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Abstract

Throughout human history, thermal comfort has been by far the most important factor
when evaluating well-being. Although, there are numerous studies regarding thermal en-
gineering in HVAC systems, their scope has primarily been focused on analyzing buildings
or automobiles, but have barely fixated on buses. Moreover, in the field of computational
fluid dynamics, there is virtually no research aimed towards this kind of vehicles. This
thesis tries to fill this void by analyzing the heating system of a public transport bus in
Turin, using the ASHRAE-55 standard, which is a guideline for thermal design in en-
closed spaces. This work serves as a base reference for all the processes involving CFD
simulations and thermal comfort analysis of a bus cabin. The first part covers everything
from the retrieval of the bus geometry up to the post-processing of the output data. The
second part consists of studying the minimum requirements for input thermal variables
to ensure comfort during winter time in Turin. It concludes with the evaluation of the
required amount of heat power needed to accomplish such task and the overall perfor-
mance of the installed heating system. The outcome of this research is the improvement
in heating efficiency of the bus without jeopardizing thermal perception on passengers.
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1 Introduction

The sensation of comfort is completely subjective. By subjective it must be understood

that every single person has a different perception of what is comfortable and what is not,

even if their responses to certain stimuli could be the same. Of course, it depends on

external conditions: sound level, lighting, temperature, humidity and so on. But it also

depends on the personal variables defining that particular individual: its emotional state,

previous experiences, health, age or gender.

Engineers have practically no influence under personal variables when designing sys-

tems for comfort. On the contrary, over environmental variables they have greater control.

Mathematical models have been developed throughout the last six decades to model the

ideal conditions that make a human feel satisfied with the surrounding environment. Par-

ticular interest has been given to the thermal sensations that a human classifies as hot,

warm, cool or cold. Dealing with these subjective variables is a difficult task: it is nearly

impossible to ensure pleasant conditions for every user. In the thermal comfort field,

statistical models for the representation of comfort have been developed and validated, so

that standardized parameters for a satisfactory thermal environment are ensured within

certain limits.

In the literature, thermal comfort has been left aside in the buses field. Even if this

topic should be a cornerstone in the design of such a vehicle, researchers tended to focus

in other types of vehicles. Particularly, Computational Fluid Dynamics has rarely been

used as a tool for assessing occupants perception of the thermal environment in buses.

This study tries to fill the void that has been in literature by simulating the heating of a

bus during winter conditions in Turin, using a steady state solver.

A detailed explanation of how to construct a CFD simulation will be provided here.

The four steps of retrieving the geometry, meshing the obtained tridimensional design, set

up the CFD solver and post-processing the results are demonstrated for didactic purposes.

Indeed these steps are iterative ones, since the all the models and geometries are prone to

fail. But errors in the design are not the only reason, iteration in the design are needed to

test different situations. Geometrical features, quality of the mesh, boundary conditions

or diverging solutions are some of the issues that could lead to repeat part of the design

process.

The open source software OpenFOAM will be the CFD solver code. Three kind of

simulations will be achieved during this work. The first one has as the objective of testing

the CFD code in the bus cabin to find suitable parameters that work in the following

two simulations, which require longer periods of running. The second, will simulate a

low temperature cabin, which is hopefully near the Best Operation Point (BOP). Finally,

the third simulation will emulate a higher temperature than the second but also it is
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expected to be near the BOP. With the latter two simulations accomplished, the values

will be extrapolated so to find the point that minimizes energy while ensuring thermal

comfort in steady-state conditions.
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2 State of the art

2.1 HVAC

According to the Merriam–Webster dictionary the abbreviation HVAC stands for

”Heating, Ventilation and air-conditioning”[1]. The previous definition gives a simple

insight about the acronym meaning, not explaining what is its purpose, origins nor its

utility in a modern society with customers who want to satisfy their needs regarding the

treatment of air.

2.1.1 A Brief Historical Review

During the 19th century, almost all people used paper for whatever purpose: writing,

drawing, sketching, journal printing, among other uses. The main problem was air humid-

ity, since paper turns to be completely useless in humid conditions. With this problem

in mind, in 1902 engineer Willis Carrier developed a basic solution for the humid air,

consisting in blowing the humid air into cold coils to control temperature and humidity

of the air. The newly created device was called the Apparatus for Treating Air, and got

its patent on 1906 [3].

This milestone marked the beginning of the standards for the air conditioning systems

purpose:

• Control temperature

• Control humidity

• Control air circulation and ventilation

• Cleanse air

Within the following years, new improvements and uses for the air conditioning sys-

tems were made. For instance, the air conditioning system developed by William Carrier

was brought to the theaters, where people could enjoy movies and relief from the heating

of the outside. This exhibited that HVAC was not only meant for technical purposes,

such as dehumidifying paper, but can also be used for comforting purposes. Moreover, in

1939, the first air conditioned car is released and, in the 1950’s, almost every house in the

United States had at least one air conditioner.

Nowadays, HVAC systems are found everywhere in the industry, where thermal com-

fort is the cornerstone which drives the continuous improvement of climate devices. The

main uses of HVAC can be summarized as:
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• Residential: People normally inhabit and use the interior spaces of the living place

to do their own personal activities, which does not involve exhausting or demand-

ing physical labors in general. Thus, requiring the monitoring of the key comfort

metrics, in order to sustain healthy life at the interior of residential places. Houses,

buildings, hotels and even senior suites are among this category. The latter being

critical, considering that elder people who live in an uncomfortable environment

could have serious consequences.

• Non–Residential: Generally speaking, people do not spend the majority of the

time in these installations, but a considerable part of it. Moreover, these instal-

lations, even if not used all day long, need a careful analysis of adequate comfort,

because the inner environment is not only affected by comfort variables, but could

also be affected by health variables, such as an inhospitable environment. Heat, ven-

tilation and humidity can have a major impact in those. Hospitals, offices, industries

and educational facilities are in this category. The HVAC system of an hospital or

an industry workplace not only must be comfortable, but has to maintain suitable

conditions to avoid contamination of rooms, such as bacteria or chemical products

suspended in air.

• Vehicular: The vehicular use of HVAC is fundamental in a world where almost

all the population moves in all kinds of transport, covering longer distances as new

transport technologies are developed. Even if the time spent in a vehicle is less

than that spent on residential or non-residential buildings, it is of a comparable

size. Moreover, according to ABC’ s journal, people spend 9 hours and 35 minutes

weekly in their cars in average [4]. On the other hand, comfort at the interior of a

vehicle can be a difficult task to achieve due to the potentially extreme conditions

that can be found in the external environment, such as extreme temperatures and

velocities in the exterior of an aircraft, or the high temperatures due to the heat of

the engine or the radiated surface of a black vehicle. Cars, buses, trains, aircrafts

and ships are types of vehicles where HVAC is fundamental to ensure comfort of

people using it.

2.1.2 Objective

Even with the definition of HVAC stated and several references to comfort, the purpose

of this branch of engineering might still not be clear. At the beginning, the only purpose

of William Carrier was to develop a simple solution to not ruin paper by humidity and

created an air conditioning system. Throughout the years this concept has changed

dramatically as technology evolved and more standards of comfort have been added.

Air conditioning systems are used in the internal cabin of an aircraft to maintain the
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adequate temperature conditions, since the exterior temperature in-flight can be as low

as −50 °C, fatal for humans. They can either be installed in buses, to create thermally

acceptable conditions for passengers.

A heater could be used to keep a warm temperature at the interior of a house, specially

where climate conditions could be extreme. For instance, Finland in winter can have a

temperature down to -30°C [5], lethal for any human exposed to this temperature levels

in a couple of hours.

A ventilation system of a building exchanges the internal humid room air, concentrated

with CO2 and pollutants, for less contaminated and tempered fresh air of the exterior.

This process is carried out continuously during the day, since the CO2 concentration comes

from the exhaling air of people.

With the previous examples, the common denominator results evident to understand

HVAC: people’s well-being and comfort in relation to the surrounding environment. And

this sentence is highly related to the ergonomics concept, which will be analyzed later on.

Even if the HVAC concept is related to ergonomics, this is not the only usage of the

acronym. Moreover, according to the Fundamentals of HVAC book, ”Often, the objective

is to provide a comfortable environment for the human occupants, but there are many

other possible objectives: creating a suitable environment for farm animals, regulating a

hospital operating room, maintaining cold temperatures for frozen food storage or even

maintaining temperature and humidity to preserve wood and fiber works of art.”[7]. The

previous quote contemplates not only human welfare, but also productive reasons to design

reliable HVAC systems.

2.1.3 HVAC scope and limitations

Creating comfortable conditions may sound as an easy task to be achieved. In reality

is a difficult multi-variable task, as shown in Figure 1.
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Figure 1: Personal Environmental Model, retrieved from HVAC Fundamentals [7]

The Personal Environmental Model shows the variables that affect comfort of the

occupants in a closed space. These can be divided in three major groups:

• Spatial attributes. Most HVAC systems interact and modify the parameters

related to these variables, but can act directly or indirectly.

– Thermal conditions: this is a direct consequence of the HVAC system because,

as mentioned in Section 2.1.1, the standards of HVAC were driven in the be-

ginning by controlling thermal and humidity variables. Thermal conditions

include more than just air temperature, for instance it also includes air veloc-

ity.

– Air quality: another direct consequence of the HVAC system. Air quality is

modified through respiration of the occupants and the particle material of the

location. The concentration of these levels is controlled by exchanging the

interior polluted air by outer fresh air.

– Lighting: lighting in conjunction with HVAC systems affect directly the com-

fort perception of the environment. Light has a spectrum of radiation, and as
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such produces heat in surfaces, leading to a rise of superficial temperature. In

a non-thermal perspective, it affects the perception of luminosity of a room.

Architects tend to fixate on this issue due to the internal sensation of comfort

that light produces.

– Acoustical environment, physical space and psychosocial situation: these vari-

ables are not directly affected by the design of an HVAC system, but are here

mentioned as factors that affect perception of comfort.

• Characteristics of the individuals. HVAC systems cannot affect these variables

by itself, since these are particular for each person and are part of their nature, but

it can take into account them in order to improve comfort. These variables can be

summarized as:

– Health: People with health issues tend to get uncomfortable with different en-

vironmental conditions. For instance, an ambulance must adapt the conditions

to maintain stability of the patient being carried to the hospital.

– Vulnerability. People do not respond equal under the same conditions, they de-

pend on the physical exposure they are. A post-surgery patient can experience

extreme pain if exposed to cool air, whereas a healthy person does not.

– Expectations: Even if related to psychological factors, expectations make peo-

ple have an estimated idea of what to expect in a particular space; there should

be an important difference between the expected ”quality of air” in a kitchen

and the one expected in a fancy hotel lobby room.

• Clothing and activity of the individual. The choosing of clothing is a matter of

concern and debate, particularly during the summer in warm locations. Sometimes

people can choose completely their clothing for work, others must respect formality,

which obliges them to wear neckties, long sleeve shirts and pants during this season.

According to the website WORKSMART1 ” In some workplaces, there may also be

health and safety reasons which make the compulsory wearing of ties undesirable.”

2.1.4 Modern HVAC

There are three fundamental points of research under this topic, which have been

in development considering new problems arisen in the last decade, associated to new

diseases, energy efficiency and contamination. These are:

• Air quality: considering the new diseases appeared on the last 10 years, the incidence

of asthma and respiratory problems and contagious sicknesses have been a major

1The text can be found on https://worksmart.org.uk/work-rights/discipline-and-policies/dress-
regulations/can-my-employer-make-me-wear-tie-work
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issue. Air treatment, must be exchanged enough to ensure healthy conditions in

enclosed spaces.

• Greenhouse gases: this is one of newest topic of research, where a lot of scien-

tific effort is being put on. Thus, being a critical point on the design of HVAC

systems. The main reasons are related to the generation of greenhouse gases, gen-

erated through the thermodynamical processes involved in the use of fossil fuels or

refrigerants used in heat pumps, which damage the ozone layer. These contaminat-

ing chemicals have been a matter of concern in norms and codes of air treatment

systems.

• Energy efficiency: the reduction of energy used has been the most important for

research, driven by economical reasons. Professionals all over the world are searching

for innovative ways of decreasing energy consumption, in order to develop more

efficient and effective electro-thermo-mechanical systems without compromising the

overall thermal comfort.

2.2 Ergonomics basics

The Cambridge Dictionary defines ergonomics as ”The scientific study of people and

their working conditions, especially done in order to improve effectiveness”2. The greatest

issue of ergonomics is to deal with adverse human conditions of work. And by ”adverse”

should be understood not only necessarily what makes difficult a labour, but also the

factors that diminish the efficiency of work.

For instance, the design of a chair is a classical example of this matter of study. At

the moment of designing a chair, the basic requirements are related to many factors that

modify the final design:

• Mechanical reliability: a chair needs to be mechanically capable of resisting the

weight and stresses associated to its use. If these minimum requirements are not

satisfied, the design is not practical and potentially dangerous causing injuries to

whom may use it.

• Economic viability: unless the aim of the chair is just a matter of homemade car-

pentry or hobby, the model must be viable to produce. If the profit of selling the

chair cannot compensate its variable costs, is unlikely that the designed chair will

be on business until a profitable redesign has been done.

• Ergonomic design: it is designed for people and no other use should be given,

meaning that the human component decides whether the designed chair is safe for

2Definition available in https://dictionary.cambridge.org/dictionary/english/ergonomics
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use or not. If the model is not designed for a straight position of the back, adequate

height for legs or support for the arms, it could cause damage in the health of the

person who uses it constantly.

The latter point is a big matter of concern. The importance of psychological and

physical health of workers is on board when it comes to heavy duty jobs, environmentally

unhealthy workplaces or long and monotonic hours of work. In the Injury Research book,

S. Wiker (2012) mentions that ” [...] poor ergonomic design creates excessive structural or

energy demands upon the body, or through degradation of perception, information process-

ing, motor control, psychosocial, and other aspects, produces unsafe behaviors or strategies

that result in accidents and injuries”. Therefore, a non-ergonomic design does not only

affect the person who makes use of the product, but also the people in the surroundings.

For instance, bus passengers can be affected by a driver going at high speeds due to poor

thermal comfort feeling, caused by low-quality heater.

Even if it could seem that ergonomics is a concept just applied at the workplace, it

is not. The objective of ergonomics is wider, it is the evaluation and the design of the

interaction between people and the systems which people interact with during their work

and daily life activities[10].

2.2.1 Environmental ergonomics

There is a branch of ergonomics that concerns in much more detail the scope of this

thesis, and that is environmental ergonomics. It addresses the problems associated to

maintain human comfort, activity and health when exposed to stressful environments[8].

Its studies is more specific. In fact, it can be seen with the chair design of section

2.2. In that example the ergonomic analysis is related to the physical design of the chair

i.e. features that can be controlled directly in the design process, such as height, angle of

the chair back, arm supports and their correct height or mobility. An example of this is

shown in Figure 2:

Environmental ergonomic variables are difficult to control during the process of design.

Set up these variables for every working condition that the user wants to apply is an im-

possible task, and that is one of the reasons why developers and designers create different

products for depending on the applications. Furthermore, in the design of environmental

ergonomic products, is necessary the use of control systems in order to adapt them to the

variable environment.

This results evident when considering the economic viability factor mentioned in Sec-

tion 2.2: a fan has virtually no use if it only gives specific conditions of air ventilation.

Those characteristics have no economic viability, because for every different use of the

customer the manufacturer will need to design the product all over again for the new

requirements. The previous example could seem extreme and unrealistic, but in a more
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Figure 2: A chair has comfort attributes that can be directly designed, environmental
ergonomics does not.

complex system, such as a bus air conditioning system, this is a matter of concern. Figure

3 shows some of the differences between the same model of air conditioner for buses. The

different dimensions, heating capacities and cooling capacities gives flexibility to ensure

an adequate performance of the air conditioning system: probably a 12 m bus will not

use the exact same air conditioning system than a 7 m one. Even though this does not

solve the problem of ensuring comfort for everyone, so in general a trade-off optimization

problem must be solved.

Figure 3: Different sizes of the same Eberspächer® air conditioning model.
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2.3 Thermal comfort

Thermal environment is one of the major factors which affects human comfort, health

and performance[8]. Both sensations of cold and warm are uncomfortable for everyone.

The problem with both these concepts arises when trying to assess unequivocally thermal

comfort. It is defined as a state of mind where the person can feel satisfaction with the

surrounding thermal environment, and the ASHRAE3 states that is assessed by subjective

evaluation [11].

The assessment of thermal comfort is associated to 4 variables that modify thermal

equilibrium:

• Temperature

• Moisture

• Air movement

• Radiant Temperature

Human body must have a steady internal temperature of 36.9°C to accomplish its

functions properly. There are two different mechanisms that the body uses to control its

internal temperature:

• Variations of the metabolism level activity: the body produces heat as a consequence

of the underlying biological processes involved in maintaining the correct basic liv-

ing functions (breathing, cell reproduction, blood pumping, etc), but also because

the inherent biological processes have an optimal temperature performance: 36.9 °.
When the body is under stress4 conditions it automatically carries out process that

produce heat, this is what variations of metabolism levels stand for. Metabolism

rate is changed depending on the activity, health, age and sex of the individual. A

young male individual has a higher limit of metabolic rate compared to a 70 year

old. The commonly used units of measure for metabolism rate are the Mets5. Ta-

ble 1 shows typical levels of metabolism depending on the activity. For instance, a

person sitting in a still position has, in average, a metabolic rate of 1 Met.

• Variations of heat rate dissipation: as a response to a rise or drop of temperature,

the blood vessels change its diameter in order to rise or diminish the heat transfer

through the skin. The blood vessels act similar to a heat exchanger with the sur-

rounding environment to regulate the internal temperature. These changes are not

automatic, the blood vessels start gradually to dilate. Thus, one of the reasons of

3The American Society of Heating, Refrigerating and Air-Conditioning Engineers
4Stress should be understood as any activity different from resting state
51 Met= 58.2 Wm2
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thermal discomfort is because the blood vessels have to adapt to the actual environ-

ment and that process takes time. In fact, during cold weather if a healthy person

stays in the outside with no tempering clothing, at the beginning the sensation will

be of extreme thermal discomfort. After combining both processes of metabolism

variation by shivering and diminishing the heat rate dissipation through the vessels,

the person can reach higher thermal comfort but, instead, the discomfort feeling

will be caused by the involuntary shivering.

Activity Mets
REST
Sleeping 0.7
Sitting, still 1.0
Standing up, relaxed 1.2
DRIVING
Car 1.5
Motorcycle 2.0
Heavy Vehicle 3.2
Aircraft, regular flight 1.4
Combat flight 2.4
OFFICE WORK
Writing 1.2-1.4
General 1.1-1.3
WALKING ON PLANAR SURFACE
3.2 km/hr 2.0
4.8 km/hr 2.6
6.4 km/hr 3.8
DOMESTIC WORK
Cleaning 2.0-3.4
Cooking 1.6-2.0
Washing and ironing 2.0-3.6

Table 1: Metabolism levels for different activities. Adapted from ASHRAE Handbook
(2005)

2.3.1 Research in thermal comfort

When assessing and researching about thermal comfort, practically every single article

or book related to this topic is biased towards building and houses HVAC. This is based

on common needs: building and houses thermal comfort should have more importance

than vehicles since people spend more time in constructed dwelling. Vehicle comfort has

acquired importance in the last decades. Though, the most relevant codes of design, such

as the ASHRAE Handbook of 2005, deal with indoor thermal comfort in normal living

environments and office-type environments.
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Pala & Oz (2015) reviewed the thermal comfort advances reached since 1970. As

mentioned before, most of the new information retrieved is related to buildings’ thermal

comfort. Despite of the developments done in buildings, general knowledge of this affair

that could be applied in wider areas has been made:

• Clothing: models of clothing resistance and insulation to take into account the

heat transfer in analytical models. Also a research in the asymmetry of clothing

insulation and quantification of different types of clothing to assess the evaporative

resistance of clothing.

• Body heat transfer: thermal models that assess the overall heat transfer coefficient

of the body as well as thermal resistances. Also, body mechanisms of heat transfer

through division in different particular segments and a deep research in the body

core temperature that maintains thermal comfort was made.

• Energy Balance Models: Fanger’s Model (1970), Gagge’s Model (1971) and the

Berkeley model (2010). Fanger’s model is a steady state model which considers no

heat storage in the body. On the other hand Gagge’s model does consider storage

in the body core or the skin of the modeled human. Figure 4 shows a the Gagge

et al. model, based in a cylindrical body core with concentric cylinders of skin and

clothing that interact with the surrounding environment. Finally, the most new

model is the Berkeley model or Advanced human thermal comfort model6, which

was developed for automobiles. This model is highly sophisticated, since considers

the non-uniformity of body parts, thus using the body not only as resistances which

let heat pass through them, but also taking into account the thermal comfort in

different segments of the body, leaving aside the simplicity of Gagge’s model which

considers unidimensional heat transfer.

• Vehicle comfort: studies carried out include driving performance in warm, thermo-

neutral and cold environments, passenger’s thermal comfort under severe winter

conditioning and human thermal comfort in highly transient conditions, are just

some of the general vehicle7 purposes research that have been investigated. Sec-

tion 2.3.2 will cover in more detail this topic.

2.3.2 Thermal comfort in vehicles

Throughout the research in literature regarding thermal models to assess cabin thermal

comfort, several studies were carried out with the existent tools available to analyze human

6A basic summary of the research and history of the model available in
https://cbe.berkeley.edu/research/advanced-human-comfort-model/ .

7Again, as mentioned before, no bus thermal comfort apart from the research done by Pala & Oz in
2015 was found.
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Figure 4: Gagge’s thermal model of the human body[12]
.

body. These tools are mainly analytical, such as correlations and empirical values for

clothing and general modeling of heat and mass transfer through resistances and sweat,

respectively. Of course, since thermal comfort inside a vehicle is a transient process, the

Advanced human thermal model must be mentioned because of its new feature models in

comparison with the previous ones (Fanger and Gagge), such as segmentation of the body

and added complexity of the human structure.

On the other hand, both heating and cooling processes in vehicles have been inves-

tigated. In the early 90’s Burch et al. carried out an experimental study of passenger

thermal comfort in an automobile under severe winter conditions[12]. In the same decade,

an analysis of thermal comfort inside a car was followed through by Chakroun and Al-

Fahed to assess thermal comfort in a car parked under the sun during summer in Kuwait.

Furthermore, driving performance in cold and warm environments was an important

topic to research. Daanen et al. took care of this topic, since at that moment it was

proven by previous research that high environmental temperatures deteriorate driving

performance, but there was no investigation regarding cold environments. As a result,

they discovered that both selected extreme ambient temperatures have a profound impact

on human skin temperature. Moreover, during high temperature tests (35 °C) the driving

performance dropped 13% in relation to the thermoneutral conditions (20 °C). On the

2 State of the art Page 14 of 111



other hand, cold environment had a decrease in 16% of driving performance, probably due

to shivering and fine dexterity loss according to the authors[14]. Table 2 shows the main

results obtained from this study, which led to the conclusion that driving performance is

indeed affected by thermal variables.

Variable Cold (5 °C) Neutral (20 °C) Warm (35°C)

Mean s.d. Mean s.d. Mean s.d. Sign.

Leg Temperature(°C) 18.5 3.8 28.1 1.3 36.6 0.7 *
Head Temperature (°C) 24.9 1.2 28.4 1.9 30.8 3 *
SDLP (cm) 118 32 102 29 115 31 *

Table 2: Results of Daanen et al., adapted from Driving performance in cold, warm, and
thermoneutral environments, (2002)8

Related tests to measure thermal discomfort and diseases such as hypertension were

accomplished at Belo Horizonte, Brazil. The test results were clear to correlate the hyper-

tension and thermal discomfort in warm climates for drivers who classified as ”disturbs a

lot” or ”unbearable” the thermal sensation. [15].

As it can be seen, almost no work has been implemented in the ambit of bus comfort.

The previous research of bus thermal comfort is mainly related to the consequences of a

bad thermal comfort, rather than modelling the actual thermal conditions in a bus. In

fact, the following authors are the only ones found in the literature who treated this topic:

• Pala and Oz in 2015: both developed a general mathematical model with an exper-

imental procedure for the use of automotive HVAC engineers on thermal comfort.

This work was particularly scoped to buses.

• Velt and Daanen in 2017: a work related to energy efficiency in electric buses,

where the main concern is to maximize driving autonomy while maintaining com-

fort functions. Their work was indeed useful to assess the need of lower inner bus

temperature from 22.5°C to 20.9°C, considering that the overall opinion of the pas-

sengers was that the bus was ”slightly warm”, thus 20.9°C is the aimed temperature

for a neutral thermal sensation and improvement in efficiency of an electric bus.

• Scurtu and Jurco in 2019: their article consisted mainly in a Computational Fluid

Dynamics(CFD) simulation of a bus using an existing CAD geometry. The main

achievements of this simulations were related to optimization of internal bus features

by using air deflectors to improve thermal comfort. They also concluded that CFD

simulation offers the optimal solution in fluid volume flows[16].

8SDLP stands for standard deviation of the lateral position, whereas the asterisk under the Sign.
column indicates that there are significant differences between tests.
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2.4 Computational Fluid Dynamics

In Sections 2.1 and 2.2, various topics that will be treated in this thesis were explained.

When talking about HVAC the main objective was to introduce heating and ventilation

systems, which of course are easily related to ergonomics, in particular to thermal com-

fort. At the ending of both these subsections, general and particular research scope was

done and an easy relationship could be established between both of them. The difficulty

of relating these topics to Computational Fluid Dynamics9 will be discussed here. Fur-

thermore, it will be argued the reasons why CFD has not been taken into account in

modeling buses thermal behaviour.

Generally speaking, when talking about CFD, most people who are not familiarized

with the subject tend to think in high velocity airflow systems. It is easily noticeable

when looking at cover pages of CFD books: almost all of them have typical coloured

streamlines around supercars, aircrafts, turbine blades, helicopters or drones. This is

mostly a neuromarketing10 process rather than a representation of the real attainments

of CFD.

Figure 5: Colorized OpenFOAM simulation of motorbike external airflow.

As stated before, CFD is largely scoped for high velocity airflow, such as one of the

base tutorial simulations of OpenFOAM which is shown in Figure 5. Nevertheless, the aim of

CFD is wider than external flow with high Mach or Reynolds numbers. Just to enumerate

some of them:

9From now on, the acronym CFD will be used for brevity
10People get more attracted to a certain attribute depending on what does stimulate on them. Sensa-

tion of velocity, for example.
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• Flow through pipes

• Liquid metal injection modelling

• Near-coast sea waves

• Chemical reactions

• Hydraulic design of dams

• Conjugate heat transfer

• Refrigeration cycles

• Multiphase flows

• HVAC

The list could continue indefinitely because the limits depend on the necessity of the

user. The most common fluids in industry are air and water. Even though, CFD has an

extremely wide range of applications which involve complex systems as liquid metal flow,

non-newtonian fluids or mixed-fluid flow.

Even if CFD is a sophisticated tool, it has lagged behind other CAE11 tools, such as

stress analysis codes. The main reason is the complexity of modeling fluids, due to the

underlying chaotic behaviour. But the problem is not how to model the behaviour by

itself, in fact, there are works and research that model the most tricky and entangled

feature of CFD: turbulence. The actual difficulty is the time and computational resources

needed to obtain ”perfect details” of the flow. The process of simulating real turbulence

is time consuming; Kolmogorov scales require unpractical computation resources to be

used in practice. However, with new turbulence models, industrial CFD has become an

actual possibility and a cheaper way to stress fluid flow expected outcome without using

a physical test.

11Computer Aided Engineering
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Figure 6: DNS of jet flow against gravity. On the left 3D jet, on the right cross section.
Retrieved from Rodriguez, S. (2017). Applied Computational Fluid Dynamics and Turbu-
lence Modeling (No. SAND2017-13577B). Sandia National Lab.(SNL-NM), Albuquerque,
NM (United States).

The investment in CFD could be high, indeed. The minimum cost of hardware in

2007 was between £5,000 and £10,000. Perpetual licenses in the same year were around

ranges of £10,000 to £50,000 [20]. Figure 7 shows different server’s features that could

lead to different prices according to each server capability of storage, processing and

multiprocessing. These pricing values have changed since 2007 with adjustments of CPI12

and new technology enhancements that allow more computing in smaller processing units.

There are different solutions also for CFD softwares. Evidently, the comparison will

depend mostly on the user needs, objectives, budget, deadlines, to name some. Differences

that could be found are that a particular software is pressure based rather density based,

pricing of the license, additional features, type of GUI13 (if existent), operative system

compatibility, post-processing additions and so on. CFD solvers are (just to name some):

Simcenter Star-CCM+, ANSYS Fluent and CFX, COMSOL Multiphysics, OpenFOAM,

Gridgen, PHOENICS, TACOMA.

There is no doubt that simulations can be costly, both in time and money, but the

payoff of doing such an investment can be quite rewarding compared to do solely ex-

periments. There are advantages that are inherent of doing CFD, instead of a scaled

experiment, that can largely support the inversion in CFD equipment in short and long

12The so called Consumer Price Index in economy
13Graphical User Interface
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(a) Dell server with 3.3 GHz, 8 GB of
RAM and 4 cores.

(b) Lenovo server with 2.1 GHz, 8 GB
of RAM and 8 cores.

(c) Fujitsu server with 3.5 GHz, 16 GB
of RAM and 4 cores.

(d) HP server with 1.7 GHz, 16 GB of
RAM and 8 cores.

Figure 7: Different server type solutions

term time frames [20]:

• Lead time reduction and costs of new designs for each experiment.

• Capability of studying quite difficult systems, that experimentally could be impos-

sible to perform.

• Ability of studying systems under extreme or hazardous conditions without damag-

ing a real experiment implement (e.g. a manikin exposed to high temperatures).

• Theoretical unlimited level of detail of results, limited only by computing capability

available.

2.4.1 CFD basics

The main idea is not to overextend into the details of CFD processes, there is vast

literature for that. The intention is to explain the main processes that lead to make a

simulation from beginning to end. In this work, these steps will be indeed performed

exhaustively in the following Sections. Yet, this section is a brief insight for general and

historical purposes in CFD development.
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The process of CFD coding has three main parts, according to Versteeg and Malalasek-

era (2007):

• Pre-processing. The first part of generating a CFD code related to a particular

problem is to create a CAD14 of the fluid domain i.e. the region where the fluid to

model will flow.

After the creation of the 2D or 3D fluid domain, the next step is to create a grid

with the fluid domain already designed. The set of all control volumes created by

this subdivision is commonly named mesh, where the cells are the small control

volumes created from the mesh. This process is the most time consuming in a CFD

project[20].

When the so-called meshing process is over, the definition of the system must be

implemented into the software, either the meshing software or the solver itself (or

partially both), being the fluid properties, thermo-physical models and boundary

conditions the ones to define prior to the next step. This will be clear in the next

sections.

• Solver. One of the major steps in the solving process is translating all the informa-

tion gathered previously and inserting it into the software in the ”solver’s language”.

Strictly speaking, there is no need to understand every single mathematical feature

that is beneath the solver’s code. For relatively simple simulations is enough to

know some rough classifications of the methods and schemes, such as diffusive, time

consuming, accurate, unstable, spurious oscillating and so on. But at the same time,

the knowledge of what the solver is actually doing can save much more time while

debugging or doing a crash analysis.

Nevertheless, the basic equations solved by commercial codes are the Navier-

Stokes equations in its different forms. The intricate description of how to solve

these equations is out of the scope of this text. A basic description will be provided,

but of course it summarizes lots of research done about this topic throughout history.

The Finite Volume Method is a conservative way of discretizing the Navier-Stokes

equations. The cells mentioned in ”pre-processing”, are the hierarchical minimal

structures where the conservation equations are solved. When discretized and in-

terpolated, are transformed into algebraic equations. Computing processing units

do not deal with calculus-like syntax, but instead can read matrices and solve linear

systems of equations, either by direct methods or iterative ones. The latter ones are

preferred in large-sparse matrices. Prior to run the simulation, the solving attributes

must be chosen: matrix solvers, interpolation schemes, gradient schemes, number of

14Computer Aided Design
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inner-loops, time step and general control parameters for the solver. After all this

setup is ready, the simulation can start.

• Post-processing. The final step is to convert raw data output of the solver into a

graphic and user-friendly visual output. It could seem an unnecessary task to post-

process the solver’s output, but is a powerful tool considering that in an engineering

project there are two types of people who will need to visualize the information:

– Simulation Engineer(s): the output files of the solvers are floating numbers

hard to interpret. This output can be revised in a plain text file, but this is an

unpractical and time consuming process. If the simulation engineer needs not

one single value of the data, but thousands output values of the simulation,

the logical choosing is to plot the results. Even more, graphic-colorized data is

useful to determine critical points and to detect visually a GIGO15 simulation.

– Non-simulation Engineer(s): engineering projects involve more disciplines, and

graphical output is an extremely powerful tool to communicate ideas to a

person who has no knowledge in the area. Vector plotting, particle tracking,

streamlines can be useful for someone who does not understand the raw data

output.

With this summary of CFD process, is possible to get an insight to the final subsection

of this chapter: internal environment modelling of a vehicle. Different CFD objectives

were mentioned at the beginning of Section 2.4. The matter that concerns this study is

the heating of a bus. The next section is an outline of what has been found in literature

regarding bus heating simulations with CFD.

2.4.2 The absence of thermal simulations in buses

Heating analysis in vehicles is of major importance, particularly in cold weather zones.

Analysis of the thermal comfort of car cabins, buses, aircraft, trains and so on have wide

importance. Nonetheless, CFD HVAC analysis of vehicles, without being a new tool in the

industry, is not widely spread over all types of vehicles. Significant importance has been

given to mainstream car simulations. Not only in HVAC systems, but also in external

aerodynamics, combustion chamber or battery cooling. The number of papers about these

topics, where automobiles are analyzed, is not comparable to any other vehicle. This is

not a coincidence, the classic rule of ”start with easy, end with difficult” also applies here:

simulating a bus, which is almost 3 times larger, is a difficult task to achieve with accuracy.

Mainly because the simulation engineer has to deal with a trade-off of choosing a precise

and realistic solution considering the time that it could consume with the computational

resources available.

15Garbage In Garbage Out
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Even though, turns out to be quite surprising the fact that, during this research, only

two CFD model references of HVAC were found for bus simulation. After all, buses are

not a new fancy engineering machine and neither are CFD models. Probably, is related

to the complexity of such a vehicle. It requires a considerable amount of cells in the mesh

to obtain accurate results. Furthermore, the cost is highly increased when simulating it

with humans and their body thermal characteristics.

Walgama, Fackrell, Karimi, Fartaj and Rankin (2006) gave a first approach of general

thermal comfort in several cabin comfort types, including different models. In their review,

they mention that CFD simulations from the 1990s started to be adequate for reasonably

time frames and made a research of the cabin simulations achieved at that moment, where

they evaluated:

• Vehicle used

• Solver

• Buoyancy effects

• Radiation accounting

• Thermal process (cool down, warm up, steady, transient)

• Mesh size

• Boundary conditions applied

• Comfort evaluation method

Is worth noticing the advances accomplished in that period. Initial meshes of 50,000

cells in 1989 evolved to 2 million hexahedral cells and afterwards the possibility of using

tetrahedral meshes appeared. In general, the early simulations included transient calcu-

lation, rather than steady-state processes. At the same time, buoyancy is not included in

the majority of the solvers which use steady-state simulation, the reason will be clear in

next sections.

Despite of Table 3, Murakami et al. made a basic cabin simulation with a virtual ther-

mal manikin, treating its surface boundary in 2 different ways: constant heat transfer and

constant surface temperature. Another study was made using Stolwijk’s thermal model

in order to represent mathematically the boundary conditions of humans in a car cabin.

According to Walgama et al. the results of combining thermophysiological models and

CFD provide good results. It is also remarkable noticing the difficulty of creating a ther-

mal manikin (virtual or physical) that could actually model thermoregulatory processes

and evaluate not only the body thermal comfort as whole, but rather the local comfort

of each body part.
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Reference Process Boundary conditions Mesh

Han 1989 Cool-down
implicit,
∆ t = 1 s, 5
min

Air velocity and
temperature at AC
outlets. Isothermal
walls

39×29×45

Currie 1997 Winter,
steady

Ambient tempera-
ture

2 million
hexahedral
cells

Aroussi and
Aghil 2000

Steady Uniform velocity
profile at the mani-
fold inlet area, with
turbulence inten-
sity and hydraulic
diameter

260000
tetrahedral
cells

Table 3: Extract of numerical simulation summary for passenger thermal comfort.
Adapted from Walgama, C., Fackrell, S., Karimi, M., Fartaj, A., & Rankin, G. (2006).
Passenger Thermal Comfort in Vehicles - A Review. Proceedings of the Institution of
Mechanical Engineers, Part D: Journal of Automobile Engineering, 220(5), 543-562.

On the other hand, the paper written by Danca et al. (2017), developed a thermal

CFD simulation for the cockpit of a commercial city car. They evaluated thermal comfort

based on the PMV16 and PPD17 metrics in local areas of the body. Using both CFD

results and experimental measures, they concluded that CFD and experimental values

have good agreement in air velocity, temperature and thermal indexes evaluated according

to ISO7730. Nevertheless, they also claim that PMV and PPD are poor indexes to evaluate

comfort at the interior of a vehicle. This due to the high velocities while conditioning such

environment, unlike ISO14505 which describes comfort conditions at lower air velocities

at the internal of an enclosed space[18].

16Predicted Mean Value
17Predicted Percentage Dissatisfied
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Figure 8: Velocity magnitude obtained by Danca et al. in the co-pilot plane of the car.
Retrieved from Danca, P., Bode, F., Nastase, I., & Meslem, A. (2017). On the Possibility
of CFD Modeling of the Indoor Environment in a Vehicle. Energy Procedia, 112, 656-663.

Special mention must be given to the work carried out by Scurtu & Jurco (2019). It

is mentioned in this section again because it has a close relationship with the objectives

of this research. The most remarkable fact of this work is the combination of several

disciplines in an attempt to assess thermal comfort in a bus. The fact that the authors have

taken into account various thermophysiolgical variables as inputs to model the thermal

environment of a bus, is a remarkable milestone. The combination of computational fluid

dynamics with psychrometrics and thermal indexes for the particular case of a bus has

been seen few times in literature. The same authors mention just 2 sources where they

could retrieve bus CFD thermal analysis. Those mentions are quite recent (2014 and

2018).

To summarize, in the previous sections a review of the current works and development

in HVAC, thermal comfort and CFD was provided, to introduce the topic to be treated

in the subsequent sections. The absence of bus thermal comfort evaluation throughout

the literature is surprising, having in mind the vast literature with regards to numerical

modelling of other vehicles. The next sections aim to fulfill part of this void by joining

both CFD and thermal comfort applied to a bus.
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3 Geographical context

Considering that the simulation will be performed based on Turin’s climate, a brief

review of Italy’s geographical context is provided. A deeper insight will be given about

the particular weather variables that dominate Turin’s meteorology.

3.1 Turin, Italy

Italy is an European country located in Southern Europe between latitudes 35°and

47°N, and longitudes 6°and 19°E. Most of the Italian limits consist of sea, since in the

North limits only with four countries: France, Switzerland, Austria and Slovenia. Also,

it is partially delimited by the Alpine watershed.

Figure 9: Map of Italy and its border countries.

Most of Italy’s limiting areas are sea, being the Tyrrhenian, Mediterranean and Adri-

atic seas the ones which most cover Italian water territory. Nevertheless, the northern

part is mainly composed of mountainous landscapes.

Turin is in the northwest part of Italy, making part of the Piedmont Region. It is

surrounded by the Alps in the northern and western front. On the eastern part has high

hills which are the natural continuation of Monferrato’s hills.
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The Po river crosses all northern regions of Italy: Piedmont, Lombardy, Emilia-

Romagna and Veneto. The Po river is born in the Cuneo region, near the French-Italian

borders. It enters the Turin province passing through Carignano, La Loggia and the city

of Moncalieri, where it receives four different streams of water. Comes across Turin start-

ing from the south, with a channel 200 m wide and a mean flow of 100 m3/s. As a natural

source of water, it regulates the air temperature by capturing heat and transporting its

thermal energy through water.

Figure 10: The Po river crosses completely the north of Italy, with several confluent flows
in its path.

3.2 Climate and temperatures

According to the Köppen–Geigen classification, Turin’s climate is pointed as ”humid

subtropical climate” (Cfa), as most of the northern part of Italy [19]. Generally speaking,

winter seasons are mostly cold and dry. On the contrary, summers are usually hot in

plain terrain, produced by accumulation of heat due to the mountains and hills covering

the fronts of Turin.

With regards to the weather in Turin, the average annual temperature is 11.6°C. In

the warmest months the average high temperatures are 24.7°C, 27.6°C and 26.5°C for

June, July and August, respectively. Contrarily, the average lowest temperatures in cold

months are -2.3°C, -3.3°C and -1.1°C for December, January and February, respectively.

The CFD code will consider only winter months, to test extreme conditions of cold.

Therefore, the thermal variables relevant for the simulation are those retrieved from De-

cember, January and February. In particular, the data to be collected is the Average

Low Temperatures and Average Relative Humidity on those months. Table 4 shows the

mentioned variables average in the last 30 years which are on record. Also, shows wind

speed and daily solar radiation, which are variables that affect thermal comfort.
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DEC JAN FEB

Average low temperature (°C) -2.3 -3.3 -1.1
Average relative humidity (%) 80 75 75
Average wind speed (km/h) 16 14 6
Average daily solar radiation (MJ/m2) 4.6 5.7 9.1

Table 4: Average values for winter months in Turin.

Even if the average wind speed could be useful to compute the mass flow rate at the

outlet of the heat pump of the HVAC system, it will not be used. The energy delivered to

the fluid by the heat exchanger is mostly transformed into enthalpic energy and changes in

kinetic energy are negligible. This will be explained with more detail in case setup related

sections. Plus, daily radiation will not be considered in this case, due to the difficulty to

assess this parameter in a radiation model CFD code.
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4 Bus case setup

Buses have not only a variety of sizes and shapes, but also different layouts related

to their purpose. For instance, they can be designed as tourism buses with seats in

the rooftops. They also might be coaches for passenger transport among cities, having

two floors or just one. In addition, some can be used for urban transport along the

metropolitan zone of the city or the suburban part.

In-city buses have variable length. Its main objective is to optimize the number of

passengers to be transported within their lifespan. A reduced length of it implies the

acquisition of additional buses to comply with the demand of transport in the course of

the bus. On the contrary, a large bus which spends most of its trip path empty is a

needless investment. When the expected number of persons that will travel in the bus is

unknown, the risk is to buy an oversized bus.

Figure 11: Types of urban city buses.

Figure 11 summarizes most type of buses used in urban zones. These vary in their

length and passenger capacity. Depending on the design, the layout of the seats can vary

a lot: seats in floor height, over the axles of the bus wheels, inverted seats or lateral-view

seats. However, these also vary in number of windows and the possibility to open them.

The same occurs with bus doors, where some of them just have one unique entrance and

exit or many doors.
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Most of the urban buses are represented in Figure 11 which are 7-10 m, 10-11 m and

17-19 m long. Microbuses of 6-7 m tend to be used in suburban zones rather than urban.

Similarly, autobuses are generally long-distance bus types, meaning that their main use

is related to intercity applications. Autobuses are sometimes used to transport private

groups, such as people from the same company or university. The previous classification

does not consider 12 m or even more bus types for urban use, suitable for medium-large

cities with high number of inhabitants.

The first step is to define a base model for the simulation, because all the dependent

features of the CFD code rely on this.

Figure 12: K9 electric bus in Turin.

As a model for the next sections, the K9 BYD® bus of the electric bus fleet of Gruppo

Torinese Trasporto (GTT) will be chosen, since they provided access to this bus model

in their bus depot. In Figure 12 is depicted a photo of the bus where the external main

features can be seen. The base characteristics that must be beared in mind are the three

door layout; two of them are exits and one is an entrance, and the size of the bus, which

is 12 m long18.

4.1 Bus CAD geometry

In order to accomplish the simulation, there are two main options to obtain the ge-

ometry where flow of air parameters will be computed:

18Information available on https://www.just-auto.com/news/turin-takes-first-byd-electric-
buses id178758.aspx
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• The first one is to model completely the bus interior through an appropriate CAD

software. This option is complex to achieve, since the features of the bus must be

measured from a real bus on-the-site and with particular tools. Besides, it would

require to know a priori which are the features to be measured and draw a sketch

to be designed in the CAD software. This choice is not viable. In fact, the modeling

of a vehicle is a complex task which is normally fulfilled by specialized mechanical

designers.

• The second one is to use a pre-model of the CAD, searching for similar features

that produce similar results with regards to the original K9 bus model. These

features to be looked for are the number of doors, dimensions, number of seats,

position of seats and so on. This alternative has the issue of finding a suitable bus

in free-for-use CAD webpages. However, there is no doubt is a more manageable

choice, recalling that some paper authors have done it (Scurtu and Jurco in 2019).

Obviously, is virtually impossible to find a bus which is exactly equal to the one

depicted in Figure 12. Most of the existent designs are of public use and, as such, they

rarely represent all the features of a brand bus, whose design is copyright protected. As

aforementioned, there is a trade-off when choosing the correct model. The main scope is

to maintain the principal aspects of the bus, in order to have a representative simulation,

but also consider the computational limits. In some CAD designs just the external design

is depicted, rather than the complete interior design, which is the usable space for the

meshing process.

Buses shown in Figure 13 are some of the models that were evaluated to determine

whether they are viable and representative for the case study or not. Each model had

advantages and disadvantages for the next processes:

• Figure 13a bus is really accurate in the general design, since it has three doors,

comparable number of seats and similar length with the K9 bus type. However,

the entrance and exit stairs, the highly agglomerated seats and the elevated seats

located on top of the wheel axes do not exist.

• Figure 13b bus is evident that such a design is not suitable, since there is no interior

volume for the meshing process.

• Figure 13c bus has excellent attributes for a two door bus. It has a classical interior

design of a city urban bus of 10–11 m. Nonetheless, the CAD model shown has less

doors so it does not represent the actual heat flux through the boundaries of the

bus.

• Figure 13d displays a 12 m intercity bus. Since the modelled bus is an urban one,

this design is not applicable.
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(a) Three door bus with entrance step. (b) Toy-based bus. No interior design
for seats.

(c) Two door bus design with high rear
seats.

(d) Intercity 12 meter autobus. No in-
terior design.

Figure 13: Examples of possible bus CAD designs.

The previous description depicts the general process of evaluation the use of certain

designs. The selected bus is not expected to be an exact replica of the K9, but must com-

ply with characteristics that modify as less as possible the simulation outcome. Naturally,

more bus types were to be evaluated by means of the same judgements. The main web-

pages to this purpose were: Free3D19,GrabCAD20,CADblocksfree21 and Autodesk Online

Gallery22. At the end, a bus which complies with most of the internal bus characteristics

was chosen from GrabCAD. This bus agrees with most of the required features in its in-

terior and in the boundary, being the most important seat distribution, number of doors

and length of the bus. This is shown in Figures 14 and 15, where the outer and inner

designs are shown.

19https://free3d.com/3d-models/
20https://grabcad.com/library
21https://www.cadblocksfree.com/en/3d-cad-models.html
22https://gallery.autodesk.com/projects/

4 Bus case setup Page 31 of 111



(a) (b)

(c)

Figure 14: Different external views of the selected bus

Figure 15 shows an isometric view of the interior of the bus with its main features.

The original bus of Figure 14 has been disassembled to illustrate the interior. External

body, wheels, doors and windows are not needed for the consequent processes (at least

not by themselves). From this iso-view, many advantages can be identified related to the

K9 bus design.

• The seats position is mainly the same. Indubitably, there are different number of

seats, the seat distribution is not equal, but the rear seats layout and the elevated

seats are similar.

• The geometry is easily modifiable. This is a CAD assembly and unneeded parts can

be deleted.

• There are no handrails or hand holders. At first sight this could be a disadvantage

because it left aside a real component. Contrarily, it makes easier the meshing

process because these type of geometries need small cells to be correctly defined. In

the Bus simplification Section this will be argued in more detail.
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Figure 15: First interior isometric view.

4.2 Bus simplification

4.2.1 Computational resources and geometrical implications

The need of simplifications is related to the time frame for satisfactory simulations.

CFD codes solve high dimension matrices in an iterative way. There are parameters that

imply higher computation time. In this section, these parameters will be mentioned to

understand the reasons why it was decided to modify the geometry.

First, the processing and memory capabilities available must be clarified, since these

are the most limiting resources for the CFD code. The simplifications are mainly geo-

metrical features that make the computer take longer times to resolve the matrices and

even compute poorly the variables of interest. The simulation will be executed in a MSI

GS63 7RD Stealth laptop with with an Intel Core i7-7700HQ CPU, 2.8 GHz, 4

cores, RAM 16 GB and it will be performed in a Linux Ubuntu Virtual Machine.

Thus, the CFD simulation will be restricted in geometrical ways, aiming to maintain the

relevant features.

The reason to simplify them is straightforward. Basically, by solving the Navier-Stokes

equations, the algorithm of the solver requires more memory and processing capacity in

order to solve the linear system equations. As the number of cells grows so does the
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computational effort, since each cell has an additional time contribution to the number

of iterative calculations in the solution method. Adding cells is not harmless for the

solver, in general. If these cells have bad properties, the solution is likely to be more time

consuming to converge or, even worse, it will diverge after some iterations.

There are geometrical features that are undesirable in order to create a computation-

ally reliable mesh for this case. Small chamfers, highly curved surfaces, sharp angles,

detailed features and complex geometries make the cell count number to increase or to

create bad quality cells. But that is not the only problem; other mesh features make the

solver ”crash”: high aspect ratios, non-orthogonal cells and high skewness23 in cells are

some of the parameters that could jeopardize the performance of the simulation.

Figure 16 highlights two problematic geometries. The lower red circle shows that the

leg has an angle and is very thin. This obliges to refine the mesh in the boundaries near

the legs. The issue is not related to refine the mesh itself; the actual problem is that

since each chair has four legs, the refinement must be done four times. The consequence

is to create high aspect ratios in the cells near the legs, which is not desirable, even more

considering that the legs are thin, implying a more refined mesh. On the other hand, the

upper red circle shows a chair back handrail; this is also an undesirable geometry since

the meshing software will define poorly the mesh in the curved zones of the cabin. There

are more features that must be modified or deleted in the chair, those will be shown in

the next section.

Figure 16: Original seat geometry.

23These three concepts; aspect ratio, non-orthogonality and skewness, are expected to be known by
the reader. Even though, when the mesh process is explained, a brief description of these concepts will
be provided.
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4.2.2 Simplifications

The last section explained why simplified geometries is a must for the bus design.

Here, images of the simplified features will be provided, to end with a display of the

overall simplified design. The CAD software used is Autodesk Inventor 2018, where the

feature deletion and creation of simplified parts will be carried out. There are three main

bus interior parts that must be modified:

• Steering wheel. The geometry of the steering wheel is highly complex, and has

several small features. Basically, is a torus with several spline curves which give an

aesthetic design. The shaft connecting it with the dashboard has a small diameter.

This is shown in Figures 17a and 17b.

(a) (b)

Figure 17: Isometric views of the original wheel.

Complex features will be removed and a new simplified wheel is provided. General

dimensions are maintained: external diameter of the wheel, wheel thickness and

tube length. However, most tridimensional curved features were transformed to

planar features.

(a) (b)

Figure 18: Isometric views of the simplified wheel.

As it can be seen, this is not a functional steering wheel: the shaft is a rectangular

prism. However, its area and volume are similar to the original one, thus it is

expected that the outcome does not change significantly. Plus, it must be considered
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that thermal comfort for the bus driver will not be evaluated; their compartment

has its heating system.

• Seats. The design is provided in Figure 19.

Figure 19: Simplified chair model.

It was mentioned that the seats’ legs and back-handrails must be modified. The

width of seats has to be changed, since it makes the space between the bus body-

work and seat too small, which will creates small cells during the meshing process.

In addition, every corner and chamfer was transformed into an orthogonal angle

between colliding surfaces to avoid curved features.

• Bus base. This is the most complex geometry, since encloses most of the design.

Summarizing, the most important geometry simplifications are:

– Planar dashboard. The original design had buttons and radars with much

detail. Therefore, a deletion of these features by flattening was done in Figure

20.

Figure 20: Dashboard flattening.
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– Chamfer and hole deletion. Figure 21 shows the difference between two eleva-

tion steps of seating. Holes where the seats are fixed were erased and chamfers

were left is right angles.

Figure 21: Chamfer and hole deletion.

– Entrance totem deletion. The totem is expected to have null influence in the

simulation results. Considering that additional geometry adds complexity, this

feature was deleted.

(a) Before deletion (b) After deletion

Figure 22: Totem deletion.

Additional features were deleted due to geometry compatibility or non-desirable sur-

faces. The final bus interior geometry is shown in Figure 23 with all the needed parts

assembled. It must be noted that the doors and bus walls are not being designed at the
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moment. The modelling of these structures will be done in the meshing software.Walls24

and other boundaries are more manageable while doing the meshing, because certain cell

blocks could cause issues in the final simulation.

Figure 23: Simplified final bus interior assembly.

A final word of caution regarding Figure 23: this last CAD model is not a definitive

one. Modeling and meshing processes are iterative, and as such are prone to changes

related to the input that has been given. Meaning that, even if complex geometry has

been already deleted, it does not mean Figure 23 is ”bulletproof”. This can be only

assessed by testing the geometry, doing the mesh and simulating. Nonetheless, one of the

two steps that come after the geometry design could fail: the mesh could not comply with

the number of elements size requested caused by small geometries or either the simulation

process has a strange behaviour due to bad quality cells that happen to modify the results

in a chaotic way. This can only be seen by testing and monitoring the partial results on

the fly.

4.3 Heating system definition: test bus25 and scope of simula-

tion

It must be stated that the step-by-step process described here is a reference to the real

process that will be fulfilled during the final simulations. The steps followed here can be

24In this case, by referring to walls it is intended all the boundary features of the fluid domain,
excluding the roof AC inlets and the outlets.

25The test is related to the intricacies of carrying out a simulation ”blindfolded”, meaning that no
prior knowledge of the outcome is known, not even the input data. For instance, by testing a boundary
condition of zeroGradient at the outlet and concluding that it is a better option to use an inletOutlet

boundary condition for stability.
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extrapolated to the final bus geometry, mesh and setup. This has to be mentioned, since

from now on it will be assumed that these processes are known and the specific details

of the final simulation will be left aside to provide information related to the thermal

comfort, rather than the geometry, meshing and CFD specifics.

This section is devoted to a major topic in the CFD simulation. In fact, two important

boundary selections change the entire simulation outcome. The first one is the condition of

the recirculating air outlets and extractor fan i.e. the outlet boundary conditions. The

second one is the selection of the heating system state i.e. the inlet boundary condition.

Thus, a thoughtful selection of the heating system conditions must be accomplished,

otherwise the risk is to obtain an useless solution. Though, with the simplifications, it is

not expected a highly accurate final outcome for each variable, but an erroneous choosing

of the input parameters will ensure a bad solution.

The simulation to be executed is a steady type one. There is a large debate among

researchers about the validity of steady state simulations. The major concern with non-

transient simulations is that time is a variable that cannot be disregarded, because fluid

motion is a time dependent phenomenon. Certainly, steady simulations are an economical

way of retrieving the fluid variables and get an overview of the process to be studied.

Continuous movement devices (i.e. a turbine), can be modeled as such, but only if the

temporal derivatives of the fluid equation are negligible, and this only occurs after elapsed

time is large enough to disregard changes in time. The debate is found in this topic,

because by neglecting time it is being disregarded how long takes to reach steadiness. In

this particular case, by doing a non time-dependant simulation, the time for reaching this

state is an unknown; it could be seconds, minutes or months of maintaining the heating

system turned on.

The objective is not to deal with time, but rather to evaluate the capability of pro-

viding thermal comfort in steady conditions. The given boundary conditions are the real

capabilities of the bus, meaning its maximum heating capacity and flow rate must be taken

into account. Thus, the scope is to determine if thermal comfort is accomplished

in the K9 bus during winter in steady state. This statement defines the scope in a

large scale, but almost immediately the question on how to assess thermal comfort arises.

ASHRAE-55 standard has a guideline to evaluate thermal comfort but anyway the state

of the bus is the bigger unknown to evaluate. It could be long debated the conditions to

simulate, but there are two extreme cases that suit as possibilities.

• Fully used capacity, where heat is transferred to the environment through sweat-

ing, convection through clothes and heat generation through respiration processes.

This analysis has many drawbacks. The geometry is completely changed: the body

geometries at the interior would have a major impact in the overall result. Addi-
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tionally, these bodies act as heat sources, so it could turn out that instead of heating

the bus, it could be needed to cool it.

• Single passenger, where a unique person is located randomly in any seat or standing

position. This is a more adequate approach, since heat sources coming from persons

can be disregarded and univocally the bus must be heated rather than cooled (even

if in winter). This is the approach chosen for this thesis. To this aim, several key

locations will be probed in the bus to assess if thermal comfort can be achieved in

general.

The geometry shown in section 4.2.2 even if simple is not a really good one for testing

different possible boundary conditions and numerical schemes. Furthermore, the visualiza-

tion process will be more difficult since there are several features that must be mentioned,

such as different wall heat flux boundary conditions for bodywork parts of the bus and

glass parts. With this in mind, a bus test case is provided for didactic purposes; this

is not the bus used for the final simulation, but the simplicity of the geometry provides

an easier way to test volumetric flow rates, inlet temperatures, turbulent conditions and

so on in order to do a crash analysis. Of course, it maintains the relevant features and

dimensions of the geometry shown in 4.2.2 so that the conditions applied to the original

geometry are, at least, similar to the ones used in the test case.

4.3.1 Bus test case overview

As previously stated, the main objective is to show a Bus Test Case, which hopefully

provides a better insight of the layout of the HVAC system and general features. The

base layout system used to design the actual geometry is shown in Figure 24.
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Figure 24: HVAC layout of a public transport bus.

From an outsider’s perspective there are two inlets, the frontbox air intake and the

passenger’s cabin air intake, and one outlet, namely the extractor fan. This approach will

not be used in this thesis, since it will be only analyzed the internal fields of the bus. On

the contrary, from an insider’s point of view, the inlets of the bus are the recirculating

inlets and the outlets are the recirculating outlets and the extractor fan. Given that the

analysis will be carried out with the latter approach, the geometry to be used is shown in

Figure 25.

Figure 25: Test bus geometry designed with Autodesk® Inventor
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The previous image shows a much more simplified version of the bus, with a reduced

number of seats, trimmed geometries, same height for every passenger seat, non-curved

features and no frontbox for the driver. Also, it shows several lines in pale green and dark

purple, which will define the geometry features of the bus. In particular, these define

the windows, bodywork, doors, inlets and outlets. These features will be displayed in a

clearer fashion within the meshing software.

The lines shown in the geometries have two main purposes: to aid the meshing process

and to separate domains where different analysis will be carried out. For instance, it is

expected to estimate the heat losses through bodywork walls of the bus, windows, roof,

front window, and others with certain wall heat flux functions implemented as boundary

conditions. On the other hand, the narrow pale-green rectangles on the roof are the inlets

of the cabin, which will consider both the mixing of the recirculated and fresh air and the

heating through the roof unit. In the above figure the 14 inlets are shown. The number

of inlets selection is rather an heuristic choosing which takes into account the expected

distribution of seats, expected velocity of the inlets considering the inlets’ area and the

reference Figure 24 of a real bus HVAC system. The same applies for the extractor fan,

where a visual inspection was made in order to get approximated dimensions for this air

exit. Finally, the recirculation outlets, which are at the floor level of the seats, have the a

similar size of that of the inlets. Again, this process is an heuristic which considers only

the available and accessible data. The Table 5 shows some general dimensions of the bus

features.

Feature Dimensions Quantity

Overall Bus 12 m× 2.33 m× 2.16 m -
Inlets 33 cm× 8 cm 14
Recirculating Outlets 26.4 cm× 6.5 cm 14
Extractor Fan 33 cm× 45 cm 1
Doors 1.5 m× 2.17 m 3
Non-door side window height 1.49 m -
Door side windows height 1.08 m -

Table 5: General dimensions for the test bus. These are similar to the ones to be used in
the final simulation.

Is worth noticing that there is a difference in the dimensions of the inlets and the

recirculating outlets. Two main reasons support this choice:

• The first is that the inlet flow is expected to have the same velocity as the outlets,

but here are 15 outlets, the 14 recirculation outlets and the extractor fan, which

has a larger area. On the other hand, there are 14 inlets, but with a higher width

respect to the outlets. This could help to maintain stability related to the high

velocities that could be found as a difference of inlet-outlet sizing.

4 Bus case setup Page 42 of 111



• The second one is related to avoiding big draft values at the ankle levels, which

cause discomfort. For instance, wider recirculating outlets allow higher flow rates

at the ankle levels instead of the extractor fan, thus increasing the speed, which can

generate unpleasant thermal sensations.

4.3.2 Meshing of the test bus

With the geometrical features clear, the next logical step is related to the meshing

process. This is the most time consuming procedure related to a CFD simulation, partic-

ularly for an OpenFOAM user. The software has restrictions related to non-orthogonality,

skewness, use of pyramidal cells and so on. Most of the rules that should be respected in

order to get a usable mesh are the following:

• Maximum included angle: cells with extreme angles tend to be a source of instability

due to non-orthogonality and skewness. OpenFOAM recommends using values < 170

°to ensure capability of running properly.

• Volume ratio: its ideal value is 1, but given that is not a critical parameter for

OpenFOAM, it is not completely necessary to struggle to get a value of 1. Moreover,

OpenFOAM accepts volume ratios up to 30, which is very permissive.

• Skewness: it is highly recommended to get low values of skewness, since they affect

the way gradients are computed. In OpenFOAM the target value for skewness is less

than 0.85, to ensure that the skewness error is minimized. Nevertheless, there

are different methods that can overcome high skewness when computing gradients,

such as the leastSquares gradient option and the pointLinear gradient schemes.

These are quite handy when trying to simulate in skewed meshes, but both of them

are computationally expensive than linear gradSchemes, since the Least Squares

and the Gauss Node-Based methods both require to evaluate variables at faces and

nodes of the cells.

• Non-orthogonality: this is, in fact, the most critical parameter which has to be mon-

itored while meshing, because OpenFOAM unlike ANSYS Fluent or other CAE solvers,

will crash with highly non-orthogonal meshes. The maximum valued allowed by de-

fault when using the checkMesh utility is 85°. However, it is strongly recommended

to modify the mesh as much as possible to get low non-orthogonality values. After

all, non-orthogonality plays a major role in two aspects of the simulation:

– First, if a non-orthogonal mesh is used, it will be mandatory to use more non-

orthogonal correctors in the loops, both for avoid loosing accuracy and stability

due to defectively computed gradients.
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– Second, the implications of using these non-orthogonal corrections imply more

pressure-solving iterations, consuming more time in order to obtain a con-

verged solution. For the purposes of this thesis, it will be established that

the maximum value for non-orthogonality will be 70°, so that the simulation

can run in a smoother way and get more accurate results. In a steady simula-

tion, non-orthogonality plays a major role not in the number of non-orthogonal

corrections, but in the time of convergence of the SIMPLE loop.

• Aspect ratio: this is also a parameter that must be monitored closely while meshing.

In general, OpenFOAM accepts large values for the aspect ratio. However, it is a good

practice to maintain it close to one. High aspect ratios affect gradient computations

in cell faces. In addition, in cells where the flow has sharp gradients instabilities will

appear. However, it is allowed to use greater values in cells where the gradients tend

to be high in the direction of the shortest side of the cell but low in the direction of

the longest side26. This is the case of the inlets and outlets of the bus, where high

gradients are directed to the center of the inlets and outlets but they are lower in

the flow direction. Nevertheless, in the first section of the inlets and the last section

of the outlets, the cells must have an aspect ratio ≈ 1, having consideration that

the flow has to develop through the pipe.

• Triangular surface meshes: the use of triangle meshes is related to the processing of

OpenFOAM at the moment of treating with pyramids. When a quad form is present

as a surface, the tridimensional structure that will be generated as a cell is either an

hexahedron or a pyramid. Even if a hex is created, sooner or later a pyramid will be

created, since the extruded quad will have base and top surfaces composed by quad.

Of course, this is a characteristic of PointWise. Other meshing softwares allow to

create polyhedral cells from a quad surface. An example of this is snappyHexMesh

of OpenFOAM. Even though, it is acceptable to use some hexahedral cells, which are

high quality cells, while maintaining controlled the number of pyramids in the mesh

algorithm.

With the previous concepts in mind, the preliminary mesh can be constructed in order

to test the boundary conditions to be applied. Figure 26 shows a general overview of the

mesh to be used as test case. Two types of blocks were generated in the mesh: structured

blocks for the inlets or outlets of the bus, and one big unstructured block for the body of

the bus.

26This is easier to imagine in hexahedral cells
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Figure 26: Test bus mesh

Some key features can be acknowledged from the figure:

• The different colored surfaces. First, is an easier way of visualizing each feature of

the bus. Second, it also helps to recognize the diverse boundary conditions to be

applied, since even if most of them will have a basal wall type boundary condition,

the outward heat flux will be computed.

• Structured blocks for inlets and outlets were meshed using extrusion of structured

blocks; hexahedral cells can provide high accuracy and stability, taking in consid-

eration that in these cell blocks high velocities and gradients will be computed. Is

important to obtain them accurately, otherwise the risk is to propagate errors into

the control volume. The inlet and outlet blocks are shown in Figure 27.

On the other hand, unstructured blocks were adopted for the rest of the bus to

comply with the need of triangular surfaces to avoid pyramids in OpenFOAM. This

is shown in Figure 28, which displays both the exterior and interior meshing of the

body surface of the bus.
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(a) (b)

Figure 27: Extractor (a) and inlet (b) views.

• The unstructured surfaces were meshed using an Advancing Front Ortho algorithm.

The algorithm places points in the surface in order to maximize the number of right

triangles in the mesh. It was used for all the surfaces that will hold wall boundary

conditions (or similar).

• Extruded inlets and outlets are artificial structures27 (shown in Figure 27), and its

main objective is to maintain stability due to high gradient boundary conditions.

Velocity and temperature need flow development through the pipe to generate an

appropriate profile; otherwise, if a flat inlet or outlet is meshed as a surface, the

simulation in OpenFOAM tends to be likely to crash.

• Separation bus boundary structures are needed for computing heat losses through

windows, doors, roof, bus bodywork, etc. The non-door side of the bus has two

divisions: the bodywork and the glass structures. The door-side has several separa-

tions for the bodywork, doors, windows, and upper structures. Also, the frontbox

is separated in glass and bodywork parts. The roof is assumed completely as a

bodywork part, with exception of the extractor and inlets walls.

27They do not exist in a real bus.

4 Bus case setup Page 46 of 111



Figure 28: Interior mesh of test bus.

At the moment, only a surface mesh has been constructed, now it must be initialized in

order to generate a tridimensional cell structure. PointWise does this process with many

input parameters, such as the algorithm to use (Delaunay or Voxel), type of cells, edge

length, maximum angle, and several characteristic and sophisticated features to improve

the algorithm of mesh construction. Only the main ones are mentioned as a reference,

but the rest are used without any further mention.

A summary of the type and number of cells of each type can be found in the next

table, where pyramids represent less than 1% of the total cells.

Cell type Quantity

Tetrahedra 255,748
Pyramids 2,044
Prisms -
Hexahedra 18,396

Total 276,188

Table 6: Cell count for the test bus case.

Delaunay’s algorithm was used, which generated tetrahedral cells in most of the volume

but pyramids at the body-inlet, body-outlet and body-extractor interfaces, given that

inlets and outlets were constructed with hexahedral cells in a structured block. Most of

the remaining features were left as default. The resulting mesh can be seen partially

in Figure 29. The cut displays a color map of an XZ plane, which goes from blue to

red, indicating low and high non-orthogonality, respectively. As it can be seen, there are

4 Bus case setup Page 47 of 111



≈ 400 cells that have high non-orthogonality. This number is acceptable as long as the

total number of cells is much larger than the non-orthogonal cells.

Figure 29: Non-orthogonality cut in an XZ plane.

The red dots in Figure 30 show the location of cells with high non-orthogonality.

Almost every non-orthogonal cell tends to be near inlets or outlets, which is probably

related either to the pyramid cells or the uneven size of the grid points near duct structures.

Figure 30: Highly non-orthogonal cells located at the inlets and outlets.
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In any case, the number of cells with non-orthogonality higher than 60° is low compared

to the total number of cells. It barely represents 0.3% of the total. Nonetheless, it does

not mean that the mesh is precise and can be used without caution. Clearly, inlet and

outlet values might be computed poorly. Thus, a correction will be added to avoid

instabilities and decrease the error. Indeed, the mesh should be able to represent the

physical phenomena, but for this particular mesh the main goal is to test boundary

conditions, numerical schemes, relaxation factors, cell types and geometries that could be

problematic for accuracy, instability and convergence in the final bus.

The same analysis can be done for the centroid skewness, volume ratio and maximum

included angle. The maximum included angle is shown in Figure 31. From the histogram,

no cell has a maximum included angle higher than ≈ 160°. Whereas the maximum volume

ratio found is around 21, the centroid skewness is 0.77 at its maximum. Thus, this mesh

suffices the basic requirements for OpenFOAM. Below is shown the same cut but this time

the coloration is associated to maximum included angle.

Figure 31: Maximum included angle cut plane.

To end the meshing process, surface boundary conditions (and volume conditions, if

needed) must be set. These are non-physical boundary conditions, but the definition

of the type of surface that is being analyzed, i.e. inflow, outflow, wall, cyclic,

wedge and so on. In OpenFOAM the existent boundary conditions accepted are patch,

wall, symmetryPlane, empty, wedge, cyclic and faceSet. The bus case will use

only the patch and wall boundary types. The wall boundary type is self-explaining; it

defines a solid surface of the control volume, where mass transfer is not possible. On the

contrary, the patch type is a general boundary condition that defines a different physical

boundary, but is mainly used to represent mass flow crossing the borders of the control

volume, thus it can represent the inlets and outlets of the HVAC system. It must be
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noted that the wall boundary type does accept heat transfer by means of conduction and

surface convection, but has no mass crossing its boundaries.

Figure 32: Doors and windows boundary conditions for the right side of the bus.

In Figure 32 the colorized surfaces represent doors and windows of the right-side of

the bus. PointWise also allows to set names for the boundaries, so they can be easily

recognized while assigning the physical boundary conditions. By doing so, is possible for

the user to plot certain key values using features of pyFoam, which is a package for the

Python programming language. By assigning names to these it will be possible to plot

the heat losses on-the-fly using regExp28. The patch boundaries will be assigned to all

the flow sections, which are shown in green, purple and orange in Figure 33; instead, the

remaining surfaces will be assigned a wall boundary condition.

28regExp stands for ”regular expressions”, which is a computational syntax for recognizing repetitive
patterns and use them as needed. pyFoam uses regExp to identify floating point numbers in the output
files that the user desires to plot during the simulation.
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Figure 33: Mass flow crossing boundaries is allowed in the colorized structures.

4.3.3 Test bus simulation setup

Now, the setup the bus for the simulation in OpenFOAM must be accomplished. Prior

to this phase, the characteristics of such a simulation must be clarified:

• Steady-state simulation: the reason to perform a steady-state simulation is re-

lated to the available computational resources mentioned in Section 4.2.1. Con-

sidering that no servers or supercomputers are being used, a transient simulation

could be hard to achieve with reliable results. Courant’s number must be controlled

and maintained below 1. This would have impacts in the simulation; first, if the

transient is of real importance, the Courant number should be controlled and actu-

ally below ≈ 0.5 to get relatively reliable results. Implying that the simulation will

have a small time step. This is time consuming because each PISO loop will ad-

vance slowly in time, so obtaining some seconds in the simulation would take several

hours, and finding the ”steady section” of the simulation turns to be unpractical.

• Thermophysical models and dynamics of air: important physical properties

must be clarified how will be calculated beforehand.

Density (ρ): there are many gas models for cdetermining the density, depending

on the thermodynamical variables. One of the most widely used is the perfect gas

model, that has as inputs both pressure and temperature, and as a parameter its

own gas constant.

ρ =
p

RairT
(1)

Where p, T and Rair
29 are the pressure, temperature and perfect gas constant of the

fluid, in this case air. There are also other models for calculating ρ, such as poly-

29For air the constant is defined as Rair = 0.287 kJ
kg·K
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nomial models, Boussinesq, incompressiblePerfectGas, and several additional

models. The one to be used is incompressiblePerfectGas or Boussinesq, since

for HVAC applications it is widely used. Furthermore, Ferziger & Perić (2002) state

that Boussinesq has an error expected to be lower than 1% for air HVAC appli-

cations. The incompressiblePerfectGas is an useful model since is more stable

than its counterpart perfectGas, because is not a function of pressure but only of

temperature. In addition, is more stable than the Boussinesq’s model, because

its calculation is smoothly non-linear rather than linear.

Boussinesq’s approximation for calculating the density is:

ρ = ρ0 [1− β (T − T0)] (2)

Where ρ0 is a reference density, β is the coefficient of thermal expansion and T0 is

a reference temperature.

The incompressible perfect gas model is:

ρ =
pref
RairT

(3)

Where pref is a value to be set by the user, which is a reference value of pressure. An

important characteristic of this model is its usability where small pressure changes

are present, such as an HVAC application.

Buoyancy adds instability to the solution. Additionally, this effect can lead to un-

converged solutions, particularly in a steady-state simulation. Flotage is inherently

a transient phenomenon, which involves convection currents due to differentials of

density. By not considering buoyancy, the solution will lack of a real component,

but this choice will increase the probability to actually find convergence. There is

a trade-off relating convergence and accuracy. Buoyant effects can be eliminated

by setting gravity ~g = ~0 in the simulation, and this decision will be evaluated by

comparing buoyant and non-buoyant simulations.

Heat capacity cp is a variable that depends on thermodynamical and psychrometric

properties, but temperature and humidity ratio are the most relevant ones. Never-

theless, moisture changes will not be considered to assess cp, since variations caused

by moisture content are negligible (≈ 1%). Temperature changes can have a major

impact in heat capacity, but only if these changes are of considerable magnitude,

which is not the case in most HVAC applications, where the fluid temperature

changes within the order of 40 °C.
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• Transport model: viscosity µ can be implemented in different ways. It can be

used as a constant value or a viscosity model included in OpenFOAM can be adopted.

Recalling that the Navier-Stokes equation must be solved in a Reynolds Averaged

formulation, the term that is modified is the stress tensor, by means of the viscosity

in the shear stress. In particular, the model chosen changes the way the viscosity is

computed in the ∇ · τ̄ . Two models should be mentioned, since both are available

in OpenFOAM, and are commonly accepted in literature.

– Constant µ: this is the simplest way of computing shear stresses. It also sim-

plifies quite a bit the momentum equations, since the Laplacian term does not

interpolate the µ values and assumes it is a constant throughout the simulation.

– Sutherland’s law: one of the equations that models the behaviour of the vis-

cosity depending on temperature is Sutherland’s law. It is defined as:

µ =
C1T

3
2

T + S
(4)

C1 is a constant defined as:

C1 =
µref

T
3/2
ref

(Tref + S) (5)

The coefficients are shown in Table 7

Gas µ0

[
kg
ms

]
T0 [K] S [K] C1

[
kg

ms
√
K

]
Air 1.716×10−5 273.15 110.4 1.458×10−6

Table 7: Sutherland’s coefficients

Sutherland’s model is recommended in NASA’s webpage 30, if should the k−ω SST
model is used. Particularly, in thermal applications it is highly recommended to use

either the k − ε model or the aforementioned, being the former more adequate for

heat transfer applications. Even though, the ASHRAE standard of 2001 relies

more on the k − ε because at that time the k − ω SST model was not deeply

studied. The main difference with the constant viscosity model is that the solver

will interpolate the µ values between cells when computing the Laplacian terms,

since Sutherland’s law is a temperature function.

• Turbulence modelling: one of the most difficult parameter for a simulation to

be reliable is the turbulence modelling, because its nature is still an unknown and

under research. However, turbulence models provide quite reasonable outcomes for

30https://turbmodels.larc.nasa.gov/implementrans.html
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commercial purposes. OpenFOAM has implemented models for turbulence in its source

code: kOmegaSST, kEpsilon, kOmega, spalartAllmaras, kEpsilonRealizable

and so on. In the previous item, two of the common possibilities were mentioned.

There are some reasons to choose the kOmegaSST rather than the kEpsilon or the

kOmega, but the most important one is that the kOmegaSST model ”includes” in its

code both models. This is implemented by using blending functions that modify the

scalar transport equations of the turbulent kinetic energy k as well as the turbulent

viscosity µt.

With all the generalities associated to the process of presetting clear, now the actual

setup will be chosen. This implies setting boundary conditions, numerical schemes and

all the relative parameters for the solver. Striving to provide details of the code has no

point, since there are many variables to control and the essence of the CFD code fades

if each one is described. Even though, some will be mentioned with brief descriptions to

give an insight of the chosen parameters.

The solver to be used in OpenFOAM is buoyantSimpleFOAM31, which solves the equa-

tions for a steady-state fluid using the SIMPLE algorithm. A list that summarizes the

turbulent related variables is provided in Table 8.

Variable
name

Symbol Near-wall treatment Inlet treatment Outlet treatment

Turbulent
thermal
diffusivity

αt alphatWallFunction Calculated
from other
variables

Calculated from
other variables

Turbulent
kinetic
energy

k kqRWallFunction fixedValue zeroGradient or
inletOutlet

Turbulent
kinetic
viscosity

νt nutUSpaldingWallFunction fixedValue zeroGradient or
inletOutlet

Specific
turbulence
dissipation

ω omegaWallFunction fixedValue zeroGradient or
inletOutlet

Table 8: buoyantSimpleFOAM input turbulent parameters required for a kOmegaSST type
simulation.

Most of the wall treatments shown in Table 8 are standard. A variety of wall functions

is available and is a matter of testing them to choose the must suitable for the user’s pur-

pose. A special mention must be given to nutUSpaldingWallFunction. Unlike other wall

31This code is aimed to solve buoyancy in fluids. When the simulation is run with gravity, the
momentum equation will change adding a source term associated to the Boussinesq approximation or the
incompressible perfect gas model, depending on the choosing. Otherwise, the solver has no change in the
momentum equations and solves it with no source term.
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functions, Spalding’s function is a continuous one, whereas others are blendings between

viscous sub-layer and log-law layer functions. The advantage of Spalding’s function is

related to its versatility, since it works reasonably well even in the buffer layer. Other

wall functions give poor results if the first cell height if the near wall coincides with the

buffer layer, leading to low accuracy results for the shear stress computation.

In addition to the inputs shown in the previous table, three variables must be given:

pressure, temperature and velocity. The treatment applied for the boundary condi-

tions will not only depend on the wall, inlet and outlet basis; it also considers the type

of wall being analyzed or if the outlet is a recirculating one, etc. The treatment changes

mainly for the temperature boundary conditions, as it will be shown:

• Temperature (T ): temperature boundary conditions vary in inlets, outlets and walls.

But depending on the wall it also varies, since heat losses can be computed with

unidimensional heat transfer with OpenFOAM, and this of course depends on the

surface area, type of material and thickness of the layer. That is the actual reason

why the bus structures were divided as shown in Figure 32. At the moment of the

simulation, some assumptions were to be made due to the lack of data regarding the

real thicknesses and sizes of windows, doors and bodywork layers. Indeed, this is

not expected to be of high importance, since this is only a test of numerical stability

and adjustments are likely. Before starting with the complex boundaries, the inlets

and outlets boundary conditions will be given:

– Inlet temperature: the inlets will have the same temperature of 300 K. This

is an heuristic guess that will be explained in more detail in the next chap-

ter, but basically it is associated to the temperature that could be thermally

comfortable for all the occupants of the bus, in conjunction with the velocity

expected. Thus, in OpenFOAM there will be a fixedValue boundary condition

with an uniform 296.6 value.

– Outlet temperature: the boundaries associated to outlets are the extractor fan

and the recirculating exits. Both have differences since the extractor goes to

the exterior ambient and the recirculating pipes are maintained at the ”bus

interior” by passing the air in the condenser again and re-heating the air that

was circulating at the bus interior. It will be used a zeroGradient condition,

due to stability but also to represent the physics involved at the interior in a

proper way. By setting the outlets as zeroGradient it is being set that no

thermal diffusion occurs in two consecutive layers of air at the exits.

– Glass walls: this comprises both windows and door wall boundary conditions.

In these structures heat loss is of major importance. The wallHeatFlux bound-

ary condition receives four parameters, namely the convective coefficient h, the

conductivity of the layers that compose the wall kappaLayers, the thickness
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of those layers thicknessLayers and the external temperature (typically the

symbol T∞ is assigned in 1D conduction) that is assigned to the parameter Ta.

The external temperature was described in section 3, for Turin the tempera-

ture to be used is -3.3°C, the value of κglass will be 0.7 W
m·K from Incropera’s

table of materials for glass, and the thickness of the glass will be used as 1

cm. Of course, these values can be further modified for more precision in next

simulations.

Finally, the most difficult value to assess is the h convective coefficient, since

it is calculated in general from correlations depending on the Reynolds value,

Prandtl value, characteristic length and so on. Further, it depends strongly on

the type of flow: laminar and turbulent flows have different correlations for h

and also depends on the shape of the surface to be analyzed. To simplify this

process, for the relevant parts, i.e.: the roof, bus sides and frontbox, the same

correlation of parallel plate for turbulent flow will be used. Cengel (2007)

recommends using the following correlation for mixed boundary layer.

Nu =
hL

κfluid
=
(
0.037Re0.8L − 871

)
Pr1/3 (6)

Where Nu is the Nusselt number, ReL is the Reynolds number with charac-

teristic length L and Pr is the Prandtl number. For this calculation, it will

be assumed that the bus travels at an average velocity of 36 km/h = 10 m/s,

the characteristic length will be taken as L = 12 m, the maximum bus length

which is parallel to the flow, and from Incropera’s textbook the Prandtl’s num-

ber for the range of temperature analyzed will be Pr = 0.707. With the data,

the convective coefficient leads to:

hexternal = 21.3
W

m2K
(7)

– Bodywork walls: the walls are composed of steel, plastic and insulating material

inbetween these layers. Table 9 shows the conductivity, and thickness of each

material modelled for the heat losses through bodywork. The values were

obtained from Cengel’s textbook (2007). Additionally, the same average value

for Nusselt and convective coefficient calculation shown in Equation 7 will be

used for the bodywork heat flux calculation.
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Material Thermal
conductivity
(W/mK)

Thickness
(mm)

PVC, vynil 0.1 2
Steel 50 3
Polyestyrene 0.004 70

Table 9: Thermal layers of bodywork.

Figure 34: Bodywork surfaces (only the right side is shown).

– Remaining items: seats, floor, artificial walls for the inlets-outlets and the

rear part of the bus will have an adiabatic boundary condition assigned. The

inlet-outlet structures must be adiabatic, since they do not represent physical

structures. On the other hand, seats, floor and rear bus have adiabatic bound-

aries only to neglect heat transfer through these walls. This is due to the high

complexity of the geometry that makes difficult to assign an h value plus the

difficulty to model a wall thickness for all of them. Even though, these are

thick structures, so heat losses can be neglected.

• Velocity–Pressure coupling: this is one of the foremost choice that must be made in

the system, since it modifies the stability of the solver. In general, the data sheets

of heating systems carry two information types; first, the maximum heat power that

the heating system installed can deliver; second, the flow rate that can be impelled

through the condenser (or the evaporator). The latter datum is given as maximum

available volumetric flow rate, divided in fresh air and recirculation air capacity.

OpenFOAM is able to receive as input the volumetric flow rate as a ”velocity boundary

condition”. Thus, by examining some data sheets of commercial use, it can be seen
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that the maximum capacity can be up to 9000 m3

h
. The data sheet of the BYD

K9® bus of GTT sets a maximum value of flow rate as 6000 m3

h
, where 1500 m3

h

is the maximum air that can flow through the recirculation system. Therefore, the

limits are equivalent to 1.667 m3

s
for the maximum flow rate and 0.417 m3

s
for the

recirculation air. However, these maximum values are seldom reached in practice.

A test value of 900 m3

h
will be used. The choice is based on the inlet velocity that

this implies, so that no extreme velocities are found in the cabin. It must be noticed

that 900 m3

h
is much less than the 6000 m3

h
available to deliver. Even though, the

amount of heat power used is more than a half of the heating capacity of the HVAC

system. This makes mandatory the use of the recirculation system.

Regarding the boundary conditions, in Table 10 common combinations are shown

in order to maintain stability. The most stable one is the Volume Flow Rate and

Static pressure system 32.

Inlet Outlet Stability

Volume
flow rate

flowRateVelocity Static
pressure

fixedValue Excellent

Total
pressure

totalPressure Total
pressure

totalPressure Very
good

Total
pressure

totalPressure Static
pressure

fixedValue Good

Static
pressure

fixedValue Static
pressure

fixedValue Poor

Table 10: Common velocity-pressure systems in OpenFOAM.

The boundary condition assignment can be summarized as in Table 11.

Boundary Condition

Variable Inlets Outlets Walls

U flowRateInletVelocity inletOutlet noSlip
p fixedFluxPressure fixedValue fixedFluxPressure

Table 11: Pressure and velocity assignment.

With the boundary conditions, thermophysical properties and dynamics models set

up, it is possible to advance to the numerical set up. To not overextend this chapter,

32https://www.openfoam.com/documentation/guides/latest/doc/guide-bcs-common-
combinations.html
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the numerical schemes and matrix algorithms used will not be described exhaustively.

Rather, a brief insight will be provided on how to make the solution converge and/or be

accurate.

Obtaining convergence and accuracy is a matter of trial and error. Nevertheless, some-

times it is possible to tune the parameters on-the-fly to obtain both of the aforementioned

characteristics. This will depend mainly on the problem and mesh quality.

The basic concept in mind is that, for the numerical schemes, the divSchemes variable

associated to U, k, h and omega will be initialized with a first order scheme: upwind.

After several iterations, when stability is reached and the residuals are also stable, the

divSchemes will be changed to a second order scheme, beginning by the most stable ones

and ending with the most spurious variable. Particularly, during these tests it has been

seen that omega is the most spurious and ”exploding” variable, similar to the enthalpy

h. During the course of this thesis, two accurate schemes were preferred: linearUpwind,

being a second order scheme, and limitedLinear 1 as a TVD scheme. Nonetheless, dur-

ing the tests, the first order schemes and very limited gradients/laplacians were preferred,

due to impossibility to find convergence with other accurate schemes.

For the matrix solvers, in the density case a diagonal solver was used since it only

implies back-substitution from the incompressible perfect gas equation. For pressure the

GAMG solver has proven to give good results as well as the PCG solver, but the former will

be used because it tends to be faster. For the rest of the variables, i.e. energy, velocity

and turbulent variables a bi-conjugate gradient solver will be implemented, ideal for non-

symmetric matrices. Finally, the relaxation factors are key for maintaining stability and

finding convergence, since they improve diagonal dominance in steady-state simulations.

The relaxation factors shown are the result of a trial and error to find convergence without

losing the quantities of interest. Table 12 summarizes the final values used, as well as the

residual control as a criteria for convergence in each variable.

Variable Relaxation factor Residual control

p 0.5 1e-4
rho 0.05 1e-3
U 0.3 1e-3
k 0.3 1e-3
h 0.7 1e-3
omega 0.4 1e-3
nut 0.7 1e-3
K 0.3 1e-3

Table 12: Simulation control.

The domain decomposition for parallel computation will be in 4 different domains

of analysis, by dividing it with the decomposition method scotch, which optimizes the

4 Bus case setup Page 59 of 111



number of cells and shared faces in the overall computational domain. A maximum of

9000 iterations will be set to find convergence, otherwise the simulation will stop with

the last 10 iterations saved for post-processing. Additionally, several graphs related to

residuals, heat flux through walls, some probe values for temperature and velocity in a

passenger seat will be plotted on-the-fly. Next, the file of the fvSchemes is shown, where

the on-the-fly tuning was essential to monitor convergence.
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fvSchemes file setup used for finding convergence

ddtSchemes

{

default steadyState;

}

gradSchemes

{

default cellLimited Gauss linear 0.9;

grad(U) cellLimited Gauss linear 0.9;

/*high limiters, and diffusive*/

}

divSchemes

{

default none;

div(phi,U) bounded Gauss upwind;

div(phi,k) bounded Gauss upwind;

div(phi,h) bounded Gauss upwind;

div(phi,K) bounded Gauss upwind;

div(phi,omega) bounded Gauss upwind;

div(((rho*nuEff)*dev2(T(grad(U))))) Gauss linear;

/*first order schemes for stability*/

}

laplacianSchemes

{

default Gauss linear limited 0.1;

/*limited laplacians*/

}

interpolationSchemes

{

default linear;

}

snGradSchemes

{

default limited 0.1;

}
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It must be noted that the accuracy of the solution is low: limited gradients and

laplacians, diffusive limiters and first order schemes will give as output a diffusive solution.

This is expected for a coarse mesh, which cannot capture well the numerics of the problem,

but the setup that was made is a powerful tool for finding convergence in the next steps,

where the time frames are much larger.

To determine whether convergence has been found, not only the residuals must be

monitored, but also quantities of interest. To this purpose, three important types of

quantities of interest were additionally evaluated when dealing with on-the-fly plots.

Figure 35: Bus seat chosen for sampling.

• Velocity magnitudes: three probe points were selected for evaluation. These were

sampled in approximate body locations where ankle, waist and head levels are lo-

cated, according to ASHRAE-55 standard. Considering that the input-output is

time consuming and computationally expensive in the solving process, a few probes

must be done. In this case, only one passenger seat was sampled, since this location

is the most prone to be uncomfortable, but also to be unsteady given the location

of the inlets. In Figure 35 is depicted the seat where the probes were placed. The

height levels used are ”Seated” according to the table shown in Figure 13.

State
Height Level (m)

Ankle Waist Head

Seated 0.1 0.6 1.1
Standing 0.1 1.1 1.7

Table 13: Average temperature measuring according to ASHRAE-55.
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Velocity magnitudes plots are shown in Figure 36. The simulation stopped at≈ 6000

iterations, even if at 4000 iterations the the three quantities of interest were almost

converged. The reason can be seen by looking at the residuals plot shown in Figure

41, recalling that for p the convergence demanded is 10−4. However, it is clear that

after 4000 iterations a spurious behaviour in the three curves appears. Nonetheless,

the order of variations is small for the purposes of thermal comfort assessment, since

changes of velocity of ±0.05 m/s are considerable. In this case, the variations found

after 4000 iterations are less than 0.005.

Figure 36: Velocity probes convergence for test passenger.

• Temperature: the same applies for temperature, where the samples must be taken

according to the standard shown in 13. Data must be averaged and, in conjunction

with the average air speed, will define the usage of the PMV-PPD model for

thermal comfort.
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Figure 37: Temperature probes convergence for test passenger.

In the above Figure, the convergence of temperature probes is shown. During the

first 1000 iterations, a ”transient” behaviour can be seen for the three curves. Even

though, the temperature values through iterations is quite similar for the three

height levels, with a convergence temperature of ≈ 296 K = 23 °C. It must be

noted that, even if the temperatures are quite similar visually, in thermal comfort

the order of magnitude for temperature can be as low as 0.01 °C. So the temperature

probes must consider at least 2 decimal digits.

A summary of both the temperatures and velocity magnitudes are depicted in Table

14, where the average temperature and velocity were computed.

Level

Ankle Waist Head Average

Velocity (m/s) 0.072 0.031 0.049 0.051
Temperature (K) 296.42 296.32 296.27 296.33

Table 14: Velocity and temperature probes summary.

Additionally, the average values for each variable were computed, since those are

input parameters for the PMV-PPD model described in the ASHRAE-55 stan-

dard. The values given here, in addition to some characteristics are the inputs to

assess thermal comfort through the Predicted Mean Value function. For this partic-

ular case it will only be calculated as a demonstration, even if it has no particular
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meaning at the moment.

PMV (clo,met, wme, TA, TR, VA, φ) (8)

Where the variables in the PMV function stand for:

– clo represents the clothing insulation of the person analyzed.

– met is the metabolic rate of the person, where Table 1 can be used as reference

for standard activities.

– wme is the external work exerted on the person, generally it is taken as 0.

– TA stands for air temperature, which is taken as the average value obtained

with the height levels shown in Figure 13.

– TR is the mean radiant temperature, which depends mainly on the location of

measurement.

– VA represents the air velocity, which is taken using the same averaging method

mentioned in the TA point.

– φφφ is the so called relative humidity of air, which represents the content of

moisture in air with respect to the saturation level.

Table 15 shows the values used for estimating the PMV value of the test passenger.

These values represent a seated passenger, relaxed, with winter clothing and no

external work applied on him/her. It must be noted that the relative humidity was

chosen as 0% just as a critical value, since extreme values of relative humidity tend

to augment discomfort. Additionally, the mean radiant temperature was used equal

to the air temperature, since generally this parameter is measured in situ. As a

reference the PMV value must comply with

− 0.5 ≤ PMV ≤ 0.5 (9)

in order to declare as ”thermally comfortable” a location.

clo (clo) met (met) wme TA (°C) TR (°C) VA (m/s) φ

1 1 0 23.18 23.18 0.051 0

Table 15: Test passenger values used for PMV estimation.

The shown values lead to a PMVtest passenger = −0.35, so that the test passenger

can be classified as a comfortable one. The previous computations for thermal com-

fort have two intentions: to exemplify and give an insight of the PMV method and
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to determine an approximate value of inlet conditions (air velocity and tempera-

ture) that provide thermal comfort in a passenger located in a potentially critical

position.

• Heat fluxes: in addition to the former quantities, heat fluxes must be monitored in

order to represent convergence. Indubitably, depending on the surface where heat

transfer is analyzed, the convergence could be uncertain. That is why every surface

will be plotted in a single graph. This kind of monitoring allows to visualize the

heat flux data through the body of the bus and to compare surface with different

magnitude orders of heat flux.

In the graph displayed below, all the heat losses were plotted against the num-

ber of iterations. It is evident that around iteration 1000 convergence is almost

reached. Around 2000 iterations were used for stating complete convergence. On

the other hand, most heat losses are negligible compared to the Left window heat

loss. However, the area of this window covers all the bus length.

Figure 38: Heat loss through bus.

Nonetheless, conclusions can be made with the next two plots, which isolate the

bodywork losses and the glass losses. The former plot is shown in Figure 39, whereas

the latter is depicted in Figure 40.
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Figure 39: Heat loss through bodywork.

It must be noted that for bodywork and glass heat loss, the surfaces were oversim-

plified. For instance, the roof may have irregular layer thicknesses depending on the

place where it is analyzed: several structures, such as the battery compartment or

inter-layer cables, can act as insulating or conductive heat resistances. The same

occurs for the bodywork panels, where wires and internal functioning structures can

be present inbetween the steel external panels and the PVC internal panels.

Glass parts, such as windows and doors were simplified: plastic frames of both

windows and doors were not considered for the analysis. Even though, in a worst-

case scenario it is expected to overestimate the heat loss through windowed surfaces

in a small quantity.
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Figure 40: Heat loss through glass surfaces.

The order of loss magnitude is much higher through glass, compared to the body-

work heat loss converged value. Glass heat losses are almost 20 times higher than

bodywork losses. This is expected, as the thermal resistance of the bodywork is

composed of three layers, where one of them is an insulating material with an ex-

tremely low conductivity, whereas glass surfaces are much thinner. Even if glass

does not have a high thermal conductivity, it cannot be considered as an insulating

material.

Table 16 summarizes the heat losses in the converged solution, after 5700 iterations. It

is clear the magnitude difference between isolating layers and glass. Glass heat losses are

quite similar, the only exception is the Left window which has a larger area. Nonetheless,

by comparing it with the sum of the Right windows a difference of ≈ 180 W can be found.

The overall loss value obtained will be used for an energy balance confirmation.

Finally, the residuals were plotted for each variable. It must be noticed that at several

points some peaks were found. This is the result of the on-the-fly tuning. Generally

speaking, most of the parameters changed were the relaxation factors. Nevertheless,

the spurious peak depicted between iteration 1600 and 1800 is due to the change in the

laplacianSchemes from 0.1 to 0.4, afterwards this value was returned to its original value
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Surface Heat loss (W)

Bodywork
Frontbox 2.7
Bodywork1 5.9
Bodywork2 3.7
Bodywork3 1.7
Upper bodywork 6.0
Left Bodywork 16.5
Roof 32.4

Total bodywork 69.0

Glass
Driver’s window 125.8
First door 102.5
Mid door 100.3
Rear door 121.9
Right window 1 161.3
Right window 2 99.3
Right window 3 40.1
Left window 480.0

Total glass 1231.2

TOTAL OVERALL 1300.1

Table 16: Heat loss through surfaces

of 0.1 since the chaotic behaviour did not stop. Most of the time, the relaxation factors

ofp rgh, U, k and omega were the tuned ones. In general, p rgh and U were the foremost

tuned which led convergence:

• p rgh was adjusted between 0.2 and 0.5, with better convergence using 0.5, but with

higher values the initial residual does not decrease.

• U was tuned within a range of 0.3 to 0.7, with values near 0.3 giving convergence

towards 10−3. Lower values tend to slow down noticeably the convergence.

• k and omega both were also maintained between 0.3 and 0.7 but when changing those

relaxation factors they tend to show better convergence related to those variables,

rather than general convergence. Nonetheless, if omega grows without limit by

means of a wrong choosing of relaxation factor, it will tend to increase all residuals

of the variables, showing a volatile behaviour.
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Figure 41: Residuals plot for each analyzed variable.

To confirm the validity of the simulation, the energy conservation in the bus control

volume was executed. This type of confirmation is useful to find additional errors in the

solution. Theoretically, the method is conservative, but round-off errors could apply. The

equation for the energy conservation33 relates the enthalpy of the fluid entering and the

forms of energy going out of the control volume, i.e. outlet enthalpy of the flow and heat

loss through solid walls of the bus:

ṁinlet · hinlet = ṁoutlet · houtlet + Q̇walls (10)

The last term was already calculated when dealing with wall heat losses. For the

other terms, OpenFOAM has several post-processing features to calculate the inlet and

outlet enthalpy. One of them is calculate the weighted sum of each inlet, with the weights

phi, the local flow rate, and weight value h, the specific enthalpy. The specific enthalpy

can be expressed as:

h = cp · (T − Tref ) (11)

where cp is specific heat capacity of the fluid at constant pressure, and Tref is a reference

temperature. In practice, the reference temperature has no influence in the results, since

the important characteristics are computed as differences of variables, thus cancelling the

Tref value. The values assigned were:

33Equation 10 is a simplified form of expressing the divergence theorem through the control volume.
The real equation involves surface integrals representing the inflows and outflows, and the addition of the
first law of thermodynamics, relating heat and work.

4 Bus case setup Page 70 of 111



• cp = 1010 J
kgK

• Tref = 0 K

According to Incropera’s textbook, cp for dry air is 1007 J
kgK

. The reason to use

1010 J
kgK

instead is to consider air humidity, which depending on the humidity ratio

changes its value. Variations are almost negligible, with changes within the order of

≈ 0.5%. With the previous remark, by evaluating the enthalpy flow through boundaries:

Value (W)

In
Roof AC 89113.340

Out
Recirculation 56042.310
Extractor fan 31771.040
Surface exchange 1300.143

Error -0.153

Table 17: Overall energy balance.

The difference in energy balance is less than 0.2 W , which compared to the minimum

order of energy flow magnitude through the control volume (surface heat exchange) can

be neglected without further caution. Therefore, the error in the simulation is fairly low.
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5 Real bus simulation

5.1 Geometry

In the previous sections, a description of the complete simulation process, from begin-

ning to end, was provided. The relevant items of the real bus used will be described in

this section. Of course, it will be done with much less detail, since it is less relevant and

is virtually identical to the procedure of making the bus test case.

The geometry was provided by Gruppo Torinese Trasporti (GTT), whose personnel

handed over all the available datasheets at the moment of development of this research.

Additionally, GTT personnel fixed several appointments to analyze, take photos and

measure all the bus structures, to get as much real data as possible. There will be,

indeed, differences with the bus shown in the latter pictures and the simplified geometry

made in the CAD software: the position of seats, its number, level of detail in all features

(windows, seats, driving wheel, etc) are contrasting.

Figure 42: Bus base geometry.

Here, the main structures that must be re-designed with respect to the test case will

be shown and described, as well as the assumptions that will be made due to complexity

of geometries. The first structures to be analyzed are the inlets: the location of these are

unlike their original position in the test case. Figure 43 shows the grilled structures that

define the actual inlets found in the GTT bus.
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Figure 43: Grill inlets of BYD K9® bus.

The dimension of these grill holes is 0.7 cm× 2.5 cm and each blue-grill structure has

a total of 35 holes, placed cyclically throughout the grill. Furthermore, these have an

even placement along the bus, as it can be seen in Figure 44.

Figure 44: Blue inlets are evenly distributed throughout the bus length.

There are additional bus grills that can be considered. In Figure 45 two additional

types of grills that can be used as inlets are shown. Both the oval-shaped and rectangular

grills are to be used if additional inlets are desired, but they only change the distribution of

air flow rate rather than the amount of hot air delivered to cabin. This can be understood

by looking at Figure 46, where the direct air ducts that connect the rooftop unit are shown.
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Figure 45: Oval shaped and rectangular shaped grills.

The image below is an horizontal view of the air ducts found when opening the grills

case. The ducts point downwards to the air distribution compartment, where air is dis-

tributed along the blue and grey grills, if they are open. The rooftop AC unit is found at

the mid-rear length of the bus, as well as the ducts shown in Figure 46. These ducts are

not distributed through the entire length of the bus, but only in the top mid part of the

casing.

Figure 46: Air ducts connected to the rooftop AC unit.

Yet, for the purposes of this research, the grey vents will not be considered. The

reason is because of the added complexity that is carried with these kind of vents. Both

the oval and rectangular grills point in non-straight angles, so that they do not do not

deliver air vertically nor horizontally into the cabin. At the moment of measuring the

bus on the field, the instruments needed for gauging angles were not available for use.

Additionally, GTT personnel stated that generally those vents are closed, and they are
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open when high flow rate is being used for the thermal regulation in the cabin. Thus,

only the blue vertically-oriented grills will be utilized as inlets.

The number of blue inlets is 25: the non-door side has 14 inlets, whereas the door side

has 11, because upon the doors there are no inlets. The modeling of this structure will

be carried out with an equivalent area, to maintain the average velocity of delivered air.

Thus, the vent areas will be approximated as rectangles with the following dimensions:

0.7 cm× 2.5 cm× 35 holes = 61.25 cm2 each inlet (12)

On the other hand, two types of air outlets are installed. These are the extractor fan

and recirculation vents. The former has rectangular dimensions and is located on top of

the rear corridor, in front of the final door. It has rectangular dimensions of 77 cm×50 cm

and its main function is to exhaust the internal air in for maintaining stability in pressure

and generate a ventilation current with the fresh oncoming air from the condenser.

The recirculation vents are very different from the ones depicted in Section 4.3.1.

In reality, these are located in the middle of the bus, in front of the mid door. The

differences are noticeably clear by looking at Figure 47. Instead of multiple channels

located at the floor height these are two high placed ducts at the very center of the roof.

Their rectangular measure is of 14 cm × 167 cm and they are placed symmetrically on

top of the main corridor.

Figure 47: Upper view of the geometry.

5.2 Mesh

The final mesh needs to be more accurate in order to have reliable results. But the

trade-off to be faced is the time frame that would take to develop and simulate a finer

mesh. The bus test case had an approximate of 250, 000 cells, and the convergence of the
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solution takes 30 minutes with the appropriate relaxation factors and using a convergence

tolerance of 10−3 for the pressure p rgh. Even though, the required simulation time is

dependent on the mesh size and the problem. There is no rule of thumb that can relate

the time of computation with the mesh size. The best way to assess this is by trial and

error. As a first approach it will be supposed that there is a linear relation between time

of computation and mesh size. In that case, for a simulation with 10 hours of elapsing

time, it should be used a mesh of ≈ 5, 000, 000 cells to find convergence. An important

remark is that the residuals are not the scope of analysis, it is merely a metric to be

monitored and find divergence rather than convergence.

Similar to the process done in Section 4.3.2, the mesh will be composed of several

blocks, being the ducts of a structured type, whereas the body of the mesh will be an

unstructured one, composed of tetrahedral and pyramidal cells.

Figure 48: General view of final mesh.

In Figure 48, the mesh has been colorized depending on the structure type, where

green, red, blue and orange has been assigned to inlets, outlets, glass and bus body,

respectively. The same procedure for mesh initialization used in the test bus was followed,

the difference now is that the mesh has been constructed with an average size of 3 cm

for the 1D structures of the body. On the other hand, the inlet and outlet structured

elements have an average size of 1 cm.

The roof, left and right side of the bus are near-inlet walls. The choice of meshing the

body with different size to the inlets can put at risk the results of the simulation, due to

the volume ratios. To compensate this difference, several key points of 1D structures were

resized locally, so that near inlets a local refinement was achieved, but far from them the

5 Real bus simulation Page 76 of 111



mesh tends to be coarser, as depicted in Figure 49. The refinement was chosen so that

the size of the edge in an inlet zone is 1.5 cm.

Figure 49: Breakpoints in roof’s left side for refinement in near-inlet walls.

Below, a summary of the metrics for mesh quality is shown, where it is clear that

every value accomplishes the requisites for OpenFOAM. Moreover, the mesh is of pretty

high quality, so it takes less time in the SIMPLE loop and admit even higher order

schemes, recalling that the test bus simulation was done with first order schemes and

gradient limiters.

Metric Maximum value

Aspect Ratio 6.625
Volume Ratio 12
Maximum Included Angle 156°
Skewness 0.65
Non-orthogonality 63.5°

Table 18: Metrics of the final mesh.

The table shows that the maximum value of skewness and non-orthogonality are fairly

good. Even more considering that the non-orthogonality average has a value of 20.9°.
Volume ratio and aspect ratios are quite high, but they do not represent the majority

of cells, where only 12, 250 have an aspect ratio between 10 and 12, whereas the rest

(≈ 5, 000, 000) have a volume ratio less than 3. In overall, the mesh has good quality to

try and use higher accuracy schemes. Below is shown a cut of the mesh which shows a

much finer distribution in all the control volume.
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Figure 50: Cut of the mesh showing non-orthogonality color map.

Figure 50 is a cut of the right side of the bus. The doors were placed inbetween rows

and inbetween frontbox and first row prior to the meshing. Figure 51 depicts the result

of the refinement in near inlet spaces. In this view, the refinement of the last rear inlet is

shown colorized according to the volume ratio parameter.

Figure 51: Volume ratio cut plane in near inlet zone.

5.3 Simulation and post-processing

The final step to finalize this chapter is the simulation and post-processing setup. The

CFD code has virtually no difference with that carried out in the test case, but only

the inlet temperatures to be used as input. The scope is to run two simulations, assess
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thermal comfort in each one, and determine which is the best temperature for ensuring

passenger’s thermal comfort by interpolating (or extrapolating) the results. It even could

occur that is not possible to achieve comfortable conditions for every passenger, but this

will be evaluated with the post process data.

Since convergence was found using first order schemes, limited gradients and interpola-

tion schemes, the same setup will be used here. The difference will be visible after stability

is reached. When this happens, U,h and K will be switched to linearUpwind to enhance

the accuracy of the results. In addition, the value of the gradient limiters will be lowered

as well as the laplacianSchemes. By raising the accuracy, the obtained values will be

more reliable and comfort will be less prone to over or underestimation. The following is

the last code used for the schemes. It can be noticed the upgrade reached by using less

diffusive schemes in the gradSchemes and laplacianSchemes. Gradient calculations are

much more accurate, since the limiter was set to 0.1 and the accuracy improvement by

setting the multi-direction limiter cellMDlimited rather than the equal-direction limiter

cellLimited. Also, laplacianSchemes were bettered by rising the blending factor to

0.5.

fvSchemes file setup implemented for final iterations accuracy

ddtSchemes

{

default steadyState;

}

gradSchemes

{

default cellMDLimited Gauss linear 0.1;

grad(U) cellMDLimited Gauss linear 0.1;

/*Low vectorial limiters, high accuracy*/

}

divSchemes

{

default none;

div(phi,U) bounded Gauss linearUpwind grad(U);

div(phi,k) bounded Gauss linearUpwind default;

div(phi,h) bounded Gauss upwind;

div(phi,K) bounded Gauss linearUpwind default;

div(phi,omega) bounded Gauss upwind;

div(((rho*nuEff)*dev2(T(grad(U))))) Gauss linear;

/*Second order schemes with accurate gradients*/

5 Real bus simulation Page 79 of 111



}

laplacianSchemes

{

default Gauss linear limited 0.5;

/*Stable and accurate laplacians*/

}

interpolationSchemes

{

default linear;

}

snGradSchemes

{

default limited 0.5;

}

During the test case simulation, when testing higher order schemes, it could be seen

that sufficient convergence of the results was not achieved, particularly for the turbulent

variables and enthalpy. Temperature tended to diverge or a negative Kelvin temperature

was found after some iterations. To fix this issue, the fvOptions file allows the user to set

a property to certain blocks. In the file, temperature was limited so that its computations

were not able to reach values below or above the limits. The upper limits depend on

the simulation, but for the lower limits the value chosen was the external temperature

of the bus i.e. −3.3 °C = 270 K. For the upper limit value, it was be chosen the inlet

temperature.

The inlet temperature was selected on the basis of the outcome of the test case.

The value used was 296.6 K, which led to a rear passenger in comfort conditions. A

word of caution, since the obtained result is extremely inaccurate and could lead to

wrong conclusions. However, since this is the only reference, it will be used for the first

simulation, bearing in mind that the outputs were satisfactory as test results. The exact

same applies for the volumetric flow in the inlet: considering there is no further knowledge

about ”comfortable inlet flows”, the value of 900 m3

h
is the one to be used throughout the

oncoming simulations, since the air speeds were low enough, meaning that no surplus of

energy is being used for delivering tempered air into the bus. In addition, low velocities

tend to be more versatile for thermal comfort because greater ones tend to require higher

temperatures for ensuring thermal comfort. As an example, the range of comfort for a

velocity of 0.1 m/s, in the winter conditions used in this thesis34, is in the range of 21.4 °C
341 clo, 1 met for a seating person, TR = TA + 2.8 K and a relative humidity of 50%
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to 25.3 °C , whereas for a velocity of 1 m/s it is needed a temperature of, at least, 25.1 °C,

which clearly is more energy consuming both for the air mass flow required (ṁ) and the

higher temperatures to be reached (∆T).

This time, instead of one probe for the presumably most uncomfortable passenger,

multiple probes will be sampled at different locations. The probes will be plotted during

the simulation in order to monitor convergence and, after that, smoothing will be applied

to the plotted variables in case steadiness is not reached. The sampling will be done

in 7 key locations, taking both temperature and air speed values at ankle, waist and

head levels. The locations to be sampled are shown in Figure 52, where the choosing of

passenger was based on the row and the expected tendency to be uncomfortable. This

trend of discomfort is evaluated by means of density of inlets near the passenger and

distance to windows or doors. For instance, passenger 1, 4 and 7 are located in highly

uncomfortable zones due to the scarcity of inlets in their surroundings. Left-side seats

tend to be more comfortable due to higher number of inlets and less glass surface, which

reaches the lowest temperatures. Even though, front passengers have a clear lack of inlets

and should have tendency to cooler thermal perceptions.

Figure 52: Sampling locations for thermal evaluation.
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6 Thermal comfort assessment and results

The final goal of this investigation has a practical purpose: to minimize the energy

consumption while maintaining thermal comfort in the bus cabin. With the results already

obtained, there is a final tool that must be employed to complete the analysis. That is to

answer the question on how to assess thermally pleasant conditions. In literature there is

plenty of models to determine whether a person is in that state or not.

To retain a standardized and validated result, the ASHRAE-55 of 2017 book for

thermal comfort will be the guide text. To this aim, the relevant definitions given here

by the authors are provided below, to determine which are the values of comfort with the

existing heating unit with the used definitions clear.

6.1 Concepts in thermal comfort

Some of the concepts used to address thermal perception were explained in Section 4.

Here, the additional notions to be known by the reader are defined in further detail:

• Average air speed(VA) and temperature(TA) define representative values of the

velocity magnitude and temperature surrounding an occupant. The average is cal-

culated as the mean found in three points: ankle, waist and head heights. Its

calculation depends on whether the occupant is seating or standing, as depicted in

Table 13.

• clo and met are the units used to express thermal insulation by clothing and

metabolic rate, respectively.

• Thermal environment is the sum of all conditions that affect a person’s heat loss

through the body regulation processes.

• Metabolic rate is the transformation of chemical energy to heat and work in a

person, in order to comply with its normal activities, per unit of surface area.

• PMV is the acronym for Predicted Mean Vote, and represents an index which

measures statistically the mean sensation of a large group of persons in a thermal

sensation scale. The reference sensation scale is shown in Table 19. The source code

is partially provided in Annex A3.

• PPD as well is the acronym for predicted percentage of dissatisfied, similar to the

PMV value is an index that gives a quantitative prediction of the percentage of

people that would be thermally displeased with the thermal conditions calculated

with the PMV equation.
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PMV Sensation

+3 Hot
+2 Warm
+1 Slightly warm

0 Neutral
-1 Slightly cool
-2 Cool
-3 Cold

Table 19: PMV sensation scale.

• Operative temperature(To) is defined as the temperature of an imaginary black

enclosure, in which occupants would exchange the same amount of heat by all means

of heat transfer.35

The same table mentioned in Section 4 will be used. The difference here is that it

will not be analyzed for only one passenger, but rather all key passengers that were on

probe locations. Some values are predefined: the clothing insulation is set to 1, which

is a representative value for people in winter conditions; the metabolic rate was set to 1

representing a seating relaxed user according to Table 1 and the external work was set to

0, since there is no external work influence at the bus cabin.

On the contrary, the temperatures, average speed and relative humidity must be com-

puted from the output of the simulation, so T.D. is the acronym for ”To determine” in the

following table. In any case, relative humidity tends to have a minor role in the evaluation

of PMV under these circumstances.

clo (clo) met (met) wme TA (°C) TR (°C) VA (m/s) φ
1 1-1.2 0 T.D. T.D. T.D. T.D.

Table 20: General table used for thermal assessment.

6.2 Inputs and thermal calculations

Additionally, it must be remarked that the maximum heating capacity of the roof

unit is 16 kW . Thus, at the end of the simulation, heat power supplied to the oncoming

air plus the recirculated air must not exceed the heating capacity. This is an important

confirmation, but it is possible to modify the recirculating air percentage in order to reduce

energy consumption and find a suitable value of heat power supplied. The disadvantage on

increasing the recirculation percentage is due to additional humidity in air. Nonetheless,

35The mean radiant temperature must be measured in-place. It will be assumed that it is equal to
TR = TA + 2.8° for the sake of simplicity. This value comes from ASHRAE-55 which addresses that,
under certain conditions, this value can be used if no data is available.
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in the PMV model, humidity tends to change fairly low the thermal comfort sensation,

so it will not be argued in further detail its influence and, rather, it will be taken as 50%

assuming that the roof unit has the capability of dehumidifying up to this value.

To compute the PMV value for each passenger, all the functions involved were coded

in Visual Basic, the coding language used in MS Excel. Basically, the code considers all

kind of thermal parameters to finally return as output the PMV value: it receives as input

the variables chosen in Table 20, and computes clothing surface temperature, as well as

heat loss through skin, sweating, respiration, radiation and convection. The final result is

a thermal sensation coefficient, which leads to the value of PMV and to PPD. This kind

of treatment will be useful to tabulate passenger’s comfort by means of identifying the

critical places where a passenger could be uncomfortable, which was already explained in

Section 5.3, where Figure 52 depicted the seats to be analyzed.

Two simulations were executed in OpenFOAM with the final refined mesh and real

geometry. The first was done with an inlet temperature of 296.6 K = 23.4 °C. The result

was a non-comfortable thermal environment for every single occupant, even if the test case

assessed, at least, the rear passenger as comfortable. This led to the second simulation,

which instead of using 23.4 °C as inlet, the new temperature was 296.6 + 6.7 = 303.3 K.

The choice of this specific value will be clear in the next section, where the quantitative

results will be shown. Basically, the most exposed passenger to cold environment has

an overall deficiency in temperature of 5.8 °C to reach comfort i.e. when the solution

was found, the PMV value would have a ”Neutral” sensation if the mean temperature

obtained for this critical person was 5.8 °C higher. Yet a safety factor was applied since

the response of that probed position is not one-to-one. The next sections explain with

more detail this resulting temperature.

6.3 Results

The results are divided in two sections: the first simulation with inlet temperature of

296.6 K, and the second one with inlet temperature of 303.3 K. Both of them had noisy

unsteady curves when sampling the quantities of interest i.e. the probed temperatures

and speeds. So the process of smoothing will be exemplified here to clarify the obtained

values.

Three heights were probed, but in the final stage of thermal evaluation it is not

important per se each value, but the average temperature TA and average speed

VA. For didactic purposes it will be shown only the retrieval of Passenger 2 data that

leads to a single output value for each comfort variable.

To this extent, the solver writes the output to a text file, which is converted to a

comma separated value by a suitable Python script. These csv files are imported into a
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spreadsheet and edited accordingly. In Table 21 is an example of the first 5 rows of the

spreadsheet. This has been truncated in order to show less decimals. In any case, it uses

all the available digits for calculations. It must be clarified that the sample output was

written every 10 iterations, rather than sampling for all of them, due to limited storage

in the virtual machine.

Iteration Ankle Waist Head Average

10 291.9 291.9 291.9 291.9
20 291.8 292.0 291.8 291.9
30 291.8 292.0 291.8 291.9
40 291.9 292.0 291.8 291.9
50 291.9 292.0 291.8 291.9

Table 21: First 5 temperature samples of Passenger 2.

The ”Average” column computes the mean value of the sampled variable in three

heights, which is the temperature in the previous table. With the average computed

throughout iterations, the next logical step is to plot the Average values and determine a

trend. In general, peaks and valleys were common when plotting these, so noisy curves

came out as a result. In order to adjust the unstable behaviour, the moving Average

was plotted. Noise tends to disappear and the trend is more defined. The number of

periods chosen was 50, so each point in the Forecast curve is the average of the previous

50 data points. This method allows to visually foreseen the direction of the curve. Below

the Average and Moving Average are shown in the same graph for the Temperature of

Passenger 3. The moving average curve assigns the last forecast value as the steady-

state solution. The reference curve for the the third passenger is shown below, where the

smoothed curve has a steady behaviour after 1250 iterations. For all passenger’s variables

the process of smoothing averages was the same.
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Figure 53: Average and smoothed curves used for temperature sampling of Passenger 3.

6.3.1 First simulation: 296.6 K

Prior to evaluate comfort, the energy imbalance is checked. When clear convergence is

not found, the error is spread to the results, so that the difference in the energy equation

could be large enough to discard the simulation output. Therefore, a brief analysis of the

energy error will be presented.

Below is shown a table which summarizes the energy imbalance, calculated through

enthalpy flow and heat transfer to the exterior.

Value (W)

In
Roof AC 88962.86

Out
Recirculation 50789.55
Extractor fan 36537.76
Surface exchange 1668.59

Error 32.99

Table 22: Overall energy balance.

The error is larger than the test case. This could be due to the lack of complete

convergence in the energy residuals. In overall, this is an expected outcome, considering

that the solver had to be stopped when enough stability could be foreseen in the sampled
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quantities. Even though, the error is small enough to be acceptable for results analysis,

since it represents only a 2% of the surface heat exchange.

In any case, heat losses through all kind of boundaries had a steady behaviour globally.

Figure 54 shows that throughout the last 1650 iterations, overall heat losses had a steady

behaviour after 800 iterations. The image only shows the last 1600, but in reality an

approximate of 6000 iterations were executed, where the first 3000 were carried out with

first order schemes to meet an initial solution and, after convergence, the current schemes

were changed for second order ones, at the same time limiters were lowered.

Figure 54: Cold simulation heat losses.

Heat losses through the right-side of the bus, where the doors are located, are greater

than the losses through the left side. The latter has a global heat loss of 677 W whereas

the right side has losses of 836 W . This is clearly not caused by a higher gradient of

temperature in the right side, but because of the glassed surface area. The bus right side

is expected to be less comfortable by two reasons:

• Less inlet ducts make obvious that lower temperatures will be present in the right

side, considering that fluid is being delivered vertically to the cabin. In addition,

buoyancy effects are not being considered, so buoyant currents for mixing cold and

hot air do not act.

• Apart from the windows, the right side has glass doors. Both these structures tend

to maintain lower temperatures in their surface. Nonetheless, it might not be so
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relevant, because air motion tends to smear the conductive heat transfer through

glass, but in steady conditions it creates larger gradients in near glass zones.

This prejudgement agrees with the thermal comfort results. In average, left-side pas-

sengers have a higher Predicted Mean Vote. Of course, this has sense when PMV is

negative, since the Neutral sensation is near 0 PMV values. Recalling that passengers 2,

3 and 4 are located at the right side and 5, 6, 7 to the left side, is evident that the latter

ones have better comfort indexes.

Inlet Temperature = 296.6 K

Passenger number TA (°C) VA (m/s) PMV Comfortable Sensation

1 17.6 0.11 -1.24 No Slightly Cool
2 18.7 0.22 -1.18 No Slightly Cool
3 17.5 0.36 -1.79 No Cool
4 15.3 0.19 -2.13 No Cool
5 19.0 0.11 -0.85 No Slightly Cool
6 18.9 0.26 -1.19 No Slightly Cool
7 16.7 0.32 -1.95 No Cool

Table 23: Thermal comfort results for cold simulation

However, the table shows that all passengers are not comfortable. In fact, passengers

3, 4 and 7 have ’Cool’ sensations. The outcome is very different from that found in the

test case, where the rear passenger was in thermally comfortable conditions. This could

have many reasons: the location of the inlets and outlets, the inaccurate schemes or the

completely different layout of the bus can result in major differences between the test and

the final simulations.

Table 23 shows clearly that Passenger 4 is the most uncomfortable in the bus cabin,

whereas Passenger 5 is close to reaching thermal comfort. As a consequence of these

results, a new inlet temperature must be set to ensure a pleasant environment for every

occupant. Location of Passenger 4 is the most critical, because it has the lowest tem-

perature. To compensate this, the minimum temperature to ensure thermal comfort in

the fourth passenger was computed by trial and error. This is done by changing the

mean temperature TA until the Predicted Mean Vote reaches a value of -0.5, which is the

lower limit for ensuring a Neutral sensation. This calculation leads to a minimum mean

temperature of ≈ 21.1 °C, which is 5.8 °C higher than the current mean temperature.

Thus, assuming a direct transfer function, by rising the inlet temperature in 5.8 °C, Pas-

senger 4 should feel a Neutral sensation. Even though, the function correlating the inlet

temperature and the mean temperature of Passenger 4 is not direct; by rising the inflow

temperature on a certain quantity it does not imply that average temperature at that

location will rise the same amount. The apparent reason of the discomfort on Passenger 4
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is caused by scarcity of ducts near this location, so hot air is concentrated in other places

rather than near front–door locations. This implies that the sampled zones populated

with inlet vents should have a direct response36 when changing the air temperature. On

the contrary, Passenger 4 should not have high sensitivity to inlet temperature changes,

compared to other seating locations.

To acknowledge the unknown relationship between the inlet temperature and passen-

ger’s average temperature, a higher temperature will be implemented as input in the so

called hot simulation. This option is selected in view of the expected lack of response in

the average temperature of Passenger 437. To this extent, the temperature will be raised

6.7 °C rather than 5.8 °C. It could be increased even more, but the scope is to find a

point which is close to the limits of comfort, seeing that the Best Operating Point (BOP)

of the HVAC system will be interpolated with greater precision.

6.3.2 Second simulation: 303.3 K

The quantities were obtained with the same method used before, but an unsteady

behaviour arose in the overall results. Because of this instability, peaks and valleys tended

to be more sharp and of greater amplitude, so instead of using a moving average of 50

sample points, a 200 sample points was plotted. This kind of treatment transformed

the unsteady behaviour into a stable low sloped curve. The plotted graph in Figure 55

demonstrates the highly unsteady behaviour. However, the smoothed curve shows that

the value tends to be stable around 296 K.

36Their correlation must be ≈ 1.
37By rising 1°C the inlet temperature, the mean temperature increment could be barely of 0.5° C.
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Figure 55: Passenger 3 mean temperature. The blue line represents the moving average
with a sampling rate of 200 periods.

Even if it could be expected that with this new temperature comfort is achieved for

every passenger, it is not the case. This is acknowledged by looking at the comfort

summary Table 24.

Inlet Temperature = 303.3K

Passenger number TA (°C) VA (m/s) PMV Comfortable Sensation

1 22.6 0.10 0.16 Yes Neutral
2 22.2 0.22 -0.20 Yes Neutral
3 22.9 0.29 -0.16 Yes Neutral
4 18.9 0.16 -1.04 No Slightly Cool
5 23.7 0.13 0.38 Yes Neutral
6 23.5 0.28 0.04 Yes Neutral
7 21.0 0.32 -0.68 No Slightly Cool

Table 24: Thermal results of hot simulation.

Clearly, the results are much better than the Cold simulation. Even more, these results

show that comfortable PMV values are achieved for 5 out of 7 passengers. However, they

are not satisfying enough; some passengers are still uncomfortable and is an unknown if

this situation can be improved. In particular, passengers 4 and 7 have low PMVs, being

Passenger 4 location a critical one because is not even near to comfort zone. Therefore, the

outcome must be analyzed under different conditions so that thermal comfort is achieved
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for every passenger, if possible. Theoretically, it should be possible by rising a fraction of

degree the temperature, but the scope is to minimize energy. So the thermal conditions

will be optimized to ensure thermal comfort while minimizing heating energy.

6.3.3 Optimization of inlet temperature

To begin the optimization problem, some assumptions must be made. For instance,

the transfer function relating the inlet temperature and the sampled passengers is an

unknown. It is assumed that the relationship between the input temperature and all

mean temperatures is linear, at least in the analyzed temperature range. By assuming

this, is possible to use the collected data of the simulations to draw a line38 for each

passenger that correlates the mean temperature as a function of the inlet temperature.

So that it is satisfied:

Tp,i ≈
Tp,i1 − Tp,i0

Tinlet,1 − Tinlet,0
· (Tinlet − Tinlet,0) + Tp,i0 (13)

The previous is the line equation, where the quantity expressed as a fraction is the

slope of the line. The subindex i stands for the passenger number and the numerical

subindexes 0 and 1 represent the cold and hot simulation.

By using expression 13, is possible to construct a nested optimization problem as

follows:

• The outer optimization problem is to maximize the number of passengers that can

reach comfort at the same time. To this extent, a binary value will be assigned to

each passenger, where 1 is assigned to a ’Neutral’ sensation passenger, and 0 in any

other case. This first outer problem is expressed as:

max
Y

N∑
i=1

Yi

s.t. Tp,i = fi(Tinlet), i = 1...7

Yi ≤
|PMV (..., Tp,i, ...)|

0.5
, i = 1...7

Yi ∈ {0, 1}n , i = 1...7

Tinlet ≥ 0

(14)

The function fi(Tinlet) is the linear relation shown in Equation 13. The decision

variables of Problem 14 are Yi, the binary variables that tell whether or not comfort

is achieved, and Tinlet the inlet temperature to be chosen.

38A simple first order approximation is implemented. If more simulations were available a higher
degree polynomial would be more appropriate, or even a different fitting curve.

6 Thermal comfort assessment and results Page 91 of 111



By solving this optimization problem, the maximum number of occupants that can

reach comfort at the same time will be computed. The resolution of this problem

was accomplished with OpenSolver, a linear and non-linear optimization solver add-

in for MS Excel. When solved, it yields to a maximum number of comfortable

passengers of 6. The obtained value for inlet temperature yields to Tinlet =

304.07 K. Clearly, this is a non-reachable operation point, having in mind that

HVAC units rarely have more than one decimal digit precision.

• The second optimization problem is solved setting the number of occupants that

are comfortable to 6. The objective function is different; the scope is to minimize

energy consumption, while ensuring that these passengers are in comfort conditions.

So the binary variables Yi are set to 1 for all people, except for Passenger 4, who

does not reach comfort. The inner optimization problem is:

min
Y

Tinlet

s.t. Tp,i = fi(Tinlet), i = 1...7

Yi ≤
|PMV (..., Tp,i, ...)|

0.5
, i = 1...7

Yi = 1, i = 1..3, 5..7

Y4 = 0

Tinlet ≥ 0

(15)

The final inlet temperature yields Tinlet = 304 K. A summary of the consequent

results for comfort calculations is shown below in Table 25.

Inlet Temperature = 304 K

Passenger number TA (°C) VA (m/s) PMV Comfortable Sensation

1 23.1 0.13 0.22 Yes Neutral
2 22.5 0.22 -0.10 Yes Neutral
3 23.4 0.30 -0.03 Yes Neutral
4 19.2 0.19 -1.02 No Slightly Cool
5 24.1 0.15 0.48 Yes Neutral
6 24.0 0.26 0.20 Yes Neutral
7 21.5 0.28 -0.50 Yes Neutral

Table 25: Optimized inlet temperature for thermal comfort summary.

In fact, the optimum temperature up to the fourth decimal is TA = 304.0004 K.

In practical applications, this has no further use due to the limits in accuracy of

thermal control devices. For instance, the HVAC system installed on the BYD K9®
bus has a thermal control of ±0.5 °C.
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6.3.4 Energy requirements

The final subsection determines the necessary energy to reach the optimum value and

compares it with the maximum heat power that can provide the rooftop unit. After

that, a recirculation curve is provided, relating heat power needed as a function of the

recirculation percentage.

Assuming perfect mixing of the recirculated air and fresh air, the following relation

holds:

QHV AC = ṁinlet · cp · Tinlet − ξ · ṁinlet · cp · Trecirculation − (1− ξ) · ṁinlet · cp · Toutside (16)

Greek letter ξ is the mass recirculation ratio. A linear interpolation will be used to

determine the recirculated air temperature Trecirculation. With the two simulations carried

out in Sections 6.3.1 and 6.3.2, the outlet recirculation enthalpy can be retrieved and,

consequently, the temperature of recirculation at the optimum inlet temperature. Table

26 illustrates the values obtained for the recirculation temperature.

Inlet Mass
Flow Rate
(kg/s)

Inlet Tem-
perature
(K)

Recirculation
Enthalpy
(W)

Recirculation
Average
Tempera-
ture (K)

Recirculable
Mass Flow
Rate (kg/s)

Maximum
Recirculable
Percentage

Cold 0.297 296.6 50789.6 290.86 0.173 58.2%
Hot 0.291 303.3 49681.3 294.76 0.167 57.4%
Optimum - 304 - 295.17 - -

Table 26: Recirculating air properties summary.

The Value for the Recirculation Average Temperature in the Optimum case was ob-

tained by extrapolation from the Recirculation Average Temperature and the inlet Tem-

peratures from the Hot and Cold simulations. The rest of the variables will not be

extrapolated, since the real nature of the output of the simulation is not known and it

could spread the already inherent error of the linear approximation of 295.17 K for the

Optimum case. On the other hand, both Cold and Hot simulations have a maximum

recirculation percentage in the order of ≈ 50%. Thus, this will be set as the limit of

recirculation for the Optimum case for heat power calculation. Mathematically this is

expressed as ξ ≤ 0.5. Below is shown the curve of heat power required depending on the

recirculation percentage.
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Figure 56: Heat power consumption as a function of the recirculation percentage ξ.

The HVAC unit is capable to withstand the energy consumption with 0% of recircula-

tion. In that case, the heat consumption would be of 10 kW . This represents a 62.5% of

the maximum heat capacity of BYD K9® heating system. Indeed, it is possible to heat

the bus in thermally optimal conditions without any recirculating air flow rate. However,

it will be extremely expensive and inefficient. Moreover, the maximum flow rate available

is 6000 m3

h
, which is much higher than the 900 m3

h
used for the simulations. This makes

evident and necessary the usage of recirculation vents, because if the flow rate is increased

in order to improve ventilation the HVAC unit will not be able to supply enough heat

power to achieve thermal comfort if there is no recirculation.
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7 Conclusions and recommendations

Computer-Aided Engineering tools have gained an outstanding importance in mechan-

ical engineering fields. Particularly, in the field of CFD they have no substitute for cheap

and faster results. CAD tools, meshing softwares, CFD solvers and post-processing tools

have been developed to the point where the workflow connecting these four processes is

fluent. Meshing tools must be mentioned; thanks to the new sophisticated algorithms

developed, CFD simulations results have much less error due to optimized cell shapes.

Software designers are aware of the need of Graphical User Interfaces for non-experienced

users who want to start in the meshing field and that is why they create easy-of-use

displays in their softwares.

Open source CFD codes are powerful tools. To the point that these are comparable

to commercial CFD developed by worldwide known brands. OpenFOAM has demonstrated

to be a highly reliable free-of-use tool for beginners in CFD coding. From its creation, it

has been continuously revised by the fluid research community, making contributions in

a non-profit manner. Nevertheless, the lack of GUI is one of the important weaknesses

of OpenFOAM. For beginners or people who have no background in coding or command

lines, it is a hard starting point. But the learning curve of the command lines applied to

OpenFOAM is certainly steep.

buoyantSimpleFOAM is an excellent solving tool for HVAC applications and thermal

calculations, but buoyant phenomena must be considered to acknowledge reality in the

solutions. Otherwise, the risk is to obtain GIGO information which does not represent in

any way the fluid behaviour. In addition, steady-state solvers are useful for obtaining quick

results, but they do not represent flow motion trough time. These kind of simulations are

often interrogated in literature. Mostly because the time needed to reach steady state is

an unknown; for instance, if the bus reaches this state after several hours, the result has

no practical purpose. Of course it has physical sense, but from an engineering point of

view, the results do not give information about the real comfort capabilities.

The results obtained in this research show that thermal comfort is hardly achievable

for every person in the bus cabin. It does not exist a midpoint where every occupant

is satisfied with the thermal conditions. Indeed, some passengers could feel non-neutral

sensations if located in places characterized for the lack of inlet ducts. The analysis must

be extended to other passengers: probably there are more seating or standing locations

where comfort is not reached. Two simulations were executed and, even so, it was not

possible to reach comfort for the seven sampled passengers. Even though, it was possible

to determine a theoretical value which optimizes energy consumption, assuming a linear

behaviour of the temperature variables. By optimizing the inlet temperature, at the same

time the heat power needed to reach thermal comfort is being optimized.
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Reaching an optimum and energy efficient temperature for the HVAC system is a

matter of concern nowadays. Particularly in the new hybrid and full-electric vehicles,

where the energy consumption is, by all means, a critical issue. In fact, the K9 bus from

BYD® is an electrical one. Electrical vehicles have assigned a certain threshold of power

consumption for the HVAC system. In addition, when the battery of the vehicle is low,

the vehicle algorithm powers off the energy of the roof unit, leaving no air conditioning

or heating for the bus cabin until the battery is recharged.

The most important recommendations and advices for thermal designers and CFD

engineers as a result of this work can be summarized as follows:

• It is extremely important to compare the results with a real experiment. Turbu-

lence models, elaborated numerical schemes and new techniques of Computational

Fluid Dynamics cannot replace the real behaviour of the thermal system being an-

alyzed. Computers, servers, supercomputers or workstations are still not capable

of emulating with enough accuracy fluid flows or chemical reactions. Turbulence

models have proven to be reliable, but only under specific conditions and ranges of

operation. The errors obtained by the CFD code are impossible to determine if a

point of comparison with reality does not exist.

• Open source tools are a cheap way of making CFD simulations. It is a common be-

lief that commercial software is more reliable and better results are obtained. As a

general rule, learning bash command line of Linux, programming in any coding lan-

guage (Python, C++, C#, pseudo-coding) results in a faster learning of the source

code in OpenFOAM. For novices and people with no experience, it is highly recom-

mended to learn the basics of coding. This will improve the user’s understanding

of internal errors in the algorithms and numerical schemes used. Not only in the

mentioned software, but also in commercial softwares, such as ANSYS Fluent.

• Throughout the simulations, buoyancy was neglected, as well as time schemes were

ignored to let only non-buoyant steady-state simulations be executed. It is clear that

buoyancy is a thermal effect that must be accounted for, as well as time derivatives.

No conclusion can be stated, since there is no information about floatability effects.

However, two important points must be remarked: the source term of gravity in the

Navier-Stokes equation may have a major impact in the results, because buoyant

currents increase air mixing, generating an homogeneous thermal environment. In

addition, these currents maintain the air in continuous movement so time derivatives

are likely to be non-zero. That is why a transient simulation should be used instead.

• Even if servers and computing cores are a common resource for industrial CFD,

the access to these kind of hardware is expensive. However, cloud computing has
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gained importance, making it possible to design CFD code and execute it remotely.

Nonetheless, the iterative essence of the design process makes necessary the access

to the plot of quantities of interest, residuals and conservation equations errors while

simulating. This task is impossible either in servers or cloud computing. Even more,

it is needed a visual inspection to ensure that the results have physical sense.

• Thermal systems can be optimized, either by heuristic methods, mathematical mod-

eling or trial and error. The optimization will depend on the objective. In a bus, the

objective is to minimize energy consumption, but a prioritization of the occupants’

comfort is crucial. Air recirculation is an excellent method for energy saving. This is

particularly important in new technological vehicles; either fossil fuel based, hybrid

or electric. The latter ones being critical in this aspect, recalling that in this kind

of vehicle the HVAC system is the most energy-consuming, according to Göhlich et

al. (2018).

• The results obtained in Section 7 should be similar to the ones in the real bus ge-

ometry in some aspects. Anyway, the oversimplification in the geometrical features

is a matter of concern. The essence of the CFD code is not lost as an overall. Even

so, air currents inbetween seats and handrails are lost due to the simplified model,

to the point that they could change the air velocities near seating locations.

• As a projection for better results, conjugate heat transfer solvers could be a reliable

alternative for developing a complete thermal model. Surface heat transfer is eval-

uated accurately, so it is possible to determine heat losses through solid elements.

By doing so, the ’adiabatic’ boundary condition assigned for floor, seats and rear

cabin of the bus can be evaluated to assess if they are safe assumptions or not.

• Radiation models must be considered in thermal simulations. They affect notice-

ably the human perception of thermal comfort according to ASHRAE-55 standards.

Nonetheless, analytical methods require to measure on the field the radiation, sur-

face temperature and solid angles for each passenger. The surface-to-surface radi-

ation model is an example for this mechanism of heat transfer that can be imple-

mented in CFD code.

• High quality CFD for thermal simulations need to use real human geometries. Hu-

man thermorregulation system is complex to model. Mostly because of its unsteady

behaviour, which depends not only on thermal variables, but also on physiological

ones. ASHRAE-55 models for thermal perception assume statistically averaged hu-

mans in healthy conditions. However, there are more innovative models, such as the

Berkeley model for human comfort. It divides the human body into sections that

might have different temperatures. The existing models use a unique temperature

representing an homogeneous body.
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In a general perspective about CFD and thermal comfort, new processor types have

been developed by the biggest brands in the world. Thus, making possible to run highly

complex simulations in personal computers. However, Moore’s law is reaching its theo-

retical limit and it does not seem that in the near future it will be possible to perform

accurate and transient simulations in a personal computer. Quantum processing and new

electric materials must be researched more deeply.

Thermal comfort is a multivariable function and human models are being improved.

Multidisciplinary teams must design human regulatory models that can be implemented

into a CFD code. The final consequence will be better understanding of the human

response under environmental conditions and, when materialized, the aftereffect will be

the creation of energy efficient and ecofriendly HVAC systems.
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9 Annexes

A1 Technical datasheet of GTT bus.
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A2 Technical description of heating and air conditioning sys-
tem.
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A3 Visual Basic code for PMV calculation

Function FNPS(T)

FNPS = Exp(16.6536 - 4030.183 / (T + 235))

End Function

Function PMV(CLO, MET, WME, TA, TR, VEL, RH, pa)

If VEL <= 0.2 Then

If pa = 0 Then pa = RH * 10 * FNPS(TA) ’

ICL = 0.155

M = MET * 58.15

W = WME * 58.15

mw = M - W

If ICL < 0.078 Then fcl = 1 + 1.29 * ICL Else fcl = 1.05 + 0.645 * ICL

hcf = 12.1 * Sqr(VEL)

taa = TA + 273

tra = TR + 273

’calculate surface temperature for clothing by iterating’

tcla = taa + (35.5 - TA) / (3.5 * (6.45 * ICL + 0.1))

’first guess temp’

p1 = ICL * fcl

p2 = p1 * 3.96

p3 = p1 * 100

p4 = p1 * taa

p5 = 308.7 - 0.028 * mw + p2 * (tra / 100) ^ 4

xn = tcla / 100

xf = xn

n = 0

eps = 0.00015

Do While n < 150

xf = (xf + xn) / 2

’heat transf. coeff. by natural convection

hcn = 2.38 * Abs(100 * xf - taa) ^ 0.25

If hcf > hcn Then hc = hcf Else hc = hcn

xn = (p5 + p4 * hc - p2 * xf ^ 4) / (100 + p3 * hc)

n = n + 1

If Abs(xn - xf) < eps Then

Exit Do

End If

Loop

TCL = 100 * xn - 273

’heat loss components

hl1 = 3.05 * 0.001 * (5733 - 6.99 * mw - pa)

If mw > 58.15 Then hl2 = 0.42 * (mw - 58.15) Else hl2 = 0!

hl3 = 1.7 * 0.00001 * M * (5867 - pa)

hl4 = 0.0014 * M * (34 - TA)

hl5 = 3.96 * fcl * (xn ^ 4 - (tra / 100) ^ 4)

hl6 = fcl * hc * (TCL - TA)

’PMV and PPD

ts = 0.303 * Exp(-0.036 * M) + 0.028

’PMV

PMV = ts * (mw - hl1 - hl2 - hl3 - hl4 - hl5 - hl6)

Else

PATM = 101.325

vstill = 0.1

coolingEffect = coolEffect(TA, TR, VEL, RH, MET, CLO, WME, PATM)

PMV = PMV(CLO, MET, WME, TA - coolingEffect, TR - coolingEffect, vstill, RH, pa)

End If

End Function

Function PPD(PMV)

PPD = 100 - 95 * Exp(-0.03353 * PMV ^ 4 - 0.2179 * PMV ^ 2)

End Function
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