
A thermo-hydrodynamical model for interior building
climate simulations and thermal comfort assessment

Summary

One of the project’s objectives is to develop a functional model that pre-
dicts velocity and temperature fields within building rooms, taking into ac-
count heating, ventilation, and air conditioning (HVAC) systems and heat
exchange between adjacent rooms, as well as with the air outside the build-
ing, all of which is essential for thermal for thermal comfort assessment for
building occupants.

Eventually, the model must be capable of accurately modelling an entire
building with multiple rooms. For this research activity step, however, one
is only concerned with modelling a single room. This is because the building
planned as the field test area for the model has not been constructed yet, and
no experimental data is available for verification purposes. Moreover, until
the model is formulated adequately and optimized, it is unwise to attempt
the more challenging problems. Therefore, the main objective of this stage of
the project activity is the step-by-step construction of a generalized model,
insurance of its stability and sufficient accuracy, as well as the capture of
important physical effects.

The model was designed to include such effects as heat convection and
diffusion, flow turbulence and compressibility, radiative heat transfer with
both surface-to-surface and medium absorption components, viscous dissipa-
tion within the gas flow, as well as buoyancy, including its turbulence contri-
bution. This way, once the model operates correctly, it can be extrapolated
to specific problems and simplified as necessary, where it is appropriate.

Such a model was successfully implemented in ANSYS CFX for a con-
ference room of a public building that is planned for construction by the
University of Latvia (LU) and the relevant details are addressed in this re-
port.
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10 A THERMO-HYDRODYNAMICAL MODEL FOR INTERIOR
BUILDING CLIMATE SIMULATIONS AND THERMAL COMFORT
ASSESSMENT10 A thermo-hydrodynamical model for inte-

rior building climate simulations and ther-
mal comfort assessment

10.1 Introduction
10.1.1 A general description of the problem

The problem considered in this report is as follows: a single room of a building
is modelled to assess whether or not thermal comfort conditions are met,
assuming a constant HVAC system operation regime. To this end, one must
solve a stationary problem for air velocity (v⃗) and temperature (T ) fields.
This is not at all trivial, however, since several key physical effects must
be considered for the model to be realistic and yield accurate predictions.
In order to compile the list of relevant factors, one must first analyse the
geometry of the building and the room in question.

Figure 1: Computer rendered view of the House of Philanthropy.

Figure 1 shows computer rendered view of the House of Philanthropy of
the University of Latvia. It is planned that in addition to conference, work
and utility rooms within the white trapezoid-shaped section of the building,
there will also be a winter garden extension, as shown on the right side of the
image. Cross sectioning the building with a vertical plane along its larger
dimension reveals a part of its inner structure, as seen in figure 2 below.
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Figure 2: Cross section of the building along its longest side with character-
istic dimensions indicated in the schematic. The green trapezoid represents
the conference room, which is the subject of simulations.

Figure 3: Cross section of the building by a plane that is parallel to the
ground. Characteristic dimensions are indicated in the schematic. The con-
ference room is marked as number 2, with five rows of seats placed in the
middle.
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Note the room marked with a green trapezoid - this is the conference room
that is of interest in this report. This room serves as a test case throughout
the model development process. If one cross sections the building using a
plane that is parallel to the ground, interior structure of both the conference
room and the rest of the interior is revealed from a different point of view,
as demonstrated in figure 3.

The walls of the conference room shown in figure 3 as as follows: the upper
wall is subjected to outside temperature (0◦C); the lower wall is also exposed
to exterior climate conditions (0◦C); the wall to the right (the rightmost wall
adjacent to the green trapezoid in figure 2) is shared with the winter garden
and heat is exchanged between the room and the garden through this wall,
assuming that temperature in the garden is 20◦C; the left side wall (the
leftmost wall in 2) is shared with adjacent rooms of the building. The ceiling
and the floor (top and bottom boundaries of the green trapezoid in figure 2)
of the conference room are heated by the built-in capillary heat exchanger
systems with working temperatures 27◦C and 22◦C respectively.

Here, two points must be made. First, T and v⃗ are not computed for
rooms adjacent to the conference room. As such, their interior temperatures
are unknown and heat exchange with adjacent rooms cannot be accounted for
realistically. For this reason, perfect thermal insulation is assumed between
these rooms and the conference room and thus heat exchange is disabled
within the model. Second, the lower wall on the room cross section show in
figure 3 has built-in glass doors, which are thus permeable by solar radiation.
This, however, is excluded from the present model to simplify the model
development process and reduce computational time. Solar radiation will be
included at a later stage of the present project activity.

In addition to heat exchange with exterior and the winter garden, as well
as internal heat generation via capillary heat exchangers built into the floor
and the ceiling, there is also an air conditioning (AC) system installed within
the building with inlets and outlets in the conference room. Its purpose is to
ventilate the room and replace the exhaust gases produced by room occupants
with fresh, breathable air. Forced air convection due to AC also facilitates
air mixing and homogenises the temperature field, reducing adverse vertical
gradients within the room, which is one of the criteria for thermal comfort.

This means that one has a conjugate heat and mass transfer problem with
two obvious heat transport mechanisms - forced convection due to AC and
diffusion due to temperature differences between different room areas and
boundaries. However, if temperature difference between the roof and the
floor is great enough and if forced convection is sufficiently slow, buoyancy
forces become very important. Moreover, regardless of all other mechanisms,
there is always radiative heat transfer, which, depending on room boundary
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temperatures, could play an important role. Furthermore, depending on
flow velocity at AC inlets and outlets and their nozzle cross section sizes,
as well as room dimensions, turbulence may set in, further complicating the
problem. Also, depending on velocity magnitude gradients and temperature
gradients within the room, internal heat dissipation within air flow could
become important.

In order to check whether the above effects are relevant and establish the
extent of their relative significance, preliminary analysis should be conducted
based on characteristic dimensionless groups for hydrodynamic heat transfer.
This, however, requires one to first specify the AC system parameters.

The next section describes the two AC system configurations for the con-
ference room and provides key parameters required for simulations and pre-
liminary analysis.

10.1.2 An outline of the tested AC system configurations

Two AC configurations were proposed by project engineers, referred to as V1
and V2 throughout the report.

V1 schematics are shown in figures 4 and 5, wherein air inlets are desig-
nated with blue rectangles and free flow vents are marked with green rect-
angles. As seen in figure 4, air inlets are placed at the floor level across the
interior wall of the room, whereas free flow vents that are connected to the
winter garden are placed at just above the half of the exterior wall height.
While inlets provide strictly positive air mass flux (0.5 kg ·s−1 mass flow rate
is distributed evenly among the four inlets shown in figure 5), free flow vents
allow for bidirectional air flow, mimicking mass exchange with the winter
garden. Inlets introduce air at 16◦C temperature and the five free flow vents
are prescribed temperature equal to that of the winter garden.

V2 configuration is outlined in figure 6. The inflow vents are still placed
at the floor level, but this time there are only three inlets, with their flow
rates specified in figure 6 next to their locations (these values translate into
roughly 0.1 kg · s−1 per inlet). Inlet air temperature is 15◦C. Instead of free
flow vents, two outflow vents are placed at the ceiling - these evacuate air out
of the room at flow rates matching the total value across the inlets, which
amounts to roughly 0.15 kg · s−1 per outlet.

Given inlet cross section areas of 0.72 m2 and the above mentioned flow
rates, one has air influx at 10 − 20 m · s−1. One cannot exactly specify
velocity magnitudes at outlets, since cross sectional distributions may not be
homogeneous and one cannot know the degree of air compression a priori.

The room and both AC configurations were rebuilt from schematics and
rendered in COMSOL Multiphysics, as shown in figures 7 and 8.
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Figure 4: The conference room with marked V1 AC units.

Figure 5: An overview of the V1 AC system. Dimensions are given in mm.
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Figure 6: An overview of the V2 AC system. Dimensions are given in mm.

Figure 7: V1 geometry rendered in COMSOL.
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Figure 8: V2 geometry rendered in COMSOL.

One can see in figures 7 and 8 that the room has characteristic dimensions
of roughly 4− 7 m. Both V1 and V2 inlet vents have 0.72 m2 cross sections.
In V1, free flow vent cross sectional area is 0.15 m2, whereas in V2 outlets
have 0.075 m2 cross sections.

With estimated characteristic velocity ranges, length scales for the room
and its vents, as well as wall, inlet and exterior climate temperatures, one
can conduct a preliminary analysis using a standard tool of mathematical
physics and numerical analysis: dimensionless groups.

The next section explains the process and showcases the insights into the
above formulated physical problem obtained using this approach.
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10.1.3 A preliminary analysis using dimensionless groups

In mathematical physics and numerical analysis, non-dimensionalisation of
governing equations plays an important role in understanding of various sys-
tems and may serve to simplify system equations. The procedure involves
transformations from the original set of dependent and independent variables
to a new one, where variables are replaced with their scaled dimensionless
counterparts.

Each variable xk is prescribed a scale sk:

xk → sk (1)
For instance, spatial coordinates are assigned scales based on character-

istic dimensions of problem geometry; velocity is scaled with respect to a
characteristic (or expected) modulus. The old set of variables X ′ is then
transformed into a new one, X, like this:

X = {xk}n1 ; S = {sk}n1 ; X ′ = S ∗X (2)
Any differential operators involving the variables present in an equation are
also transformed.

For the problem outlined in the two preceding sections, the governing
equations in question are:

• Navier-Stokes equations

• The continuity equation

• The temperature transport equation

• A thermodynamic equation of state for air

• Air properties as functions of thermodynamic parameters

In general, the above equations and relations constitute a very complex
system. However, even in the stage of a preliminary analysis, this system
can be simplified considerably. Transforming the general system according
to (1) and (2) yields several dimensionless groups - factors that provide scales
for different terms within governing equations. These factors can be used
to estimate the relative importance of various effects within systems. For
the system of interest in this report, the following dimensionless groups are
relevant:
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• Mach number (Ma)

• Reynolds number (Re)

• Peclet number (Pe)

• Grashof number (Gr)

• Richardson number (Ri)

• Brinkman number (Br)

• Prandtl number (Pr)

• Eckert number (Ec)

The Mach number is the ratio between the characteristic velocity modulus
U and the local speed of sound cs:

Ma =
U

cs
(3)

Estimates using inlet/outlet dimensions and flow rates indicate that extreme
pressure levels are not expected (pressure is always no greater that 2 Bar)
even at the AC vents and temperature has an upper bound due to the tem-
perature of the ceiling heat exchanger, which is clearly not extremely high
(27◦C), air can be modelled as ideal gas. For ideal gas, it holds that

cs =

√
γRT

M
(4)

where γ is the adiabatic ratio, R is the universal gas constant and M is molar
mass. Estimates show that for expected temperature and velocity ranges
one has Ma ∈ [7 · 10−5; 6 · 10−3]. Mach number informs one of the degree
of compression of fluid due to inertial forces resulting from its sufficiently
large momentum combined with its variations within the domain. The fact
that Ma is so small, including the near boundary regions, tells one that flow
compression due to inertial effects is negligible. One cannot, however, rule
out compression effects due to temperature variations at the moment.

The next key dimensionless group is the Reynolds number:

Re =
ρ UL

µ
(5)

where ρ is air density, µ is its dynamic viscosity, and L is the characteristic
length scale of air flow. Re characterises the degree to which fluid flow is
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turbulent, with Re > 2·103 usually considered as the threshold beyond which
laminar flow gradually undergoes transition into turbulent one. Clearly, there
are usually multiple length scales that should be considered - these include
characteristic dimensions of the room, the cross sectional areas of AC vents,
as well as length scales of various flow structures, such as vortices and jets.
Taking into account that µ can vary with temperature and allowing for,
potentially, up to 10 % density variations and examining all a priori obvious
length scales, one has Re ∈ [3.5 ·102; 1.5 ·105], with the room average tending
towards values upwards of 3·103, and high values near AC vents. This implies
that turbulent flow should be expected across most of the conference room
and appropriate turbulence models must be used.

Among heat transfer processes, radiative transfer aside, convection and
diffusion processes can be considered as competing, since convection is direc-
tional heat transfer, whereas diffusion is, for the present problem, uniform
heat propagation. Peclet number is the dimensionless group that informs
one of the relative importance of these processes and increases as convective
heat transport becomes dominant:

Pe =
UL

a
(6)

where a is the thermal diffusion coefficient, defined as

a =
λ

cρ
(7)

Here λ is the thermal conductivity, c is the specific heat capacity at constant
pressure. Pe ∼ 1 corresponds to equal importance of both processes. In
this case, estimates indicate that Pe ≫ 1 virtually everywhere, which by
its definition means that heat is transported almost purely via convection.
Convection, however, can be forced (air influx through inlets) and natural
(due to buoyancy forces) - the relative importance of these mechanisms can
be assessed using the Richardson number:

Ri =
Gr

Re2
(8)

Gr is the Grashof number, which is another dimensionless group of interest,
and is given by

Gr =
gβ(Ts − T∞)L3

ν2
(9)

Ts is the characteristic temperature of the surface along or from which con-
vection occurs, β is the thermal expansion coefficient of air, T∞ is the char-
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acteristic bulk temperature within the room, g is the modulus of acceleration
due to gravity and ν is the kinematic viscosity of air.

Note that in this case length scale is associated with surfaces from, along
and between which convection occurs. Grashof number is an approximate
quantification of the ratio of buoyancy to viscous forces with fluid flow. For
sufficiently large Gr values, typically considered to be upwards of 108, con-
vective flow due to buoyancy gradually transitions from laminar to turbulent.
Estimates for the present problem yield Gr ∈ [2.3 · 108; 2.2 · 1011], implying
that buoyancy driven flow is turbulent (and that flow boundary layers are
turbulent as well) and appropriate contributions must be added to the tur-
bulence model.

The Richardson number equal to 1 refers to flows wherein buoyancy and
forced convection are equally important and increases as buoyancy begins
to dominate. Evaluating Ri for the problem at hand indicates that Ri ∈
[0.11; 6 · 103]. The lowest Ri values are found near AC vents, as expected,
where convective air mass flux is the most intensive, and the highest near
walls there the sharpest differences from bulk temperature occur, as well as
in the upper part of the room, especially near the ceiling, where the lowest
flow velocity values are expected. Throughout much of the conference room
space, it is estimated that Ri ∈ [1; 20], implying that in many areas forced
and natural convection are of similar importance. This also implies that
kinetic and thermal energy flows are strongly coupled, which will require
one to choose a more complex heat transfer model and precludes one from
neglecting flow compression due to temperature gradients.

The influence of heat generation via viscous dissipation within air flow
must also be assessed. Essentially, the question is as follows: is heat produced
by internal friction within air flow diffused into the surrounding gas quickly
enough for the associated temperature increase to be negligible? This effect
scales with what is known as the Brinkman number:

Br = Pr · Ec (10)
where Pr and Ec are Prandtl and Eckert numbers respectively, defined as

Pr =
ν

a
(11)

Ec =
U2

c(Ts − T∞)
(12)

Pr represents the ratio between the rate of momentum to heat diffusion rate,
the frictional heat generation being proportional to the former. Ec quantifies
the ratio between flow kinetic energy density and the local thermal energy
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difference driving the heat transfer process. A combination of the two into the
Brinkman number produces a dimensionless group which represents exactly
the quantity one needs to evaluate - the ratio of the kinetic energy dissipated
within the flow to the thermal energy conducted into or away from the fluid.
A large Br would indicate that viscous dissipation is strongly pronounced and
must be accounted for. Estimates show that Br << 1 throughout the domain
for considered scales, implying that viscous heat production are not relevant.
One must, however, recall that near-wall boundary layers are expected to
be turbulent and significant turbulence intensity is expected throughout the
domain for both forced and natural convection flows. One must bear in
mind that an a priori analysis of dimensionless groups can only go so far,
because many flow length scales that are present in the actual flow field are
unknown, or too fine to distinguish analytically. At these finer scales, viscous
dissipation may turn out to contribute significantly to flow dynamics. This is
why, at least for this stage of present activity, viscous dissipation is included
in the model. While it is difficult to estimate the thickness of momentum
and thermal boundary layers, their relative thickness may be estimated by

δV
δT

= Pr1/3 ≈ 0.91 (13)

This means that momentum and boundary layers are not expected to
radically differ in thickness. This information is of great value when gener-
ating a mesh for the computational domain. Finally, since thermal expan-
sion/compression rates within air flow are expected to be small, Ma ≪ 1,
and because sound wave propagation and associated vibrations are of no in-
terest, one can neglect the effects associated with the volume viscosity of air
(not to be confused with kinematic or dynamic viscosity)

The next section covers the details of mathematical formulation of the
above problems and solution methods.
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10.1.4 Governing equations, boundary and initial conditions, mod-
elling tools

Within assumed approximations, one has a total of six unknowns: three
velocity components, pressure, density and temperature:

{ {vk}31, p, ρ, T } (14)

Consequently, one must have a total of six equation to close the system and
solve for the unknown fields throughout the conference room. The analysis
performed in the previous section allows one to greatly simplify the system of
governing equations for the problem of interest. The resulting set of equations
is as follows:

ρ

(
∂v⃗

∂t
+ (v⃗∇)v⃗

)
= −∇p+

∂τkm
∂xm

e⃗k + ρg⃗ (15)

∂ρ

∂t
+∇(ρv⃗) = 0 (16)

cρ

(
∂T

∂t
+ v⃗∇T

)
= ∇(λ∇T ) + βT

dp

dT
+ τkm

∂vk
∂xm

(17)

pM = ρRT (18)

τkm = µ

(
∂vk
∂xm

+
∂vm
∂xk

)
− 2

3
δkm∇v⃗ (19)

λ = λ(T ); µ = µ(T ); c = c(T ) (20)

Here (15) is the vector form of the Navier-Stokes equations, (16) is the conti-
nuity equation, (17) is the temperature transport equation, (18) is the ideal
gas equation of state for air, (19) is the viscous stress tensor, in addition
to temperature dependencies of thermal conductivity, dynamic viscosity and
isobaric specific heat capacity in (20).

In addition to equations (15)-(20), one requires physically correct bound-
ary conditions for (15) and (17) in order to have a unique (numerically)
solution.

Boundary conditions for (15) are of the following kinds. For inlets, in
both V1 and V2 cases, one has a prescribed mass flow rate that is set as
uniform throughout the inlet boundary. Uniform mass flow, given inlet cross
sections, translates into uniform velocity that is normal to the boundary:
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v⃗(X) = V · n⃗ (21)
Here X is the set of all points that belong to the boundary, V is flow velocity
at the inlet and n⃗ is the surface normal. Mass flow rate to velocity conversion
is given by

dm

dt
= ρV S (22)

S is inlet cross sectional area and m is mass. Note that specifying mass flow
rate instead of directly declaring velocity has the advantage that velocity
is computed based on inlet pressure and temperature, which determine air
density as it leaves the inlet. In V1, the free flow vents are prescribed zero
relative pressure (p), which is defined as the difference between local pressure
and standard atmospheric pressure (1Bar), and velocity is set as normal to
the vent boundary:

p(X) = 0; v⃗(X)× n⃗ = 0 (23)
In V2, outflow vents that evacuate air from the room are prescribed a

fixed mass flow rate that is set as uniform:

dm

dt
(X) = C (24)

C is a constant given by AC system specifications. Velocity, however, is
not prescribed, so (24) is actually a constraint, not a boundary condition -
velocity direction and magnitude is computed from local density, which is
temperature and pressure dependent.

Finally, all other walls are designated as no slip surfaces, meaning that

v⃗(X) = 0⃗ (25)
For (17), boundary conditions are as follows. For inlets, one specifies

local static temperature Tin:

T (X) = Tin (26)
Similarly, in V1, free flow vents that simulate air exchange with the winter

garden are prescribed temperature equal to that of the winter garden, Tg:

T (X) = Tg (27)
In V2, outlets are not prescribed a fixed temperature value - there, it is

computed, and interacts with (24), constraining the velocity field.

184



10 A THERMO-HYDRODYNAMICAL MODEL FOR INTERIOR
BUILDING CLIMATE SIMULATIONS AND THERMAL COMFORT
ASSESSMENT

In both V1 and V2, the wall which the inlets are built into is considered
as thermally insulated, meaning

∇T (X) · n⃗ = 0 (28)

The room is equipped with capillary heat exchangers built into the floor
and the ceiling, with working temperatures Tf and Tc respectively:

T (X) = Tf/c (29)

In addition, the two of the three exterior side walls are exposed to air with
outdoor temperature and the other one is shared with the winter garden.
Heat transfer coefficients h are known for each of these walls, since all are
series assemblies of material layers with known thickness d and λ values,
allowing one to compute thermal resistance R and h for each assembly as
follows:

R =
∑
k

dk
λk

; h = R−1 (30)

Heat exchange with outdoor air and the winter garden with exterior tem-
peratures Text is implemented via boundary conditions of the form

∇T (X) · n⃗+ h(T − Text) = 0 (31)

To include thermal radiation into the model, one must augment the (15)-
(20) system with the spectral radiative transfer equation governing bulk
thermal radiation. This equation, assuming monochromatic infra-red emis-
sion/absorption and isotropic scattering, is as follows:

1

c

∂I

∂t
+ Ω⃗∇I + (ks + ka)I = j +

ks
4π

∫
Ω

IdΩ (32)

where I is radiation intensity, Ω⃗ is radiation ”beam” propagation direction,
ks and ka are scattering and absorption opacity respectively, j is the emission
coefficient and Ω is the solid angle.

Radiation intensity at room boundaries is prescribed either by boundary
values, or by local temperature obtained during the solution process and is
governed by the Stefan-Boltzmann law:

I = ϵσT 4 (33)

σ is the Stefan-Boltzmann constant and ϵ is the emissivity of the surface
material.
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To properly account for turbulence, an appropriate model must be chosen
and integrated into the already formulated set of governing equations. The
best choice in terms of accuracy and physical fidelity would be one of LES
(Large Eddy Simulation) family models, but these are very computationally
expensive. On the other hand, simpler models like k-ϵ have been shown to
have many flaws and often do not yield realistic results. Given that the
dimensionless group analysis indicates that flow is mostly turbulent, there
is no need to use transitional turbulence models. Therefore, the k-ω SST
(Shear Stress Transport) model is chosen as the middle ground between the
simplistic k-ϵ and the more complex LES approach. k-ω SST should provide
sufficient accuracy for initial model development stages while allowing one
to operate within reasonable simulation time intervals.

The k-ω SST model belongs to a family of RANS (Reynolds Averaged
Navier-Stokes) turbulence models and is formulated in terms of two equations
that govern the transport of kinetic energy associated with flow velocity
fluctuations. These equations are given in CFD textbooks, but here the
formulation provided in CFX documentation will be given, since some of its
details differ from standards:

∂(ρk)

∂t
+

∂

∂xj

(ρvjk) =
∂

∂xj

((
µ+

µt

σk3

)
∂k

∂xj

)
+ Pk − β′ρkω + Pkb (34)

∂(ρω)

∂t
+

∂

∂xj

(ρvjω) =
∂

∂xj

((
µ+

µt

σω3

)
∂ω

∂xj

)
+

+ (1− F1)
2ρ

σω2ω
· ∂k

∂xj

· ∂ω
∂xj

+ α3Pk
ω

k
− β3ρω

2 + Pωb,

(35)

Equations (34) and (35), where v⃗ is the perturbation-free flow component
governed by (15), are also known as the Menter k-ω model. Equation (34)
transports turbulence kinetic energy, k, while (35) is responsible for trans-
porting the dissipation rate of turbulent eddies, ω. Pk is the source term for
k, and Pkb and Pωb are additional production terms for k and ω respectively
due to buoyancy turbulence.

The main idea behind the Menter model is to unify the k-ϵ and the Wilcox
k-ω model (this combination is known as the Baseline (BSL) k-ω model) in
order to sidestep their individual limitations and issues, and obtain a more
robust turbulence modelling apparatus. Unification is achieved via special
blending functions (F1 in (35)) that make equations (34) and (35) transition
into the Wilcox model near walls and to k-ϵ sufficiently far away - these are
known as the near- and far-field flows respectively. SST differs from BSL
in that it improves upon blending functions and introduces limiters for eddy
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viscosity µt. These are necessary to prevent overpredictions of eddy viscosity,
which allows one to correctly account for transport of turbulent shear stress
(hence the name of the SST model).

The SST model contains flow coefficients of both k-ϵ and k-ω, and CFX
uses the following default values:

• β′ = 0.09

• α1 =
5
9

• β1 = 0.075

• σk1 = 2

• σω1 = 2

• α2 = 0.44

• β2 = 0.0828

• σk2 = 1

• σω2 =
1

0.856

Model parameters with index 1 correspond to the Wilcox model, and
indices 2 refer to k-ϵ. Parameters in (34) and (35) that are indexed with 3
are linear combinations of those from the two blended models. Designating
the set of flow parameters for a given model as ϕk, the set for the SST model
ϕ3 is related to ϕ1 and ϕ2 via blending functions:

ϕ3 = F1ϕ1 + (1− F1)ϕ2 (36)
Eddy viscosity µt limiters are given by

µt =
a1ρk

max(a1ω, F2S)
(37)

F2 is the second blending function, restricting the limiters to the near-field
region. S is the invariant measure of the strain rate, given by the strain rate
tensor Sij:

S =
√

2SijSij (38)

Sij =
1

2

(
∂vi
∂xj

+
∂vj
∂xi

)
− 1

3

∂vk
∂xk

δij (39)
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Blending functions F1 and F2 are based on the distance to the nearest
wall, y, and flow variables:

F1 = tanh(arg14) (40)

arg1 = min
(

max
( √

k

β′ωy
,
500ν

ωy2

)
,

4ρk

CDkwσω2y2

)
(41)

CDkw = max
(

2ρ

σω2ω

· ∂k

∂xj

· ∂ω
∂xj

, 1.0 · 10−10

)
(42)

F2 = tanh(arg24) (43)

arg2 = max
(
2
√
k

β′ωy
,
500ν

ωy2

)
(44)

Finally, turbulence sources due to viscous forces (Pk) and buoyancy (Pkb

and Pωb) are as follows:

Pk = µt

(
∂vi
∂xj

+
∂vi
∂xj

)
∂vi
∂xj

− 2

3

∂vk
∂xk

(
3µt

∂vk
∂xk

+ ρk

)
(45)

Pkb = −µtgj
ρ

∂ρ

∂xj

(46)

Pωb =
ω

k
((α + 1)max(Pkb, 0) · sin θ − Pkb) (47)

where θ is defined via

v⃗ · g⃗ = vg cos θ (48)
Menter’s model also introduces turbulence production limiters to avoid

the excessive generation of turbulence kinetic energy in low velocity regions
and stagnation areas. The limiter reads as

Pk = min(Pk, 10ρβ
′ωk) (49)

Boundary conditions for turbulence variables are prescribed by defining
turbulence intensity (Tu) values (Tu = 1% is set for all AC system vents):

Tu =
v′

v
(50)

v′ is the velocity fluctuation magnitude, which is related to k via
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k =
1

2
⟨v′2⟩ (51)

For compressible flows, one can then obtain ω from k using

ω =
ϵ

kβ′ (52)

ϵ = ⟨2µSij

ρ

∂v′i
∂xj

⟩ (53)

Turbulent velocity contributions v′i are computed from solutions for k and
ω using (51)-(53) as well. For near wall treatment of flow, Menter’s SST uses
an automatic routine that switches from wall functions to a low-Re near field
formulation in regions where numerical mesh is sufficiently fine.

The equations outlined above with appropriate boundary conditions are
solved numerically using ANSYS CFX software package, designed specifi-
cally for CFD (computational fluid dynamics) simulations. CFX is based
on the finite volume method (FVM) for spatial discretization of governing
equations. In FVM, the domain in question is subdivided into cells forming
a grid, wherein variable fields are defined at cell centroids. FVM converts
the governing equations to integral form and converts all terms to flux form
- it then uses cells as control volumes to balance field fluxes and attempts to
ensure field variable conservation (all governing partial differential equations
are essentially conservation laws). Variables in neighbouring cells are linked
via finite difference method (FDM) schemes, eliminating (and approximat-
ing) the spatial derivatives of the unknown fields. If the problem in question
is transient, governing equations reduce to systems of ordinary differential
equations (ODEs). If the problem is stationary, one instead has a single
matrix equation, with large matrices that scale with the number of elements.
ODE systems and matrix equations are then solved via standard lower level
numerical methods.

CFX is somewhat unconventional in that it uses a node-centric FVM
formulation, in which one evaluates cell boundary fluxes using variable values
defined at cell nodes. Control volumes are then no longer identical to cells,
but are instead node centred as well - cells are subdivided into smaller sub
domains. The set of such fragments of cells near a node forms a control
volume. The other major distinction from conventional FVM is that CFX
does not use FDM to locally approximate field derivatives, but instead fits
nodes with linear basis functions, as it is done in the finite element method
(FEM). Spatial derivatives are thus effectively eliminated, since they are a
priori known for the basis functions, again reducing the problem to either
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an ODE system, or a matrix equation. In case of ANSYS CFX, discretized
problems are handled using the algebraic multigrid (AMG) method.

To sum up, CFX essentially uses a hybrid approach FVM/FEM - equa-
tions are reformulated in flux balance form (in FEM, one has weak forms of
equations instead), and field values at nodes are approximated using basis
functions (in traditional FVM, one relies on FDM schemes instead). The
problem is is then as follows: one must find such optimal fit coefficients for
basis functions that the normalized sum of flux imbalance across nodes is
minimized. Such an approach combines the advantages of both FVM and
FEM. For instance, in FVM it is preferable that field fluxed be directed along
lines that connect cell centroids.

Due to the fact that discretized flux forms of governing equations are
used, it is more natural to reformulate the heat transfer problem via an
energy equation. Since mass and heat transport are, in the present case,
strongly coupled, one must model the heat transfer problem using the total
energy formulation:

∂ρhtot

∂t
− ∂p

∂t
+∇(ρv⃗htot) = ∇(λ∇T ) +∇(τ v⃗) (54)

Here ρhtot is the total enthalpy density, given by

htot = h+
1

2
(v⃗)2; dh = c(T )dT (55)

Note that τ here is the same as τkm, defined in (19). With this final piece of
formalism in place, one can solve the stationary problem for the conference
room for velocity, pressure, density and temperature fields.

The next section outlines the results of simulations for the two AC system
configurations considered above.
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10.2 Simulation results
10.2.1 Preliminary numerical tests

The model established in the previous sections is, even with its assumptions
and simplifications, still very general.

Firstly, even though strongly coupled momentum and heat transfer was
assumed, tests were still carried out for four cases: total energy equation for-
mulation (54) and its weakly coupled version, wherein the total enthalpy and
enthalpy are identical quantities; both versions were tested with and without
energy production contributions due to viscous dissipation. Tests were car-
ried out on a tetrahedral mesh with a 15−20 cm prismatic inflation layer near
the room surface, which consisted of 10− 15 layers of progressively increas-
ing thickness. The inflation region then transitioned into a tetrahedral zone
farther away from room surfaces, with positive element growth rate towards
the room center. Mesh near AC vents was refined to correctly capture air
flow during entry and evacuation from the room, when velocity is expected
to increase considerably. This type of mesh was used throughout the rest of
the simulations covered in this report. A sample mesh is showcased in figure
9.

Figure 9: A typical mesh for the conference room.
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The reason why the mesh is this coarse near in the center of the room is
that gravity will force most of the non-buoyant convective mass and heat flux
along the floor and upwards along the walls. Tests indicate that vortices are
to be expected sufficiently far away from the surfaces, but their characteristic
scales are comparable to fractions of room length scales, meaning that high
resolution meshing is unnecessary sufficiently far away from the boundary.
Boundary layer thickness 15− 20 cm is dictated by similar arguments.

Tests for different heat transfer formulations with or without viscous dis-
sipation indicate that there are significant differences between the thermal
and total energy models in flow structures near the outlet/free flow vent wall,
as well as close the the room floor. This agrees with what was expected from
the preliminary analysis. With the total energy model, switching viscous
dissipation on and off did not radically alter the flow structure, but notice-
able differences were observed in the V1 case along the free flow vent wall,
suggesting that the effect may, in fact, play a certain role here. In V2, the
differences were relatively minor. As such, it was decided to use the total
energy model and enable viscous dissipation. It was also found that density
variations of up to 5.5% are present, meaning that compressibility effects are,
indeed, important.

There exist several radiative heat transfer models, and the four available
in CFX are: Rosseland, the P1 model, the discrete transfer model (DTM) and
the Monte-Carlo method. The Rosseland model is inapplicable to this prob-
lem because it employs approximation valid only for optically thick media,
which the air is not, with respect to infra-red. Still, air can absorb consid-
erable amounts of heat, which must be accounted for properly. Among the
remaining three models, Monte-Carlo was deemed too computationally ex-
pensive, since it essentially traces thousands of random walks that simulate
heat ray scattering, absorption and reflection events. To achieve satisfactory
accuracy, the computational overhead would be prohibitive, leaving one with
either P1 or DTM.

P1 and the DTM differ in that P1 assumes isotropic radiation intensity
at any position within the room, whereas DTM only assumes isotropic scat-
tering. P1 model is based on a continuous radiative heat flux field, whereas
DTM, like Monte-Carlo, traces heat rays, but instead of initiating random
walks it discretizes ray wave vector space into a finite number of allowed
ray propagation directions. Discretization is performed with respect to mesh
element surface normals at surface centroids. P1 is less computationally ex-
pensive, but DTM should offer greater precision and, unlike P1, does not
require special near-wall treatment. Both P1 and DTM were tested and it
was found that simulations with DTM achieved better convergence rates and
smaller root mean square (RMS) residuals were observed. DTM also seemed
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to produce more physical results, which is why it was chosen for the following
simulations.

Since the preliminary analysis indicated that natural convection is highly
turbulent, both buoyant turbulence production contributions and anisotropy
corrections due to gravity were included in the model. The next series of tests
tested two models of buoyant convection - the Boussinesq approximation,
and the fully resolved buoyancy of the compressible flow. The Boussinesq
approximation assumes incompressible flow and thus density is no longer a
variable - instead, it yields a field of virtual density variations given by local
temperature and the thermal expansion coefficient of air. Local buoyancy
force is thus given by the local temperature gradient. Both models yielded
generally similar results, but minor differences were noticeable. This is why,
until a more detailed analysis is carried out, it was decided to model buoyancy
in a more physical, albeit computationally expensive way, by treating air
density as a variable.

It was found that the available computational resources, and the fact that
the model is, for now, stationary, allow for simulations within a generalized
framework outlined here and in the previous sections. The reason why such
an approach is cost-effective is that once solutions for the generalized model
are obtained with sufficient accuracy and resolution, one can perform an
a posteriori analysis of the various fields within the room in order to gain
more insight into the underlying physical processes. One can then conduct
a much more elaborate analysis of dimensionless groups, since the spectrum
of known flow scales will be revealed in greater detail. This is important,
since setting the correct scales for dimensionless governing equations allows
one to normalize their terms and consequently to compare terms containing
distinct differential operators more directly. This is something that cannot
be done with confidence for outputs of models that were already reduced.

Should further investigation indicated that certain physical effects are,
in fact, negligible, the processes in question can be readily excluded from
simulations.

The next section covers the results of simulations for the V1 configuration
of the AC system.
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10.2.2 Results for the V1 AC configuration

The V1 configuration was simulated using the approaches described in the
previous section, and the results are presented in figures 10-15.

As expected from the dimensionless group analysis, in figure 10 one can
clearly see regions where forced convection, although pronounced, is strongly
influenced by gravity (areas near the inlets and just above the floor), as well
as a region near the winter garden wall wherein there is strong buoyancy
driven flux along the vertical surface, towards the free flow vents. Above
the convective layer near the floor, there is a mixing region that extends to
just above two thirds of room height, beyond where velocity is virtually zero.
Note that inlet mass flux is partially carried away by buoyancy forces into
upper layers, wherefrom it gradually drifts towards the winter garden wall.

Looking at figure 11, inlet flow jets are clearly visible below the upper
air layers, where there is no apparent flow structure. Figure 12 reveals that
there are intense buoyant currents at the wall which is opposite to the glass
surface. There, natural convection dominates completely. Again, nowhere
does air rise above a certain height threshold - this means that one should
expect elevated temperatures and greater temperature gradients near the
ceiling, since air mixing does not occur there.

Figure 10: Air flow streamlines as seen from the glass wall surface.
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Figure 11: Air flow streamlines as seen from the ceiling.

Figure 12: Flow streamlines traced throughout the conference room.
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Indeeed, figure 13 shows a region with greatly elevated temperature near
the room ceiling with a strong gradient at its lower boundary. Obviously,
this is an issue that must be rectified.

Figure 13: The stationary temperature distribution for the V1 case.

Figure 14: Air temperature versus the elevation above the floor.
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Figures 14 and 15 show representative vertical temperature and velocity
profiles for the conference room. Both profiles are plotted up to 2 m height,
which is in most cases the upper limit of human height. Temperature gradient
that results in the air temperature at the head level being higher than at the
ankle level may cause thermal discomfort. According to the ASHRAE 55
standard, the ankle/head temperature difference should not be greater than
3◦C for seated room occupants, and 4◦C for standing occupants. As seen
in figure 14, these thermal comfort constraints are not violated. Air flow
velocity is also not in excess of what is considered adequate and velocity
magnitude gradient is sufficiently low.

Figure 15: Flow velocity versus the elevation above the floor.

One other important point is thermal balance, since one is interested
in which surface contributes the most to heat losses from within the room.
Moreover, evaluating the total heat flux integral across all domain surfaces
provides one with a measure of how accurate the solution to the problem is.

Heat flux integrals over the V1 conference room boundaries shown in
figure 16 below. Note that due to significant difference in magnitudes and
for graph viewing convenience, heat flux integrals Q were transformed as
follows:

Q′ = C(Q) · sgn(Q) · log10 |Q| (56)
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C(Q) =

{
−|Q|, |Q| < 1

1, |Q| > 1
(57)

Here sgn(Q) is needed because log10Q is undefined for Q ≤ 0, and C(Q) is
there to correct for the sign change when |Q| < 1 and to rescale the resulting
larger values back to the common scale.

Figure 16: Heat flux distribution among room boundaries in sign-corrected
decimal logarithmic scale.

It is clear that both bulk and surface numerical losses are relatively very
small. However, one must note that they are still large enough to potentially
cause problems at the winter garden wall, if most of the bulk losses are
concentrated there (unlikely). Note that positive numerical losses indicate
that extra heat was generated unphysically due to numerical errors. Is is also
clear from the above that most of the heat that enters or leaves the room
does so via AC vents.
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10.2.3 Results for the V2 AC configuration

Similarly to the V1 case, the results for V2 are presented in figures 17-22.
Here, in contrast to V1, there is no stagnation layer beneath the ceiling and
air mixing occurs throughout the room, as seen in figure 17.

Figure 17: Air flow streamlines as seen from the glass wall surface.

Also, note that in addition to buoyancy driven vertical ascension along
walls, forced convention is also pronounced, as seen in both figure 18 and 19.
The former also reveals that two large scale vortices oriented parallel to the
floor are formed. These vortices extend from the transitional flow layer near
the floor, throughout most of the rooms height, and are largely responsible
for mixing the air throughout the room.

This, as seen in figure 20, results in a less stratified temperature field. It
would also seem that vertical temperature and velocity magnitude profiles
are such that thermal comfort conditions for gradients are met.
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Figure 18: Air flow streamlines as seen from the ceiling.

Figure 19: Flow streamlines traced throughout the conference room.
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Figure 20: The stationary temperature distribution for the V2 case.

Figure 21: Air temperature versus the elevation above the floor.
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Figure 22: Flow velocity versus the elevation above the floor.

For V2, figure 23 shows heat flux integrals over conference room bound-
aries:

Figure 23: Heat flux distribution among room boundaries in sign-corrected
decimal logarithmic scale.

The next section concludes the report and outlines some of the future
goals.
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10.3 Conclusions
As seen in the above report sections, a generalized thermo-hydrodynamical
model has been successfully implemented and applied to realistic AC system
configurations, yielding key insights into why both configurations perform the
way they do. The model can be used for thermal comfort factor evaluation,
as well as for boundary heat flux/loss calculations. Thermal balance checks
for both AC configurations indicate that heat losses due to numerical errors
are negligible.

Judging from what is seen from simulation results, one must conclude
that the V2 configuration is, as it stands, superior to V1, since it avoids a
stagnation layer beneath the ceiling and yields a much less stratified temper-
ature field. If one wished to use free flow vents over evacuation vents, one
could improve upon V1 by placing the free flow vents closer to the ceiling.
This suggestion, however, must first be verified by simulations.

Plans for the next steps of this project activity include model optimiza-
tion, which entails: mesh, solver sequence and setting improvements; a more
detailed (using the newly observed flow spatial scales) dimensionless group
analysis for the model, possibly resulting in the exclusion of physical effects
that are of little relative importance (this, of course, depends on the partic-
ular problem at hand).

In future, transient models will be implemented to enable simulations
with variable HVAC regimes. Thermal analysis of building insulating struc-
tures is going to be included to account for thermal inertia of building roof,
floor and walls. It is also planned to include room occupants into the model,
since human presence implies additional heat sources. Water vapour and
CO2 transport are of interest as well, since these are both emitted by occu-
pants and regulated by HVAC system input parameters. Finally, it is also
important to verify the results yielded by the developed model by comparing
them to output from an identical model implemented using a different soft-
ware package, ANSYS Fluent. The use of LES turbulence models is being
considered as well.
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