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Abstract

The flow elements are airflow paths such as open doors
and windows, construction cracks, stair cases, elevator
We present the implementation of a library of multi- shafts, ducts and fans.
zone airflow models in Modelica and a comparative
Multizone airflow models are typically used for time
model validation with CONTAM. Our models have a
domain simulation of convective energy and contamsimilar level of detail as the models in CONTAM and
inant transport between thermal zones of a building
COMIS. The multizone airflow models allow modeland to quantify stack effects in high rise buildings.
ing the flow between rooms through doors, staircases
For thermal building simulation, the closed door and
or construction cracks. The flow can be caused by
user-estimated airflows that are common practice in
buoyancy effects, such as stack effects in high rise
most multizone simulations are a poor representation
buildings or air temperature imbalance between adof reality [8, 18]. Assessing the convective energy
joining rooms, by flow imbalance of a ventilation sysand species transport can also be important for contem, or by wind pressure on the building envelope.
trols analysis, since the convective transport through
The here presented library can be used with a Modopen doors can couple one local control loop with anelica library for thermal building and HVAC system
other. This situation may occur, for example, if two
simulation to compute interzonal air flow rates. The
rooms have their own local VAV damper control loop
combined use facilitates the integrated design of buildthat causes pressure or temperature imbalance if one
ing systems, which is typically required for analyzing
damper closes. To model such phenomenas, the here
the interaction of room control loops in variable air
presented airflow models can be used to define flow
volume flow systems through open doors, the flow in
paths that connect different thermal zones of a building
naturally ventilated buildings and the pressure in elethat may be presented by the model described in [23].
vator shafts caused by stack effects.
Multizone airflow models represent the room volumes
Keywords: Multizone Airflow, Contaminant Transport,
assuming uniform distribution of temperature, presStack Effect
sure and species concentration throughout the room
as opposed to the spatially more refined resolution of
zonal models [10] or computational fluid dynamics
1 Introduction
models. The reduced number of state variables of multizone airflow models makes it computationally feasiWe present the implementation of a library of multible to perform annual simulations of heat and species
zone airflow models in Modelica and a comparative
transport in buildings.
model validation in which we computed the buoyancy
driven air flow rates in CONTAM and in Modelica In [7], Feustel and Dieris present an extensive literfor a two storey building. The implemented models ature review and questionnary survey of more than
have a similar level of detail as the models in the state- 50 multizone airflow models and list the main equaof-the-art multizone airflow programs CONTAM [4] tions used in those models. Today, two multizone
and COMIS [6]. Multizone airflow models consist of airflow models are well established: CONTAM, denodes that are connected by flow elements. The nodes veloped by the National Institute of Standards and
may represent room air volumes, the exterior environ- Technology (NIST) and COMIS, developed in 1988ment or connections in a duct system and contain state 89 in an international context within IEA Annex 23 at
variables, typically pressure, temperature and concen- the Lawrence Berkeley National Laboratory (LBNL).
trations such as water vapor, CO2 , smoke or pollutants. COMIS has been interfaced with the thermal build-
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ing energy simulation program EnergyPlus [9]. EnergyPlus uses airflow rates that were computed by
COMIS in the previous time step. This coupling
with time lagging, however, can cause instability if
the time step is too large [18]. COMIS and CONTAM have both been implemented in TRNSYS in the
form of a TRNSYS TYPE (i.e., a component model)
that can be interfaced with TRNSYS’ multizone thermal building model TYPE 56 [15]. In subsequent
work, COMIS has also been integrated directly into
TYPE 56 due to convergence problems and to improve
the user interface [22]. The thermal building simulation programs IDA [19] and ESP-r [3, 8] have models for interzonal air exchange for bi-directional flow
through open doors. The basic flow resistances used
in COMIS, CONTAM, IDA and ESP-r are powerlaw
equations that compute the steady-state flow as a function of the static pressure difference.
Lorenzetti [12] reports that some flow models in
COMIS and CONTAM can give non-repeatable results due to memory in the calculation routines. For
example, the crack model in COMIS finds the density of the air in the crack using the flow calculated
in the last evaluation of the crack in question. This
can cause the solver to fail converging to a solution.
Another concern is that COMIS does not solve the
mechanical energy balance and the friction models simultaneously which can yield to errors of around 30%
for flows through passive vertical shafts for stairways,
elevators or natural ventilation. Lorenzetti concludes
that due to the decoupling of the mechanical energy
balance and the friction models, COMIS cannot implement any meaningful model for bi-directional flow
between floors of a building.

2

Physical Model Description

We use a powerlaw relationship to model the volume flow rate through an aperture as a function of the
static pressure difference DP between two rooms. Let
DP0,e ≪ 1 be a user specified parameter. The governing equations are
(
k DPm ,
for DP ≥ 3/2 DP0,e ,
V̇ =
(1a)
m
−k (−DP) , for DP ≤ −3/2 DP0,e ,

as DP → 0, which can cause problems for numerical
solvers. Thus, we use for small pressure differences
the linear function
m−1
DP,
V̇ = k DP0,e

DP ∈ [−DP0,e /2, DP0,e /2]. (1b)

The transition between equation (1a) and (1b) is done
in the intervals DP ∈ (−3/2 DP0,e , −1/2 DP0,e ) and
DP ∈ (1/2 DP0,e , 3/2 DP0,e ) using the built-in Dymola
function spliceFunction, which defines V̇ (·) as a
function that is once continuously differentiable in DP.
Linearization around zero is also used in [4, 2].
We observed good numerical experiments by setting
DP0,e = 0.1 Pa. Using DP0,e = 0.001 Pa caused the time
integration solver in some examples to jam at state
events caused by a buoyancy driven flow reversal.
We will now discuss the implemented models, which
all compute the flow based on (1).

2.1 Orifice
The flow through an orifice with cross section area
A can be deduced from the Bernoulli equation and is
given by
p
V̇ = Cd A 2/r DPm ,
(2)

where Cd ∈ (0, 1) is a dimensionless discharge coefficient and r is the density of the medium that flows
through the orifice. Large openings are characterized
by m very close to 0.5, while values near 0.65 have
been found for small crack-like openings [21, 4].
In [20], van der Mass et al. present a brief literature
review about discharge coefficients and conducted
own experiments on a 1:10 and a full scale model.
They concluded that Cd can confidently be chosen in the range of 0.6 to 0.75, provided that the
temperature stratification in the rooms is taken into
account (andR hence V̇ is obtained using the integration V̇ = (dV̇ /dh) dh over the aperture height.)
They report that Cd = 0.61 is widely used, and that
Mahajan [14, 13] found values as low as 0.33 for
isothermal rooms.1 Van der Mass et al. also report
that Riffat [17] found for the transport through both
a door and a staircase a value of Cd = 0.6 for an
interzonal air temperature difference of DT = 1 K,
decreasing to Cd = 0.25 for DT = 10 K, which is in
contrast to Kiel and Wilson [11], which obtained in
full scale experiments Cd = 0.40 + 0.0045 DT .

where V̇ is the volume flow rate, k is a flow characteristics, DP is the static pressure difference over the
aperture and m ∈ [0.5, 1] is a flow exponent, with
1 Two rooms are said to be isothermal if the temperature differm = 0.5 for turbulent flow and m = 1 for laminar flow. ence between the rooms is much larger than the vertical temperaFor m < 1, the derivative dV̇ /dDP tends to infinity, ture difference between floor and ceiling in each room.
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We convert the effective air leakage area to the orifice
equation (2) as follows. Let L denote the effective air
leakage area with units m2 . The area A in the orifice
equation (2) is obtained by equating (2) with
p
(5)
V̇ = Cd,r L 2 DPr /r,

n=0.5
n=1

1.03

1.01

a

K [−]

1.02

1

from which follows that

0.99
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Cd
L DPr0.5−m .
Cd,r

(6)

If no value of m is reported with the test results, then
Dols and Walton [4] recommend m = 0.6 to m = 0.7.

Figure 1: Correction factor used in CONTAM for
change of volume flow rate as a function of temper- 2.3 Large Vertical Open Aperture
ature.
We will now present a model for bi-directional airTo account for the temperature dependency of the air flow at steady state conditions through a large aperture.
density r and the kinematic viscosity n, CONTAM The model can be used to compute the bi-directional
multiplies the right hand side of the orifice equation (2) airflow through open doors or windows. We assume
in this section that the aperture is always open. In
by the correction factor
Sec. 2.4, we extend the model in such a way that the
n 
2 n−1

n0
r0
aperture can also be closed.
, (3)
Ka (P, T ) =
r(P, T )
n(P, T )
with r0 = 1.2041 kg/m3 , n0 = 1.5083 · 10−5 m2 /s,
r(P, T ) = P/(287.055 T ), µ(T ) = 3.7143 10−6 +
4.9286 · 10−8 T and n(P, T ) = µ(T )/r(P, T ). Fig. 1
shows Ka (P, T ) for the limiting cases n = 0.5 and n = 1
with P = 101325 Pa. Since Ka is close to one for the
expected temperature range, we will use Ka = 1 for
all temperatures. Furthermore, the air density in (2)
should be evaluated at the temperature and pressure of
the medium that flows through the orifice. However,
if the air temperature is different on either side of the
orifice, then the derivative dV̇ /dDP of (1b) is discontinuous at DP = 0. We prevent this discontinuity by
setting e
r = 1.2 kg/m3 in the orifice equation (2), independent of the temperature and pressure. Thus, we
implemented (2) in Modelica using the powerlaw (1)
with
q
r.
(4)
k = Cd A 2/e

2.2

2.3.1

Governing Equations

To deduce the model, we consider an aperture with
height h and width w that separates two air volumes
(see also Fig. 2). Let z denote the height coordinate,
defined so that z = 0 at the bottom of the aperture. Let
P̄A and P̄B denote the static pressures, let T̄A and T̄B
denote the temperature and let r̄A and r̄B denote the
air density in the two air volumes at height zA and zB .
Let TA′ , dTA (z)/dz and TB′ , dTB (z)/dz denote the
vertical temperature gradient in each volume which is
assumed to be independent of z. We approximate the
local air density in volume A at a height z above the
bottom of the aperture as


(z − zA ) TA′
.
(7)
rA (z) = r̄A 1 −
T̄A
The static pressure at height z in volume A is

Effective Air Leakage Area

Z zA

Z z

rA (s) ds − g
rA (s) ds, (8)
PA (z) = P̄A + g
0
0
ASHRAE Fundamentals [1, p. 25.18] and Clarke [3]
list effective air leakage areas for various building con- where g = 9.81 m/s2 is the earth acceleration. Substistruction elements, such as doors, windows and vents. tuting (7) in (8) and evaluating the integrals yields
The effective air leakage area tabulated in [1] are based
on a reference pressure difference DPr = 4 Pa and a

TA′
P
(z)
=
P̄
+g
r̄
(z
−z)+g
r̄
z2 − 2 z zA + z2A .
A
A
A
A
A
discharge coefficient Cd,r = 1, but other data sets use
2 T̄A
(9)
DPr = 10 Pa and Cd,r = 0.6 [4].
The Modelica Association
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Figure 2: Schematics of two rooms with different heights that are connected by a large vertical opening of
height h. The left-hand graphics shows schematically the static pressures PA (·) and PB (·) as a function of the
height z for the situation where P̄A < P̄B , r̄A < r̄B and without vertical temperature gradient in the rooms. The
neutral height is at the point where PA (z) = PB (z).
An identical deviation can be done for the static pres- and (12). Furthermore, in computing the pressure difsure PB (z). Thus, the static pressure difference at ference across the opening, CONTAM assumes the
vertical temperature profile to be constant [4, p. 152],
height z is
which facilitates in view of the denominator of (13)
DPAB(z) , PA (z) − PB (z)
the numerical solution if r̄A and r̄B are close to each
= P̄A − P̄B + g (r̄A (zA − z) − r̄B (zB − z)) other. In COMIS [6], however, the opening is dis
cretized along the height coordinate to eliminate the
T′
+g r̄A A z2 − 2 z zA + z2A
need for solving the pressure difference equation (10)
2 T̄A
′
for the neutral height. The total flow is then obtained

T
−g r̄B B z2 − 2 z zB + z2B .
(10) by summation of the flows for the whole opening.
2 T̄B

Equation 10 is a quadratic equation in z. Its solutions
z∗ ∈ [0, h] that satisfy DPAB (z∗ ) = 0, if they exist, are
called the neutral heights. At the neutral heights, there
is no flow through the aperture.
The volume flow rate from A to B through
m (z) > 0,
the height element
dz is for PAB
p
m (z) w dz
or else
V̇AB (z)/dz = Cdp 2/rA (z) DPAB
V̇AB (z)/dz = −Cd 2/rB (z) (−DPAB(z))m w dz.
The net flow from A to B is
V̇AB =

Z h

max(0, dV̇AB (z)/dz) dz

(11)

Z h

min(0, dV̇AB (z)/dz) dz.

(12)

0

and similarly
V̇BA =

0

2.3.2

Model Discretization

As in COMIS, we also select a discretized model to
implement an approximate solution of (11) and (12)
since we expect the discretized model to be numerically more robust than an implementation of the analytical solution of (11) and (12) which requires solving (10) for the neutral height which may have zero,
one or two solutions in [0, h].
For a fixed n ∈ N, we discretize the height h of the
door into n compartments of equal height Dh = h/n.
For i ∈ {1, . . . , n}, we define zin , h (i − 1/2)/n. We
use the orifice equation (2) to compute the flow in each
compartment. For sufficiently large positive pressure
differences, the orifice equation in each compartment
is
s
2
h
i
DPm (zi ),
(14)
V̇AB,n
= Cd w
n rA (zin ) AB n

The exact evaluation of the integrals in (11) and in (12)
requires the knowledge of the neutral heights. In the
absence of vertical temperature gradients, i.e., if TA′ =
where DPAB(zin ) is defined in (10). We implement the
TB′ = 0, the neutral height is
orifice equation using the powerlaw relation (1) with
s
P̄A − P̄B + g (r̄A zA − r̄B zB )
z∗ =
.
(13)
h 2
g (r̄A − r̄B )
,
(15)
k = Cd w
n b
r
CONTAM and IDA neglect vertical temperature grar , (r̄A + r̄B )/2. In (15), we used the average
dients and evaluate symbolically the integrals (11) where b
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of the density at the two reference points A and B to
approximate the density in dz. As mentioned earlier,
the density in dz depends on the flow direction, but using the density of the inflowing medium would cause
the volume flow rate to be non-differentiable with rem (z) = 0. In this
spect to the pressure difference at DPAB
model, we know the density on both sides of the aperture and hence use their average value rather than a
constant density. In the current implementation, we
neglect the vertical temperature gradient in volume A
and B and set TA′ = TB′ = 0. The model could be extended with little effort to take into account a temperature gradient by adding the quadratic terms in the implementation of the pressure difference equation (10).
Extending the model may be important if a room has
a displacement ventilation, since vertical temperature
gradients can have a major influence on the heat exchange by interzonal airflows [8].
In order to formulate a once continuously differentiable approximation to the max(·, ·) and min(·, ·)
functions in (11) and in (12), we compute the average
velocity in each compartment as

m of each model. In particular, in view of (6) and (4),
we set for the closed aperture
Cd
1
L DPr0.5−m
kclo = Cd
n Cd,r

s

2
b
r

(18)

where n is the number of compartments and b
r , (r̄A +
r̄B )/2, and we set for the open aperture
1
kope = Cd w h
n

s

2
.
b
r

(19)

In both models, the flow exponent m is a user-specified
parameter which we denote by mclo and mope . The
effective flow constant and flow exponent is computed
as
k = y kope + (1 − y) kclo ,

(20)

m = y mope + (1 − y) mclo .

(21)

We do not claim that this model is able to describe accurately the flow through a half opened door by setting
.
(16) y = 1/2. However, for numerical reasons, to change
vin ,
w h/n
the aperture from open to closed, it may be better to
The net flow from A to B and from B to A through vary the input signal y continuously in time as opposed
each element is computed as
to using a step function.
i
V̇AB,n

~V̇ i = V̇ i H(v
e in ; ve ),
AB,n
AB,n
~V̇ i = −V̇ i + ~V̇ i ,
BA,n

AB,n

AB,n

(17a)
(17b) 2.5

Pressure of a Medium Column

e ve ) is a once continuously differ- This model can be used to model the static pressure of
where H(·;
a medium column. The model computes the difference
entiable approximation to the Heaviside function,
between the static pressure at the bottom Pb and the top
implemented using the Dymola built-in function
P of a vertical medium column of height h as
spliceFunction, parametrized by a user specified t
smoothing parameter ve . Good numerical performance
Pb = Pt + h r g,
(22)
has been obtained with ve = 0.001 m/s.

2.4

Large Vertical Operable Aperture

We will now combine the model for the effective air
leakage area, presented in Sec. 2.2, and the model for
large vertical open apertures, presented in Sec. 2.3, to
construct a model for a large aperture that can be open
or closed, depending on an input signal. As in the
model for the open aperture, we discretize the opening in n horizontal segments, and compute the pressure
difference DPAB(z) in each compartment using (10).
Let y ∈ [0, 1] be an input signal, defined such that the
aperture is closed if y = 0 and open if y = 1.
We combine the two models by using a linear combination of the flow constants k and the flow exponents
The Modelica Association

where the density r is a user input and g = 9.81 m/s2
is the earth acceleration.

3 Implementation in Modelica
We implemented the models using Modelica 2.2 [16]
and Modelica Fluid [5]. All models use one or several
instances of a model that implements the power law (1)
to define the relationship between flow and pressure
difference. Fig. 3 and Fig. 4 show the class hierarchy
of the models with one- and two-directional flow, and
how the different models relate to the physical description described in the previous sections.
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Modelica Fluid.Interfaces.PartialTwoPortTransport
Base class for one-directional flow elements

PowerLawResistance
Implements an instance of power law (1)

MediumColumn
Implements pressure (22)

Orifice
Implements an instance of orifice (4)

EffectiveAirLeakageArea
Implements effective leakage area (6)

Figure 3: Class hierarchy of models with one-directional flow. The dashed models are partial models.

TwoWayFlowElement
Base class for
two-directional flow elements
TwoWayFlowElementBuoyancy
Defines height parameters and
input signal for r̄A and r̄B
DoorDiscretized
Implements n instances of power law (1) and
implements equations (10), (14), (16) and (17)
DoorDiscretizedOpen
Assigns m and k using (15)

DoorDiscretizedClosed
Defines input signal y and
assigns m and k using (18) to (21)

Figure 4: Class hierarchy of models with two-directional flow. The dashed models are partial models.
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Table 1: Parameters of the flow elements.

5 Conclusions

Using an object-oriented equation-based modeling
language allowed a rapid implementation of a library
Discharge coefficient CD
with multizone air flow models that can be connected
Flow coefficient m
to thermal building models. A comparative model valTransition to linear pressure
idation of the buoyancy driven steady-state mass flow
law DP0,e in Pa
0.1
0.1
rates in a two storey building between our models and
2
0.01
2.2
Area A in m
CONTAM showed agreement of the mass flow rates
Width w in m
1
within 2%. This deviation is significantly smaller than
Height h in m
2.2
the uncertainty associated with selecting model paNumber of compartments ncom 10
rameters. Large uncertainty in model parameters exist
Minimum velocity ve in m/s
0.001
in the selection of the discharge coefficient, the flow
exponent and the equivalent leakage area of cracks in
the building envelope.
Table 2: Mass flow rates in kg/s computed by CON- From a computational point of view, smoothing the
equations to convert them into once continuously difTAM and by Modelica.
ferentiable equations was critical. Without smoothing,
the solver failed in some examples to solve the system
Flow element
CONTAM Modelica
of equations.
door West to East 0.4103
0.4184
door East to West 0.4146
0.4228
opening WT
0.0044
0.0044
6 Acknowledgments
opening ET
0.0044
0.0044
opening OB
0.0080
0.0080
This research was supported by the U.S. Department
opening OT
0.0080
0.0079
of Commerce, National Institute of Standards and
Orifice
0.65
0.5

Door
0.78
0.78

Technology, Advanced Technology Program under the
agreement number 70NANB4H3024.

4

Comparative Model Validation

7 Nomenclature

We will now compare the buoyancy driven air flow 7.1 Conventions
rates through orifices and open doors that were com1. Vectors elements are denoted by superscripts.
puted in Modelica using Dymola 5.3b with the ones
computed in CONTAMW 2.1. The computations were
2. f (·) denotes a function where (·) stands for the
done on a Windows 2000 computer.
undesignated variables. f (x) denotes the value of
Fig. 5 shows a side view of the three rooms used in
f (·) for the argument x.
the validation, Fig. 6 shows the implementation in
Dymola and Tab. 1 shows the parameters used to de7.2 Symbols
scribe the flow paths. In the Modelica computations,
the parameter DP0,e used in the smoothing described
a∈A
a is an element of A
in (1) was set to 0.1 Pa and we used e
r = 1.2 kg/m3 in N
{1, 2, 3, . . .}
the orifice equation (2).
,
equal by definition
Tab. 2 lists the mass flow rates computed by CONTAMW and by Modelica. The door model has the
biggest difference in mass flow rate. However, the
difference is only 2%, and hence the CONTAM and
Modelica model agree within the accuracy expected
by the model simplification, such as the assumption of
constant density in the flow path and the discretization
of the door height.
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Room Top
TT = 20◦ C
1.5 m

b

WT

ET

1.5 m

OT
TW = 25◦ C

TE = 20◦ C

1.5 m

b

b

b

door
Room West

Room East

Outside
Tout = 10◦ C
pout = 101325 Pa

OB

Figure 5: Side view of the three rooms used in the validation study.

Figure 6: Implementation of the three room problem that was used for the comparative program validation. The
green flow paths are orifice models that implement the model of Section 2.1, the red bars are medium column
models that implement the model of Section 2.5, and the gray rectangle is the door model of Section 2.3 and 2.4.
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