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ABSTRACT

This paper presents a study of room cross-ventilation
airflow. A simplified model is developed using scaling analy-
sis, experimental correlations, and computational fluid
dynamics. Themodel distinguishes two regions in theroom, the
main jet region and the recirculations, and models relevant
flow features that ave essential inputs when predicting heat and
pollutant transfers as well as indoor thermal comfort condi-
tions. Theresults of the model are a set of formulas that predict
the airflow rates and characteristic velocities in the jet and
recirculation flow regions. The formulas clearly display the
first order effects of room geometry on cross-ventilation
airflow characteristics. Simple examples of application of the
model to cross-ventilation design are presented.

INTRODUCTION

Buildings are often designed using energy-inefficient
indoor climate control systems. This approach is made possi-
ble through intensive use of HVAC equipment. To mitigate
these problems, naturally driven cooling systems can be
employed. In these cases, air movement through the building
is driven by buoyancy forces, or the wind, or a combination of
the two.

Modern building systems performance standards create a
need for accurate and flexible simulation models. Developing
improved models is critical to increased use of low energy or
naturally driven cooling. In these systems, the cooling power
is variable and often small, making performance simulation
and consequent design decisions more challenging and critical
to overall success.

The three most commonly used room ventilation strate-
gies are: mixing ventilation, displacement, and cross-ventila-
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tion (C-V). Mixing ventilation systems are used in most air-
conditioned buildings, where cool inflow air introduced
through vents near the ceiling mixes with room air, and the
resultant momentum diffusion leads to the absence of a
preferred direction for air motion in the room. In displacement
ventilation systems, the predominant air movement is vertical,
due to buoyancy production by internal heat sources, typically
with low momentum fluxes and small horizontal movements
across the room. Both of these ventilation flows are in contrast
with C-V, where significant conservation of inflow momen-
tum occurs with the inlet airflow traveling freely across the
room. Poorly designed mixing ventilation systems can exhibit
C-V  characteristics, with undesirable short-circuiting
between inlet and outlet. ASHRAE (2001) classifies this type
of flow as entrainment flow. Cross-ventilated rooms with
recirculation regions fit the ASHRAE definition of entrain-
ment flow and can exhibit the characteristic poor mixing
between different zones in the room.

Because of the high momentum conservation, C-V
configurations are often used when there is need for high
ventilation airflow rates. Flows that occur in many naturally
ventilated buildings belong to this category, with air flowing
through windows, open doorways, and large internal apertures
across rooms and corridors inside the building. This also
occurs in many industrial mechanical ventilation systems and
hybrid ventilation systems, for both direct heat and pollutant
removal and nighttime structural cooling.

Figure 1 shows a schematic plan view of a cross-venti-
lated room with internal gains and thermally active internal
surfaces. In order to model heat and pollutant transfer and to
evaluate thermal comfort, two interrelating components of the
C-V system must be modeled. These components are the
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airflow pattem (light gray arrows in Figure 1) and determining
the magnitude of the local transfers of heat and pollutants
between the airflow in its different paths, the internal surfaces,
and the internal sources (dark gray arrows in Figure 1).

Each of the two parts of the problem poses considerable
challenge. By definition, any ventilation airflow pattern has an
element of direct air movement between inlet and outlet, but,
as will be clear below, in some regions of the room, air can
move in other directions. In the local heat and pollutant trans-
fer part of this problem, it is clear from conservation principles
that all convective and advective transfers from room surfaces
and internal sources will, at one point in the ventilation
process, be transferred to the airflow. Transfers between
airflow and the internal sources depend on the local concen-
tration gradient and transfer coefficient. In particular, when
modeling heat transfer, it is relevant to determine how much
energy from the internal gains is transferred to the internal
surfaces and not exhausted by the ventilation air, Clearly, room
ventilation transfer problems are composed of two sub-prob-
lems that connect in a more or less complex way depending on
the ventilation system and room geometry. The model
described in this paper will address the airflow pattern compo-
nent of the C-V modeling problem.

Existing Approaches

In order to predict airflow characteristics in C-V, there are
currently three available options: computational fluid dynam-
ics (CFD, typically using Reynolds averaged turbulence
models), zonal models, and experimental correlations.

The use of CFD requires extensive expertise and time.
Further, in many design situations, the precision level and
amount of information required and provided can be exces-
sive. Often in these cases the building geometry is not fully
defined, making simple modeling approaches and results
more adequate than complex flow field simulations. Further,
in many situations, designers need to analyze multi-room
ventilation geometries using weather data spanning several
days or months. In these cases, the use of CFD is impractical
and simpler ventilation models are more adequate.

Zonal models simulate indoor airflow by solving for mass
and momentum conservation in a set of zones (often fewer
than twenty). These models generally require user identifica-
tion of the dominant room airflow components (jets, boundary
layers, plumes, etc.) that are “contained” in particular zones.
Because the momentum equation is not solved in the iteration
procedure, an artificial flow resistance is imposed between
room zones (Allard and Inard 1992). These features make
these models imprecise and often complex to use. As shown
below, the model presented in this paper does not impose arti-
ficial flow resistances and does not require numerical itera-
tion.

Experimental correlations provide a way to model
complex ventilation systems such as C-V of rooms (Givoni
1976; Aynsley et al. 1977; Ernst et al. 1991). However,

because these correlations are obtained for particular geome-
tries, they lack flexibility to handle variable room geometries.

From a fundamental point of view, all of these approaches
fail to provide simple insights into the mechanisms and system
parameters that control the C-V airflow pattern. As mentioned
above, high precision may not be required for the design of a
cross-ventilated room or building. Simplicity and qualitative
identification of the most relevant room geometry parameters
and their influence in the airflow pattern are more relevant. As
a consequence of the complexity of the problem and the
simple solution approach that will be used, first order preci-
sion is expected and considered acceptable in view of other
uncertainties that are common in building ventilation design,
such as furniture geometry, building use, and outside weather
conditions.

DEFINING THE AIRFLOW PATTERN

The left side of Figure 2 shows a simple room geometry
that can lead to C-V, with an inlet window facing an identical
outlet on an opposing room surface. To develop a simple
model for airflow in this type of room, it is necessary to make
approximations that will allow for a simple analysis while
retaining the ability to model the dominant characteristics of
the problem. Achieving this goal in the present case requires
the use of two types of approximations: in the characterization
of the physical processes and in the system geometry.

The main approximations in the system geometry are the
following:

1. The model is restricted to rectangular rooms with flat
surfaces.

2. Air enters the room through one aperture and leaves
through an aperture located in the opposing vertical surface
(as shown in Figure 2).

3. The effects of furniture are not considered in detail.
4. The effects of variations in outlet geometry are neglected.
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Figure 1 Schematic plan view of a cross-ventilated room.
Dark gray arrows represent heat flow; light gray
arrows represent airflow.
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Figure 2 Left: Basic compartment geometry considered in the model (case W144 in Table 3). Right: Top view of one-half of
the velocity field, vesult of a CFD simulation using the geometry on the left (taking advantage of the system symmetry

to simulate only one-half of the room volume).

With regard to 4, Baturin and Billington (1972) show
experimental evidence of the small magnitude of'the effects of
outlet geometry, confirmed in the CFD simulations presented
below. With these approximations, only five parameters are
needed to characterize the room geometry: width (#), height
(), length (L), area (4) of the inlet aperture, and position of
the inlet aperture (close to the center or close to the perimeter
of the inlet surface).

We begin the analysis of the approximations used in the
physical processes with a discussion of the flow regime, a
fundamental question when defining the flow pattern. C-V
airflows can be seen as an interaction between several “flow
elements™: ajet, flat surface boundary layers, and shear layers.
All of these flow elements have been studied in detail in the
past and their basic behavior can be predicted using simple
physical models or correlations. It is then necessary to identify
these elements in the C-V flow and determine the flow regimes
in which they occur.

C-V flows tend to be turbulent in most regions of the
room. The main system features that contribute to this turbu-
lence dominated flow are:

¢ large characteristic room dimensions (typical room
length (L) around 5-15 m), combined with flow veloci-
ties close to the inlet aperture that typically vary
between 0.2 and 2 m/s;

¢+ the existence of turbulent “flow elements™ interacting in
a confined space, such as the shear layers that begin at
the edge of the inlet aperture and expand as the air trav-
els toward the outlet and the boundary layers that occur
close to the room surfaces (see Figure 2);

» significant velocities close to the room surfaces (0.1-
1 m/s). These velocities are generally higher than those
commonly found in rooms with HVAC systems.
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The shear layers that typically occur in room airflow
have a small laminar region (smaller than 0.1 m [Bejan
1994]). In horizontal forced convection boundary layers,
transition to turbulence occurs within the first one-half meter
(for a forced flow free stream velocity of 0.1 m/s or higher).
Additional sources of turbulence are: jets impinging on room
surfaces, flow around furniture, room corners, and most
internal heat sources (generation of turbulence through buoy-
ancy induced flow). Between the different flow elements that
can occur in C-V, there may be regions of light shear, almost
stagnant flow. Because most of the momentum transfer
occurs in turbulent regions, the flow is dominated by turbu-
lent processes and regions of laminar flow will not be
modeled explicitly. However, the presence of these laminar
regions is considered implicitly, since, due to the lower
momentum transfer that characterizes them, they form
boundaries that establish the spatial limits of the main flow
regions.

The C-V flows to which the model applies are bounded by
a stationary geometry, have fixed airflow rates, and are domi-
nated by horizontal momentum flux, as opposed to buoyancy
dominated (which typically occurs in displacement ventila-
tion). For ventilation systems with these characteristics, if the
flow regime is stable (predominantly turbulent, as discussed
above), the flow pattern will be steady, approximately self
similar, and suitable for the application of scaling analysis
principles. As a consequence, all the velocities in the room are
expected to scale linearly with the characteristic velocity of
the inlet flow:

Ug = C,- F(L, W, H, Ay, ...) - Upy )

The function F is expected to depend on L, W, H, A, and
inlet location. The velocity scale Upy of the inlet jet will be
defined by



M= [p Uy f)’ da,

A IN

Upy = JM/pApy, (2)

where £(¥) is a function that models the inflow profile.

In order to correlate the velocities in different regions of
the room, the corresponding correlation constants C,, and scal-
ing laws F' must be obtained. By multiplying the velocities in
(1) by suitable areas, correlations for flow rates can be
obtained. The remainder of this section focuses on defining the
flow pattern.

The Three Types of Flow Pattern

Figure 3 shows a schematic representation of the three
basic airflow patterns that can occur in C-V. Any cross-venti-
lated room will have an airflow pattern that is either similar to
one of the two base cases shown in Figure 3 (cases C and R),
or a combination of the two with both recirculation and inlet
flow attaching to a lateral surface or the ceiling (case CR).

The simplest flow configuration, case C, commonly
occurs in corridors and long spaces whose inlet aperture area
is similar to the room cross-sectional area. In this case, the
flow occupies the full cross section of the room, and the trans-
port of pollutants and momentum is unidirectional, similar to
turbulent flow in a channel. The flow velocity profile across
the channel is approximately flat due to the high degree of
mixing that is characteristic of turbulent flows. The average
airflow velocity in the cross section can be obtained approxi-
mately by dividing the flow rate by the cross-sectional area of
the space.

A more complicated airflow pattern occurs when the inlet
aperture area is an order of magnitude smaller than the cross-
sectional area of the room A, = W-H (for the case shown in
Figure 2, Az=4-H?). In these cases, the main C-V region in the
core of the room entrains air from the adjacent regions and
forms recirculations that ensure mass conservation, with air
moving in the opposite direction to the core jet flow in some
regions of the room (see cases R and CR in Figure 3). These
recirculating flow regions have been observed in many exper-

CASECR

iments. The most relevant to the present problem are Aynsley
et al. (1976), Baturin et al. (1972), Neiswanger et al. (1987),
and Ohba et al. (2001). For these room geometries, when the
inlet is located close to the center of the inlet surface, most of
the contact between ventilation flow and the internal surfaces
occurs in the recirculation regions that occupy the majority of
the room volume.

A set of CFD simulations (to be described below), based
on geometry similar to Figure 2, confirmed the relation
between the nondimensional coefficient,

A% = dp/dpy, 3)

and the flow pattern. Based on this coefficient it is possible to
distinguish the three cases presented in Figure 3:

Case C, A"=1:  the flow attaches to the room surfaces and is
similar to turbulent flow in a channel.

the flow can be divided in two regions: the jet
region, connecting the inlet and the outlet
and the recirculation region, composed of
the return flow that occurs along the cross-
flow perimeter of the room. In the
recirculation region, the maximum velocity
occurs close to the internal surfaces and the
flow is similar to an attached jet (a wall jet).

Case CR, 4" =2: acombination of cases R and C. The jet flow
attaches to part of the room perimeter, as in
case C; still, in most cases the recirculation
flow occupies the majority of the room
volume.

Case R, 4" >>1;

Most rooms have inlets that are almost one order of
magnitude smaller than the room cross section, resulting in a
flow pattern closer to case R or CR. Since the characterization
of the flow in case C is straightforward, the following analysis
will discuss geometries of type R. These geometries present a
considerable challenge because in these cases the transport of
heat and pollutants is not unidirectional and there is no analyt-
ical solution for the room airflow pattern.

CASER

Figure 3 Top view of the three possible airflow patterns in cross-ventilation.
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Characterization of the Flow
in the Recirculation Regions

As a first step, we analyze the CFD-generated velocity
field in the horizontal plane of a cross-ventilated room, shown
in Figure 2. The flow in the recirculation regions is composed
by wall “currents” resembling attached jets that form close to
the outlet and are re-entrained in the first half of the path of the
inflow jet in the room. These wall currents are bounded by a
boundary layer in the region adjacent to the internal surfaces
and, as will be shown below, are subject to pressure gradients
that are a consequence of the presence of the inflow jet in a
confined space. Because there is no analytic solution for the
flow field in the room, the need for a correlation arises as a
simple solution to account for room confinement and energy
dissipation effects. In the process of developing the correla-
tion, the dominant physical processes in this flow will be iden-
tified and modeled.

The recirculation regions are a fundamental part of this
C-V flow. The flow rate in the recirculation region deter-
mines the capacity of the recirculating flow to absorb and
release heat and pollutants without significant concentration
variations. Predicting the velocities in the main jet and recir-
culation regions is essential to estimating comfort and meet-
ing particular design goals (such as maximum and minimum
indoor velocities). Due to the importance of jets in the
airflow pattern, it is useful to review here the most relevant
aspects of jet flow for the present problem.

Characterization of the Flow in the Jet Region

The jets that occur in C-V are approximately axisymmet-
ric for most of the propagation path in the room as long as there
i8 no contact with a room surface. Whenever the jet is close to
aroom surface, attachment occurs and a wall jet is generated.
The velocity scale of the jets can be adequately represented by
the average inlet velocity (U zy=U)y, see Equation 2), and the
characteristic diameter is =, [d,, .

Jets entrain ambient fluid throughout the propagation
path leading to a continuous increase of the transported mass
flow rate. In the initial part of the propagation path, a jet is
essentially a shear layer that develops along the perimeter of
the inlet aperture. When the shear layer reaches the center of
the jet, so that it occupies it fully, the jet enters the transition
stage and a self-similar, Gaussian velocity profile is formed.
This transition stage is initiated between 4 to 8 diameters from
the inlet and ends at around 20 diameters (Tennekes and
Lumley 1994; Malmstrom et al. 1997). In the transition stage,
the amplitude of the jet starts to decay.

Because most building apertures have diameters of at
least one meter, most jets that occur in C-V do not reach the
transition stage in the room (this is the case for the jet shown
in Figure 2), possibly reaching the beginning of this transition
stage for very long rooms. Most common building apertures,
such as doors and windows (not preceded by a corridor with
the same section as the aperture), result in an inlet flow that has
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significant radial velocity due to flow convergence just before
the inlet. This is distinct from the square, two-dimensional
inflow velocity profile that is characteristic of experiments
with jets. Still, the jets that occur in C-V flows have shear
layers developing from the inlet and a nearly square inlet
velocity profile (in the vena contracta region that occurs after
the inlet). Further, it will become clear below that any effects
from non-square velocity profiles that may exist in the flow are
considered in the correlation process by using an integral anal-
ysis in conjunction with extensive CFD results.

As a consequence of mass continuity, jets occurring in C-
V detrain air close to the outlet, a clear display of confinement
effects, typically in the last third of its propagation path in the
room (shown schematically in Figure 3, cases R and CR).
Because there is mass rejection (or detrainment), the flow in
this region cannot be classified as jet flow. The magnitude of
the confinement effects in the flow can be scaled by comparing
the characteristic jet diameter with the room dimensions. Typi-
cally, room surfaces are less than ten jet diameters away from
the core of the jet at any point of its path in the room. As room
dimensions tend toward two orders of magnitude bigger than
the jet diameter, the jet tends toward free behavior (Hussein et
al. 1994), In this case, the momentum flux in the recirculation
flow becomes very small.

Figure 4 shows plots of mass and momentum flux varia-
tions in the room (both fluxes across the Y-Z plane) for the case
plotted in Figure 2. As expected, from mass conservation prin-
ciples, the mass flow rate in the return flow varies in propor-
tion with the variations in the mass flow rate of the jet. The
momentum fluxes show a similar behavior but, in this case,
with more complex implications. The recirculation flux is a
negative flux of negative momentum (negative X velocity).
Therefore, both momentum fluxes are positive and increase
simultaneously, resulting in a total momentum flux that has a
maximum close to two-thirds of the way along the room. The
pressure (not plotted) at the mid-plane level varies, as
expected, in opposition to the momentum; a minimum occurs
close to halfway along the room. When entering the room the
jet is accelerated by a negative pressure gradient. Since the
recirculation flow occurs in the opposite direction, this same
pressure gradient also makes the recirculation flow stop. Air
from the recirculation flow is entrained into the jet in a shear
layer with a velocity scale Upy (close to the inlet, the velocity
of the recirculation flow is negligible). A positive pressure
gradient occurs close to the outlet, an effect of the main jet
flow reaching the outlet. This pressure gradient is associated
with the deflection of part of the main jet, starting the recircu-
lation flow.

This analysis of Figure 4 allows for a clearer picture of the
flow behavior in the room. As the inlet jet propagates across
the room, momentum is transferred to the room air, creating an
entrainment-driven recirculation flow moving in the opposite
direction, with a mass flow rate equal to the entrained flow in
the main jet. The total momentum flux of the inflow jet is not
constant: as the jet entrains, its momentum flux increases,
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Figure 4  Plots of momentum and mass flux variations for the case plotted in Figure 2. a) Momentum Sflux in the X direction
across the cross section of the cross-ventilation flow (in Newtons). b) Mass flux of the flow—gray line: total flux in

the recirculation region, black line: total in the flow.

showing a similar trend to the momentum flux in the recircu-
lation flow. Although the jet does not conserve its momentum
(it is subjected to a significant pressure gradient), it seems that
the recirculation inherits, in the mass rejection stage (close to
the outlet), the momentum flux that occurs between the jetand
the room air in the entrainment process.

We conclude that scaling wall currents in the recircula-
tions with the inlet jet flow is the key to modeling recirculation
flow. In particular, we identify the flux of momentum through
the inlet aperture as the dominant flow feature and, the driving
mechanism for the recirculation flow. This momentum flows
into the room in the form of a jet whose characteristic dimen-
sion is typically not more than an order of magnitude smaller
than the room length, resulting in a jet flow that is never fully
developed and strongly confined.

SCALING LAWS FOR C-V AIRFLOW

If the correlation functions that will be developed are
successful, it will be possible to obtain simple analytical
expressions that characterize room airflow parameters (both in
the main jet region and in the recirculation). In order to obtain
the scaling relations, without solving the problem explicitly,
the following approximations are used:

»  Pressure variations inside the room are not considered,
Although there is an assumption that pressure gradients
scale with inlet momentum flux, the model will not
explicitly include the pressure gradients in the correla-
tion scaling.

e Variations in the momentum flux in the C-V direction
will not be considered.

*  Effects of drag on the indoor surfaces, and consequent
energy dissipation, are not considered,

* It is considered that the jet never enters the transition
stage before the mass rejection region close to the outlet;
consequently, the jet can be modeled as a set of shear
layers that develop in its perimeter and never intercept
along the core of the jet.

+  The analysis will only consider movements in the inflow
direction. In some cases there are relevant movements in
other directions particularly in rooms with offset aper-
tures.

* The maximum room cross-sectional area occupied by
the recirculation flow is considered to be a constant frac-
tion of the total room cross-sectional area. The CFD
simulation section shows that this fraction is close to
one-half for a large array of common room geometries.
In this way, the cross-sectional area of the recirculation
flow is considered to scale with the room cross section.

*  We will consider that all maximum values in the recircu-
lation flow occur in the same location in the room,
approximately two-thirds along the length, at the point
where the main jet flow enters the detrainment stage.
The maximum values that are relevant to the correla-
tions are: the fractional area occupied by the flow, the
average velocity, the momentum flux, and the mass flux.

Existing work on simple scaling of indoor airflows is well
summarized in Etheridge and Sandberg (1996). No models
exist for scaling recirculation flows. Jackman (1970)
presented an experimentally validated scaling law, based on
the existence of a direct scaling relation between inflow
momentum flux and overall momentum flux in the room
(without distinguishing regions in the flow). The scaling law
predicts the average velocity mside rooms with small inlets
and high ratio between momentum and mass fluxes (unlike the
inlets considered in this study, windows and doors, that typi-
cally have small momentum to mass flux ratios). The inlet
momentum flux scaling assumption proposed by Jackman
(1970) forms the basis of one of the two scaling hypotheses
that will be tested in this paper.

The inlet momentum flux is the source of the flow in the
room, and the interface for inflow/room flow interaction is the
shear that develops along the perimeter of the inflow jet. For
this reason, inlet and shear layer momentum flux are candidate
concepts to scale the momentum flux in the recirculation flow

4605



and will be tested using CFD simulations. After the momen-
tum flux is scaled, all other relevant C-V scaling laws can be
based on the momentum scaling principle used.

The inflow momentum flux-based scaling principle relies
on the following sequence of assumptions: pressure variations
in the room are proportional to the inlet momentum flux, and
these pressure variations cause the changes in the return
momentum flux of the room air in the recirculation regions.
The result of this hypothesis is the following scaling relation
between inlet and return momentum flux:

Ap=pdy Up=Ap- U?i:AIN' g Ufze = Gyl Ay~ Upy
€]

The right side of Equation 4 is the product of a correlation
constant, essential to make this simple analysis feasible, and a
nondimensional function that depends on the system geome-
try parameters that are more influential in this balance of
momentum fluxes (see function F in Equation 1; in this case,
F = Ap/Ag). The scaling function could have been obtained
solely from dimensional analysis by composing a nondimen-
sional multiplying factor using the three independent length
scales in this problem:

1. The square oot of the inlet area (see Equation 2).
2. The square root of the room cross section Ap.
3. Theroom length in the C-V direction, L.

A generic scaling function for this problem has the
following form:

f= (A" (A" 1P ©)

When the correlation function /' in Equation 4 is cast in
this form, we obtain: m =2, n=-2, and p =0. There are infinite
possible combinations of the variables in the exponent (m, »,
and p) that ensure the necessary nondimensionality (m + n +
p=0). The shear layer based correlation hypothesis is obtained
byusingm =1, n=-2, and p = 1, resulting in

f nens
Ui'a = CM_% ] U?N : )

This scaling relation can also be obtained from simplified
solution of the Navier Stokes equations by evaluating the
momentum flux through the shear layer that develops in the
perimeter of the inflow jet. The difference between Equations
6 and 5 is the replacement of the square root of A by the room
length L. According to the shear layer based correlation
(Equation 6) longer rooms generate higher recirculation
momentum fluxes (for similar A and Ag).

By manipulating Equations 4 and 6 it is possible to obtain
derived correlations for velocity and flow rate in the recircu-
lation region. A correlation for evaluating occupant thermal
comfort in this region can be obtained by defining an average
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velocity in the cross section of the room area that is occupied
by recirculation flow (this area scales with 4). Finally, multi-
plying the scaling relation for the average return velocity by
the room cross-sectional area results in a correlation for the
average flow rate. Starting from Equation 4 we obtain:

P Fiv
Up = Cy- ﬁlUm:CU.ﬁﬁ (7)
R “IN

4
Fp=Updp=Cp = Cg /ﬁ'FIN ®)

Similarly, for the correlation shown in Equation 6:

7z
Ay L L
Up=Cy U = Cy [——7Fmv Q)
Ar Ap - Apy

1A
FpaUpdp=>Fp = Cp ‘AT/Rz B (10
IN

In addition to these correlations, it is also useful to obtain
a scaling relation for the average airflow velocity in the
volume occupied by the main jet flow. For this correlation,
inflow momentum scaling (Equation 4) will be used, an obvi-
ous choice given that this flow region is directly in front of the
inlet:

F
Ag- UfszIN‘ UJZ“N::’ Uy= Cyy- S (11)

PJAR ’ AIN

CFD SIMULATIONS

In order to test the correlations shown in Equations 4 and
6-10 and obtain the corresponding correlation constants that
minimize the modeling error, a set of simulations of cross-
ventilated rooms was performed. One of the main difficulties
when using CFD is the choice and application of Reynolds
averaged turbulence model (Wilcox 2000). Of the several
models available, the k-¢ model is a common choice because
in most cases it can be sufficiently accurate and is relatively
simple to use. Because the standard k-& model is biased toward
simplicity and computational efficiency, the region close to the
solid boundaries is not solved numerically, as a way of avoid-
ing the fine resolution needed to handle the high gradients that
occur in these regions (ink, €, and in the velocity parallel to the
solid boundary (Wilcox 2000)).

In flows that are influenced by solid boundaries the use of
wall functions can lead to significant errors. In order to avoid
this error source, a low Reynolds number, near wall approach
can be used, extending the numerical solution of the flow to the
region close to the internal surfaces, by using a fine grid in the
direction of the main flow gradients. The simulations
presented here use the standard k-€ model in the core flow
region (away from room surfaces) and the low Reynolds
number model proposed by Lam and Bremhost (1981) close to



the room surfaces. In a study by Henkes and Hoogendoorn
(1989), this model was among the best low Reynolds number
turbulence models (LRk-g) for predicting velocity and
temperature in a natural convection boundary layer.

The simulations were performed using a commercial
CFD package. Simulations were considered converged when
the normalized residuals were smaller than 10 and the solu-
tion field was stable (the values did not change by more than
107 (relative change) in each iteration and showed no visible
fluctuation or changes after hundreds of iterations).

Theresults files of the simulations were post-processed in
order to obtain the momentum flux in the recirculation flow
and the other flow characteristics that will be correlated below.
Results of simulations for different flow rates showed a linear
variation of the velocities in the room with inlet velocity, as
expected. As mentioned above, recirculation flow is charac-
terized by negative X velocity. In order to define the jetregion,
a slightly different criteria was used to avoid the inclusion of
the stagnation region that separates jet and recirculation. The
fraction of the room volume occupied by the jet is calculated
by adding all the room volumes where the X velocity at the cell
center was bigger than one-tenth of the average inlet velocity,
avoiding the inclusion of the stagnation regions.

Cases Simulated

Appropriate variations of the room geometry were used
for all the parameters in the correlations. The values used must
conform to the restrictions dictated by common applications in
building ventilation as well as a set of restrictions imposed by
the approximations in the model. The rules used were:

*  The average inlet velocity should be lower than 2 m/s.
This rule typically results in maximum velocities close
to 1.5 m/s in the core of the room, a common upper limit
imposed by comfort concerns in naturally ventilated
spaces.

*  The lower limit used for the average inlet velocity was
0.33 m/s. This limit results from two physical restric-

height for a typical atrium. The model is not applicable
to an atrium due to expected buoyancy effects that can
change the flow pattern.

* Length: 2.25 m to 13.5 m; the lower limit is typical of
small rooms. The upper limit ensures that simulated
room jets will be in the developing region for most of
the path in the room.

*  Width: 2.25 m to 9 m; the lower limit ensures that the jet
does not attach to the lateral surfaces and recirculation
occur in the flow (one on each side of the main jet flow
in the symmetric rooms). The upper limit ensures that
the return flow has significant velocity.

Four types of inlets/outlets were used (see Table 1), two
windows and two doors:

* A window, with dimensions 1 x 1 m, located at one-
meter height (labeled: W).

¢ A wide window, with dimensions 2 x 1 m, located at one
meter height (labeled: WW).

= A door, with dimensions 1 x 2 m (labeled: D).

* A wide door, with dimensions 2 x 2 m (labeled: WD),

Even when restricted to room geometries that conform to
the limits described in this section, the variations in room
dimensions, in conjunction with all possible inlet and outlet
geometries, make testing the correlations a very extensive
task. In order to make this task more manageable, the cases
analyzed were restricted by choosing discrete values for each
of the geometric parameters mentioned above. The different
geometries and cases used in the simulations are presented in
Tables 1 through 6.

TABLE 1
Dimensions of the Apertures Used to Develop
and Test the Correlations

tions. First, for lower velocities, stagnation and other Average Inlet
buoyancy-induced effects can have significant interfer- Velocity
ence in the flow, changing the expected flow pattern that Area | Perimeter (in m/s, for
is the basis of the model. Second, turbulence-dominated Aperture Apom) | @m) Fy=1m%/s)
conditions must be ensured in order for the correlations d 1 " 1
to apply. Natural ventilation flows usually meet or  |Window (W)
exceed this flow speed. Door (D) 2 5 0.5
¢ Height: 2.25 m to 3.40 m; the lower limit is the common ——
minimum height for a room. The upper limit corre- Wite R W W) 2 6 0
sponds to a tall room but does not reach the minimum Wide door (WD) 4 6 0.25
TABLE 2
Dimensions of the Rooms Used to Develop and Test the Correlations
Case 21 122 | 123 | 221 | 222 | 223 | 141 | 142 143 144 146 | 241 242 243 244 246
H (m) 225|225 (225 35 | 35| 35 [225] 225 225 225 225 | 3.5 35 35 345 35
W (m) 4.5 45 45 | 45 | 45 | 45 9 9 % 9 9 9 9 9 9 9
L (m) 225 | 45 | 675225 45 |675(225] 45 6.75 9 135 | 2.25 4.5 6.75 9 135
Vol. (m3) 23 46 68 35 71 106 | 46 91 137 182 273 71 142 213 284 425
Agp (mz) 10 10 10 16 16 16 20 20 20 20 20 32 32 32 32 32




Subset of Cases Used to Develop the Main Correlations (1<C; <4). A is the Minimum Room

TABLE 3

Cross-Sectional Fraction Occupied by the Recirculation Flow

Case D122 D123 D142 D143 D144 D146 D222 D223 D242 D243
Cr 2.6 3.9 1.1 17 23 34 2.6 39 1.1 1.7
Ap 0.57 0.55 0.54 0.55 0.54 0.53 0.64 0.71 0.53 0.53

Case D244 D246 Wwi21 Wwi22 w123 W142 w143 Wi144 Wide w221
Cp 2.3 34 13 2.6 3.9 Ll 1.7 23 34 13
Ag 0.52 0.53 0.52 0.53 0.56 0.52 0.52 0.52 0.51 0.50

Case w222 w223 W242 W243 ‘W246 WwWD122 WDI142 | WD143 | WD144 | WD146
Cp 2.6 3.9 1.1 1.7 34 3.6 1.3 1.9 2.6 39
Ap 0.49 0.50 0.49 0.50 0.49 0.62 0.57 0.55 0.55 0.55

Case WD246 | WWI122 | WW142 | WWI143 | WWi44 | WW146 | WW242 | WW243 | WW244 | WW246
CL 3.9 36 13 1.9 2.6 3.9 1.3 1.9 2.6 3.9
Ag 0.51 0.69 0.55 0.54 0.54 0.53 0.54 0.53 0.52 0.51

Case Wi24 W126 w224 W226 | WWI123 | WWI124 | WWI126 | WW224 | WW226 | D124
Cr 5.1 7 5.1 947 54 7.2 10.8 T2 10.8 Sl
Ag 0.47 0.47 0.48 0.49 0.64 0.62 0.63 0.58 0.57 0.52

Case D126 D224 D226 WD123 | WD124 | WD126
Cp, T 5.1 7.7 54 7.2 10.8
Ap 0.53 0.68 0.63 0.60 0.60 0.60

TABLE 4
Subset of Cases Used to Develop the Correlations for Long Rooms (Cr>4)

Case Wi124 W126 W224 W226 WWwWi123 WWwWi124 WWI126 WW224
Cr 5.1 7.7 5.1 754 54 7.2 10.8 1.2
Ap 0.47 0.47 0.48 0.49 0.64 0.62 0.63 0.58

Case WW226 D124 D126 D224 D226 WD123 WD124 WD126
G, 10.8 5.1 iy 5.1 7.7 54 7.2 10.8
Ap 0.57 0.52 0.53 0.68 0.63 0.60 0.60 0.60

The model presented in this paper only applies when the
flow pattern is dominated by forced convection, For typical
rooms, this will occur whenever the room height is <3.5 m and
the temperature variations between inlet and outlet are smaller
than =2°C, When strong buoyancy effects are present in the
flow, the horizontal recirculations can become undefined and
have different characteristics. This case is not treated in this
paper.

All the room geometries used to develop the correlation
have one inlet and one outlet, with the same dimensions,
placed in the center of the inlet and outlet surfaces (the door is
placed in the center on the horizontal and adjacent to the floor
on the vertical). The horizontal symmetry of all the cases
allowed for the simulation of only one-half of the flow domain,
simplifying the simulations (see Figure 2).
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The model may still be applicable to rooms outside these
limits as long as all of the following conditions are verified:

*  Most of the jet path in the room is in the shear layer
region (the jet does not enter the transition region before
two-thirds of the room length).

¢ Buoyancy sources, such as vertical heated or cooled
room surfaces, do not dominate the flow.

e The flow is turbulent in the jet region and in the bound-
ary layers close to the room surfaces in the recirculation
Tegions.

The cases simulated were labeled using one letter for the
aperture type (W, WW, D, and WD), and three numbers for
the height, width, and length. The numbers used for the room
dimensions are scaled with room height. The number two is



4
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Figure5 a) Correlation lines for shear layer based
circulation momentum flux (black line) and mass
flow rate (gray line), b) corvelation lines for inlet
momentum flux based circulation momentum flux
(blackline) and mass flow rate (gray line). In both
cases the CFD post-processed results for ihe
cases shown in Table 3 (gray dots for the
momentum flux and circles for mass flow rate).

used to label the height in the cases with 3.40 m height for
simplicity. All cases where simulated using a one cubic
meter per second volumetric flow rate. For all the inlets a
turbulence-dominated airflow pattern can be obtained for
flow rates of 0.5 m%/s and even lower in the case of the stan-
dard window and door (see Table 1). Tt is important to use
similar flow rates for all rooms and aperture types in order to
allow for straightforward comparisons between the recircula-
tion flows that result from different geometries.

RESULTS AND ANALYSIS

The correlation constants (Cg Cyp Cy, and Cpy)) on the
righthand side of Equations 4 and 6-11 were determined using
linear regression. The obtained linear regression lines (that
always pass through the origin) are plotted against the post-
processed CFD results for the correlated quantities in Figures
Sa and 5b, showing the maximum of the momentum and mass
fluxes in the recirculation regions as a function of the right-
hand side of Equations 4 and 8 (Figure 5a) and 6 and 10
(Figure 5b).

The momentum flux in the recirculation occurs through a
fraction of the cross-sectional area, with the reminder occu-
pied by the jet flow. Table 3 shows the designations of the 46
cases used to develop the main correlations. In this table, the
line labeled A shows the fraction of the room cross-sectional
area occupied by the jet in the point of maximum mass flow
rate. Although there is noticeable variation in the values of
minimum 0.47, maximum 0.71, most values are close to 0.5,
We conclude that, within the first order precision goal, the area
occupied by the recirculation flow can be scaled using 4 (any
constant multiplying value, such as one-half, is unimportant
and will be included in the correlation constants). The
adequacy of this and all other approximations is tested in the
correlations presented.

Qualitative analysis of Figure 5 shows that the shear layer
based correlation is more adequate; in addition, the correlation
constant R? for the shear layer case is significantly higher than

10

TABLE 5
Subset of cases with 1/3<C, <1

Case D141 | Wi41 | WD141 | w241
0, 0.6 0.6 0.6 0.6
Ap 0.54 0.53 0.55 0.47

the inlet momentum flux (R?=0.75 versus R2=0.44, see Table
6). Clearly, for the set of cases used in this study, shear layer
principles are more effective than inlet momentum flux scale,
the momentum flux of the recirculation flow. The gray lines in
Figure 5 represent the recirculation mass flow rate correlations
(labeled CL(10) and Cx(8) in Table 6); again, analysis of this
figure confirms the better results from the shear layer based
correlations (from Equations 6 and 10).

Tables 4 and 5 show a set of 20 additional cases where the
flow has a different balance, although still characterized by
two distinct regions. The common characteristic of the 16
cases, shown in Table 4, is a large length to width ratio. In these
cases, the flow eventually attaches to the lateral surfaces in the
region close to the outlet in the last third of the room length.
The flow starts with recirculations but toward the outlet
becomes similar to case C, where the momentum flux in the
room scales with inlet momentum flux. Further, the maxima of
the recirculation flow parameters (momentum, mass, and
velocity) occur in the first half of the room (as opposed to two-
thirds or further along the room). Due to their combined
nature, partially type R, partially type C, these cases have
different slopes in the momentum flux correlations (see corre-
lations labeled (*) in Table 6). Further, due to the transition
between recirculation and attached flow that occurs in these
cases, the flow pattern is expected to be particularly sensitive
to furniture and buoyancy effects that are always present in
real rooms, Table 5 shows four cases where the flow balance
is also different from the main set of cases shown in Table 3.
In these cases the width to length ratio is large, making the
recirculation behave differently, with a small momentum flux
(due to the small room length) occurring in a relatively large
cross-sectional area.

Clearly, it is essential to develop a simple criterion to
distinguish standard C-V recirculation cases from these tran-
sitional cases, The criteria that most successfully achieves this
distinction is

2L

(12)

1<C;<4.

The values of C;, are shown in Tables 3 to 5 for each case
(lines labeled Cy ). Note that C;, is 4, the transition value, corre-
sponding to rooms with a length to width ratio of less than 2
(depending on the width of the inlet). The ratio on the right-
hand side of Equation 12 scales the growth of the shear layer
that develops at the limit of the main jet flow (proportional to
L) with the available room width for shear layer expansion (on

the denominator). The use of the width as the length scale for
available space for shear layer expansion reflects the low
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TABLE 6
Results of the Correlations

Correlation

a® | c | e [ cm | e [ o | a0 | G | Gaor | cxer | e
Best Fit Slope

0052 | 0209 | 0298 | oeso | o6z | o487 | 0147 | ose0 | 0077 | o231 | 1sss
Linear Regression R®

075 | o044 | o067 | o42 [ o028 | 055 | os8 | om | o0s9 | o8 | o096
Max/Min

25 | ots | 4 [ 4 [ 37 [ 37 | w6 | 106 | 45 | 46 | 36
Average Error (%)

30 o0 | 16 | 19 | v [ e [ v | 2 | 1 | 2 | s

Maximum Error (%)

m | o7 | 38 [ [ e |

49 | 55

| 10 | s1 [ s | 13

The corresponding equation number is shown in parenthesis. The columns signaled with (*) are for Cp>4. All lines pass by the axis origin. The line labeled max/min shows
the ratio between minimum and maximum values obtained from the library of CFD cases used to develop the correlation.

height to width ratio of the rooms used in the CFD simulations,
which leads to jet attachment to part of the floor and ceiling
surfaces that are directly in front of the aperture, limiting its
vertical expansion. In the case of a room with height compa-
rable to the width, it is more appropriate to use a scaling prin-
ciple based on characteristic diameters of the room cross-
section and inlet aperture areas.

One important fact displayed by Equation 12 is that rooms
where the inlet is placed close to one of the lateral surfaces
tend to have more space for shear layer growth. This leads to
higher recirculation mass flow rates and velocities. When
evaluating these rooms using criteria 12, the factor of two in
the denominator must be dropped.

It will be shown below that the flow pattern for cases with
Cj bigger than 4 can also be correlated with similar principles,
although requiring different correlation constants. The cases
in Table 5 (C;<1) were not used to develop the main correla-
tions but are reasonably modeled by these correlations. The
correlations are expected to be very imprecise for cases with

The lower limit imposed on C; already indicates that the
model should not be applied when the aperture size is much
smaller than the room characteristic length, meaning the
model should only be used when

3w,
M;,._L_i.zﬂ_ 13)

When the system geometry does not conform to this last
criteria, the jet can enter the transition stage while inside the
room and many of the approximations explained above are not
applicable.

Table 6 shows the slopes of the lines that minimize the
error for the correlations described above (these slopes are the
correlation constants). From the results shown in this table it
is possible to conclude that the correlations proposed achieve
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first order accuracy. Note that only five of the eleven correla-
tions shown in the Table 6 are adopted in the model, they are:

1. Average recirculating flow velocity in the room cross
section with maximum flow rate (1/3 < Cp < 11):

L
= B f— =l

0.298,1/3 SCp =4
U -
Ap Ay

0.162,4<C; <11
(14)

2. Average volumetric velocity in the main jet region (1/3<C;_
<11):

F,
Uy = 156—2—,

1/35¢, <11 (15)
AR'AIN

3. Volumetric flow rate of the return flow (1/3 < Cp < 11):

4,
Fp=Cp (=5 Fme
Ay

Not surprisingly, the best correlation is for the average
velocity in the jet region, successfully predicting a set of cases
that has a relative variation of 3.6 (Max/Min line in Table 6),
with negligible error. It is interesting to see how accurate the
simple shear layer based correlation (Equation 6) is when esti-
mating momentum flux in the cases shown in Table 3. This
correlation, obtained from Equation 6 (labeled C,(6) in Table
6), can predict the momentum flux with an average etror of
30% for a set of CFD post-processed values with a maximum
vatiation of 27.5 in magnitude. It is relevant to note that the
relative errors do not depend on the flow rate. Any interval of
flow rate values linearly increases the prediction intervals
shown in the fourth line of Table 6, making the final results of
the model more impressive.

0.147,1/3<C, <4
F= { (16)

0.077,4<C, <11

11



The correlations labeled with a (*) in this table refer to the
cases with C; >4 (long rooms, shown in Table 4). As expected,
the slopes in these correlations are always smaller than for the
standard correlations (cases in Table 3), as a consequence of
the higher dissipation that occurs in long rooms.

Applications to C-V Design

In addition to the correlation expressions presented
above, when designing cross-ventilated rooms two additional
ratios can be useful: the ratio between maximum velocity in
the room and velocity in the main jet region and the ratio
between velocity in this region and velocity in the recircula-
tion.

The first ratio is important whenever a designer must limit
the maximum air velocity at any point in the room. The maxi-
mum velocity always occurs directly in front and close to the
inlet, in the vena contrata region. The fractional contraction of
the jet (coefficient Cp) is due to the flow through the inlet and
can be obtained analytically for a two-dimensional flow, with
measurements in three-dimensional flows resulting in similar
values (Ohba et al. 2001). The maximum velocity and the
desired ratio are given by:

Fry
= Cp = 0611
IN~D (17)
U
=L = 156¢, /-_lm 1/3<C; <11
Upe Ag

In some situations the maximum room airflow velocity is
a limitation on the design and maximizing the second relation
in Equation 17 results in a ventilation system with higher
velocities in the jet region of the room while remaining below
the maximum allowed velocity (U,/U,<1, as can be seen in
Figure 6a).

The second relevant ratio is between velocities in the jet
region and in the recirculation region, given by:

U 0.191,1/3<C, <4
7 =Cl= R = { ) (18)
U; P 0.104,4<C; <11

This ratio is always smaller than one and independent of
the room cross-sectional area. Figure 6b shows plots of Equa-
tion 18 for variable inlet areas and room lengths. Longer
rooms maximize this ratio up to a limiting length since the
flow pattern limitations translated in the criteria shown in
Equations 12 and 13 must be respected.

Figure 7a shows the ratio between inlet flow rate and the
recirculation flow rate predicted using Equation 16 for cases
with C; <4. It is interesting to note that for rooms with moder-
ate to large volumes and inlets with areas below 2 m? this ratio
is bigger than one and can even reach three. These high recir-
culation flow rates are achieved with the above mentioned
small momentum fluxes, when compared with the inlet flow,
because the flow occurs in a large area, approximately one-
half of the room cross section (see Table 3, line: 4z).

Figure 7b illustrates possible advantages of using the
model in conjunction with other models, in this case the
Fanger thermal comfort model (ISO 1993). The impacts of
room geometry and flow rate variations on summer cooling,
due to increased air movement, are easily quantified. As
expected, higher flow rates and smaller inlet areas result in
higher velocities and increased thermal comfort.

So far this paper has discussed symmetric rooms or rooms
with part of the inlet and outlet perimeters adjacent to the same
lateral surface. Asymmetric rooms are very common. Limited,
exploratory simulations for a few of the cases shown in Table
3, using asymmetric inlet/outlet configurations, indicate that
the model and the correlations presented above are directly
applicable to asymmetric rooms (where the inlet does not face
the outlet). It should be noted that in these rooms the smaller
of the two recirculation regions tends to have a higher velocity
and also reach values of C;>4 for smaller length to width

06
Ug U,
0.5

04

03

i 25 =
A (m’)
@

(b

Figure 6 a) Variation with room cross-sectional area (Ag) of the raio between the average velocity in the jet region and the
maximum velocity in front of the inlet (expression 25). b) Variation with room length (L) of the ratio between the
average velocity in the recirculation and in the jet region (expression 26). In both plots, three inlet sizes are used:
0.5 m? (light gray), 1.5 m* (medium gray), and 4 m’ (black).
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Figure 7 a) Ratio between the recirculation mass flow rate Fpg (expression 24) and the inlet volumetric flow rate (Fpy) for
variable room volume (V in m’°) and inlet aperiure area (A in m°). b) Percentage of people dissatisfied in the
recirculation region of a cross-ventilated room for variable volumetric flow rate (Fpy (m’/s)) and inlet aperture area
(Ang (m2)), calculated using Fanger’s comfort model (ISO 1993). Calculation performedusingl. =8m, T =27.5°C,
and Ag = 15 m?, with a metabolic rate of 1.5 met and standard summer clothing (ASHRAE 2001).

ratios. In order to correctly apply the correlation principles to
these rooms, each recirculation zone should be analyzed inde-
pendently, applying the correlation formulas twice and using
different areas and room widths on each side, a more cumber-
some procedure. In this context, for design estimation
purposes, the authors recommend the use of the standard
correlations, keeping in mind that the results will be less
precise.

One last geometric element that is present in most rooms
is furniture. Large furniture can change the flow pattern and
the recirculation flow characteristics. One straightforward
approach to including furniture effects is to define an equiva-
lent room cross-sectional area, obtained by subtracting the
characteristic furniture obstruction area from Ap. Still, it is
only a first order estimation of the effects that may, or may not,
be applicable depending on the room. The authors will attempt
to include general effects of furniture in future developments
of the model. The present model should not be used for esti-
mating flow characteristics in rooms where multiple large size
floor standing furniture elements occupy more than a third of
the room volume or when the inflow jet path is obstructed by
furniture.

Using this model in a generic ventilation flow requires
several steps:

e First, the user must make sure that the room has an inlet
facing the outlet, a geometry that leads to C-V.

*  Second, the criteria shown in Equation 13 must be satis-
fied, ensuring significant momentum conservation.

*  Third, the flow must be dominated by forced convec-
tion; for typical rooms, this will occur whenever the
room height is <3.5 m and the temperature variation
between inlet and outlet is smaller than =2°C,
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= Fourth, A" must be calculated; whenever 4*<2 recircula-
tions occur, and if 1/3£C; £11, then Equations 14-18 can
be used to obtain the magnitude of the velocities and
flow rates in the two main flow regions, Whenever
A" = 1 the flow resembles flow in a pipe with a single
region (main jet) and modeling is straightforward and

does not require correlations.

CONCLUSIONS

The C-V model developed in this paper meets the
proposed first order precision goal while retaining simplicity
in its form and application. A simple criterion is introduced,
Equation 13, that assesses the existence of significant momen-
tum conservation and, therefore, C-V, in isothermal flows.
Two further criteria are introduced, Equations 3 and 12, allow-
ing for straightforward distinction between different types of
C-V flows. The correlations shown in Equations 14-18 model
several useful flow parameters in a simple way, making design
and control of C-V systems a simpler task.

The obtained equations and criteria clearly display the
effects of the most relevant system geometric parameters and
provide simple insight into the mechanisms that control the
complex C-V airflow. The functional dependences of the flow
characteristics on the different room geometry parameters
where clearly identified.

Future developments of the model are: simplified model-
ing of asymmetric rooms and furniture effects as well as exten-
sion of the present method to analyze heat and pollutant
transfer in cross-ventilation airflows.

The present study should allow for improved understand-
ing of C-V flows and contribute to their increased use, which
should lead to reductions in building energy consumption and
improved control and confidence in the performance of C-V
systems.
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NOMENCLATURE

Ap = minimum room cross-sectional fraction occupied by
the recirculation flow
Apy = inlet area (m?)
Ap = room cross-sectional area (m”).
A = nondimensional room area ratio
Cr = flow rate correlation constant.
Cr = flow scaling nondimensional criterion
Cy = momentum correlation constant
C, = dimensionless correlation constant (the index »
distinguishes different correlated variables)
Cg = correlation constant for the ratio between jet and
recirculation velocity
Cy = velocity correlation constant
Cyy = correlation constant for the average velocity in the
room volume occupied by inlet jet flow
F = gcaling law function
f = inlet flow profile function
Fpy = inlet flow rate (in m*/s, given by Upy.Apy)
Fp = flow rate in the recirculation region (m%/s)
M = momentum flux of the jet (in N or J/m)
P = perimeter of the inlet aperture (m)
U, = average velocity in fraction of the Toom volume
occupied by inlet jet flow (m/s)
Uy = maximum velocity in the room (m/s)
Up = averaged velocity in a given region of the room that
is being modeled (m/s)

Wy = width of the inlet aperture (m)
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