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ABSTRACT

The potential application of computational fluid dynam-
ic (CFD) techniques to buiMing design mM analysis was
investigated by comparing the results of CFD simulations
using varying algorithms and numerical parameters to full-
scale experimental results. Because it was desired to
investigate the trade-offs between accuracy atut computa-
tional speed, the following models were implemented:
laminar, k-¢ model with wall functions, and a low-Reynolds
k-¢ model (Lam-B.remhorst version).

The experimental measurements were made in a 15 by
9 by 932 room with a sidewall inlet. Flow rates in the room
were varied between 15 and 100 air changes per hour
(ACH). The room walls, floor, atut ceiling were controlled
to be nearly isothermal.

To determine the strengths and weaknesses of the
models and modeling techniques, the numerical prediaions
were compared to the experimental results. By defining a
notutimensional global error number, the models were
ranked in order of decreasing accuracy as low-Reynolds k-e
model, k-e model with wall functions, atut the laminar
algorithms. The k-e model with wall functions required
approximately 50% more CPU time, while the low-Reynolds
k-e model required approximately 80 % more CPU time than
the laminar algorithm.

BNTRODUCTiON

The capability to accurately predict flow behavior
within a room may be of significant benefit to the design of
heating, ventilating, and air-conditioning (HVAC) systems.
Successful predictions of room airflow yield such informa-
tion as velocities, temperature, and contaminant distribu-
tions, which are useful to building design and analysis.
Specific applications where both thermal comfort and indoor
air quality are of interest include design of diffusers and
evaluation of various ventilation schemes.

The nature of room airflow requires the solution of the
continuity and momentum equations in three dimensions.
For typical room/system combinations, the flow is at least

partially turbulent. Therefore, the flow model and subse-
quent solution process should somehow account for turbu-
lence. This need for turbulent flow solutions has led to the
development of numerous turbulence models, the most
popular of these being the two-equation k~ turbulence
model.

This paper presents the results of a project that investi-
gated the use of computational fluid dynamic (CFD)
techniques to predict room airflow. This evaluation process
involved the implementation of the laminar model, the k~
turbulence model with wall functions, and the low-Reynolds
k-e model. Through comparison to experimental data, the
limitations, weaknesses, and strengths of the models were
determined.

Experimental Background

The experimental data used for comparative purposes
in this project were measured as part of a study of interior
convective heat transfer under ventilative cooling conditions
(Spitler 1990; Spitler et al. 1991). Therefore, the flow rates
ranged from the high end of a "typical" value for an office
building (15 ach) to "ve~3, high" (100 ach). Air movement
and convective heat transfer were investigated using a full-
scale 15 by 9 by 9 ft (4.6 by 2.7 by 2.7 m) room with 
controllable heated panels, two ventilation inlets, and one
outlet (see Figure 1). ’/?he sidewall inlet and outlet dimen-
sions are 15.8 by 35.6 in. (0.4 by 0.9 m), while the ceiling
inlet dimensions are 15.8 by 15.8 in. (0.4 by 0.4 m).

In addition to variations in flow rates, inlet locations,
and inlet temperatures, different sinmlations were also
obtained by changing the room configuration (e.g., reduc-
tion of inlet area, furniture in the room, etc.). The compari-
sons to CFD predictions presented concentrate only on the
simple room configuration ,asing the sidewall inlet with an
inlet temperature of 21°C. Comparison of other configura-
tions and experimental tests to CFD predictions will be
made in the future.

The facility incorporated 16 omnidirectional airspeed
probes and numerous thermocouples that measured air
temperatures within the room, air temperatures entering and
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Figure 1 Experimental facility.

leaving the room, and the various surface temperatures
necessary in determining the convective fluxes at the walls.
These probes obtained measurements at 896 locations within
the room, thus providing an experimental grid of approxi-
mately 1 ft (0.3 m).

The use of the 53 controllable panels is of particular
interest to the modeling aspect of this study. By controlling
the temperature of the walls, convective heat fluxes could
be accurately determined and film coefficients for all
surfaces were calculated. The isothermal walls with experi-
mentally determined film coefficients allowed a relatively
straightforward implementation of boundary conditions in
the CFD models.

Previous Modeling Studies

Early room airflow simulations using the k-t model
involved the use of wall functions to simulate near-wall
flow. Some of the first studies were made by Nielsen et al.
(1978, 1979) for forced convection in two dimensions and
later in three dimensions (Gosman et al. 1980).

Murakami et al. (1987, 1989a, 1989b, 1990) have used
the k-t model extensively in validating the model’s use as
well as for practical application to cleanroom design. CFD
predictions were compared to experimental results of one-
sixth-scaled three-dimensional rooms.

Two- and three-dimensional ventilation studies have
also been performed using the k-t model with wall functions
(Awbi 1989). These studies included the creation of fixed
loads within the room to better investigate the effects of
buoyancy.

Since the emergence of the low-Reynolds k-e model
(Launder and Spalding 1974), its use has also been extend-
ed to modeling room airflow. Using the Lam-Bremhorst
model (Lam and Bremhorst 1981), Chen et al. (1990)
simulated natural convection within cavities to draw
conclusions for its application to room air modeling.

Although the study of room airflow modeling is not
entirely new, most of the previous studies have limited their

scope to a particular model (e.g., k-e model with wall
functions or low-Reynolds k-e model). In addition, none of
the previous studies has compared results to buoyant,
turbulent flow in a full-scale experimental room.

Objectives

The primary objective of the project was to evaluate the
use of CFD in modeling room airflow by comparing the
numerical predictions of several models to full-scale
experimental data. The evaluation focuses on predictions
that might be useful to a building designer interested in the
general flow patterns and magnitudes. For these purposes,
we are not particularly interested in the boundary layer,
except as it affects the flow outside the boundary layer. For
that matter, the experimental data used for comparison does
not contain enough measurements to validate or invalidate
predictions very close to the wall.

Therefore, more approximations and simplifications are
made than might be done in a state-of-the-art CFD analysis.
A secondary ob.jective involved quantifying the errors in the
CFD prediction so that the trade-offs between accuracy and
computational requirements could be evaluated in a some-
what objective fashion.

MODEL AND EQUATION DESCRIPTIONS

Laminar Equations

In addition to modeling room airflow using a turbulence
model, this study also addressed the issue of how well the
flow is approximated if turbulence is ignored. If a Eulerian
description is applied to a laminar flow field and constant
properties are assumed, Equations 1 and 2 are used as the
conservation equations of mass and momentum.

~Ui = O, (1)
~xi

oei 0 (ViVj) 10P

0 t Oxj p Oxi 
+ gi + v V2 Vi . (2)

k-¢ Turbulence Model

To numerically simulate turbulent flow, this study used
the two-equation k-e turbulence model (Launder and Spald-
ing 1972). Although the continuity equation of Equation 
may still be used, Equation 3 becomes the new momentum
equation to be used when describing turbulent flow (Rodi
1980):

~ +-- = -~ +gi
Ot Oxj ( Ui Uj) Oxi

(3)
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The transport equations for k and t:, as well as the
equation for determ~ni~ag, the turbulent viscosity (vt), are
given in Equations 4 through 6.

ak a ..... a [ v, ak ]
37 + 3-Z..tuJ~) : ~ I~

J J ( J (4)
OUi [ OUi OUj I

s ~ s t, ~ s j (5)
C~F~ OUi [ OUi OU. I .+ ~ ~ I~._ + - w I - C~F~_

gt = C~F~T̄
(6)

It should be not~ that the turbulent viscosity (~t) ap-
p~g in the k~c model ~uations is implement~ as an
eff~tive viscosity (~eff = ~ + ~)" ~e co--only us~
cons~t values of the k-a ~tions are sho~ in Table I,

TABLE 1
Constants for k-c Model

(Launder and Spalding 1974)

1.44 1.92 1.0 1.3

1984; Chen et al. 1990). Using this ~nodel, the nature of
Equations 4 through 6 is altered through the use of the
following equations for the empirical functions:

-0.0165Ry)2 [ 20.5]Vt~ :(1-e 1 + ---~-~ ,

and

0.05
F1 : 1+ ~ ,

(8)

(9)

F2 = 1 - e-(R’)2, (10)

Low-Reynolds Flow

When discussing turbulent flow, it is convenient to use
an additional parameter, the turbulent Reynolds number

(Rr).
k2

RT = --. (7)

Due to the nature of room airflow, there will always be
regions (particularly near the walls) in which this number
is quite small. In these regions, the viscous effects become
significantly greater than any turbulent effects. Because the
standard form of the k-e model is valid only for high-
Reynolds turbulent flow, difficulty arises. There are two
ways in which the standard k-c model is used for low-
Reynolds flow. These methods are known as wall functions
mad low-Reynolds models.

Wall functions, when used in conjunction with the
standard k-c equations, are intended to reproduce the
logarithmic velocity profile of a turbulent boundary layer
near the wall (Launder and Spalding 1974). No changes are
made in the k-e equations. Thus, the empirical functions

(F~, 1, and F2) i n Equations 4through 6 assume the value
of unity. Instead, the velocity profile is created through the
use of complex expressions imposed as boundary conditions
at the walls.

The second method for describing low-Reynolds flow
involves modifying the standard k-e equations, making them
valid throughout the full range of flow regions (laminar,
buffer, and fully turbulent). While several low-Reynolds
models have been introduced (Patel et al. 1984), this study
uses the Lam-Bremhorst ~nodel (Lam and Bremhorst 1981)
based on recommendations of other researchers (Patel et al.

where

V/’£’Y n (11)Ry=

Heat Transport

If the conservation of energy is imposed for a fluid
with constant properties, the following equation represents
the transport of heat with the flow field. Note that more
sophisticated algorithms to account for the effect of turbu-
lent diffusion are available (cf. Awbi 1989).

O._._T + ~ (UiT) = ot(V2T) (12)
at Oxi

where ot is the thermal diffusivity (p. Cp/k).

SOLUTION METHODOLOGY

Numerical Procedure

A finite-difference program was developed that was
capable of the solution of three-dimensional, turbulent,
buoyant flow. The basis of tiffs program was a program
previously developed for three-dimensional, laminar,
constanVdensity flow (Lilley 1991). Velocity values were
defined on cell faces, and scalar quantities were defined at
cell centers using the original marker-and-cell (MAC)
method (Harlow and Welch 1965). Explicit equations were
developed for the time-advanced values, and upstream
differences were used to ensure the numerical stability of
the convective terms. This method was first introduced in
two-dimensional context by Hirt et al. (1975), and its

146 ASHRAE Transactions: Research



extension to three dimensions has been detailed by Lilley
(1988). A time-stepping algorithm was employed until 
steady-state solution was reached. A pressure-correction
iteration procedure (Hirt and Cook 1972) was used 
determine time-advanced velocity values.

Grid System

For simplicity in the development of the computer
algorithm, an orthogonal, equally spaced grid system was
used to cover the domain. Five different grid sizes were
investigated to determine the necessary resolution for grid-
independent solutions. These grid sizes ranged from 360
cells (10 × 6 × 6) to 41,400 cells (46 × 30 × 30). 
parison of values at several locations showed that a grid-
independent solution was achieved by using a 40 × 24 ×
24 mesh (23,040 cells), which corresponds to cell sizes 
approximately 0.4 ft (0.12 m).

The use of this grid size was determined, in part, by
the goals of the project. Obviously, the use of a finer mesh
near the wall would reduce the steep gradient of velocities
and aid in the use of the low-Reynolds k-¢ model. Thus, a
finer mesh near the wall may produce more accurate results
near the wall. However, if it does not produce significantly
more accurate results away from the wall, it may be a
waste of computational time.

Since our objective was only to model the general flow
patterns in the room, and further refinement of the grid
produced no appreciable gains in accuracy, we used the
40 × 24 × 24 mesh.

BOUNDARY CONDITIONS

Inlet

When modeling room airflow, researchers have
generally assumed a uniform velocity distribution over the
inlet area. Imposing this boundary condition allows the
tangential velocity to be set equal to zero (Ut = 0). The
normal velocity component (Un) is then determined by the
desired airflow rate (ACH) and the inlet area.

Because the flow is considered uniform, scalar quanti-
ties are considered constant over the room inlet. The
turbulent kinetic energy and dissipation rate at the inlet can
then be imposed using the following equations (Awbi 1989):

3 ,2 T 2 (13)kin = -~ lu Uin

and

where

Iu2

X =
H =

k3/2
in

~in = --~
(14)

turbulence intensity of the inlet velocity,
constant (= 0.005), and
room height (m).

Although convenient, the uniform velocity profile
boundary condition does not match the experimental
conditions and leads to moderate errors, particularly at the
low flow rates. Figure 2 shows the velocity magnitude
profiles for several flow rates based on the experimental
results for the region near the inlet. These values are
measured at locations 12.7 cm from the sidewall and 18.0
cm downstream from the inlet.

In addition to the uniform boundary condition, simula-
tions were performed using estimated inlet profiles based on
the experimental plots. These new profiles are shown
superimposed with the experimental magnitudes near the
inlet in Figure 2. The thin lines with symbols represent the
experimentally measured values near the inlet, while the
heavy lines represent the approximated inlet profile used
during the modeling.

Using a nonuniform velocity profile obviously affects
the distribution of turbulent kinetic energy (k) and its rate
of dissipation (~). Nonuniform distributions ofk and ¢ were
achieved using Equations 13 and 14 at each inlet cell and
the corresponding value of the inlet velocity for that cell.

Using the approximated inlet profiles instead of the
uniform inlet profiles causes notable differences, particular-
ly at the low flow rates. The most dramatic of these
differences may be seen in Figure 3, which shows a side
view of the velocity ~nagnitude of the jet entering the room
at 15 ACH. It is clear from Figure 3 that the use of the
approximate inlet profile results in closer conformity with
experimental results than the uniform inlet profile. There-
fore, the approximated inlet profiles were used for all of the
following simulations.

Outlet

The lack of experimental measurements at the outlet
makes the imposition of boundary conditions difficult.
Therefore, uniform velocity distribution was assumed over

09 15 ACH
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0 05 1
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03
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Figure 2 Approximation of inlet profiles.
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UNIFORM PROFILE (15 ACH)
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EXPERIMENTAL RESULTS (I 5 ACH)
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Figure 3 Comparison of inlet jets using uniform and
approximated inlet jets (15 ACH).

the room outlet. Tangential velocities were considered zero

(Ut = 0), and normal velocities were assigned based on the
inlet-to-outlet area ratio and the average inlet velocity.

Ain (15)
~o., = ~ ~1o.t "

The uniform distribution forces the gradients of all scalar
properties to be zero at the outlet.

Walls

Because the walls are considered impermeable, the
normal velocities (Un) must be zero at the walls. The
easiest method of imposing tangential velocities (Ut) is to
allow no-slip or fi’ee-slip conditions. While the use of a
free-slip condition may be in direct contradiction with
physical reality, the use of this condition is shown later by
the results to be a legitimate modeling approach. However,
these conditions may only be imposed when the wall
functions are not used in conjunction with the k~e model.
With wall functions, boundary conditions for tangential
velocities were imposed through the use of the following
equation (Murakanfi et al. 1989, 1990):

where

(16)

m = constant (1/7).

Regardless of whether wall functions or a low-Reynolds
model was used, boundary conditions for the turbulent
energy were set by the following equation:

0k = 0. (17)
Oxn

hen using the low-Reynolds model, boundary conditions for
e were imposed using the following equation (Chen et al.
1990):

2~,k
~ = --T (18)

Yn
When the wall functions were used in conjunction with the
k-¢ model, the following equation imposed the necessary
boundary conditions (Murakami et al. 1989a,b):

(C1/2k)3/2
c = ~ (19)

XYn

where

x = von Karman constant (0.4).

In addition to velocities and turbulent parameters,
boundary conditions for the heat transport equation must be
imposed at the walls. Because the wall temperatures were
maintained at 30°C and film coefficient values were mea-
sured during the experimental investigation, the following
temperature boundary condition was imposed:

OT h- (T- Zwall) (20)
Oxn k

where T is the temperature of the cell nearest the wall.
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ERROR ANALYSIS

Experimental Errors

points range between 12 and 40 cm. Therefore, one must
be careful when interpreting the contour plots, particularly
when looking at phenomena near the boundaries.

An in-depth analysis of the errors and uncertainties
involved in the measurement of the airflow was performed
by Spitler (1990). An airspeed error of +12/-23%
+ 10/- 14 fpm (+ 12/-23 % +0.05/-0.07 m/s) was deter-
mined. The actual uncertainty was probably much less, as
a very conservative estimate of + 10 % was assumed for the
sensor perturbation error (Spitler et al. 1991).

Grid Coverage

Errors introduced by grid coverage are associated with
the question, "How well does the computational mesh
cover the physical domain?" In the case of this project’s
simulations, some approximations were made. These
approximations were made to allow the use of a uniform
mesh, evenly spaced in all three directions (z~x=Ay=~z).

The physical dimensions of the inlet and outlet are
15.75 by 35.58 in. (0.4 by 0.9 m). The inlet and outlet
were modeled, however, by assigning width and height
dimensions that were one-sixth and one-third the dimension
of the room height. Thus, the dimensions were 0.458 by
0.916 m. The resulting error is +14% for the width and
+2% for the height. Thus, the inlet area was modeled by
an area that was approximately 16.5 % larger than the actual
experimental area. This difference will obviously affect the
results, as discrepancies will exist in the momentum and
kinetic energy distribution near the inlet. Even if the
experimental and computational inlet areas were identical,
Figures 2 and 3 clearly show a greater need in somehow
approximating the profile (as opposed to the area) of the
inlet jet.

Analytical Errors

Because the experimental data consist of airspeeds or
velocity magnitudes, the individual components of velocity
determined from the numerical simulations must be resolved
into a single magnitude of velocity. The difficulty arises
because velocities are defined using the MAC formulation
on the faces of cells, rather than at the cell center. There-
fore, errors may be introduced, as velocity values were
interpolated at the cell centers based on velocities at the cell
faces.

As shown in the "Results" portion of this paper,
contour plots are presented for the velocity magnitudes.
Using discrete data points from the experimental and
numerical investigations, the plotting software used a
quadratic interpolation scheme to approximate values within
the room. While it would appear that values between data
points are sufficiently interpolated, there is a tendency to
generate "artifacts" while extrapolating values near the
wall. The distances between the wails and the nearest data

RESULTS

Although simulations were performed for 15, 30, 50,
and 100 ACH, results will only be presented for 15 and 100
ACH, using the boundary conditions and grid size discussed
earlier. Additional results are presented in Weathers (1992).

Comparisons to Experimental Results

Figures 4 through 7 show contour plots of velocity
magnitudes at two different planes within the room.
Longitudinal plots are located 13 cm from the sidewall,
while lateral plots are located at the mid-section of the
room. Each figure contains four plots: laminar, turbu-
lent/wall functions, and turbulent/low-Reynolds solutions
(the results from the experimental study are included as the
fourth plot for comparison purposes).

Although units are not shown in the plots, all velocity
magnitude contours are given in meters per second and axis
labels are shown in meters.

As shown in Figure 4, all three models predicted the
basic pattern of the flow. However, none of the models
sufficiently predicted the strong buoyant effect of the flow
immediately upon entering the room. The low-Reynolds
model appears to better approximate the inlet jet, although
all the models appeared to have generated magnitudes that
are slightly less than the experimental results. One possible
reason for this may be found in Figure 5, which represents
a lateral view from the center of the room. All three models
predicted far more lateral diffusion, which would certainly
explain the reduced values in Figure 4. Despite variations
in boundary conditions, this overprediction of lateral
diffusion still continued.

These figures also illustrate the extrapolation concern
discussed in the previous section. As shown at the bottom
of the experimental results in Figure 4, unusually high-
velocity magnitudes were extrapolated. Additionally, values
are shown in the upper left corner of the experimental and
laminar plots of Figure 5 that appear to be unrealistic with
respect to the main pattern of the flow.

Figure 6 shows 100-ACH profiles that "underpre-
dicted" the amount of diffusion and reduction of magnitude
as the jet entered the room. In fact, the laminar model
appears to more closely approximate a stream striking the
opposite wall, rather than a jet diffusing into the room. This
is further shown by the lateral plot in Figure 7, in which
the laminar jet appears to remain intact much more than the
experimental jet or the jets predicted by the turbulence
models.

Flow Patterns
While the contour plots of velocity magnitudes allow an

adequate graphical comparison to be made between numeri-
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Figure 8 Flow patterns at z = 0.127 m.

cal and experimental data, two-dimensional vector plots
provide additional insight into the room airflow patterns.
For flow rates of 15 and 100 ACH, low-Reynolds model
results are presented on three different planes within the
room. Different scaling factors are used for each flow rate.
Thus, the 15-ACH results are not scaled by the sa~ne ratio
as the 100-ACH results.

Figure 8a shows how the buoyant forces act on the
low-velocity jet, causing the jet to travel downward upon
entering fl~e room. The jet appears to then travel along the
floor, causing a slight amount of recirculation inunediately
beneath the inlet as well as near the central region by the

far wall on the right side of the plot. The figure also shows
that the upper half of the room is relatively unaffected by
the presence of the low-velocity jet. The dramatic differ-
ences between the low- and high-velocity airflow patterns
are highlighted with the plots of 100 ACH. The lack of
dissipation mentioned earlier is shown in Figure 8b, as the
jet dissipates very little before reaching the far wall.
Regions of recirculation appear above and below the jet, as
it appears that some amount of entrainment occurs.

Figures 9a and 10a show the primary flow pattern in
the lower half of the room. In Figure 9a, it can be seen
how the air flows along the floor toward the outlet. Slight
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15 At t¢ Cy=O 127m)

Figure 9 Flow patterns at y = 0.127m.

recirculation is shown in the upper left portion of the plot.
In Figure 10a, the jet seems to disappear, as the only region
showing significant flow is immediately downstream of the
inlet. Thus, the air is flowing beneath this plane, leaving
the upper half of the room relatively unaffected. Figure 9b
shows a flow pattern along the floor that is quite similar to
the flow pattern of 15 ACH at the same location. Figure
10b shows a.jet being discharged along the sidewall before
being diverted toward the outlet by the wall on the right
side.

Solution Errors

Although Figures 4 through 7 show how the computed
results differ graphically from experimental results at
various locations within the room, it is difficult to quantita-
tively compare the overall accuracy of the various models
for a given simulation. It is then necessary to define some
type of global error that may be compared, regardless of
the flow rate. For purposes of comparison, the global error
number (GEN) will be defined by the following equation:

ASHRAE Transactions: Research
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100ACH(A= 3 m)

Figure 10 Flow patterns at y = 1.31 m.

where

Vll’la x

ff~abs = average absolute error ,

Vmax = maximum velocity ~nagnitude from experimen-
tal data.

The summation of Equation 21 is for all 896 points at
which experimental data were collected (i.e., n = the num-
ber of experimental points).

Using Eqtmtion 21, values for the general error number
were calculated and are given in Table 2. A graphical
representation is also provided in Figure 11.

As shown in Figure 11, the simulation error increased
as the flow rate increased. If the trends of the graph are
examined, it would appear that as the flow rate is further
increased beyond 100 ACH, there would exist some maxi-

154 ASHRAE [iansactions: Research



TABLE 2
Global Error Number Values

Model 15 ACH 30 ACH 50 ACH 100 ACH

Laminar 0.050 0.057 0.077 0.080

Turbulent--Wall Functions 0.051 0,056 0.068 0.074

Turbulent--Low-Reynolds 0.0356 0o045 0.055 0,060

QO8

0.0~

GLOBALO06
ERROR

NUMBER0.05

0°04

0

LAMINAR

LL-FUNCTIONS

~ ~RBULENT

=~ LOW-REYNOLDS

20 40 60 80 ’100
ACH

Figure 11 Global error number vs. flow rate compari-
sons.

mum global error number. However, the existence of such
an upper limit on the solution error could only be proved by
further comparison to experimental data.

An interesting fact is that the global error numbers for
the laminar and turbulent wall function models do not begin
to differ much until 50 ACH. One might expect such a
relationship, as the standard k-t model is considered valid
for high-Reynolds-number flow. Therefore, as the flow rate
increases, so does its level of turbulence, until the level
reaches a point in which the laminar model can no longer
predict its behavior as well as either of the turbulence
models.

The basic trend of the graph is what one would
intuitively predict. That is, the laminar model contains the
greatest global error, with the two turbulence models
containing fewer discrepancies to the experimental data. For
all flow rates, the difference between the GEN for the low-
Reynolds model and the other two models remains nearly
constant.

Computational Time

Table 3 details the computational time required by the
computer to complete the simulations.* Actual simulation
times varied, as all simulations were performed in the
background through the use of batch files.

It is important to note that the computational time
required for each model is dependent on the implementation
(coding) of the model. It is possible that the CPU require-
ments of each model might be reduced if further efforts-
were made to optimize the code. Also, absolute and relative
times may vary with different computers. Therefore, the
results in Table 3 may not be the "last word" on the
relative speed of the models. Nevertheless, they provide an
approximate comparison.

Based on these data, it takes 53 % more computational
time to use the k-t model with wall functions and 78%
more time with the low-Reynolds model than it would take
to perform the simulations using only the laminar flow
assumptions. Such a distribution is expected, as the low-
Reynolds model requires the computation of several
additional parameters, including turbulent viscosity and
local Reynolds numbers, in addition to the solution of the
k-t equations. The k-t model with wall functions only
requires the additional solution of the two partial differential
equations and no solution of any additional turbulent
parameters.

CONCLUSIONS

Based on this study, the following conclusions were
reached:

*All simulations were performed on an IBM RISC-6000 work-
station.

TABLE 3
Computational Times for Models

Computational Time (minutes)

Model 15 ACH 30 ACH 50 ACH 100 ACH

Laminar 116 110 149 172

Turbulent--Wall Functions 178 169 235 253

Turbulent--Low-Reynolds 217 198 256 302
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1. A 40 by 24 by 24 mesh was found to adequately model
the flow. The use of this mesh provides approximately
25 times more .discrete data points than what was
provided by the experimental data. Any additional
accuracy of a finer mesh was found to be insignificant
in comparison to the additional computational time.

2. Free-slip conditions at the wall when using the laminar
and low-Reynolds models provide results in better
agreement with the experimental data than the no-slip
condition for the grid system used for the study.

3. The use of an approximate nonuniform inlet profile
based on experimental data provided better comparisons
than a uniform velocity profile. This project is unique
because most modeling situations will not have access
to experimentally measured inlet profiles. However,
this does highlight the need for particular attention
when modeling the inlet profile.

4. By defining a dimensionless global error number, the
three modeling methods could be compared regardless
of the flow rate. "/~e low-Reynolds k-~ model was
found to consistently generate better comparisons with
the experimental data. Listed by increasing global error
number, the methods are: low-Reynolds k-e model, k~:
model with wall functions, and the laminar model.

5. The k~e model with wall functions required 53 % more
computational time and the low-Reynolds model re-
quired 78 % more computational time than the laminar
solution algorithm.

6. There exists a strong trade-off between computational
accuracy and required computational resources. While
the use of the laminar model did not predict the flow as
well as the turbulent equations, it did produce results
that adequately modeled the general nature of the flow
patterns at greatly reduced computational requirements.
Therefore, for some applications, the solution of the
laminar continuity and momentum equations may
sufficiently predict room airflow.

7. Results obtained matched well with the experimental
data.
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NOMENCLATURE

gi = tensor notation for gravitational
acceleration (m/s2)

= film coefficient (W/m2.K)
-- turbulent kinetic energy (m2/s2)

kin = turbulent energy at room inlet (m2/s2)

xi = tensor notation for principal direc-
tions

xn = normal direction

Yn = normal distance (m)
Ain, Aout = inlet and outlet cross-sectional areas

(m2)
Cm, C1, C2 = constants for the k-e model
Fro, F1, F2, E = empirical functions for the k-e model
P = pressure (Pa)
RT = turbulent Reynolds number

Ry = local Reynolds number
T = temperature (K)
Uin = inlet velocity (m/s)
Un = normal velocity (m/s)
Uout = outlet velocity (m/s)
Ut = tangential velocity (m/s)
Ui = tensor notation for velocity compo-

nents (m/s)
a = therrmal diffusivity (m2/s)
e = turbulent energy dissipation rate

(m2/s3)

gin = turbulent dissipation rate at room
inlet (m2/s3)

p = density (kg/m3)

v = kinematic viscosity (m2/s)

v~ = turbulent viscosity (m2/s)

~r/c, a~ = constants for the k-~ model
Ax, Ay, AZ = cell dimensions (m)
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