuracy can be partly attributed to the
Wolfshtein near wall damping function(s) being inappro-
priate for the model — some re-calibration being necessary.

Fig. 6 compares temperature measurements for four
profiles (at X=Z=0.5; X=0.166, Z=0.5, X=0.5,

I~

Fig. 5. Velocity contour plots in the room for (a) the linear and (b) EASM k—¢ models.
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Table 4
Relative velocity error for each of the nine measured profiles
Profile k-1 k—€

Linear EASM  Cubic Linear EASM  Cubic
1 90.3 49.5 98.5 51.5 53.3 429
2 67.0 57.9 98.1 59.1 48.0 59.6
3 43.7 16.8 41.4 26.8 22.3 25.0
4 41.2 47.2 38.6 329 25.4 30.7
5 34.2 55.3 52.5 59.1 53.5 61.9
6 25.4 37.6 18.5 25.1 23.4 25.9
7 35.3 54.8 50.5 46.7 56.7 50.1
8 23.4 65.6 314 26.1 36.9 322
9 36.2 12.6 23.7 23.1 21.7 21.2
Average 44.1 44.1 50.4 38.9 37.9 38.8

Z =0.166 and X =0.5, Z =0.66) with the linear, EASM
and cubic k—e model predictions. Fig. 7 is a repeat of
Fig. 6 using this time k—/ based models. Fig. 7 shows that,
unlike the k—e, all k—/ based models are unable to predict
the correct thermal stratification in the lower part of the
room (Y <0.4).

Table 5 gives a summary of temperature prediction
errors for all profiles and models. The table shows that,
as for the velocities, the k—/ based models give greater
errors than the k—e based models (~2%). Moreover, the
EASM and cubic &~/ models have a higher error than the
linear k—/ model. Again, this worse nonlinear model perfor-
mance could be attributed to the inappropriateness of the
standard k—/ model’s near wall modelling. The EASM k-/
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model now gives the biggest overall error. In a k— frame-
work, the EASM and cubic models are found to very mar-
ginally improve linear model accuracy. For this case,
buoyancy plays a key role. The modelling of turbulence
production by buoyancy, and the general turbulent heat
fluxes, is relatively crude making use of the simple eddy-dif-
fusivity approximation. This crude modelling element
might well negate the benefits of using the additional non-
linear terms. This could explain the similarity between the
linear and nonlinear model results.

5.2. Jouvray (J1 and J2) cases

Finally comparison is made with the Jouvray data with
its carefully controlled boundary conditions.

5.2.1. Thermal stratification

Fig. 8 compares the averaged measured and predicted
vertical thermal stratification in the room for cases J1
(Frame (a)) and J2 (Frame (b)). The wall temperatures
are averages over all walls at a particular height. The fluid
temperatures are local values at the centre of the room.
Since it has best overall accuracy, the EASM k—e¢ is chosen
for the comparison. Temperature is normalized by the inlet
temperature and height by the room’s height. In Frame (a),
the EASM Fk—e (a) result uses averaged wall temperature
boundary conditions and the EASM k- (b) result uses
the polynomial 7' fit. As can be seen from the figure, only
minor differences are observed between the two boundary
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Fig. 6. Comparison of measured temperature profiles with predictions of the linear, EASM and cubic k—¢ models at the following locations: (a)
X=Z=0.5;(b) X=0.166, Z=10.5; (c) X=0.5, Z=0.166 and (d) X =0.5, Z=0.66.
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Fig. 7. Comparison of measured temperature profiles with predictions of the linear, EASM and cubic k—/ models at the following locations: (a)
X=2Z=0.5;(b) X=0.166, Z=10.5; (c) X=0.5, Z=0.166 and (d) X=0.5, Z = 0.66.

Table 5
Relative temperature error for each of the nine measured profiles
Profile k-1 k—e
Lincar EASM  Cubic Linear EASM  Cubic
1 4.16 4.76 3.98 3.22 2.94 3.25
2 2.95 3.60 3.10 1.70 1.50 1.61
3 3.10 345 3.38 1.88 1.80 1.76
4 2.20 3.32 2.37 0.97 1.11 0.89
5 2.48 3.02 2.40 0.90 0.89 0.91
6 2.51 2.62 2.79 1.37 1.46 1.36
7 2.62 3.63 2.97 1.58 1.82 1.50
8 2.61 3.39 2.74 1.67 1.47 1.47
9 2.74 3.57 2.74 1.43 1.51 1.32
Average  2.82 3.48 2.94 1.64 1.61 1.56
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conditions. The other flow variables are also found to be
insensitive to the changes in boundary conditions. Hence,
for simplicity, the results presented thereafter use average
wall temperature boundary conditions. Frame (a) shows
that, like the case of Yuan et al. (1999), the magnitude of
the thermal stratification is not well predicted especially
in the vicinity of the floor and ceiling. The figure also shows
that the average surface temperature is of lower magnitude
than the airflow temperature. Similar temperature magni-
tudes are found away from the floor and ceiling. As noted
earlier, the relatively poor agreement in the near wall
region can perhaps be partly explained by the use of simple
models for heat transfer and buoyancy effects. The use of
more advanced models is left as future work.
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Fig. 8. Averaged temperature stratification in the room for case J1 (a) and case J2 (b).
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Table 6
Averaged temperature error (%) of the models for cases J1 and J2
Case Linear EASM Cubic

k-1 k—e k—{ k—e k-1 k—e
Case J1 8.5 8.4 39 3.7 3.8 34
Case J2 7.1 6.8 6.8 6.3 7.0 6.6

In Frame (b) of Fig. 8, the EASM k—e model predictions
are compared with the averaged measurements of wall and
air temperature. Unlike for case J1, this plot shows, as
might be expected, that a clear thermal stratification is no
longer present. Away from the floor region (top 80% of
the room) the predictions of the EASM k—e model are
found to agree reasonably well with air temperature mea-
surements. The figure also indicates that the averaged sur-
face temperatures (used as boundary conditions) are higher
than the air temperatures.

The temperature prediction accuracies of the RANS
models are summarised in Table 6. The table shows that,
for displacement ventilation Case J1, the use of the EASM
and cubic models significantly improves linear model accu-
racy. This is in strong contrast to the displacement ventila-
tion Case Y1 where the linear and nonlinear results are
similar. For case J2, the improvements found using the
EASM or cubic models are minor. The EASM, in either
the k—/ or k—e frameworks has marginally best accuracy.

5.2.2. Air velocities

Fig. 9 plots measured against predicted room velocities
for cases J1 and J2. For perfect agreement the symbols
would lay on the 45° line. The dashed lines effectively rep-
resent measurement error bars. It is clear from both figures
that the highest velocities in the room (in the vicinity of the
idealized occupant) are not well predicted for any of the
models. The highest velocity measurement in the room is
produced by a top opening of the idealized occupant. In
contradiction to the measurements, the models tested all
predict that the probe measuring this highest velocity is
located outside of the high velocity convective area of the
idealized occupant. Further investigation on the boundary
conditions applied to the top area of the idealized occupant
is required to make any significant conclusions. This is left
as future work. The convective area of the idealized occu-
pant as well as the overall airflow patterns in the room
are illustrated by the velocity contour plots for cases J1
and J2 in Fig. 10. Frame (a) gives the linear k—e model con-
tours for Case J1. Frames (b) and (c) gives linear and
EASM k—e results for Case J2. In all plots the convective
plume around the idealized occupant is clear. This seems
to give rise to a wall jet like boundary layer on the upper
horizontal surface (ceiling). In Frames (b) and (c) for case
J2, the linear and nonlinear RANS results show significant
qualitative flow differences. There perhaps seems greater
similarity between the linear k—e velocity contour plots
for the different J1 and J2 cases shown in frames (a) and

(b).
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Fig. 9. Comparison of measured and predicted airflow velocities for case
J1 (a) and case J2 (b).

To emphasize the differences between the models tested,
the averaged velocity errors for cases J1 and J2 are pre-
sented in Table 7. The table shows that, once more, the less
complete k—/ based models have significantly lower accu-
racy than the k—e based, especially for case J1. The rela-
tively low velocity predictive accuracy seen in Table 7 is
partly explained by the low measurement accuracy for
velocities (4:0.02 m/s). It can, however, be noted that these
prediction errors are of lower magnitude than previously
seen for the Y1 case. This could be because the measure-
ments being compared with have more carefully defined
boundary conditions.

For Case J2 the linear and nonlinear models give similar
velocity results. For Case J1, relative to the linear equiva-
lent, both cubic and EASM models are found to substan-
tially improve accuracy. The EASM k—e model is only
0.5% less accurate than the LES. The latter, besides having
best agreement with measurements, is extremely computa-
tionally expensive compared to the EASM. The cubic
model is not always found to improve accuracy. The
LNS model results are encouraging. However, this could
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Fig. 10. Velocity contour plots in the idealized occupants mid-plane for:
(a) linear k—e model, Case J1; (b) linear k—e model, Case J2 and (c) EASM
k—e model, Case J2.

Table 7
Averaged velocity errors (%)

EASM Cubic LES LNS
k-l k- k-l  k-e k-l  k-e

Case J1 585 347 473 222 500 246 21.7 23
CaseJ2 269 259 263 243 301 281 N/A N/A

Linear

be fortuitous. LNS is quite capable of producing RANS
zones which are upstream of LES zones. This situation will
give rise to inappropriate upstream LES boundary condi-
tions. This LNS defect can be remedied using a relatively

complex to implement synthetic turbulence generation
procedure.

5.2.3. Gas tracer decay

Fig. 11 compares the measured and EASM predicted
scalar decay in the breathing zone of the room
(Y=0.533) for cases J1 and J2. Both figures are non-
dimensionalised by the time required to renew the air in
the room and by the target gas tracer concentration of
10 ppm. For both cases, reasonable agreement is found
between measurements and predictions. The relative scalar
decay prediction errors for the models used are summarised
in Table 8. The table shows that even for this global param-
eter again (for reasons outlined earlier) the &~/ based mod-
els have lower accuracy than the k—e. The overall predicted
gas tracer accuracy of case J2 is better than for case J1. The
EASM, in either the k—/ or the k— framework, is found to
give the best decay predictions. In particular, close agree-
ment is found using the EASM for case J2 (<6% relative
error). The accuracy improvements found using the cubic
model are lower than those of the EASM.

T T

10

O Measurements
©) —— EASM k-1

0.8

0.6

0.2

Concentration/Target concentration

1 1
0.0 1.0 2.0 3.0
(a) Time/Air renewal rate

T T T T

08 1 O Measurements

—— EASM k-epsilon

0.6

04

0.2

Concentration/Target concentration

00 1 1 1
0.0 1.0 2.0 3.0 4.0 5.0

(b) Time/Air renewal rate

Fig. 11. Averaged concentration decay for: (a) case J1 and (b) case J2.
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Table 8
Relative averaged scalar decay error (%) of the models compared with
measurements

Case Linear EASM Cubic
k—1 k—e k1 k—e k—l k—e
Case J1 22.4 19.2 17.7 17.2 214 18.5
Case J2 13.4 10.9 9.7 9.1 11.5 10.5
Table 9
Contaminant removal index
Measurement  Linear EASM Cubic
k1 k- k-1 k- k-1 k—e
CaseJ1 1.0 1.05 097 1.02 098 1.09 1.05
Case J2  1.09 1.14 111 111 1.10 117 1.07

Ventilation efficiency is assessed using the contaminant
removal index E; Following Collignan and Riberon
(2000), this is defined as Ey = C,,/ Cys, Where Cy, is the con-
centration at the room’s flow outlet and C,, the concentra-
tion in the breathing zone. In simulations, the tracer gas is
supplied at time ¢ =0 only. Table 9 summarizes the pre-
dicted Ef for the various models tested. The table shows
that the k—¢ based models have higher accuracy than the
k—I based models. The table also shows that for cases J1
and J2, the cubic model in a k—/ framework has worse accu-
racy than its linear equivalent. Again the EASM models
are found to be most accurate.

Our group has contrasted these cubic and EASM mod-
els for a much wider range of relatively low Reynolds num-
ber flows than explored here (see, for example, Tucker et al.
(2003)). This work suggests that the performance of the
cubic model relative to the EASM is strongly case depen-
dent. Hence, it is difficult to draw firm conclusions of the
relative merits of the EASM and cubic models.

6. Conclusions

As would be expected, the k—/ based predictions (for
which / equations are case dependent) have a lower accu-
racy than the k—e. It is important to note that the former
type of model, with its algebraic turbulence length scale
description, is most popular in room ventilation modelling.
Overall, the EASM k—¢ is found to give marginally better
agreement with measurements, in terms of velocities, tem-
peratures and passive scalar decay. For case J1, the EASM
k—e i1s found to predict velocities within 0.5% of the Smago-
rinsky LES. The latter is, as would be expected, substan-
tially more computationally demanding than any of the
RANS models. The LNS simulation gives encouraging case
J1 velocity predictions. However, this result could be fortu-
itous. For complex flows LNS can give rise to LES zones
with inappropriate upstream RANS boundary conditions.
The cubic is found to give slightly more mixed results than
the EASM. It improves temperature and passive scalar
decay predictions but gives worse case J2 velocities than

its linear equivalent. For the case J1 displacement ventila-
tion study, poor RANS thermal stratification predictions
are found. This can perhaps partly be explained by the sim-
plicity of the heat transfer and buoyancy models used.

Where comparison with measurements is made, LES
gives the best accuracy. The cubic model is found to be
more unstable than the EASM. However, for other cases
not reported here the stability and accuracy traits of the
cubic in relation to the EASM are reversed. Hence, many
of the performance aspects discussed seem highly case
dependent.

Appendix A. Supplementary data

Supplementary data associated with this article can
be found, in the online version, at doi:10.1016/
j-jjheatfluidflow.2006.02.029.
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