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Abstract

According to statistics, people will spend 80% of their lives indoors. With the
development of air conditioning technology, research into the indoor air environment
has shifted from comfort to healthy air conditioning. Effective ventilation and
reasonable airflow organization are important for improving indoor air quality.
Humidity is an important parameter for evaluating indoor air quality, not only
affecting the thermal comfort of humans, but also seriously limiting the performance
of buildings.

The main methods used to study the indoor environment from a ventilation and air
conditioning perspective are model experiments and computational fluid dynamics
methods. CFD is increasingly favored for its unique advantages of low cost, speed,
complete information and the ability to simulate a variety of different operating
conditions. Airpak is a CFD system analysis software that simulates the temperature,
humidity, velocity, air mean age, pollutant concentration, PMV and PPD fields of a
room under different airflow organization of the air conditioning system to make a
comprehensive evaluation of the airflow organization, thermal comfort and indoor air
quality (IAQ).

This paper uses CFD technology and the Airpak software to numerically simulate
the indoor microclimate environment. On the basis of the simulation results, the
thermal comfort indexes of the human body are compared and evaluated.

In order to test the feasible of CFD method, the simulation result was analyzed and
checked by experiment data, and the results are validated by actual experiment. It is
hoped that the research results can control of the decision-making of indoor
temperature and humidity distribution.

After induction, in chapter 2 this paper analyses the factors affecting indoor
humidity distribution from a mathematical theoretical point of view, describes the
principles and methods of calculation based on the CFD method and on this basis,
determines the feasibility of the technique for indoor air temperature and humidity
simulation. CFD simulations of indoor temperature and humidity in the laboratory
were carried out and field measurements were taken. The simulation results were
compared with the experimental measurements. The results show that the CFD
simulation results are in good agreement with the actual test results. The calculation
of indoor air ambient temperature and humidity is feasible and accurate.

In Chapter 3, a simple physical model was developed to study the influence of
different ventilation methods on the humidity distribution and condensation formation
conditions in the room. The simulation results show that the ventilation method has a
significant influence on the condensation time, the amount of condensation and the
distribution pattern of condensation on the indoor wall surfaces. The best way to
control indoor air humidity is to use the bottom-in, top-out method with supply and
return air outlets on both sides of the room, which can significantly reduce the
occurrence of condensation. The analysis of the indoor air mean age also



demonstrates the higher indoor air quality with the bottom air supply method.

Based on the simulation results in Chapter 4, a small bachelor flat was used to
study the effect of the placement and height of the humidifier and the arrangement of
the room supply and return air outlets on the indoor humidity distribution in winter.
And it was obtained that by placing the humidifier at a height of 0.5 m, the average
humidity in the room was higher than if it was placed on the floor. Placing the
humidifier at the entrance of the room did not significantly improve the overall
humidity in the room. It is also important to avoid placing humidifiers near windows
to avoid condensation.

Currently, the common central air conditioning systems used in offices are all-air
primary return air system and VRV multi-connector plus fresh air air-conditioning
system. In chapter 5 ,Airpak-based VRV plus fresh air air-conditioning system model
and primary return all air air-conditioning system model were established to simulate
the temperature field and velocity field distribution of indoor airflow under the two
working conditions in winter, and PMV-PPD and air age indexes were used to
evaluate the thermal comfort of indoor personnel and air quality. The results show that
the air velocity in the working area of the two solutions can meet the requirements of
comfort air-conditioning, personnel do not have obvious blowing sensation, primary
return air air-conditioning system compared with VRV plus fresh air air-conditioning
system: airflow disturbance is smaller, temperature fluctuation in the breathing area of
personnel is smaller, fresh air can be delivered in time, and indoor air quality is better.



CHAPTER 1
INTRODUCTION



1. Introduction

1.1. Background

Building energy consumption and indoor air quality are two important issues concerned in the
field of built environment. With the increasing degree of global industrialization and the
continuous improvement of people's living standards, more and more attention has been paid to
indoor thermal comfort.

While the national economy is improving, it also brings tremendous pressure on the
environment. The pollution of water environment and the deterioration of atmospheric
environment, these practical environmental problems have brought great pressure to sustainable
development, but also brought many problems to people’s living environment. Indoor environment
is an important place closely related to People's Daily work and life. According to statistics,
people's life will be about eighty percent of the time spent indoors, the stand or fall of indoor air
environment and people's health has a close relationship and directly, the quality of air
environment not only affects people's psychology and behavior, the more influence on people's
physical and health, because indoor air environment quality problems caused by the human body
discomfort or even disease have become common, so indoor air quality is about the safety of the
people, healthy and comfortable (Fanger,2004). And according to the World Health Organization
(WHO) and scholars around the World. Nearly two hundred and thirty years to the indoor air
quality problem is increasingly serious in many countries, life and work for a long time in bad
people show more and more serious in the indoor environment of pathological reaction, this issue
has caused wide attention of experts and scholars, and put forward the sick building soon (sick
building) and sick building syndrome (SBS, sick building syndrome) and BRI (building related
illness). According to the definition of the World Health Organization (WHO) in 1983, sick
building syndrome is a condition caused by the use of buildings, including redness of the eyes,
runny nose, sore throat, headache, dizziness, nausea and itchy skin (World Health Organization,
1983; World Health Organization, 1989; Meininghaus et al., 1999; Wang et al., 1998). Experts
analyzed that most of these symptoms are caused by the high concentration of volatile organic
compounds (VOCSs) in the indoor air environment. In order to realize the building ecology, it is
necessary to provide people with a safe, healthy and comfortable indoor air environment with high
efficiency. For this reason, the spatial distribution characteristics of VOCs concentration in indoor
air environment have become an important topic in modern indoor environment research.

Healthy and moist skin should be the state that water is locked by corneous layer on the surface
of the skin. The importance of the skin is the interface for the body and the external environment,
and is the first line of defense foreign influence, such as the skin in protecting the body from
pathogens. And to avoid excessive water loss has important role. Skin has epidermis, dermis and
subcutaneous tissue three-layer structure and sweat glands, sebaceous glands and hair accessory
organs. The surface of the skin cutin layer with a layer of the skin the sebaceous glands secretion
of sebum, cutin cell lipid and out of the sweat glands secretion of sweat and dust in the air,
bacteria, germs, and so on, formed by the fusion of a layer of film is called sebum membrane.
Sebum membrane is the most important of a layer of skin moisture, effectively locks in moisture,



prevent skin moisture to evaporate transition, and can prevent external moisture and some material
penetration in great quantities, as a result, the skin's moisture content to keep normal state. Stay in
dry and cold climate in winter, because of the sweat and sebum secretion reduced, often in a state
of incomplete cortex membrane, moisture to evaporate from the gap. So for a long time in a dry
environment, the surface of the skin cut in layer will be because of the dry desquamation, and
cracks. The amount of sebum coming discharged from the sebaceous glands is regulated by
hormones. Most people know the effect of indoor room temperature condition on the health, but
the indoor humidity conditions are not being taken seriously. However, the great influence of
humidity cannot be ignored. Humidity is the amount of water vapor in the air. Water vapor is the
gaseous state of water and is invisible. Absolute humidity is the total mass of water vapor present
in a given volume of air. It does not take temperature into consideration. Absolute humidity in the
atmosphere ranges from near zero to roughly 30 grams per cubic meter when the air is saturated at
30 °C. The absolute humidity changes as air temperature or pressure changes. The relative
humidity of an air-water mixture is defined as the ratio of the partial pressure of water vapor in the
mixture to the equilibrium vapor pressure of water at a given temperature.
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The optimum relative humidity for the human body is 40 to 60 percent(Figl-1). When the
indoor humidity less than 40 percent, throat and mucous membranes inside the nasal cavity will
become dry, it will cause the inflammation. This will not only make people feel uncomfortable,
and may lead to human immunity of bacteria and viruses decreased. Further, ASHER Canadian
study shows that at 40-60% relative humidity, the growth of bacteria, fungi, viruses and



microorganisms is inhibited Not only that, respiratory disease and allergic rhinitis, also symptoms
such as asthma, it has been found the most unlikely thing at the time of the relative humidity of 40
- 60%. A direct impact on the body is air-dried for dry skin. When the skin is dry, the skin allergy
symptoms become worse.

At present, New Coronary Pneumonia -19 erupts in the world, and indoor environment has
become the focus of everyone's attention. The ability of the virus to survive in the air depends on
environmental conditions, especially ambient temperature and relative humidity are the most
important parameters. A series of studies have shown that the dry environment seems to create an
excellent environment for the growth and spread of influenza viruses. It is imperative to study the
indoor humidity distribution Meteorological parameters are the important factors
influencing the infectious diseases such as severe acute respiratory syndrome (SARS)
and influenza.

In December 2019, a novel coronavirus disease (COVID-19) epidemic was reported in Wuhan,
China, which is caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
(Gorbalenya, 2020; Wu et al., 2020). The COVID-19 has been affirmed to have human-to-human
transmissibility (C. Wang et al., 2020; M. Wang et al., 2020), which raised high attention not only
in China but internationally. The World Health Organization (WHO) reported that there are
118,319 confirmed cases and 4292 deaths globally until March 11, 2020 (WHO, 2020a), and
evaluated as global pandemic on the same day (WHO, 2020b).

In retrospect studies, the outbreak of severe acute respiratory syndrome (SARS) in Guangdong
in 2003 gradually faded with the warming weather coming, and was basically ended until July
(Wallis and Nerlich, 2005). It has been documented that the temperature and its variations might
have affected the SARS outbreak (Tan, 2005). A study in Korea found that the risk of influenza
incidence was significantly increased with low daily temperature and low relative humidity, a
positive significant association was observed for diurnal temperature range (DTR) (Park et al.,
2019). Moreover, temperature (Pinheiro et al., 2014) and DTR (Luo et al., 2013) have been linked
to the death from respiratory diseases. A study demonstrated that absolute humidity had significant
correlations with influenza viral survival and transmission rates (Metz and Finn, 2015). Few
studies reported that the COVID-19 was related to the meteorological factors, which decreased
with the temperature increasing (Oliveiros et al., 2020; C. Wang et al., 2020; M. Wang et al.,
2020), but their effects on the mortality have not been reported.
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Temporal pattern of COVID-19 daily mortality and meteorological factor levels in Wuhan, China, from 20
January to 29 February 2020. COVID-19, Corona Virus Disease 2019; Tem, temperature; DTR, diurnal

temperature range; RH, relative humidity; AH, absolute humidity.

Figure 1-2 COVID-19 and Humidity
* ( Effects of temperature variation and humidity on the death of COVID-19 in Wuhan, China
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According to research background, indoor environment is an important place that closely
related people's daily work and life. Humidity is an important indicator of indoor air parameters.
And Japan is accelerating into an aging society. More and more elderly start using welfare
facilities. In winter time, heater is used frequently. The influence of ventilation and humidify can
not be ignored. If the winter indoor air is too dry, it will be a great influence to the health of living,
especially for the elderly. In order to improve the quality of life in the elderly, the improvement of
the living environment is indispensable. Most of the elderly can know the indoor temperature
regime through thermometer, but they always ignore the indoor humidity regime. The elderly are
insufficient understanding of the importance of the indoor humidity. In addition, Indoor humidity
conditions are strongly associated with the survival rate of virus. So the humidity control is
particularly important.

We also found that when using the humidifier there are some parts still dry in the room. Indoor
humidity distribution is not uniform, when using humidifier. So the humidifier reasonable
placement and effective humidification range need to be researched.

In addition, the room walls, roofs and ground condensation are also a serious problem. Wall
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condensation is due to the moisture content of the air near the wall is greater than the wall
temperature of the saturated moisture content. Wall condensation will cause structural corrosion,
moldy mold, indoor air quality decline and other problem.

Due to the use of lumped parameters of the method can not solve the non-uniform environment
such as condensation. Combined with the existing research results, the study of indoor water
vapor transmission and air humidity distribution has become the key to solve humidity problems.

Therefore, how to create a building indoor environment that is healthy, comfortable, and safe
without causing a significant increase in operating energy consumption is an important strategic
issue that China must face and solve, as well as the world's HVAC field. Major technical issues.
The composition of HVAC system mainly includes three parts: cold and heat source, transmission
and distribution system, end mode and equipment. The research on cold and heat sources and
transmission and distribution systems is relatively mature, and with the in-depth application of
various new and improved cold and heat source forms and optimized transmission and distribution
methods in practical engineering, the energy saving potential of cold and heat sources and
transmission and distribution systems is continuously Excavation has now tended to improve. The
end form (including the airflow organization and equipment form) not only directly determines the
final indoor air environment, but also plays an important role in the creation of the indoor air
environment. Compared with the cold and heat sources and transmission and distribution systems,
the end of the indoor environment has Greater energy saving potential. The direct function of the
end of the indoor environment is to produce environmental parameters such as temperature,
humidity, and pollutant concentration that meet the needs. The safe, comfortable, and energy-
saving indoor air environment is also determined by these parameters. Traditional building
ventilation and air conditioning description of indoor temperature, humidity, pollutant
concentration and other parameters usually uniforms the indoor environment and uses a lumped
parameter approach (Annex, 1997). But for the actual ventilation, such as replacement air supply
(Mundt, 1996; Chen et al, 2003), personalized air supply (Cermaket al, 2002; Melikov et al, 2002),
and even mixed air supply (Heiselberg, 1996) The parameters of the ventilated room are uneven.
With the deepening understanding of energy saving, in order to meet the human body's demand
for air quality, it is not energy efficient and inefficient to ventilate indoors as uniform parameters
(Fanger, 2001; Sun et al, 2008). Control has also become a trend to create an efficient and energy-
saving indoor air environment (Cai et al, 2008), which plays a very important role in saving
energy and improving system efficiency of ventilation and air conditioning systems.

The above background shows that reducing energy consumption and improving air quality are
two key issues that need to be solved in the field of HVAC, and the importance of creating an
indoor environment at this stage is particularly prominent. Therefore, how to create an indoor air
environment that meets the needs and consumes less energy according to process requirements or
human needs is the most important issue in the creation of indoor air environments. Since the
traditional HVAC is mainly dedicated to creating a uniform indoor air environment, it is not only
difficult to improve the ventilation efficiency and air quality, but also usually consumes more
energy. If we can make a breakthrough in the theory of creating a non-uniform indoor air
environment, it will definitely greatly promote the development of building energy conservation
undertakings throughout the world. At the same time, it can be better applied to improving indoor



air quality and other directions, and comprehensively promote HVAC Improvement of technology.
Therefore, studying the creation method of non-uniform indoor air environment has not only
important academic significance, but also very important application value.

1.2. Research fields and methods of indoor air environment

At present, there are four research methods for HVAC project: jet formula, Zonal model, CFD
and model experiment.
(1) jet formula method

The jet formula method is based on the empirical formula to predict the specific form of airflow
organization. Since the 1940s, many researchers have experimented and studied the jet
characteristics of the ventilator in a ventilated room. And in the early fifties the establishment of a
series of jet formula for indoor air distribution prediction, as the economy, a simple method of
indoor air distribution prediction.

(2) regional model method (zonal model)

The 1970 Zonal Model method was proposed, and applied to the natural ventilation of the
ventilation, temperature distribution and other aspects of the forecast calculation. The basic idea of
the regional model method is to divide the room into a limited number of macroscopic regions,
and uniformize the temperature and concentration of each region. There is a heat mass exchange
between regions, applying the mass and energy conservation equations over the entire
computational area, combining the coupling between regional flow and pressure, so as to study the
temperature distribution and flow in the room. In recent years, some scholars have used this
method to improve the air and particle deposition of single chamber and multi-chamber by zonal
model method and CFD method.

(3) model experimental method

In the study of the model of natural ventilation, according to the principle of similarity, the wind
pressure coefficient can be determined by studying the pressure distribution and velocity
distribution of the surface of the model building under the natural ventilation condition. The wind
pressure distribution at the exit of the building was measured by the wind tunnel model, and the
air flow in the room was simulated by CFD according to the measured wind pressure coefficient
as the boundary condition. In the model building with equal proportion or reduced proportion The
measurement of indoor air distribution is made by means of measurement. Compared with the
empirical theory analysis method, the model experiment method is more reliable, but the time and
money are more costly. In the series of research on a problem, it may be necessary to adjust the
model condition repeatedly, and analyze the sensitivity of the parameter The model experiment
has been limited.

(4) CFD method

CFD is short for Computational Fluid Dynamics, a method that USES computer technology to
solve Fluid Dynamics problems. Analysis of systems containing physical phenomena such as fluid
flow and heat conduction through computer numerical calculations and image reality. To put it
simply, it is the technique of using computer to solve various conservation control partial
differential equations of fluid flow. And its basic principle is to put the original in time domain and
space domain quantities of the straight, such as velocity field and pressure field, with a series of a
finite number of discrete point set instead of a variable's value, and through certain principles and
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methods to establish the relationship of these discrete points out variable algebra equations, and
then to solve the algebraic equations for variable approximation. Computational fluid dynamics
(CFD) is the product of the combination of modern fluid mechanics, numerical calculation
methods and computer graphics. It is a frontier science with strong vitality. Its basic characteristics
are numerical simulation and computer experiments. Starting from the basic laws of physics, it
USES electronic computer as a tool and applies various discrete mathematical methods to carry
out numerical simulation, computer experiment and analysis of various problems in convection
physics, so as to solve various practical problems. To a large extent, it has replaced the expensive
fluid dynamics experiment equipment, which has made a great impact in scientific research and
engineering technology. CFD can be considered as a modern simulation technology. CFD is one
of the most concerned research fields in the world at present. It is the core and important
technology for the research of "three transfer" (heat transfer, mass transfer, momentum transfer),
combustion, multiphase flow and chemical reaction. It is widely used in many engineering fields
such as thermal power, aerospace, machinery, civil water conservancy, hvac and refrigeration
industry. The study of indoor air environment is one of the important fields of CFD application.
Computers were developed to solve numerical calculation problems, while CFD was developed
with the advancement of computer technology and numerical calculation methods. In 1933,
British scientist Thom first used a hand computer to complete the numerical calculation of an
externally swept cylinder flow. CFD was generated, but the application of computers and
numerical methods to solve the flow and heat transfer problems gradually became large-scale and
produced beneficial results around the world, roughly beginning in the 1960s. The development of
CFD can be roughly divided into three stages: the first stage is 1965-1974, and the initial stage is
mainly to solve the basic theory of computational fluid dynamics and the reliability analysis of
numerical calculation; The second stage is from 1975 to 1984. In order to enter the industrial
application stage, the feasibility of practical engineering application is mainly solved. The third
stage is from 1985 to now, which has entered a period of rapid development. The practical
application value of CFD has been further recognized, and the application of CFD has become
increasingly widespread. CFD has developed rapidly since the 1960s. Nowadays, theoretical
research, experimental analysis and numerical simulation have become three basic methods to
study the law of fluid motion, and fluid research is divided into three interrelated fields. Especially
in the last ten years, the application of CFD in practical engineering has made greater
development. Almost all the problems involving fluid movement, heat exchange, molecular
transport and other phenomena can be analyzed and simulated by means of computational fluid
dynamics. CFD numerical simulation has been widely used in aerospace, dynamic engineering,
mechanics, physics, chemistry, architecture, water conservancy, ocean, atmosphere, environment
and other scientific research and engineering fields. Typical applications and related engineering
problems are:

1. Fluid flow in hydraulic machinery such as turbines, fans and pumps;

2. Design of aircraft, space shuttle and other aircraft;

3. Influence of automobile streamline shape on performance;

4. Calculation of flood and estuary tidal current;

5. Influence of wind load on stability and structural performance of high-rise buildings;



6. Room temperature and indoor air flow and environmental analysis;
7. Cooling of electronic components;
8. Performance analysis of heat exchanger and selection of heat exchanger sheet shape;
9. Diffusion of pollutants in rivers;
10. Pollution of street environment by automobile exhaust;
11. Migration of bacteria in food.
Table 1-1 The compare of research methods for HVAC project

Project Method
jet formula zonal model CFD model
experiment
Room shape Simple Complex Unlimited Unlimited
Dependency of Complete Very A little None
experimental
paramemter
Cost Lowest Lower Expensive Most expensive
Period Shortest Short Long Longest
Completeness of result Simple Simple Most detailed Detailed
Reliability Bad Bad Good Excellent
Applicability Mechanical Mechanical and natural Mechanical and Mechanical and
ventilation about jet | ventilation under controllod | natural ventilation | natural ventilation
condition

CFD is an acronym for English Computational Fluid Dynamics. It is with the computer
technology and numerical computing technology development and gradually developed. As early
as 1933, the British Thom for the first time using a hand-cranked computer to successfully solve
the two-dimensional viscous fluid partial differential equation, CFD was born. In short, CFD is
equivalent to "virtual" in the computer to do experiments to simulate the actual simulation of fluid
flow. The basic principle is to numerically solve the differential equation which controls the flow
of fluid, and obtain the discrete distribution of the flow field of the fluid flow in the continuous
region, which is similar to the simulation of the fluid flow, which is a kind of modern simulation

CFD has been developing rapidly in the last 30 years, in addition to the development of the
computer hardware industry to provide a solid material basis, but also because the CFD method
has the advantages of low cost and can simulate more complex or ideal process.

CFD is one of the most important research fields in the world. It is the core and important
technology of heat transfer, mass transfer, momentum transfer and combustion, multiphase flow
and chemical reaction. It is widely used in thermal energy, aerospace, Civil engineering,
environmental chemical and many other engineering fields. HVAC refrigeration industry is one of
the important areas of CFD technology applications.

In 1974, Nielsen first applied CFD technology to the field of HVAC engineering, numerical
simulation of the air flow in the ventilation room. And after a short period of more than 30 years,
CFD technology in HVAC engineering research and application has been widely promoted. Today,
CFD technology has become a powerful HVAC engineers and architects to analyze and solve the
problem of a powerful tool.

CFD is the technique of using computer to solve various kinds of conservation control partial



differential equations of fluid flow, which involves hydrodynamics (especially turbulence
mechanics), calculation method and even computer graphics processing technology. CFD
technology will vary depending on the problem, such as the subsonic flow of compressible gases,
low velocity flow of incompressible gases, and so on. For the flow of air conditioning in the field
of flow problems, mostly low-speed flow, flow rate below 10m / s ; fluid temperature or density
change is not, it can be seen as incompressible flow, do not have to consider the high flow of
compressible fluid Wave and other complex phenomena.

Computational fluid dynamics is a new branch of numerical simulation and analysis of
hydrodynamic problems using computer and discretized numerical methods. Although the history
of computational fluid dynamics is not long, it has been extensively penetrated into various fields
of fluid mechanics and quite a number of applications, and is still developing rapidly.

The CFD technology applied to HVAC projects has also been deepened and developed, and has
been widely used in the following three types of HVAC projects:
1. Ventilation air conditioning airflow organization design

Ventilation and air conditioning space of the air flow form directly affect the ventilation and air
conditioning effect, with CFD can predict the air distribution within the space, and then guide the
air organization design. At the same time, it is also possible to simulate the temperature field,
velocity field, humidity field and air quality in the ventilation and air conditioning space.
2. Outside the building environment analysis and design

The environment outside the building has an important influence on the life of the occupants in
the building. The so-called secondary air and the thermal environment of the building are
becoming more and more concerned. CFD can be used to simulate the external environment of the
building, so as to design a reasonable building wind environment. Moreover, by simulating the
wind and wind conditions outside the building, it can further guide the overall summer heat and
winter insulation design, and even improve the natural ventilation within the building.

3. Research and improvement of construction equipment performance

HVAC works of many ancillary equipment, such as fans, processing units, air conditioning
system, end devices, etc., are through the flow of fluid and the operation of the flow, so the flow
of equipment performance has an important impact. Therefore, in order to improve the
performance of the equipment, CFD simulation can be used to simulate the flow of its internal
working fluid, and then improve it, to reduce building energy consumption and save operating
costs. CFD is an analog simulation technology, in the field of HVAC engineering applications is
mainly simulated space within the air or other fluid medium flow. The computational fluid
dynamics method starts from the microscopic, divides the room into a large number of grids,
introduces the governing equations of fluid mechanics, and discards the equations onto each grid.
The finite difference method or the finite volume method, combined with the appropriate
boundary conditions Solution, you can get the relevant physical quantities of each grid, such as
speed, pressure and pollutant concentration. CFD method has the characteristics of high precision
and strong applicability, and it can be widely used in the study of indoor air environment. Due to
the diversity and complexity of the contents of indoor air environment research, in the process of
research, planning and design of building ventilation and air conditioning, only by means of
model experiment method and theoretical analysis (empirical and semi empirical) method to meet



and reach the building The indoor air environment control requirements are difficult to achieve.
The computational fluid dynamics (CFD) method, by virtue of its condition, has the advantages of
arbitrariness and good reproducibility of the results, and gradually replaces the time-consuming,
cost-effective model design and the traditional jet analysis method. In the design and research of
ventilation and air conditioning More and more important role, researchers have also been in the
indoor air environment research and engineering applications more and more use. The CFD
method has become an important research tool for indoor air environment prediction analysis and
testing of indoor air environment. On the other hand, CFD has the advantages of low cost, fast
speed, complete data and can simulate various unique conditions, so it is gradually favored by
people. Although CFD methods still have reliability and computability of practical problems,
these problems have been developed and solved step by step. Therefore, the CFD method can be
applied to the simulation and prediction of indoor air environment.

On the other hand, CFD has the advantages of low cost, fast speed, complete data and can
simulate various unique conditions, so it is gradually favored by people. Although CFD methods
still have reliability and computability of practical problems, these problems have been solved
step by step. In order to study the indoor air distribution as an example, compared with other
research methods, CFD method can quickly, accurately and low cost to get the room speed,
temperature, humidity and harmful substances such as the physical distribution of the detailed
distribution of the CFD method.

This paper using the CFD technique simulation of the humidity distribution of the laboratory.
Compared with the actual measurement results, verify the feasibility of the CFD model. And in the
CFD model to change the room air volume, exhaust volume and humidifier placement. Calculate
the different air volume, exhaust volume and change the source location conditions, carried out
the concentration and distribution of water vapor in air. Using the CFD method to study the
humidity distribution in the indoor environment, and to provide reference for use of the indoor
humidifier.
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1.3. Research progress of CFD technology in indoor air environment

In 1974, Danish scholar P.V.Niels first used computational fluid dynamics, or CFD technology,
to calculate indoor air flow. Since then, numerical simulation technology has been widely used in
the field of HVAC engineering. At the beginning, due to the limitation of the computer's
computing power, the problems that can be simulated have certain limitations. The main
simulation is the indoor air flow in the two-dimensional model, and the indoor air velocity and
temperature distribution are studied. From the late 1980s to the early 1990s, with the rapid
improvement of computer capabilities and the development of numerical methods, Marakami and
Chen and others began to use three-dimensional turbulence models to numerically simulate indoor
ventilation problems, studying indoor air flow, ventilation effects, and Simulation of temperature
and humidity coupling problems. Spitler.JD explores the movement of influent gases indoors
when there is a temperature difference between indoor and outdoor. In the mid-to-late 1990s,
researchers expanded the research object from a single indoor air flow to indoor pollutants and
began using CFD technology to predict indoor air flow For the effect of pollutant diffusion, Fan
used the k-e model combined with the wall function method to numerically simulate indoor air
flow and pollutant diffusion. Gan et al. Used the CFD calculation program VORTEX to
numerically simulate the indoor air environment and analyzed the indoor PMV index and the
distribution of pollutants. The research and application of CFD method in indoor air environment
can be classified from three aspects: mechanism, method and engineering application.

(1) The research on the mechanism of indoor air environment includes the basic rules of indoor
air velocity and temperature distribution, the effects of natural and mechanical ventilation on
indoor environment, and the distribution of indoor pollutants (including gas phase and solid
phase). In the mechanism research, the experimental method is more reliable and accurate.
The CFD method as an auxiliary research section can replace the experimental technique to
perform parameter sensitivity experiments under certain conditions,when the experimental
conditions are difficult, numerical experiments can also be performed using the CFD method.
Chen conducted sensitivity studies on different boundary conditions of the air diffuser, and
analyzed the influence of the calculated interpolation errors on the results.Awbi conducted a
mechanism numerical study on the effect of the range of the Archimedes number and the
Reynolds number on the velocity field and temperature field distribution. In the subsequent
work, due to the convective heat transfer coefficient Comfort, air flow, and thermal loads all
have an effect. Awbi uses the CM method to calculate the convective heat transfer coefficients
of the heated floor, wall, and roof.

(2) The flow scale and characteristics of indoor air flow determine that most indoor air flows are
turbulent flows. Due to the insufficient understanding of turbulence in fluid mechanics, the
applicability and simplification of turbulence models has become a focus of method research.
Chen and Xu have proposed the zero-equation turbulence model and double-layer turbulence
model for the study of indoor air environment. The new zero-equation turbulence model in the
study is used to simulate natural convection, forced convection, mixed convection and indoor
ventilation. Compared with the traditional k-e model, this model saves more computing
resources and speeds up more than 10 times. The double-layer turbulence model uses a single-
equation turbulence model in the near-wall area and the k-e model in the flow area away from
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the wall. It is in good agreement with the experimental results and saves computing resources.
In 1987, Murakami applied large eddy simulation to the simulation of turbulence in a square
cylinder. Kato et al. Conducted wind tunnel experiments and large eddy simulations on the
velocity and pressure distribution of through-ventilation, and the results show that the large
eddy simulations agree well with the experimental results. Bang and Chen performed
numerical simulations of buoyancy-driven unilateral natural ventilation using the BANS
model and catastrophe simulation, respectively, and compared with the results of wind tunnel
experiments. The results show that the large eddy simulation performs better. In the field of
mechanical ventilation, the use of large eddy simulation is relatively rare. Knowledge of the
diffusion and deposition of particulate pollutants in the room can help to rationally design the
indoor airflow organization. Zhao et al. Conducted a systematic study on the diffusion and
deposition characteristics of particulate pollutants in an indoor environment. By comparing
with measured data, they verified the performance of different Euler models and Lagrangian
models in simulations. Studies show that Lagrang The daily DRW model and slip flux model
obtained satisfactory prediction results. Li Xianting et al. Used computational fluid dynamics
method instead of tracer gas to obtain the age distribution of air in the room through
calculation. Zhao Bin et al. Used an error preprocessing method to iteratively solve the
discrete algebraic equations for indoor air flow from coarse grids to fine grids. Compared with
traditional methods, it significantly improved the convergence speed of numerical simulation.
Yang Jianrong and others proposed indicators of pollutant accessibility to describe the non-
uniformity of pollutant distribution in the new wind, and based on the actual system
connection form, established a calculation model for the concentration distribution of
pollutants in the return wind, which overcomes the traditional The inaccuracy of the lumped
parameter method and the disadvantage of requiring multiple iterations.

Applied research has always been carried out in the research work of indoor air environment.
The CFD method is widely used in the study of the working efficiency of ventilation mode
and the air environment assessment of buildings. Li Xianting and Sun Shufeng respectively
studied the performance of the chair back air supply scheme and the dynamic air supply end
device. It was found in the research that the positions of the air outlet and the air outlet can be
adjusted to obtain better ventilation effect and environmental comfort, and it is more ideal to
position the air supply device away from the human body area. The effects of the shape,
position, air supply parameters, and placement of indoor furniture on the air environment in
the workplace were compared through experiments and numerical simulations.

Based on the coupling characteristics of various influencing factors in the indoor air
environment, when conducting a systematic study of the air environment, researchers need to
couple the CFD method with other methods. Kim et al. Coupled the CFD method with radiant
heat conduction processes and HVAC systems, and studied the indoor thermal environment.
From the perspective of indoor organic pollutants, Yang et al. Constructed a numerical model
combining indoor air flow with the throughput effect of VOCs.
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1.4. Literature review

The air pollutant concentration, temperature, and humidity parameters in the indoor air
environment are important parameters for the creation of the indoor air environment. The
construction of the indoor environment includes design and operation. The key of the design link
is how to accurately predict the indoor environment parameters; in the operation link, the key is
how to control the indoor parameters to meet the design requirements of the indoor environment.
For the design stage, it is necessary to have a deep understanding of the distribution law of indoor
air parameters in order to grasp the law, so as to accurately describe and design prediction; In the
operation stage, by optimizing the control method of the non-uniform environment, fast
Efficiently and energy-efficiently control different environmental parameters at different locations
indoors, thereby creating a reasonable indoor non-uniform environment.

This section will introduce the description and prediction methods of indoor non-uniform
environment, and control methods of indoor non-uniform environment parameters. Because the
numerical simulation method has the characteristics of short cycle, low cost, and can be performed
in advance, this method has been greatly developed recently. At present, CFD technology has
begun to be researched and applied in many industries and fields, mainly in the following aspects:
(1) Optimization and prediction of ventilation and air-conditioning design schemes, such as the
numerical prediction (simulation) of air-conditioning design schemes of Changsha World Window
Center Theater (Grand Theater), air space organization in high and large spaces, and replacement
ventilation numerical simulation of the methods, numerical simulation of airflow distribution in
clean rooms, etc .; (2) CFD analysis of heat and mass transfer equipment, such as CFD analysis of
various heat exchangers and cooling towers; (3) CFD analysis of jet technology, such as air
conditioning air supply. CFD analysis of cold storage rooms and refrigeration equipment; (5) CFD
analysis of fluid machinery and fluid components, such as pumps, fans and other rotating
machinery, CFD analysis of various valves; (6) Air quality and thermal environment of the
building Evaluation and prediction of CFD methods; (7)CFD analysis of building fire smoke flow
and smoke prevention and exhaust system; (8)CFD analysis of boiler combustion (oil, gas, coal)
rules; CFD analysis of exhaust hoods, CFD analysis of electrostatic precipitator, cyclone dust
collector, and gravity-settling indoor air-particle separation process; CFD of the interaction
between urban wind (or micro-climate of the building district) and the quality of buildings and
indoor air analysis. For the simulation of indoor air pollutant concentration distribution, foreign
countries are in a leading position in this respect. Many large and excellent CFD softwares have
been developed by foreign universities and research institutions. For example, in the United States,
they used CFD to study the indoor distribution of indoor organic pollutants, that is, the numerical
simulation of VOCs emissions. Research results in this area are also relatively rich. For example,
the article Effect of ventilation pattern on room air and pollutant distribution published by Kee-
Chiang Chung et al. In 2001 focused on the distribution of indoor pollutants.

In China, some software that can solve practical problems was also developed during the period,
but in terms of simulation calculation of indoor humidity concentration distribution, applications
are still lacking. At present, domestic indoor humidity is still mainly obtained by the previous
actual point measurement method to obtain its distribution, but this method can only get some
distribution results roughly, and can not obtain detailed distribution.
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1.5. Description and prediction method of indoor temperature, humidity and

pollutant concentration

The description and prediction methods of indoor non-uniform environmental parameters are
usually divided into three types: theoretical calculation, model test and numerical simulation.

The traditional indoor air environment is usually predicted by jet theory calculations and model
tests. The jet theoretical calculation has the advantages of quick and easy calculation and intuitive
qualitative analysis, but most of them are only applicable to simple rooms and simple airflow
patterns, and the scope of application is limited. When complex room shapes or more complex
airflow organizations are encountered, the calculation is accurate Poor sex. Compared with
theoretical calculations, model tests have the advantages of wide applicability and high reliability
of results. With the development of computer imaging technology, in recent years, PIV, VPTV and
other technologies have been applied to the analysis of indoor air flow experiments (Sun et al,
2007). In terms of model test research of indoor air parameters, some domestic and foreign
scholars have also carried out corresponding research work, such as:

Cloth to calculate relevant evaluation indicators, such as air age and ventilation efficiency
(Sandberg, 1981; Sandberg et al1983); and to study indoor pollutant transmission laws and
describe distribution parameters of pollutants through model tests (Yang Jianrong, 2004; Cai Hao
2006; Chen Yan 2007). The model test can describe and analyze the real indoor environment. The
data obtained is true and reliable, but the data obtained by the test method can only be values at
some discrete points. There is a lack of understanding of the air parameter field distribution in the
entire study area, so there is The result is insufficient information (Zhao Bin et al., 2001).
Moreover, the test method is difficult to adapt to large spaces and complex systems when
measuring dynamic processes. This is because the above systems have more disturbances and the
dynamic processes are relatively long (Sandberg, 2007). In addition, there are disadvantages of
long test cycle and high cost.

Since the late 20th century, with the development of computer technology, more and more
scholars have begun to use computational fluid dynamics (CFD) numerical simulation methods to
predict indoor air flow and distribution parameters such as temperature and pollutants , 1988;
Nielsen, 1989; Jones et al, 1992; Braconnier et al, 2007), etc. Compared with theoretical
calculations and model test methods, the numerical calculation method is low in cost, fast in cycle,
good in visibility of calculation results, data Information-rich, indoor air loop

Forecasting of the environment has become a trend. In recent years, with the gradual deepening
of related research, the simulation of CFD technology for indoor air environment has become
more and more perfect (Zhai et al, 2007). However, when CFD numerical simulation encounters
complex working conditions or a large number of calculations, especially when it is necessary to
quickly obtain prediction results, there are still shortcomings of long calculation time. These
shortcomings are rapid comparison of design solutions and optimization of indoor parameter
control strategies It is particularly prominent when waiting for actual engineering problems.

In view of the shortcomings of the above prediction methods, some scholars have proposed
many improved calculation methods. Such as region model method (Megri et al, 2007), dynamic
region model method (Peng et al,1998), and FFD methods (Zuo et al, 2009). The area model can
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be used to quickly solve temperature, humidity, pollutant concentration, and other indicators that
characterize the building characteristics, such as ventilation efficiency, energy consumption,
pollutant transmission, and smoke diffusion. Be applicable. The FFD method is much faster than
the traditional CFD method, but for complex spaces that require more computational grids, the
advantages of the FFD method are not obvious. In addition, in order to improve the calculation
efficiency and accuracy, some scholars have proposed a joint solution method for the distribution
of multiple indoor air parameters (temperature, humidity, and pollutant concentration) based on
CFD and boundary heat and mass transfer models (Wang et al, 2007; Samuel et al, 2006; Zhai et
al, 2002). The above method solves the problems of multi-parameters and the coupling of heat
transfer and flow, but it has the disadvantages of large amount of calculation and long calculation
period. By adopting the various methods described above, the distribution of parameters such as
indoor air speed, temperature, humidity, and pollutant concentration can be directly obtained, each
of which has its advantages in form. However, its common disadvantage is that it cannot describe
the degree of influence of various boundaries (such as air supply, source, etc.) on indoor
environmental parameters, and it cannot reveal the distribution law of indoor environmental
parameters. Therefore, when solving practical problems, it is usually only possible to use The
traversal method is used to analyze a large number of working conditions.

In order to describe the distribution law of indoor air parameters in a non-uniform environment,
some scholars have used the evaluation index method to conduct theoretical research on pollutant
concentration, temperature, and humidity distribution characteristics under fixed flow field
conditions. In terms of pollutant concentration, Murakami et al. Proposed a series of SVE
indicators describing the diffusion characteristics and ventilation effectiveness of indoor pollutants
under steady-state conditions (Murakami, 1992; Kato et al, 1994), and in addition, describing
pollutant exclusion Efficient sewage or ventilation efficiency (Sandberg, 1983), dimensionless
concentration describing the contribution of spatial concentration distribution (Tu Guangbei et al.,
2002), spatial flow influencing factors describing the danger or immunity of flow field pollution
(zZhang Yinping, 2006) And other indicators. In terms of temperature and humidity, Kato et al.
Proposed a series of CRI indicators (Kato et al, 1994) on the relative magnitude of the intensity
and range of the influence of heat sources under a defined airflow organization form (Kato et al,
1994). CRI indicators can be used to quantitatively measure the role of space in heat sources. Heat
distribution and temperature change at a certain point in space. Huang et al. Proposed a CRI (H)
indicator that describes the water vapor distribution law under the action of an internal moisture
source under a fixed flow field condition based on the CRI concept (Huang et al, 2011). In
addition, for the comprehensive evaluation index of indoor hot and humid environment, the
International Standards Organization (ISO) published PMV and PPD indicators (ISO 7730, 1994).
This indicator was proposed by Professor Fanger. It combines factors such as activities that affect
human thermal sensation, clothing, air temperature, humidity, wind speed, and average radiant
temperature. It has a high application value in evaluating the thermal comfort of indoor spaces
(Olesen et al, 2002). Later, some scholars further improved this index, and proposed an IPMV
index combined with the distribution density of people to evaluate the satisfaction of the hot and
humid environment. Degrees (Meng Binbin, 2004).

The above indicators are not only used to evaluate the distribution of the temperature field,
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humidity field, and concentration field of the indoor air environment, but also used to determine
the amount of fresh air and evaluate the air flow organization, which helps to obtain an overall
evaluation of the performance of the ventilation and air conditioning system. However, the
premise of the application of the above indicators is that the indoor concentration field,
temperature field, and humidity field are all stable. In fact, compared with the stability of the air
velocity field, the concentration, humidity, and temperature require longer propagation and
transmission. Time can reach a steady state distribution in the air, so this requirement is far from
the truth. Therefore, the above indexes are not suitable for the prediction and evaluation of the
transient distribution of the above air parameters. In order to describe the dynamic process of
transient indoor air parameters, some scholars have begun to study the propagation law of indoor
pollutants. Li et al. proposed a series of accessibility indicators that reflect the propagation of
passive gas pollutants under a fixed flow field, including supply air access and pollution source
accessibility (Li et al, 2004).

The dynamic propagation process of pollutants under non-steady conditions has laid the
foundation; Yang et al. Established a pollutant transmission relationship under the conditions that
the initial concentration of indoor pollutants is evenly distributed and the walls are extinct, making
the environmental estimation fast and easy. (Yang et al, 2004; Yang Jianrong, 2004). After that, Li
et al. Considered the initial concentration distribution and wall boundary conditions that affect the
dynamic propagation of pollutants, proposed the concepts of initial condition accessibility and
boundary condition accessibility, and then gave the non-amorphous boundaries and constant
boundary conditions. Relational expressions of pollutant propagation in a ventilated room at any
initial condition (Li et al, 2008). The availability of a series of indicators laid the foundation for
understanding the dynamic propagation of pollutants under unsteady conditions, and established a
complete distribution and propagation relationship of the indoor mean concentration of pollutants
under steady flow conditions and constant boundary conditions Formula, revealing the influence
of various boundary conditions on the time-average of indoor pollutant concentration distribution,
that is, the relationship can be used to quickly and easily solve the time-average of pollutant
concentration at any indoor point, avoiding multiple iterations of traditional CFD The problem. In
order to explore the contribution of various types of boundaries to the concentration of pollutants
at any point in the room under non-constant boundary conditions, Li et al. Proposed a series of
indicators of response coefficients under the condition of pulse release from pollution sources (Li
et al, 2009). However, when used to solve the instantaneous value of pollutant concentration (such
as online control, pollution source identification, etc.), the accessibility index is not suitable.

Therefore, if the solution is completely solved by the response coefficient index, when it
encounters a large number of computational grids and complex working conditions with a long
duration, it needs to store a large amount of data, so it has greater limitations. However, no one is
currently engaged in the study of the instantaneous concentration distribution.
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1.6. Design and control method of indoor non-uniform temperature, humidity

and pollutant concentration environment

The ideal indoor air environment comes from good design and operation control. The traditional
air conditioning system design and control method is a lumped parameter idea. Based on this idea,
the indoor air is considered as a fully uniform mixture, and the indoor parameters are single
parameters. Because of the spatial isolation, the parameters of each room do not interfere with
each other, so the control focus is on the system level, and the corresponding research and
engineering practice are more (Mathews et al, 2001; Nassif et al, 2005). In indoor non-uniform
environments, the needs and control focus are on local environmental parameters (Jaakkola et al,
1989). Due to the non-uniformity of various indoor air parameters, many problems have arisen in
actual operation control: (1) Due to the uneven distribution of environmental parameters, it is
difficult to obtain real-time parameter values in the control area. A large number of engineering
examples show that many problems are also caused by the out of control of local environmental
control, among which the more prominent are the condensation on the inner surface of the
envelope structure (Wang Hui et al.,, 2009; Ju Fali et al., 2011); (2) ) Because the spatial
parameters are coupled with each other, the indoor control point oscillates; (3) Because multiple
rooms are connected to each other, the return air outlet parameters are unknown, and it is more
difficult to obtain the parameters of the control point, which often requires a large number of
iterative calculations, which is far from the control requirements . In order to solve the control
problem in the above non-uniform environment, some scholars have carried out corresponding
research work. In the control of a non-uniform environment, it is necessary to meet the different
parameter requirements of multiple locations at the same time, but because the air parameters
between different locations have a large coupling relationship in the same space, the adjustment of
a certain location parameter will inevitably affect The parameters of other surrounding locations,
so when the requirements of different locations are simultaneously met, it is difficult to adjust in
one step. In addition, more and more buildings are considering energy saving while ensuring air
quality during operation. How to obtain the best operation control strategy according to actual
needs is also an important issue. Therefore, it is difficult to control multiple locations in the same
space. In the past, most of the automatic control of air parameters in air-conditioned and ventilated
rooms used feedback adjustment methods, that is, when the air parameter (temperature, humidity,
pollutant concentration) sensor passed the parameter to the calculator, and compared with the
preset parameter value If it exceeds the control range, it will issue an instruction to the actuator of
the air conditioning equipment to change the air supply parameters until the parameter
requirements of the control point are met (Underwood, 1999). However, the biggest problem with
feedback regulation is that it is prone to oscillations caused by overshoot (Franklin et al, 2002).
Therefore, if the indoor control point parameters after the air supply parameters are changed can
be accurately predicted, the occurrence of oscillation can be avoided. To solve the above problems,
semi-feedforward and feedforward methods have emerged (Liu et al, 2002). However, semi-
feedforward only presets several modes or calculates part of the workload, and in essence does not
completely get rid of the feedback method; the current bottleneck of the feedforward method
requires a lot of online calculations. In addition, some literatures use genetic algorithms to study
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the optimization control of VAV systems to solve the optimization of online strategies in
multivariate situations (Wang et al, 2000), and some literatures use artificial neural network
methods with feedforward properties ( Artificial neural networks (NNs) explored short-term
predictions of air-conditioning, heating, and ventilation room loads (Kalogirou, 2000), and control
of temperature and environmental parameters for precision air-conditioned rooms (An Dawei et al.,
2004). It has significant contributions to reducing overshoot, anti-interference ability and
improving temperature control accuracy, but the advantages of this method have not been
systematically proven (Hippert et al, 2001). In addition, some scholars have adopted fuzzy control
ideas to improve response speed and reduce steady-state errors (Li Chao et al., 2006). From the
above, it can be seen that the feedforward adjustment method can maintain the adjustment
accuracy and improve the control efficiency, which is the development trend of control methods
for HVAC systems in the future, and also the development direction of indoor parameter control
under non-uniform environmental conditions. Although in recent years, attempts to control the
indoor air quality online using the CFD method have started to address the problem of controlling
non-uniform environmental parameters (Ratnam et al, 1998), the large amount of calculations of
the CFD simulation makes it only possible to use the simpler It can be applied in occasions. At
present, few researches on control theory and corresponding control algorithms and strategies for
non-uniform indoor environment have been carried out.

In addition to the control of the environmental parameters of a single room, actual ventilation
and air-conditioning systems are often connected to multiple rooms, and due to the uneven
distribution of air parameters (temperature, humidity, pollutant concentration, etc.) in the room,
the exhaust parameters of the room cannot be obtained As a result, the air supply parameters of the
system and the actual parameters of the room are unknown. When the system contains multiple
air-conditioning boxes, the problem will be more complicated and the solution will be more
difficult. Some scholars have used the method of the area-like model to calculate the age
distribution of air in a room with return air, and their ideas are helpful for the calculation of
concentration (Waters et al, 2000). For the situation where two air treatment equipments are
connected to a room, some scholars have proposed the idea of using tracer gas method to
determine the air supply volume, but have not paid much attention to the indoor concentration
distribution (Roulet et al, 2003). Li et al. Proposed the concept of full air age and provided a direct
solution algorithm to calculate the full air age of the room containing the return air (Li et al, 2003).
However, in this solution process, it is assumed that the pollution sources in the room are evenly
distributed in the whole space, which is quite different from the actual situation of pollution
sources. In order to directly obtain the concentration of pollutants, some scholars proposed the
concept of reference concentration, which largely solved the problem of directly solving the
concentration of pollutants in the ventilation system with return air (Li Dongning, 2003; Li D N et
al, 2004).

However, the reference concentration has not established a dimensionless relationship with the
emission properties of the pollution source, so after the location or intensity of the pollution
source changes, it must be calculated again using tools such as CFD, and the workload is still
large. In 2004, Yang Jianrong and others reclassified the ventilation and air-conditioning system
according to the different connection forms of the supply air and return air, so that the connection
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relationship can better establish a connection with the calculation of pollutant concentrations, and
at the same time apply the availability of supply air and the source of pollution. The concept of
accessibility establishes indoor concentration calculation relationships under different connection
forms, which overcomes the shortcomings of traditional calculations that require multiple CFD
iterations and lays the foundation for rapid calculations in engineering applications (Yang Jianrong,
2004). Based on this, Zhu Fenfei et al. Used the concept of response coefficients from the pulse
emission of pollution sources, and gave the calculation formulas of indoor pollutant concentration
under different transmission system connection forms (Zhu Fenfei, 2009). The indoor
concentration calculation problem under varying boundary conditions, but this method is all based
on the response coefficients.  When a system with a large number of complex rooms is required,
massive data storage is required, and its applicability is limited. At present, the dynamic
calculation methods for the distributed parameters in various rooms in complex air-conditioning
systems need to be improved and perfected.
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1.7. Literature review summary

Creating an indoor non-uniform air environment is an important means to improve indoor air
quality and reduce building energy consumption. It is of great significance to improve the quality
of living environment and the efficiency of ventilation and air conditioning systems. Therefore,
research and engineering practice around indoor non-uniform environmental parameters have
become a hot spot at home and abroad. Temperature, humidity, and the concentration of gaseous
pollutants are the three most important indicators to characterize indoor environmental parameters.
Therefore, research on indoor environmental parameters has mostly been carried out around these
three indicators. The related research results on the temperature, humidity, and pollutant
concentration parameters in a non-uniform indoor environment are summarized as follows:

(1) The description and prediction of the temperature, humidity, and concentration of gaseous
pollutants in an indoor heterogeneous environment are the primary content of the creation of a
heterogeneous environment. The prediction methods are usually divided into three types:
theoretical calculation, model test and numerical simulation. Theoretical calculation has the
advantages of quick and easy calculation and intuitive qualitative analysis, but most of them are
only applicable to simple rooms and simple airflow patterns, and the scope of application is
limited; the data obtained from model tests are true and reliable, but there is a lack of insufficient
information and long test cycles The cost is high; the method of numerical calculation has low
cost, fast cycle, good visibility of the calculation result, and rich data information, but when it
encounters complex working conditions or a large number of calculations, especially when it is
necessary to quickly obtain the prediction result, it is still There is a disadvantage of long
calculation time. The shortcomings of the above methods are, in the final analysis, the lack of
understanding of the distribution law of non-uniform indoor parameters. In order to describe the
distribution law of indoor air parameters in non-uniform environments, some scholars have used
the evaluation index method to conduct theoretical research on pollutant concentration,
temperature, and humidity distribution characteristics under fixed flow field conditions, but these
methods have not taken into account the dynamic process. Description of the transient parameters
in. In engineering design and operation control related to non-uniform environment, it is more
necessary to grasp the instantaneous parameters, so it is urgent to conduct research on the
instantaneous distribution of air parameters (including temperature, humidity, and concentration of
gas pollutants). .

(2) In the field of HVAC, the traditional indoor environmental parameter control is based on the
idea of lumped parameters, so it cannot meet the control needs of non-uniform environmental
parameters. In the control of non-uniform environment, it is usually necessary to meet the
different parameter requirements of multiple locations at the same time, but because the air
parameters between different locations in the same space have a large coupling relationship, when
the feedback adjustment strategy is adopted, it is bound to The oscillation caused by overshoot is
difficult to adjust in one step during the adjustment process. At present, there is no good solution
found in related research and engineering practice. In addition, more and more buildings are
considering energy saving while ensuring air quality during operation. How to obtain the best
operation control strategy according to actual needs is also a new hotspot in recent years.
Therefore, to guarantee multiple control needs in the same space, it is urgent to make
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breakthroughs in control algorithms and strategies.

(3) In actual ventilation and air-conditioning systems, multiple rooms are often connected, and
due to the uneven distribution of air parameters (temperature, humidity, pollutant concentration,
etc.) in the room, the exhaust parameters of the room cannot be obtained, which causes the system
to be delivered. The wind parameters and the actual parameters of the room are unknown. When
the system contains multiple air-conditioning boxes, the problem will be more complicated and
the solution will be more difficult. Some scholars have proposed a variety of solutions to solve the
indoor concentration calculation problem under arbitrary changing boundary conditions in the
return air system, but the practical applications of these methods have limitations. At present, the
dynamic calculation methods of the distributed parameters in various rooms in complex air-
conditioning systems still need to be broken and improved in terms of calculation theoretical
models.
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1.8. Composition

The paper composition showed on figure 1-3.

This paper, firstly, expands the CFD calculation principle and method from the perspective of
mathematical theory, and then determines the feasibility of this technology for indoor air
temperature and humidity simulation based on this theory. Based on this method, in the
thereinafter chapter, this paper carried out CFD simulation of laboratory temperature and humidity
in combination with actual laboratory conditions. The content of this paper are as follows: In order
to study the effect of different ventilation methods on the indoor humidity distribution and the
formation of indoor condensation conditions, a simple physical model was established under the
existing mathematical model, and CFD simulation was performed on the humidity distribution in
each model under different ventilation methods using CFD technology. The results show that the
air supply and return air outlets are on both sides of the room and the bottom-in and back-up
method is the best way to control the indoor air humidity and greatly reduce the occurrence of dew
condensation.

According to the simulation results, in the case of the room ventilation method, a small single
apartment is taken as the research object, and the effect of the humidifier placement and height on
the indoor humidity distribution in winter was studied. And get the result that at a height of 0.5
meters, condensation on the ground rarely occurs.

At present in Japan, due to the internal activities of human and the heat dissipation of various
equipment in office buildings, more and more office buildings use air-conditioning for cooling in
winter, and due to the cooling system, the supply air cannot be humidified during cooling. Indoor
humidity conditions are not comfortable. This article simulates the indoor temperature and
humidity of the office building refrigeration system in winter. It is hoped that the research results
can guide the control decision of actual indoor temperature and humidity.

Introduction Chapter 1 the purpose of the study and previous study

Chapter 2 The Theoretical Calculation Of Air Humidity Distribution

Theoretical study
Y While Fixed Flow Field

Chapter 3 The Theoretical Calculation Of Air Humidity Distribution
While Fixed Flow Field

Simulz?tion and Chapter 4 Analysis of The Effects of Ventilation Method on Indoor
analysis Humidity Distribution and Condensation of Single Room by CFD Method

Chapter 5 Numerical simulation analysis of office thermal environment

Conclusion Chapter 6 Conclusion and future work

Figure 1-3 Paper Composition
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CHAPTER 2

THE THEORETICAL CALCULATION OF AIR HUMIDITY

DISTRIBUTION WHILE FIXED FLOW FIELD



2. The theoretical calculation of air humidity distribution while fixed flow field

2.1. Introduction

Indoor environment is an important place that closely related people's daily work and life.
Humidity is an important indicator of indoor air parameters. And Japan is accelerating into an
aging society. More and more elderly start using welfare facilities. In winter time, heater is used
frequently. The influence of ventilation and humidify can not be ignored. If the winter indoor air is
too dry, it will be a great influence to the health of living, especially for the elderly. In order to
improve the quality of life in the elderly, the improvement of the living environment is
indispensable. Most of the elderly can know the indoor temperature regime through thermometer,
but they always ignore the indoor humidity regime. The elderly is insufficient understanding of
the importance of the indoor humidity. In addition, Indoor humidity conditions are strongly
associated with the survival rate of virus. So the humidity control is particularly important.

In order to describe the contribution of air, humidity and initial distribution to the indoor
moisture content distribution. The concept of transient accessibility is introduced. Including the
transient accessibility of supply air, the transient accessibility of wet source and the transient
accessibility of initial condition. So that, on this basis, then obtained the algebraic equation
between the instantaneous moisture content and the influence factors at any time.
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2.2. Ventilation room water vapor transmission principle

In the building indoor environment, generally the water vapor in the humid air is in a superheated
state, and the content is very low, so at a certain extent it can be approximated as the ideal gas. At
the same time the density is small, the diffusion of wet air can be ignored. Therefore, about the
physical process the propagation of wet air can be treated as passive gas, and it observe the
component propagation control equation.

In passive gas transport equation, the equivalent mass diffusion coefficient is:

Teepr ==+ (2-1)

a Ot

For the indoor air flow range, the first term in the right-hand side of the formula, Laminar
viscosity coefficienty Usually the value is 1.8 x 1075 (ﬁ) . But the mass transfer Schmidt

number is related to the species.
v

o= (2-2)

" Das
The kinematic viscosity of air is usually taken 2.5 x 10> (m?/s) , Diffusion coefficient
Dsp = 2.5 X 107°(m?/s). The second term in the right-hand side of the formula, The order of
magnitude of turbulent viscosity coefficientu,always taken 10~102.. Turbulent mass transfer
Schmidt number o, always be 1. Combine (2-1) and (2-2), the first term on the right-hand side of
the formula is far less than the second term and therefore can be ignored in the calculation.
So :

Teerr = £ (2-3)
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In summary, water vapor transport equation :

0,C(D) n 0,C(D)U;

0, 9,

d ac(t)
= o (Teefr ) + S(@) (2-4)
Xj %j

The boundary conditions and initial conditions of the corresponding humidity :

_ ng .
The boundary conditions: C(@) = Cs° On the n thairflow outlet (2-5)
S(r) =J"%  Onthen,th wet source
Initial conditions: C(™|t=0=CP0) (2-6)

When the airflow in the room is stabilized, the change in moisture content in the air at any point
in the room is affected by the initial distribution of the airflow, internal moisture, and the moisture
content in room.

As shown in Figure 2-1, when the steady state is reached, the concentration of the point P in the
room is affected by all the effects (S1 and S2) and the source (internal source C1 and side wall
source C2); and in the transient case. In addition to the contribution of air supply and source, there
is an impact from the initial concentration distribution | of indoor environment.
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Figure 2-1 The influencing factors of indoor water vapor concentration

When the flow field is determined and remains stable, equation (2-4) is a linear equation, due to
the superposition principle, the moisture content at any point P in the chamber can be obtained
from the sum of the linear algebra of the air supply, the wet source and the initial distribution.
Under these conditions, the boundary conditions and initial conditions of Equations (2-5) and (2-6)
can be decomposed into three parts:
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Figure 2-2 Indoor instantaneous concentration superposition principle schematic
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1.  The effect of air supply:

_ png i
The boundary conditions:{C(T) = Cs* Onthen, thairflow outlet (2-7)
S(t) =0 Onall wet source
Initial conditions: CDlt=0=0 (2-8)
2. The effect of sources
.. ( C(r) =0 Onall airflow outlet
The boundary conditions { S(x) = % On the n,th wet source (2-9)
Initial conditions: C(7)[t=0=0 (2-10)
3. The effect of the initial condition
... (C(t) =0 Onall airflow outlet
The boundary condltlons.{ S(t)=0 Onall wet source (2-11)
Initial conditions: C ()|t = 0 = € (0) (2-12)

When the room flow field is fixed, The moisture content at any point in the room is expressed
as the contribution of each boundary and the initial conditions and other factors at this moment. In
order to describe the contribution of each influencing factor, the degree of influence of each
boundary and initial condition at a certain moment is defined as the transient accessibility of the
moment.

In order to describe the contribution of air, moisture, and initial distribution to the indoor
moisture content distribution, respectively. The concept of transient accessibility is introduced.
Including the transient accessibility of supply air, the transient accessibility of wet source and the
transient accessibility of initial condition. So that, on this basis, then obtained the algebraic
equation between the instantaneous moisture content and the influence factors at any time
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2.3. The concept of transient accessibility.

For a fixed flow field, there is no indoor emission source and the wall is adiabatic, the initial
concentration is zero. When a certain outlet (n,) from the 0" time constant release of a certain
concentration (C),The air transient accessibility at any arbitrary point (P) ,at any time () in the
space is defined as follows:

af @

Nsp —
a,f (1) = s

(2-13)

Where: d™s is the ngth air outlet air moisture content;

Transient accessibility of supply air (TASA) is a dimensionless number. Reflecting the various
air outlets on the room instantaneous moisture content of any point of the degree of impact. If a
tuyere of a point on the indoor TASA larger, then the outlet on the instantaneous moisture content
of the greater the extent. TASA is a time-related indicator, the value of the room only by the air
organization, and has nothing to do with the air supply concentration. The transient accessibility of
supply air reflects the inherent properties of the flow field. It is value can be obtained by actual
measurement or simulation of indoor air moisture content.

Figure 2-3 Room layout

In the following, the transient accessibility of supply air will be described with a specific
example. Figure is an air supply room, room size is X (length) xY (H) xZ (W) =.8x3x8, On the
top of the room there are two air outlets (0.6mx0.6m) labeled S1, S2; on the side wall there are
two return air outlets (0.6mx0.6m) marked E1, E2. The position and tuyere size are detailed in the
figure. Room ventilation every 10 minutes, each outlet wind speed of 5 meters per second. There
is no heat source in the room, and the walls are insulated. Indoor flow field stability, cross-
section velocity vector distribution shown in Figure. The calculation parameters are as follows: S1,
S2 export speed is 5m / s, temperature is 298K. The water vapor concentration is 60%.
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Figure 2-4 \elocity vector distribution(z=1.5)

Figure shows the instantaneous accessibility of the tuyere S1 and S2 at each moment. The degree
of air supply reflects the degree of influence of each air supply on the different positions of the
room in the case of the flow field. Take the air outlet S1 as an example, it can be seen from the
figure when the indoor flow field is stable, starting from the Oth hour, the beginning of the air
supply, the first second in addition to the outlet near the relatively large value of the larger, most of
the space Of the degree of accessibility are 0, that is, the air supply to most parts of the room has
no effect (Figure 2-5a). As time goes on, the range of accessibility is gradually widened,
indicating that the influence of air supply on the room is expanding (Figure 2-5c, e). When the
arrival of 3000 seconds, the indoor instantaneous degree of distribution has been no change,
indicating that the humidity distribution to steady state, this time from the figure (2-5g) can be
clearly seen in the air outlet S1 near the outlet. The value of 1, indicating that the air moisture
content here is equal to S1 air in the air moisture content. In the process of arriving at steady state
from time 0, the influence of the air supply port S1 on the room can be gradually seen from the
distributable distribution. However, the degree of accessibility near S2 is the smallest in space.
The nearby accessibility value is equal to zero, so it can be concluded that the S1 air supply has
the least effect on the area near the S2 outlet in the room, or even 0, which is almost entirely
affected by S2. Figure 1-5 shows the similarity of S2 and S1 for the distribution of the air supply
in the air supply vane S2 over time. When the steady state is reached, the instantaneous
availability of all the air supply (S1 and S2) is added, and the degree of accessibility of all the
spaces is 1, and it can be concluded that when there is only air supply in the room, Air moisture
content comes from the superposition of the effects of each air supply. The availability of air can
be easily analyzed the impact of the various air supply on the indoor range and the extent of the
impact of the entire air supply conditions under the indoor moisture content of environmental
characteristics.
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Figure 2-5 Different air outlets at all times the transient accessibility of supply air distribution

It can be seen from the above description, using the model to obtain the transient availability of
air outlet and indoor humidity distribution, can be more easily analysis the various air supply on
the indoor humidity impact and the degree of influence, as well as the indoor air humidity
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environment characteristics of the air supply conditions.
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2.4. Transient accessibility of wet source (TAWS)

For a fixed flow field, there is no air conditioning and the wall is adiabatic, the initial
concentration of each inlet concentration and rooms were 0. When a certain wet source (n.) from
the O™ time constant release of a certain distribution intensity ]ZC,The wet source transient
accessibility at any arbitrary point (P) ,at any time (7) in the space is defined as follows:

af (o)
Nc
dE

i
Q

ar®(t) = dpe = (2-14)

Where: ];"' is the distribution intensity of n.th wet source ;( g/s)
dgc is the average concentration of the inlet at steady state ; (g/kg)

Q is the room ventilation mass flow. (p % kg/s)

Transient accessibility of wet source (TAWS) also be a dimensionless number. Reflecting the
degree of influence of each wet source on the instantaneous concentration of any point in the room.
Source accessibility is a time-related indicator.

When the source location within the room is determined, its value is determined only by the
airflow within the room, regardless of the concentration of the source itself. It is value can be
obtained by actual measurement or simulation of indoor air moisture content.

Figure 2-6 is an air supply room, room size is X (length) xY (H) xZ (W) =.8x3x8, On the top of
the room there are two air outlets (0.6mx0.6m) labeled S1, S2; on the side wall there are two
return air outlets (0.6mx0.6m) marked E1, E2. In the example room, add two sources C1
(2560,3700,1000), C2 (5420,3700,1000), as shown. The distribution intensity of C1 and C2 is
different. The calculation parameters are as follows: S1, S2 export speed is 5m / s, temperature is
298K. The outlet gas is dry air. And the wet source C1 export speed of 5m / s, distribution
intensity of 100g / s.; C2 outlet speed of 5m / s, the distribution intensity of 200g / s.

%o>
51‘ P “‘39 s,
E2 - <,
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"“cz
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Figure 2-6 Room layout
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Assuming that the volume of the source can be ignore, the water vapor as passive gas.
Assuming that the source has no effect on the flow field during the distribution process.

The position and tuyere size are detailed in the figure. Room ventilation every 10 minutes, each
outlet wind speed of 5 meters per second. There is no heat source in the room, and the walls are
insulated. Indoor flow field stability, cross-section velocity vector distribution shown in Figure 2-7.

Figure 2-7 \elocity vector distribution(z=1.5)
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Figure 2-8 Different wet source at all times the transient accessibility of wet source distribution

The figure 2-8 shows the instantaneous accessibility of the source C1 and C2 at each moment. It
can be seen that the distribution of accessibility is closely related to the position of the source at
the beginning of the distribution, and the effect of the flow field is not obvious (Figure2-8. A, b, c,
d). When the time reaches 300s, it is clear from the figure that the effect of the flow field begins to
appear (Figure2-8 e, f). When the steady state (3000s) is reached, can be seen, the inlet on the
distribution of the degree of impact also had a great impact. In summary, the combined effect of
the spread of water vapor in the room is by the position of the source and flow field.
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2.5. Transient accessibility of initial condition (TAIC)

For a fixed flow field, there is no wet source and the wall is adiabatic, each airflow inlet
concentration was 0. At the 0™ time there is an initial distribution of wet air in the room, then at
any time thereafter (t), the transient accessibility of initial condition (TAIC), at any arbitrary
point(p) is defined as follows:

$dP(0)dv
v

@ =52 = (2-15)

Where : d,, is the average of the moisture content of the air in the room at the 0™ time.

Transient accessibility of initial condition (TAIC) also be a dimensionless number. Reflecting
the conditions in a certain flow field, the degree of influence on the initial humidity distribution of
the room at any time during a continuous period of time. The initial condition can be determined
by the initial distribution of humidity and the organization of airflow within the room,

Regardless of the specific value of the initial concentration. Therefore, the initial condition can
reflect the distribution of the initial conditions of the room itself. When the source location within
the room is determined, its value is determined only by the airflow within the room, regardless of
the concentration of the source itself. It is value can be obtained by actual measurement or
simulation of indoor air moisture content.

In this part, the calculation parameters are as follows: the temperature is 298K and the initial
humidity is 40%. And it can be seen that at the beginning, the initial distribution works on the
space that it occupied. Due to the influence of the air supply, the transient accessibility of initial
condition of the position near the air inlet is lower. When the steady state is reached, the effect of
the initial distribution on the interior is almost non-existent, and transient accessibility of initial
condition is closet zero in the whole space.

3 - - 3

Y(m)
Y(m)

. ~
Ym)

3 3 4 5 2 3
X(m) X(m) X(m)

(a) E,Os (b) E,300s (c) E,stable

Figure 2-9 Initial condition at all times the transient accessibility of initial condition distribution
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2.6. The theoretical calculation of air humidity distribution while fixed flow

field

Therefore, according to the principle of linear superposition, when the flow field conditions
determined, can be obtained in a variety of fixed boundary conditions at the same time. The

instantaneous moisture content d(g/kg) of any point (p) at time(t) can be expressed as:

dP () = T [dmsal*? (@] + T, [% 7|+ G @ (2-16)

When the state is stable, the contribution of the initial condition is 0, and the indoor humidity
distribution is affected by the source, source and boundary conditions:

dP () = Xpo_y[d™sag™? ()] + Tne_y [% a?c’p(oo)] (2-17)

2.7. Transform absolute humidity to relative humidity:

First, In the formula “d” is the absolute humidity. The absolute humidity between the mass of
water vapor present in moist air to the mass of dry air. Absolute humidity is normally expressed in
kilograms of water vapor per kilogram of dry air.

Absolute humidity expressed by mass:

d==% (2-18)

ma

Where: d = absolute humidity;
m,,= mass of water vapor (kg):
m,= mass of dry air (kg)
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2.8. Wet air enthalpy chart:
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Figure 2-10 Wet air enthalpy diagram
Wet air enthalpy chart is referred to as a pneumatic diagram or humidity diagram. In the chart
include dry bulb temperature, wet bulb temperature, absolute humidity, relative humidity, dew
point temperature and enthalpy. And it can find all of parameters easily by setting any two values.

Cc

Figure 2-11 The explanation of wet air enthalpy diagram
And the wet air enthalpy diagram shows the relationship between the state of humid air,
temperature and enthalpy. In the figure, the horizontal axis is temperature (a,b,c),the enthalpy on
the slant side axis (e),and the absolute humidity on the vertical axis (d), and ‘f’ is relative humidity.

When two of the state values of the humid air are determined, all other status values are found on
the diagram.
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2.9. Though pressure saturated air moisture content.

Air

temperature

-40
-35
-30
-29
-28
-27
-26
-25
-24
-23
-22
21
-20
-19
-18
117
-16
-15
-14
113
12
-11

°C

d

Saturated water|Moisture

vapor  partialcontent

pressure
MPa

0.0000128
0.0000223
0.0000380
0.0000421
0.0000467
0.0000517
0.0000572
0.0000632
0.0000699
0.0000771
0.0000850
0.0000937
0.0001032
0.0001135
0.0001248
0.0001371
0.0001506
0.0001652
0.0001811
0.0001984
0.0002172
0.0002376
0.0002597
0.0002837
0.0003007
0.0003379
0.0003625
0.0004015
0.0004372
0.0004757
0.0005173
0.0005623
0.0006108

g/kg
0.080

0.139
0.236
0.262
0.291
0.322
0.356
0.394
0.435
0.480
0.529
0.583
0.643
0.707
0.777
0.854
0.938
1.029
1.128
1.237
1.354
1.481
1.620
1.770
1.876
2.109
2.263
2.507
2.731
2.973
3.234
3.517
3.823

Air
temperature

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

37

°C

Saturated

Table 2-1 0.101325MPa (a) pressure saturated air moisture content(db):

(2-19)

water vapor |Moisture content

partial
pressure
MPa

0.001403
0.001498
0.001599
0.001706
0.001819
0.001938
0.002064
0.002198
0.002339
0.002488
0.002645
0.002810
0.002985
0.003169
0.003363
0.003567
0.003782
0.004008
0.004246
0.004495
0.004758
0.005034
0.005323
0.005627
0.005945
0.006280
0.006630
0.006997
0.007381
0.007784
0.008205
0.008846

g/kg

8.851

9.459

10.107
10.795
11.524
12.293
13.109
13.979
14.897
15.870
16.899
17.984
19.138
20.356
21.646
23.007
24.449
25.971
27.581
29.275
31.073
32.971
34.971
37.087
39.315
41.679
44.167
46.796
49.568
52.503
55.597
60.362
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0.000657
0.000700
0.000758
0.000814
0.000873
0.000935
0.001002
0.001073
0.001148
0.001228
0.001313
0.001403

4.115
4.385
4.751
5.102
5.475
5.873
6.296
6.746
7.223
7.733
8.276
8.851

44
45
46
48
50
51
52
53
54
55
56
57

38

0.009108
0.009590
0.010090
0.011170
0.012340
0.012970
0.013620
0.014300
0.015010
0.015750
0.016520
0.017320

62.329
65.977
69.803
78.214
87.560
92.696
98.074
103.788
109.851
116.279
123.089
130.298



2.10. Simulation feasibility analysis

The indoor simulation experiment was conducted from November 16th to December 11th, 2015
at a laboratory N312-3 (6m*8m™*2.5m) in Kitakyushu University by Lu Xin.
In this laboratory, room is divided into two spaces, one is main laboratory, the other is seminar
room that connects outside directly. There are 14 students, 15 computers, 1 refrigerator, one door
towards the corridor, one door to the seminar room, the other door in seminar room towards the
outside. Human activities and the working machines are unstable factors in the experiment. Air
condition working time is from 8:00 to 20:00 in the working day. The temperature was
automatically controlled by a sensor in laboratory.

The simulation experiment aims to examine existence of obviously effect of the different number
and location of humidifiers. The experiment was divided into 4 periods of one week each. Small
size sensor used to record humidity and temperature. Two humidifiers were set up in laboratory. In
order to verify the humidifier effectiveness, sensors were set up in different distance from the
humidifier. This experiment lasted for four weeks which each week had a different experiment
period. As the reference, there was no humidifier set up in the first week. Humidifier set up was
starting from the second week to the last week. The total numbers and position of humidifiers
changed every week. The placement of measurement point is shown in the Fig.2-12
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* Human u‘:.._.:__:HUMidiﬁﬂr week 2,34, Humidifier week 3 |:Cj-l[umitliﬁer week 4 A Sensor

Figure 2-12 The placement of measurement point

In this experiment, result shows that the indoor humidity condition is mainly affected by
outdoor humidity and temperature. Indoor humidity and corridor humidity changed with outdoor
humidity. In the same room, humidity is higher near the wall area. Corridor test point’s humidity
was obviously higher than indoor test points. The influence of ventilation condition to humidity is
also very important.
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Temperature condition and humidity condition of all of points are the opposite. Temperature of
high humidity test point is on the low condition. Although the indoor humidity was mainly
influenced by outdoor thermal environment, the use of humidifier affects the nearby area. Within
the scope of the nearby, the air just can hold limited capacity water vapor. The humidifier working
efficiency was infected by the different position of humidifiers. (Fig.2-13)
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In the building indoor environment, generally the water vapor in the humid air is in a
superheated state and the content is very low, so at a certain extent, it can be approximated as the

ideal gas. At the same time the density is small, the diffusion of wet air can be ignored.
The basic laws of conservation of heat and mass transfer between the fluid and the fluid and
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between the fluid and the solid interface are: mass conservation law, momentum conservation law,
and energy conservation law. The mathematical models that generally describe these conservation
laws are the corresponding governing equations, namely the mass continuity equation, the
momentum equation, and the energy equation.

As follows:
Mass continuity equation:

Z—‘:+v-(pu)=0 )

In the formula, p is the fluid density, kg/m3
U is the gas velocity vector, Uy, ,.
In this study, considering air as an incompressible fluid, the continuity equation can be simplified
to:

VU =0 (2)
Momentum equation:

—a(gu)+V'(pU®U)=—VP+V-r+pg ©)
t

where ® is the outer product: U ® V = UVT,
p is the fluid density,
U is the flow velocity vector,

V -is the divergence,
P is the pressure,
tis the time

7 is the derivatoric stress tensor, which has order two,r = u(VU + (VU)T) — §6V- U

g represents body accelerations acting on the continuum, for example gravity, inertial
accelerations, electrostatic accelerations.
The energy equation:

Ooliot %0 4 (pUhgor) = V- (AVT) +V+ (U 1) + U Sy + g @)

In the building indoor environment, generally the water vapor in the humid air is in a

superheated state and the content is very low, so at a certain extent, it can be approximated as the
ideal gas. At the same time the density is small, the diffusion of wet air can be ignored.
For a fixed flow field, there is no indoor emission source and the wall is adiabatic, the initial
concentration is zero. When a certain outlet (ng) from the 0™ time constant release of a certain
concentration (C), The air transient accessibility at any arbitrary point (P), at any time () in the
space is defined as follows:

P
0y’ (7) = 2 (5)

dns
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Where: d™s is the ngth air outlet air moisture content;

For a fixed flow field, there is no air conditioning and the wall is adiabatic, the initial
concentration of each inlet concentration and rooms were 0. When a certain wet source (n.) from
the 0" time constant release of a certain distribution intensity J;¢ the wet source transient
accessibility at any arbitrary point (P), at any time (7) in the space is defined as follows:

af (@
ne
dEC

dpe = 42 (6)

Tep —
ac (T) - 0

Where: ]25 is the distribution intensity of n.th wet source ;( g/s)
dgc is the average concentration of the inlet at steady state ; (g/kg)

Q is the room ventilation mass flow. (p X kg/s)

For a fixed flow field, there is no wet source and the wall is adiabatic, each airflow inlet
concentration is 0. At the 0™ time there is an initial distribution of wet air in the room, then at any
time thereafter (1), the transient accessibility of initial condition (TAIC), at any arbitrary point(p)
is defined as follows:

dP(t) — _ $dP(0)av
v

()

Where: d,, is the average of the moisture content of the air in the room at the 0™ time

Transient accessibility series concept is determined as dimensionless number. Reflecting the
various air outlets, indoor humidity source and the indoor air initial condition in the room
instantaneous moisture content of any point of the degree of impact. These concepts are the time-
related indicator, the value of the room only by the air organization and has nothing to do with the
air supply concentration. The transient accessibility of supply air reflects the inherent properties of
the flow field. Its value can be obtained by actual measurement or simulation of indoor air
moisture content 0 .

Therefore, according to the principle of linear superposition, when the flow field conditions
determined, can be obtained in a variety of fixed boundary conditions at the same time. The
instantaneous moisture content d(g/kg) of any point (p) at time(t) can be expressed as:

dP (@) = BN [dmal? ()] + T, [ig_ aj”’(r)] + dya’(@) (8)

When the state is stable, the contribution of the initial condition is 0, and the indoor humidity
distribution is affected by the source, source and boundary condition formula is shown in (5).

dF () =ZZ:=1 d”sa?s"’(oo)]+2z§=1 [l‘é—c a?””’(oo)] (5) First, In the formula “d” is the

absolute humidity. The absolute humidity between the mass of water vapor present in moist air to
the mass of dry air. Absolute humidity is normally expressed in kilograms of water vapor per
kilogram of dry air.

Absolute humidity expressed by mass:

d=2v ©)

ma

Where: d = absolute humidity;  m,,= mass of water vapor (kg): m,= mass of dry air (kg)
Based on the experiment of Lu Xin, the ANSYS FLUENT and AIRPAK series software was
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used to simulate the indoor humid environment and humidifier conditions. The temperature and
humidity data of the experiment used as external boundary condition. According to the actual
construction of the laboratory and indoor equipment distribution, the physical model of numerical
simulation was established as shown in Fig 3 The room has a geometric size of 8m* 6m * 2.8m.
The airflow form is the upper air supply and the return air. Totally two (0.6 * 0.6) outlets and four
(0.6 * 0.6) return air inlets are set on the ceiling. The room has a total of four rows of 4 lamps
(1.5m* 0.2m* 0.2m), 14 people, 15 computers and 2 printers. In the process of simplification,
only objects with less impact on the airflow in the laboratory are simplified, and most of the space
and the actual situation of laboratory are preserved. And the main simplified parts are followed.
The computer, the printer and the fluorescent lamp are replaced by the block. The table only
retains the desktop part, the table is adiabatic, and only as an obstacle. The door of the room is
simplified for the temperature boundary entrance. The application of CFD technology in indoor
thermal environment is based on the discretization and numerical analysis of the mass, momentum
and energy conservation differential equations of incompressible gas in the room.

From the molecular motion theory, the free travel of gas molecules is 1*10-11mm. The value
and the room length L compared to the specific value of the higher order, that is 1<<L<< 1, itcan
be considered as Museum. The inner air is a continuous medium.

Figure 2-14 The physical model layout in 3D view
The flow that flow with time changed are called unsteady flows; flow of time does not change

with the flow of time known as steady flow. In the actual situation, when the air flows through the
air outlet at a uniform rate into the room, after a period, the air supply air and indoor air fully
mixed, the indoor flow field in a steady state, this time the indoor flow field can be regarded as
Steady flow

According to the knowledge of fluid mechanics, if the flow rate is sufficiently small compared
with the speed of sound and the Mach number M < 0.25, the compressibility of the gas is
negligible, the air supply wind speed is generally within 15m / s, the wind speed is much lower
than the sound speed. In this velocity range, the pressure and temperature in the flow field are
smaller than those of the free flow, so the corresponding density change can be neglected, and it
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can be considered that the air is incompressible. The density is assumed as boussinesq. That is the
fluid density and the dependence on the ambient temperature changes, regardless of pressure.
Based on the microscopic analysis of the air turbulence characteristics, the indoor zero equation
model was used in this simulation and the control equations was discretized with the control
volume dispersion method, considering the effect of radiation heat transfer. The set of relevant
parameters of discrete solution is shown in Table 2-2

Table 2-1 The set of relevant parameters of discrete solution

LClieTLciles Varlables |Pressure(Temp,Momenturn| Velocity el
model vapor | force

The indoor |Discertization .
zero equation| schemes Second order upwmd

Conergence | Relaxation

L 0.7 1.0 0.3 1.0 0.1 0.1
criterion factor
Kinetic
Elow 0.001 Solver | Pressure |Temp.| Momenturn | Kinetic | energy | Water
ow?®. schemes AMG |AMG| AMG energy |Dissipation| vapor
Energy .
rating
0.0000001 Circukt
irculation
\%
type Flex

Table 2-2 The calculation condition

Thermal Specification At
air condition 1jair condition 2|Fan 1 |Fan 2|Fan 3|Fan 4{OutdoonCorridor

case 1 21.5 21.9 21.8 |21.7 |215 (216 | 184 21.7
Temp.(°C) |case 2 20.3 20.0 20.3 {20.0 |{20.0 {19.9 | 13.7 18.6
case 3 21.9 21.7 21.9 |21.7 1215|215 | 137 19.2
case 1 41.2 41.4 41.2 |41.7 |41.0 |43.0 | 88.0 68.0
Species(RH). |case 2 46.1 46.8 459 (46.8 |45.5 |47.9 | 68.0 49.0
case 3 45.3 45.6 450 (455 |45.3 |46.8 | 78.0 54.0
case 1 0.2 0.2 02 1020101 01 0.1
Velocity(m/s) |case 2 0.2 0.2 02 102 ]01]01] 01 0.1
case 3 0.2 0.2 01 ]01]01 (01| 00 0.0
case 1 540.0 600.0 540.0 [550.0]428.0(480.0| 450.0 | 450.0
Air Volume |case 2 540.0 600.0 540.0 [550.0]428.0(480.0| 450.0 | 450.0
case 3 540.0 600.0 440.0450.0/328.0(380.0| 250.0 | 250.0

In this CFD simulation, the wall structure is insulated. The body's heat and moisture volume
were set as adult man 22 °C. Human body model for sitting, heat 50w / m2 clothing thermal
conductivity of 0.5clo (0.078m2/ k*w). The calculation condition parameters are shown in Table
2-12.

There are two humidifiers in the experiment. A humidifier was set at the room center in Case 1.
And two humidifiers were set in the Case 2. In Case 3, the position of humidifiers has been
changed. Fig.2-15 shows the position of humidifiers in each case. The humidifier position marked
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with orange color. Humidifiers parameters are as followed. Humidifier 1: Total power is 40W,
Species: Air 0.008g/s, Water 0.075g/s. Humidifier 2 for case 2 and case 3: Total power is 40W
Species: Air 0.005g/s, Water 0.05g/s.

Humidifier 2

Humidifier 2
" Humidifier 1 ‘ Humidifier 1 ~Humidifier 1

Case 1 Case 2 Case 3

Figure 2-15 The position of humidifiers

In the simulation, 7 major points were selected. The placement of measurement points is shown
in the Fig.2-16. The Fig2-17 shows the comparison result between the measurement and
simulation. The relative humidity difference is small and the error range does not exceed 5%. The
location near the air inlets and outlets, at the experiment period affected by the airflow
organization,so that the error of temperature slightly large.

And the person has a different body heat. But in the simulation the body's heat and moisture
volume were set as the adult man heat body 22 °C, heat 50w / m2 clothing thermal conductivity of
0.5clo (0.078 m2/ k * w) so that the error of temperature slightly large.

Overall, the results of simulated experiment agree well with the measured results, which proves
the effectiveness of the model. In summary, it can be certified that the model has a good feasibility.
It can be realistic response velocity, temperature and humidity distribution. The error range
remains within acceptable limits.

‘(Jutsidt'
anr | . Point | Position
, , A | (09,1.6)
. ol x| B | (26.1.6)
Corrdior
" * *x | *x o C 6516
N D | (72,16)
E |(3.146)
* | X X | X F | (484.56)
" n n N G | (6.5.4.6)
! :
* Human (7 Humidifier week 234 Humidifier week 3 / Humidifier week 4 A Sensor

Figure 2-16 The placement of measurement point
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Figure 2-17 Comparison between measured and simulated point
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CHAPTER 3
THE EFFECT OF DIFFERENT VENTILATION METHODS ON
INDOOR HUMIDITY BY CFD SIMULATION METHOD



3. The Effect of Different Ventilation Methods on Indoor Humidity by CFD

Simulation Method

Nowadays, people spend most of their time (70% -90%) indoors, and indoor air quality (IAQ)
directly affects people's production, life and health, so 1AQ is attracting more and more attention.
With the development of air conditioning technology, research into the indoor air environment is
already shifting from comfort to healthcare air conditioning. The requirements for human comfort
are met by air-conditioning systems that regulate indoor environmental parameters or exploit the
potential of natural energy sources. In particular, telecommuting has increased due to the COVID-
19 pandemic of late, and this trend is expected to continue for a while. The ability of the virus to
survive in the air depends on environmental conditions, especially ambient temperature and
relative humidity are the most important parameters. A series of studies have shown that the dry
environment seems to create an excellent environment for the growth and spread of influenza
viruses.

Since the 1940s, many scholars around the world have studied the characteristics of jets in
mechanically ventilated rooms, both experimentally and theoretically, and over the course of a
decade, a series of jet formulas were established and used to predict indoor air distribution, which
became the simplest method of predicting indoor air distribution at the time. The Zonal model was
formally proposed in 1970, stemming from a study of the analysis of temperature stratification in
heated rooms. Since then, researchers have used the model to study various forms of rooms and
airflow patterns to predict the amount of natural ventilation and temperature distribution in a room,
and at that time the model was proposed to be restricted to natural ventilation, but later it was
suggested that the method could also be used for mechanical ventilation based on the results of the
study. CFD has the unique advantages of low cost, fast speed, complete data and can simulate
various working conditions. The future is favored by people. Since 1974, when CFD techniques
were first applied to the simulation of air flow in ventilated rooms by Nielsen in Denmark, the
research and application of CFD in HVAC has developed both rapidly and well.and CFD methods
have been continuously developed since then. Markatos carried out a CFD numerical simulation
of a large television broadcast room to derive three-dimensional indoor flow and heat transfer
characteristics to provide a basis for improving the design of air conditioning in large spaces.Lee
and Kisup used CFD to discuss the effects of different factors on the air conditioning effectiveness
of split-level air conditioning systems, such as air outlet location and space type, respectively. A
comparison of the energy efficiency and temperature field of different air supply for a large
stadium was carried out by Hua Ya Wei,who concluded that the downward and upward air supply
is better than the upward and downward air supply ;The main factors affecting the indoor
temperature field and temperature drop in the side and bottom return air supply methods were
identified by Danny Wu;Yang Li conducted numerical simulations of three air supply angles for
indoor cabinet air conditioners and obtained the characteristics of the respective flow fields and
temperature distribution; Tang Qiang simulated the temperature field of three different air
velocities under a fixed air supply method and showed that the air supply velocity affects the

indoor thermal environment; Liu Caixia used CFD software to simulate the change of airflow
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organization in an air-conditioned office with the door open and closed to show that the airflow
organization affects the thermal environment of the indoor area. Qu Yunxia discusses the
numerical simulation analysis of the indoor thermal environment under four air supply methods..
Di Yuhui, Wang Shancong used airpak simulations to analyse errors in indoor airflow organisation.
Jiang Lvlin, Wang Changling studied the numerical simulation of indoor natural ventilation
environment. Cairui Yu optimally simulated the thermal comfort of a classroom based on
Airpak.Zhang Yameng analyzed the ventilation airflow organization of an air-conditioned office
based on CFD. In previous research, CFD simulation techniques have been used to numerically
simulate various types of large spaces and various types of airflow organization, and the
simulation results can provide a basis for improving the thermal environment and airflow
organization in large spaces.

Humidity is an important parameter for evaluating indoor air quality, which not only affects the
thermal comfort of the human body but also seriously restricts the function of the building.. In
terms of the comfort of the human living environment, a high humidity environment will promote
the propagation of mold and the growth of pathogens, which in turn induces symptoms such as
asthma and allergies, which seriously threatens the health of the occupants. Discomfort in the
respiratory tract, and even lead to the generation of static electricity, causing potential safety
hazards. For some special buildings, such as operating rooms, intensive care units, swimming
pools and plant greenhouses, temperature and humidity control are critical. In addition, dew
condensation on walls, floors and roofs is also a serious problem faced by buildings. When the
moisture content of the air near the walls exceeds the corresponding saturation moisture content of
the wall temperature, it will cause dew condensation on the walls, and then It leads to peeling of
the wall surface, mildew, corrosion of the enclosure structure and reduction of the life of the
building. At present, two methods are often used in the engineering field to reduce the
condensation risk of the enclosure structure: ordinary rooms use walls to attach insulation
materials to increase the dew point temperature of the inner surface of the enclosure structure;
\entilation and air conditioning rooms reduce the possibility of condensation of wet air on the
wall by controlling the temperature of the room and the humidity of the indoor air. Compared with
the two methods, the use of mechanical ventilation can not only reduce the risk of condensation in
the building, but also regulate the indoor temperature and humidity environment, so ventilation is
more widely used in engineering. Because the indoor humidity distribution of the building is
related to the moisture production characteristics of the source, and it changes with the change of
the building ventilation conditions. Therefore, by studying the influence of ventilation on the
distribution of indoor wall condensation, it has certain reference value for the theoretical research
of building moisture resistance and condensation prevntion and the design of ventilation
engineering. For compact spaces, such as offices, the impact of different air supply methods on the
indoor thermal environment has been less studied. CFD simulation techniques can be used to
simulate the indoor thermal environment created by air conditioning in small spaces, revealing the
impact of different air supply speeds and different air supply angles on the indoor thermal
environment under fixed air supply methods. This paper uses Airpak software to numerically
simulate three common air supply methods in offices, namely top air supply and return, side down
air supply and side up air return, and side up air supply and side down air return, and to compare
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and analyze the simulation results in order to select the most suitable airflow organization for the
air supply method and provide a methodological and theoretical basis for improving the thermal
environment design of air-conditioned rooms. Thermal comfort is the condition of mind that
expresses satisfaction with the thermal environment and is assessed by subjective evaluation
(ANSI/ASHRAE Standard 55). Maintaining this standard of thermal comfort for occupants of
buildings or other enclosures is one of the important goals of HVAC (heating, ventilation, and air
conditioning) design engineers. Age of air is the age of air mass (Age of air), refers to the air mass
since the entry into the room to a point in the room experienced time, reflecting the freshness of
indoor air, it can be a comprehensive measure of the room ventilation effect, is an important
indicator to evaluate the quality of indoor air. The concept of air age was first introduced by
Sandberg in the 1980s. By definition, air age refers to the time when air enters a room. When
pollutants are evenly distributed in a room and the air supply is fully fresh, the smaller the air age
at a point, the fresher the air at that point and the better the air quality. It also reflects the room's
ability to remove pollutants, with a room with a small average air age being more capable of
removing pollutants. Due to the obvious physical significance of air age, it is widely used as an
important indicator of the freshness of air in air-conditioned rooms and the ability to change air.
Traditionally the air age concept has only considered the interior of the room, the air age at the
room inlet is considered to be 0 (100% fresh air). In order to consider the effect of the entire
ventilation system including return air, mixed air and flow in the ducts, Tsinghua University has
proposed the concept of full air age The time that the air micro-clusters experience since entering
the ventilation system; the air age at the entrance of the room is taken as 0 and the resulting air age
is called the room air age. Compared to the room air age, the full air age can be seen as an
absolute parameter and the full air ages of different rooms can be compared.

3.1. Methods

Airpak was developed and produced by Fluent in the USA and is now widely used to simulate
indoor and airflow organization distribution. Airpak has many advantages: it can automatically
perform meshing and check the sparseness, length to thinness ratio and quality of the mesh, and
can locally encrypt specific parts of the mesh; it has powerful post-processing functions and
comprehensive numerical reports, and a single calculation can provide Images and data results of
indoor air quality technical indicators such as indoor airflow organization, PMV, PPD and other
measures of indoor air quality; the use of Airpak allows design risks to be predicted, thus reducing
design costs. Airpak 3.0 software is used for this project, based on CFD simulation methods and
using standard k-models. (1) Collecting data and ensuring its accuracy. (2) Establishing the model required for
airflow organization analysis according to the preliminary data and the requirements of the analysis
software.(3) Set reasonable control equations, initial conditions and boundary conditions, and
divide the mesh and solve the equations.(4) Simulate and analyze the velocity, temperature and
humidity fields of the airflow organization with the help of the software.(5) Based on the results of
the airflow analysis, assess whether the air conditioning and ventilation solutions for the room or
area are reasonable. The operation flow of the air flow simulation is shown in Figure 3-1.
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Figure 3-1 The operation flow of the air flow simulation

3.2. The summary of CFD simulation

3.2.1. Establishment of a basic physical model

Air conditioning system is the simulation method for the verification of the cases. And the
model for establishing the simulation shown in Figure 1 is the research model. The model is
equipped with air inlet and outlet with three different types, the sizes of the simulated actual
model established are 3.5 m x 3 m x 2.6 m (length x width x height). As for the thickness on the
surface (wall) and under the ground, it does not need to be considered, because it does not have
any influence on the flow field. In this study to investigate the effect of the air supply and air
outlets position on the indoor environment and humidity distribution, three different combinations
of air supply and outlets were set up and simulated by various combinations of positions. Through
the combination of various opening positions, the simulation is made to compare the changes of
different opening positions to the internal humidity of the model and to evaluate the advantages
and disadvantages of natural ventilation convection. The selected analysis space has three
different changes. This paper simulated the effects of three different ventilation methods and air
supply parameters on condensation in four cases. The Case 1 is the upper supply and back mode,
the Case 2 is the upper supply and lower back mode, and the Case 3 condition is the lower supply
and upper back mode. The wall in Case 4 are adiabatic and dehumidified. The wall of Case 1,

Case 2 and Case3 is made by concrete with overall heat transfer coefficient of 1,86W/m2 - K. The

physical model is summarized in Fig.3-2. The model boundary conditions are set in the Table 3-1,
the parameters setting of simulation calculation condition are shown in Table 3-2.
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3.2.2. Simplification of the physical model

If the simulated state following the actual state of lab, the error between the actual measurement
and the simulation experiment will be minimized. However, due to the accuracy of the model will
affect the division of the mesh, the operation of the computer's performance requirements is high,
It is difficult for ordinary computers to meet the requirements, so in order to simulate the smooth
progress of this model | affect the room airflow organization smaller objects to a certain degree of
simplification, thereby reducing the operation of the computer performance requirements. Main
simplified part
5 points simplifying assumption were made for the model :
1.The effects of gravity fields on air and water vapors are ignored,;
2.Both air and water vapor are considered to be incompressible fluids with a constant density;
3.When the water vapor evaporates from the water surface, only latent heat exchange is performed,
and sensible heat exchange is not considered;
4.When water vapor condenses on the wall, the heat release ignored from the phase change
process;
5.Wall surfaces moisture absorption capacity is not considered during wall condensation.
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Figure 3-2 The physical model of each ventilation condition
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Table 3-1 Model Boundary Conditions.

Boundary Parameter Setting

Air supply Air volume :216m"3/h, Temp: 29 °C, Relative Humidity: 40%

Air outlet Outflow

Wall Dehumidification, overall heat transfer coefficient 1.86W/m2 - K.

Outdoor temperature: 5°C

Initial environment Temp: 22 °C, RH: 60%

Humidifier Amount of moisture 300ml/h, Air 0.008g/s Water 0.05g/s

Ceiling and Floor Insulation

Table 3-2 The simulation Calculation Condition
Case Outlet Arrangement Ventilation Air supply parameter Humidity
number volume Temperature Humidity (g/s)
(m”3/h) °C, %

1 Upper supply and mode 216 29 40 0.05
Upper supply and lower 216 29 40 0.05
back mode

3 Lower supply and upper 216 29 40 0.05
back mode

4 Lower supply and upper 216 29 60 0.08
back mode

3.2.3. Simplification of boundary conditions.

a) Continuous media. From the molecular motion theory, the free travel of gas molecules is 1*10-
11mm, the value and the room length L compared to the specific value of the higher order, that is
1 L<< lit can be considered Museum. The inner air is a continuous medium.

b) Steady flow field Flow of the flow of time with the flow of time known as the unsteady flow;
flow of time does not change with the flow of time known as steady flow. In the actual situation,
when the air flow through the air outlet at a uniform rate into the room, after a period of time, the
air supply air and indoor air fully mixed, the indoor flow field in a steady state, this time the
indoor flow field can be regarded as Steady flow.

c) Ideal incompressible air According to the knowledge of fluid mechanics, if the flow rate is
sufficiently small compared with the speed of sound and the Mach number M < 0.25, the
compressibility of the gas is negligible, the air supply wind speed is generally within 15m /s, the
wind speed is much lower than the sound speed. In this velocity range, the pressure and
temperature in the flow field are smaller than those of the free flow, so the corresponding density
change can be neglected, and it can be considered that the air is incompressible.

d) The density is assumed by boussinesq. The density is assumed by boussinesq. That is, the fluid
density and the dependence on the ambient temperature changes, regardless of pressure.

3.2.4. Numerical simulation related parameters
The application of CFD technology in indoor thermal environment is based on the

discretization and numerical analysis of the mass, momentum and energy conservation differential
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equations of incompressible gas in the room. Based on the microscopic analysis of the
characteristics of air turbulence, this paper uses the indoor zero equation model and discretizes the
control equations with the control volume dispersion method, taking into account the effect of
radiation heat transfer. This study used FLUENT and Airpak company series professional software
to study the indoor thermal environment simulation. Table 2-3 is the relevant parameters of
discrete solution. Among the commonly used turbulence models, the k-g model is the most widely
used in engineering.
Therefore, the turbulence model in this numerical simulation will use the standard k-& model.

From the molecular motion theory, the free travel of gas molecules is 1*10-11mm. The value
and the room length L compared to the specific value of the higher order, that is 1<<L<< 1, itcan
be considered as Museum. The inner air is a continuous medium.

Table 3-3 The set of relevant parameters of discrete solution

Turbulence Pressure Temp Momenturn Velo Water Body
model Varlables city vapor force
The indoor  Discretizatio Second order upwind
Zero n schemes
equation
Convergenc Relaxation 0.7 1.0 0.3 1.0 0.1 0.1
e criterion factor
Solver Pressure Temp Momenturn Kinet Kinetic Wate
schemes AMG AMP  AMP ic Energy r
Flow 0.001 energ Dissipati  vapo
Energy0.00 y on !
00001 rating
Circulation v/ Flex
type

The flow that flow with time changed are called unsteady flows; flow of time does not change
with the flow of time known as steady flow. In the actual situation, when the air flows through the
air outlet at a uniform rate into the room, after a period, the air supply air and indoor air fully
mixed, the indoor flow field in a steady state, this time the indoor flow field can be regarded as
Steady flow. According to the knowledge of fluid mechanics, if the flow rate is sufficiently small
compared with the speed of sound and the Mach number M < 0.25, the compressibility of the gas
is negligible, the air supply wind speed is generally within 15m / s, the wind speed is much lower
than the sound speed. In this velocity range, the pressure and temperature in the flow field are
smaller than those of the free flow, so the corresponding density change can be neglected, and it
can be considered that the air is incompressible. The density is assumed as boussinesq. That is the
fluid density and the dependence on the ambient temperature changes, regardless of pressure.
Based on the microscopic analysis of the air turbulence characteristics, the indoor zero equation
model was used in this simulation and the control equations was discretized with the control
volume dispersion method, considering the effect of radiation heat transfer.
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3.3. Mathematical method

In the building indoor environment, generally the water vapor in the humid air is in a
superheated state and the content is very low, so at a certain extent, it can be approximated as the
ideal gas. At the same time the density is small, the diffusion of wet air can be ignored.

The basic laws of conservation of heat and mass transfer between the fluid and the fluid and
between the fluid and the solid interface are: mass conservation law, momentum conservation law,
and energy conservation law. The mathematical models that generally describe these conservation
laws are the corresponding governing equations, namely the mass continuity equation, the
momentum equation, and the energy equation. As follows:

Mass continuity equation:

‘;—’t’+v- (pU) =0 (3-1)

In the formula, p is the fluid density, kg/m3; U is the gas velocity vector, U, ,, ,.
In this study, considering air as an incompressible fluid, the continuity equation can be simplified
to:

VU=0 (3-2)
Momentum equation:

22D 4V (U QU) = ~VP +V-T+p, (3-3)
t

where  is the outer product: U ® V = UVT p is the fluid density ,U is the flow velocity vector,

V -is the divergence ,P is the pressure,t is the timet is the derivatoric stress tensor, which has order
two,7 = u(VU + (VU)T) — gsv U

g represents body accelerations acting on the continuum, for example gravity, inertial
accelerations, electrostatic accelerations.
The energy equation:

Doltot 20 4 V- (pUhyot) =V QYD) + V- (U D)+ U-Sy +Sp  (3-4)

Where :
heoe IS the total enthalpy of the fluid, h.,; = h + 1/2U2 J/Kg.
h is the static enthalpy of the fluid, J/kg. And A is the thermal conductivity of the fluid, W /(m - K).
Sg is the source of fluid energy.

There is no chemical reaction in the numerical simulation process of this subject, and the
transport equation of the unreacted material is as shown in the following formula:

K2 4 v (pov) = -, (3-5)
t
Y; is the mass fraction of each substance predicted by FLUENT by the convective diffusion

equation of the i" substance; J; is the diffusion flux of substance i, which is produced by the
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concentration gradient?
When the moving fluid is laminar:

Ji = —pDim VY; (3-6)
Where: D; ,,,is the diffusion coefficient of the first species in the mixture.
When the moving fluid is turbulent:

Ji == {pDim + Sﬂ—(ft} vY; 3-7)

Where:Sc; is the turbulent Schmidt number

In the formula “d” is the absolute humidity. The absolute humidity between the mass of water
vapor present in moist air to the mass of dry air. Absolute humidity is normally expressed in
kilograms of water vapor per kilogram of dry air.

Absolute humidity expressed by mass:

d==2¥ (3-8)

ma

Where: d = absolute humidity; m,,= mass of water vapor (kg):

m,= mass of dry air (kg)
The FLUENT 14.0 turbulence module (Standard k-g) is used to analyze the flow field
characteristics. The component transport module (Species Transport) and the multiphase flow
module (Multiphase) simulated the mass transfer phase transition of water vapor in the air. The
governing equation is as follows:

20 + div(pud) = div(Tgradg) + s (3-9)

Where: ¢is a general variable;vI" is a generalized diffusion coefficient; s is a generalized source
term.

Wall condensation conditions: When the absolute humidity D,;- of the air node around the wall
surface is higher than the saturated absolute humidity D,,,;; corresponding to the wall temperature,
the wall surface is considered to be condensation.

Conditions for no condensation on the wall: Any time 7, when the absolute humidity Dair
of the air node around the wall is less than the saturated absolute humidity Dwall

corresponding to the wall temperature, the wall is not considered to be condensation

Dwall < Dair (3-10)
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3.3.1. Wet air enthalpy chart :
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Figure 3-3 Wet air enthalpy diagram

Wet air enthalpy chart is referred to as a pneumatic diagram or humidity diagram. In the chart

include dry bulb temperature, wet bulb temperature, absolute humidity, relative humidity, dew

point temperature and enthalpy. And it can find all of parameters easily by setting any two values.

Cc

Figure 3-4 The explanation of wet air enthalpy diagram
And the wet air enthalpy diagram shows the relationship between the state of humid air,
temperature and enthalpy. In the figure, the horizontal axis is temperature (a,b,c),the enthalpy on
the slant side axis (e),and the absolute humidity on the vertical axis (d), and ‘F is relative humidity.

When two of the state values of the humid air are determined, all other status values are found on
the diagram.
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3.4. Mesh generation and solution process

3.4.1. Generate grid

In the numerical calculation of fluid flow and heat transfer, a very important step is to generate
a grid, that is, to divide the continuous calculation area in space, divide it into many sub-areas, and
determine the node. The final accuracy of the numerical calculation results of the flow and heat
transfer problems and the efficiency of the calculation process mainly depend on the generated
grid and the algorithm used.

Airpak 2.1 has automatic grid generation function, but the arrangement of grid parameters will
directly affect the quality of the final grid. If the grid is too thick or too thin, it will affect the final
simulation calculation results; If it is too thin, the huge memory consumption may prevent the
computer from running normally; if the grid is divided too thin in some places and too coarse in
other places, the calculation may not converge, which will ultimately affect the accuracy of the
results.

Generally speaking, the grids used in the numerical calculation of fluid flow and heat transfer
problems can be roughly divided into two categories: structured grids and unstructured grids. In
general numerical calculation, the grids generated in orthogonal and non-orthogonal curvilinear
coordinate systems are structured grids, which are characterized by the connection between each
node and its neighbors being fixed and implicit in the generated In the grid, there is no need to
specifically set up data to confirm this relationship between nodes and neighbors.

Unstructured grids have been rapidly developed since the 1980s due to their particular adaptability
to irregular areas. In this grid, there are no fixed rules for the numbering of elements and nodes.
The geometric information of the node must be stored, and the number of the cells adjacent to the
cell must also be stored as the information of the connection relationship, so that the unstructured
grid can store a large amount of information. High-quality meshes are the primary conditions for
successful numerical simulation, and meshes that are too dense and too thin should be avoided. In
order to ensure a high-quality grid, the discrete space of this subject uses a mixed hexahedral grid,
and follows the following principles:

1. In places where the gradient is large, the grid must be sufficiently fine (temperature gradient,
velocity gradient, etc.);

2. The size expansion ratio from one grid unit to another is generally less than or equal to 2;

3. Regular cube elements are best. Minimize the inclination of grid elements; long and flat
elements should be avoided as much as possible.

4. Minimize the number of grids where the gradient is small, and distribute the grid reasonably
where the gradient is large.

5. The calculation object can be divided into a uniform grid and a non-uniform grid, and a special
detailed analysis (ie local encryption) can be performed on some objects in the calculation area
and the surrounding grid to make the local The grid meets the computing requirements.

6. The number of grids between solid surfaces should not be less than 4.

7. The number of grids on the fluid surface (exhaust vent) should not be less than 4-5.
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8. Select the corresponding grid spacing according to the actual size of the calculation object. On
the basis of satisfying the grid is sufficiently fine, reduce the number of grids as much as possible
to reduce the amount of calculation and improve the stability of convergence. According to the
meshing instructions of Airpak2.1 software, about 1/40 of the size of the simulated laboratory is
used as the basis for meshing, and on this basis, other physical or dense or sparse tissue grids in
the room are used.

3.4.2. Control equation processing method

The continuity equation, momentum equation, energy equation, and indoor zero equation model
for dealing with turbulence can be expressed in the following general form:

pdiv(uep) = div (I'grad¢p) + S (3-11)
Where:
¢——Universal dependent variable, representing (i, €, v, w, T, k)
p-density;
u ——speed vector;
r-generalized diffusion coefficient;
S-generalized source term
Based on formula (3-11) the control volume method is used for dispersion, and the steady-state
transmission conservation equation of scalar ¢ is considered. At any control volume V, the integral
control equation is as follows:

$ppv-dA=$TuVp-dA+$ S,dV (3-12)
On a given grid, equation (3-12) is discrete as:

N frces N frces
Dvg A =D T,(Ve) A, +S,V
! ’ ' (3-13)
The discrete equation can be written in the following general form:
a_n¢ = Zanh¢nh + b
nb (3_14)
The subscript nb in the equation represents the adjacent grid, a, and a,,, are the coefficients of ¢
and nbdo, respectively, and b is the source term.

3.4.3. Calculation method

In this chapter, the SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) algorithm
calculation steps are as follows (shown in Figure 3-5):
1. Estimate the pressure field p”*
2. Solve the system of momentum equations to get u*, v*, w*
3. Solve the p ‘equation.
4. Calculate p by adding p*top ".
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5. Use the speed correction formula to calculate the speed with an asterisk, u ,v ,w

6. Solve the discretization equations of other physical quantities ¢ that affect the flow field
through source terms, fluid properties, etc.

7. Process the corrected pressure p into a new estimated pressure p *, return to the second step,
repeat the whole process until the end of the whole process, and find the convergent solution.

Update properties

A 4
Solve momentum equations

\ 4
Solve pressure-correction(continuity)

equation. Ugdate pressure,face mass

flow rate

:

Solve energy,species,turbulence,and

other scalar equations
No - - Yes
Converged? m

Figure 3-5 Solution process diagram

3.4.4. Distribution hypothesis and convergence principle of dependent

variable

1. Distribution hypothesis of dependent variable

This topic adopts different distribution hypotheses for different dependent variables. When the
grid is sufficiently fine, the variation of the dependent variable between the grids decreases, and
the impact of such different assumptions will also be reduced. According to different calculation
actual situations, the first-order or second-order welcome style is adopted to ensure the accuracy
and stability of the calculation results.

2. The principle of convergence

The convergence criterion for the energy equation is generally taken as: 1 x 106 (for example: the
convergence criterion for temperature); the convergence criterion for the flow equation is
generally taken as: 1 x 103 (for example: the convergence criterion for velocity). The convergence
criterion also reflects the accuracy of the simulation calculation.

3. Determination of relaxation factor
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In the process of calculating by successive iteration method, the choice of relaxation factor is a
more critical link. A properly selected relaxation factor can accelerate convergence. Improper
selection may cause calculation oscillation or divergence. As far as the solution of the entire
nonlinear problem is concerned, there is no complete theory to judge whether the iterative solution
method can obtain a convergent solution. The sub-relaxation iteration method is used in FLUENT
software to accelerate convergence. Many scholars have studied the determination of the optimal
relaxation factor, but they all aim to directly find the optimal relaxation factor. The selection of
such relaxation factors is quite complicated. The common method in engineering is to choose
different relaxation factors for trial calculation according to the convergence speed of the iteration
process, constantly modify, and gradually find the best, until it is satisfied, then fix it and continue
the iteration, in order to achieve the purpose of accelerating convergence.

In the calculations in this chapter, the pressure relaxation factor is between 0.1 and 0.3, the
momentum relaxation factor is between 0.1 and 0.5, the temperature and viscosity relaxation
factor is between 0.7 and 1.0, and the mass force relaxation factor is 0.1. The relaxation factor of
the turbulent dissipation rate is 0.3 to 0.5. Based on the microscopic analysis of the characteristics
of air turbulence, the main method is to adopt the indoor zero equation model and use the
controlled volume dispersion method to discrete the control equations. The professional software
Airpak2.1 introduced by Fluent is used for simulation calculation. Airpak2.1 uses FLUENT5.6.6
CFD solver for calculation.

Solution residuz
continuity

‘ ytelocity

‘. |
|

==
|

leO

0 20 a0 60 80 100 120 140 160 1680 200

Iterations

I aft huttan = >aom

Figure 3-6 Convergence process diagram

The unstructured grid is used to divide the three-dimensional model, and the regions with large
temperature and humidity gradient changes at the inlet and the fan outlet are grid-encrypted. To
ensure that the number of meshes used in the simulation is not related to the corresponding
simulation results, a mesh independence verification was performed. Models with three grids A,
B, and C, with numbers of 2500984, 2700880, and 300980, were selected for simulation. In case
1, select a total of ten simulation points for the air inlet, air outlet, humidifier outlet and indoor as
reference. The average humidity values at various measurement points were compared and three
models of A, B, and C were less than 5 %. As shown in Figure 3-7. It shows that the grid
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encryption based on model A has little effect on the simulation results. Considering the
calculation rate, A model was selected for simulation analysis. The maximum plane twist rate of
the grid is 0.6, and 97.3% of the grid twist rates are less than 0.5. The grid quality is good and
meets the simulation requirement.
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50 1 p
40

30 A
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Average humidity %

——@—— Simulation Data A
Simulation Data B
= Simulation Data C

Measured Points
Figure 3-7 Independence of result within grid meshes

3.4.5. Velocity field analysis (air flow analysis)

3.4.5.1. Velocity field analysis (air flow analysis) of case 1

The object of this simulation is mainly the indoor humidity distribution, so the X, y-axis cross-
section and the ground 0.2m height cross section and the human standing height 1.5m cross
section at the humidifier are analyzed.
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Figure 3-8 \elocity field of axial section of Case 1: (a) air velocity field of horizontal
cross-section of Case 1 (Z = 1.5 m); (b) air velocity field of horizontal cross-section of Case 1 (Z =
0.2 m); (c) x-axial center cross-section velocity field; (d) y-axial ross-section velocity field

Figure 3-8 are the velocity field diagram of the near-ground height of 0.2m and the human

standing working height of 1.5m of CASEL.Casel is that the air return is in the ceiling. It can be
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seen from the figure that the airflow enters the model from the ceiling, which affects the indoor
humidity distribution and forms a vortex around the humidifier.

Figure 3-8 The velocity field diagram of the central cross-section of the X-axis. It can be seen
from the figure that part of the water vapor emitted from the generating source rises due to its
initial velocity and forms a vortex with the airflow entering the air supply port, and the other part
is discharged outside the room through the exhaust port.

Figure 3-8 shows The velocity field diagram of the central cross-section of theY-axis. It can be
seen from the figure that part of the water vapor emitted from the generating source rises due to its
initial velocity and forms a vortex with the airflow entering the air supply port, and the other part
is discharged outside the room through the exhaust port.

After the dilution effect, it is discharged outside the room, and the other part is directly taken
out of the laboratory by the exhaust port due to the jet induction effect of the exhaust port. The
naturally ventilated window and the exhaust port are located on the same side of the laboratory.
Due to this jet induced effect of the exhaust port, the "window-exhaust port” forms a backflow,
and the amount of fresh air entering from the window is mostly free of wet air It is diluted and
discharged directly out of the room.

Based on the above analysis, it can be concluded that the general distribution of the entire
indoor fluid flow field is basically a part of the air sent from the air supply port to form two large
vortices between the humidifier and the end of the exhaust port; Due to the jet induction of the
exhaust port, it is directly discharged outside. The general jet formula is difficult to give the
position of the vortex, and the CFD software can clearly show the specific characteristics such as
position and shape. The jet formula often used in engineering design cannot consider the influence
of the boundary, nor

The influence between jets can be considered, and CFD results can reflect these influences,
which is also the advantage of CFD in the analysis of airflow organization.

3.4.5.2. Velocity field analysis (air flow analysis) of case 2

The object of this simulation is mainly the indoor humidity distribution, so the X, y-axis cross-
section and the ground 0.2m height cross section and the human standing height 1.5m cross
section at the humidifier are analyzed.

Figure 3-9 are the velocity field diagram of the near-ground height of 0.2m and the human
standing working height of 1.5m of CASE 2.
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Figure 3-9 \elocity field of axial section of Case 2: (a) air velocity field of horizontal
cross-section of Case 2 (Z = 1.5 m); (b) air velocity field of horizontal cross-section of Case 2 (Z =
0.2 m); (c) x-axial center cross-section velocity field; (d) y-axial ross-section velocity field

Figure 3-9 also shows The velocity field diagram of the central cross-section of the x-axis. It
can be seen from the figure that part of the water vapor emitted from the generating source rises
due to its initial velocity and forms a vortex with the airflow entering the air supply port, and the
other part is discharged outside the room through the exhaust port.

After the dilution effect, it is discharged outside the room, and the other part is directly taken
out of the laboratory by the exhaust port due to the jet induction effect of the exhaust port. The
naturally ventilated window and the exhaust port are located on the same side of the laboratory.
Due to this jet induced effect of the exhaust port, the "window-exhaust port” forms a backflow,
and the amount of fresh air entering from the window is mostly free of wet air It is diluted and
discharged directly out of the room.

Based on the above analysis, it can be concluded that the general distribution of the entire
indoor fluid flow field is basically a part of the air sent from the air supply port to form two large
vortices between the humidifier and the end of the exhaust port; Due to the jet induction of the
exhaust port, it is directly discharged outside. The general jet formula is difficult to give the
position of the vortex, and the CFD software can clearly show the specific characteristics such as
position and shape. The jet formula often used in engineering design cannot consider the influence
of the boundary, nor

The influence between jets can be considered, and CFD results can reflect these influences,
which is also the advantage of CFD in the analysis of airflow organization.
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3.4.5.3. Velocity field analysis (air flow analysis) of case 3

The object of this simulation is mainly the indoor humidity distribution, so the x, y-axis cross-
section and the ground 0.2m height cross section and the human standing height 1.5m cross
section at the humidifier are analyzed.

Figure 3-10 are the velocity field diagram of the near-ground height of 0.2m and the human
standing working height of 1.5m of CASE 3.
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Figure 3-10 Velocity field of axial section of Case 3: (a) air velocity field of horizontal
cross-section of Case 3 (Z = 1.5 m); (b) air velocity field of horizontal cross-section of Case 3 (Z =
0.2 m); (c) x-axial center cross-section velocity field; (d) y-axial cross-section velocity field

Figure 3-10 The velocity field diagram of the central cross-section of the X-axis. It can be seen

from the figure that part of the water vapor emitted from the generating source rises due to its
initial velocity and forms a vortex with the airflow entering the air supply port, and the other part
is discharged outside the room through the exhaust port.
Figure 3-10 shows The velocity field diagram of the central cross-section of the Y-axis. It can be
seen from the figure that part of the water vapor emitted from the generating source rises due to its
initial velocity and forms a vortex with the airflow entering the air supply port, and the other part
is discharged outside the room through the exhaust port.

After the dilution effect, it is discharged outside the room, and the other part is directly taken
out of the laboratory by the exhaust port due to the jet induction effect of the exhaust port. The
naturally ventilated window and the exhaust port are located on the same side of the laboratory.
Due to this jet induced effect of the exhaust port, the "window-exhaust port” forms a backflow,
and the amount of fresh air entering from the window is mostly free of wet air It is diluted and
discharged directly out of the room.

Based on the above analysis, it can be concluded that the general distribution of the entire
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indoor fluid flow field is basically a part of the air sent from the air supply port to form two large
vortices between the humidifier and the end of the exhaust port; Due to the jet induction of the
exhaust port, it is directly discharged outside. The general jet formula is difficult to give the
position of the vortex, and the CFD software can clearly show the specific characteristics such as
position and shape. The jet formula often used in engineering design cannot consider the influence
of the boundary. The influence between jets can be considered, and CFD results can reflect these
influences, which is also the advantage of CFD in the analysis of airflow organization.

3.4.5.4. Velocity field analysis (air flow analysis) of case 4

The object of this simulation is mainly the indoor humidity distribution, so the x, y-axis cross-
section and the ground 0.2m height cross section and the human standing height 1.5m cross
section at the humidifier are analyzed.

Figure 3-11 are the velocity field diagram of the near-ground height of 0.2m and the human
standing working height of 1.5m of CASE 4.
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Figure 3-11 \elocity field of axial section of Case 4: (a) air velocity field of horizontal
cross-section of Case 4 (Z = 1.5 m); (b) air velocity field of horizontal cross-section of Case 4 (Z =
0.2 m); (c) x-axial center cross-section velocity field; (d) y-axial cross-section velocity field

As only the wall material of the room and the amount of humidifier humidification were
changed between case3 and case4, there was no significant difference in the velocity distribution
in the room.

After the dilution effect, it is discharged outside the room, and the other part is directly taken
out of the laboratory by the exhaust port due to the jet induction effect of the exhaust port. The
naturally ventilated window and the exhaust port are located on the same side of the laboratory.
Due to this jet induced effect of the exhaust port, the "window-exhaust port" forms a backflow,

and the amount of fresh air entering from the window is mostly free of wet air It is diluted and
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discharged directly out of the room.

Based on the above analysis, it can be concluded that the general distribution of the entire
indoor fluid flow field is basically a part of the air sent from the air supply port to form two large
vortices between the humidifier and the end of the exhaust port; Due to the jet induction of the
exhaust port, it is directly discharged outside. The general jet formula is difficult to give the
position of the vortex, and the CFD software can clearly show the specific characteristics such as
position and shape. The jet formula often used in engineering design cannot consider the influence
of the boundary. The influence between jets can be considered, and CFD results can reflect these
influences, which is also the advantage of CFD in the analysis of airflow organization.

3.4.6. Relative humidity analysis

Figure 3-11 shows the relative humidity distribution of the central section under the same
ventilation and different ventilation modes. The range of relative humidity RH > 100% in the
figure characterizes the formation area of the water mist. It can be seen from Figure 2 that the
relative humidity distribution of the central section is related to the air supply mode, and the
condensation state by different air supply modes is different; Compared with other cases, the
relative humidity value of Case 1 is generally low; the high humidity area in Case 2 space is
distributed the lower space; the high humidity area in Case 3 space is concentrated the upper space.
Because of the wall is insulation, the Case 4 almost no condensation near the wall space. And the
condensation space is concentrated the upper space of humidifier. Analysis of the water mist
formed near the wet source outlet. The results show that the water mist formed in Case 1 is
concentrated in the range of 0.5- 0.7m above the wet source outlet; the water mist formed in Case
2 is concentrated in the upper right of the wet source outlet in the range of 0.5-1.1 m, and the
water mist is the largest. Case 3 forms the smallest volume of water mist, which is 0.5m above the
wet source outlet. Case 3 forms the smallest volume of water mist, which is 0.2 to 0.3 m above the
wet source outlet. Comparing Case 4 with Case 3, since Case 4 increases the humidifier's
humidification amount, the condensation area in the area above the humidifier is larger than that
of Case 3. The humidity distribution of Case 2 and Case 3 is obvious differences. The relative
humidity distribution of the central section under the same ventilation and different ventilation
modes. The range of relative humidity at RH > 100% in the figure characterizes the formation of
water mist. It can be seen from Figure 6 that the relative humidity distribution of the central
section is related to the air supply mode, and the condensation state by different air supply modes
is different. Comparing the cases, the relative humidity value of Case 1 was generally low, while
Case 2 had a high humidity area in the lower space, and Case 3 had a high humidity area in the
upper space. Due to the wall insulation included in Case 4, almost no condensation appeared near
the wall space, and the condensation space was concentrated in the upper space of the humidifier
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Figure 3-12 The Sectional Humidity Distribution

The results of the analysis of the water mist formed near the wet source outlet showed that the
water vapor formed in Case 1 was concentrated at 0.5-0.7 m above the wet source outlet; the
water mist formed in Case 2 was concentrated in the upper right of the wet source outlet at 0.5-1.1
m, and the quantity of water mist was greater for Case 2. Case 3 formed the smallest volume of
water mist, which was concentrated 0.5 m above the wet source outlet. Comparing Case 4 with
Case 3, since Case 4 increased the amount of humidification in the humidifier, the condensation
area in the area above the humidifier was larger than in Case 3. There were obvious differences in
humidity distribution between Case 2 and Case 3. Figure 3-12 shows the temperature distribution
of Case 2 and Case 3. It can be seen that when the air is supplied from the lower part of the room,
the hot air filled the whole area
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Figure 3-13 Sectional temperature distribution in (2) Case 2 and (b) Case 3.
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To study the effects of ventilation on space and wall condensation, the intersection of the wet
source exit position from the ceiling (recorded as P1 line), and the wall X=0 and the wall Y=3m
(referred to as P2 line) are the research objects. The variation of the condensation rate of space and
wall along the height direction under different ventilation modes was analyzed. The position of P1
line and P2 line is shown in Figure 1(Case 1). From Figure 3-13 in the case of the same ventilation,
the ventilation method of Case 3 has the best effect on the condensation of the space above the
wet source outlet, except for a little condensation; the ventilation method of Case 2 is the most
unfavorable for control, and the condensation in the upper space occurs. The highest rate means
that the time of formation of water mist in the space above the wet source is short, the speed is fast,
and the amount of condensed water is large. In the case of the same ventilation, the ventilation
method of case 3 has the best effect on the condensation of the space above the wet source outlet,
except for a little condensation in the range of 0.4-0.6 m in height, and condensation at the other
positions. The rate is 0, no condensation occurs; the ventilation method of case 2 is the most
unfavorable for control, and the condensation in the upper space occurs. From the condensation
rate distribution curve, the condensation of case 2 is in the range of 0.7 to 2.1 m in height. The
highest rate means that the time of formation of water mist in the space above the wet source is
short, the speed is fast, and the amount of condensed water is large.
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Figure 3-14 Condensation Rate Changes Along The P1 Line Under Different Air Supply Mode.

It can be seen from the Figure 3-14 that in Casel, the wall condensation rate increases with the
increase of the wall height. This means that the condensation at the top position is early, fast, and
has a large amount of condensation. And condensation formation at the bottom of the room is late,
slow, and less condensation. The Case 2 and Case 3 condensation rate curves are similar, and the
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condensation rate of the wall decreases with the increase of the height. At this time, the closer to
the wall foot position, the faster the condensation is formed and the more the condensation is.
Comparing the three working conditions, it can be seen that the space and wall condensation rate
of case 3 is the lowest when the same ventilation amount is used. Therefore, the ventilation of
Case 3 is optimal from the viewpoint of reducing the condensation rate of the wall. And that in
casel, the wall condensation rate increases with the increase of the wall height, which means that
the condensation formation time is earlier, the speed is faster, and the condensation is larger; the
condensation formation time below the wall surface is late and the speed Slow, less condensation.
The case2 and case3 condensation rate curves are similar, and the condensation rate of the wall
decreases with the increase of the height. At this time, the closer to the wall foot position, the
faster the condensation is formed and the more the condensation is. Comparing the three working
conditions, it can be seen that in the case of the same ventilation, the condensation rate of the
space and the wall surface of Case 3 is the lowest. Therefore, the ventilation mode of Case 3 is
optimal from the viewpoint of reducing the condensation rate of the wall surface.
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Figure 3-15 Condensation Rate Changes Along The P2 Line Under Different Air Supply Mode.
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3.5. Simulation results of the influence of ventilation on wall condensation and

analyses

Figures 2-17 is simulations of wall condensation distribution changes at typical times under
different operating conditions. The values of the left strip color bands in the figure characterize the
condensation of the wall in kg. It can be seen from Figure 2 that when the working case 1, the
time at which the wall surface starts to condensation is 480s, and the initial occurrence position of
the condensation is the corner of the ceiling near the side of the air outlet, and the wall surface is
stable from the occurrence of condensation to the condensation area. With a duration of 1800s, the
maximum condensation on the wall is 0.33g; at the case 2, the initial time of condensation is 600s,
and the initial occurrence of condensation is the ceiling corner and the two side walls near the air
supply side. In the middle area, the wall surface lasts for 1800s from the time when condensation
occurs and the condensation area is stable, and the maximum condensation on the wall is 1.14g. At
case 3, the initial time of condensation is 900s, the occurrence position is the corner of the floor
near the side of the air supply opening. The time from the occurrence of dew condensation to the
stable condensation area is 2400 s, and the maximum condensation on the wall is 0.299 g.

From the distribution of the condensation on the wall, in the ventilation mode of the roof to the
roof, the condensation starts at the corner of the ceiling near the side of the exhaust, and then
appears at the intersection of the ceiling and the surrounding walls and the corners. Condensation
phenomenon, with the continuous generation of hot steam, the condensation area began to
gradually extend from the ceiling to the bottom of the wall until the condensation area stabilized.
In the ventilation mode of the row, the dew condensation starts at the side of the ceiling wall near
the air supply opening and the middle area of the left and right wall surfaces, and then the
condensation occurs on the surrounding wall corner of the floor and the side wall surface of the air
supply opening, and then the condensation area begins. Extend until it stabilizes. In the ventilation
mode of the upper row on the lower side of the delivery side, the dew condensation starts at the
sides of the bottom corner of the air supply opening, and then condensation occurs on the left and
right side wall surfaces of the air supply opening and the corner of the ceiling wall on the side of
the air outlet. The area of condensation began to expand until it stabilized. Comparing the
condensation conditions under various ventilation modes, it can be known that when the
ventilation amount is the same but the ventilation mode is different, the condensation of each wall
surface is very different. It can be seen from the figure that the condensation area of case 3 is the
smallest, and the working condition is the second, and the working case 2 has the largest dew area.
Therefore, from the perspective of reducing the risk of wall condensation, the ventilation mode of
case 3 is optimal
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3.6. Air mean age analysis

Age of air is the age of air mass (Age of air), refers to the air mass since the entry into the
room to a point in the room experienced time, reflecting the freshness of indoor air, it can be a
comprehensive measure of the room ventilation effect, is an important indicator to evaluate
the quality of indoor air. The concept of air age was first introduced by Sandberg in the 1980s.
By definition, air age refers to the time when air enters a room. When pollutants are evenly
distributed in a room and the air supply is fully fresh, the smaller the air age at a point, the
fresher the air at that point and the better the air quality. It also reflects the room's ability to
remove pollutants, with a room with a small average air age being more capable of removing
pollutants. Due to the obvious physical significance of air age, it is widely used as an
important indicator of the freshness of air in air-conditioned rooms and the ability to change
air. Traditionally the air age concept has only considered the interior of the room, the air age
at the room inlet is considered to be 0 (100% fresh air). In order to consider the effect of the
entire ventilation system including return air, mixed air and flow in the ducts, Tsinghua
University has proposed the concept of full air age. The time that the air micro-clusters
experience since entering the ventilation system; the air age at the entrance of the room is
taken as 0 and the resulting air age is called the room air age. Compared to the room air age,
the full air age can be seen as an absolute parameter and the full air ages of different rooms
can be compared.

A plot of the air age distribution in the room at a height of 1.5m was obtained by Airpak
simulation for different air supply methods, as shown in Figure 3-16.

As can be seen from the figure, Case 3 has a better air replacement effect. The analysis
shows that the air age in Case 1 is about 400-640s, with an average value of 585s; in Case 2 the
air age is about 190-380s, with an average value of 331s; in Case 3 the air age is between 120-
290s, with an average value of 261s. Smaller for mean age of the air coming out near the air

conditioner. 9 points on the 1.5m height section are selected for comparison, with the location

Mean age of air
- 380.00
-: 332,50
285.00
237.50
190.00
14250
95.000
47.500
(©

of the selected points shown in Figure 3-17(a)
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Figure 3-16 Air mean age at Z=1.5m. (a) Case 1;(b) Case2;(c) Case 3.
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Figure 3-17 Air mean age at Z=1.5m of casel,2and 3.
Figure 3-17 (b) shows a comparison of the air ages at selected points. It can be seen visually
that the average air age for Case 3 is relatively small. Case 1 has a much larger air age than
the other two options. According to the definition of air age, the lower the air age, the fresher

the air in the room, so the side down and up approach is better than the other two methods.
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3.7. Conclusion

This chapter establishes a mathematical model and uses FLUENT software to simulate the
effect of ventilation on indoor humidity and wall condensation. The simulation indicates that the
way of ventilation has a big influence on distribution of condensation on walls surface. Concluded
as followed:

The model can realistically simulate the effect of ventilation on the condensation distribution.
The ventilation method affects the condensation distribution and condensation sequence of the
wall surface, so the wall condensation can be effectively controlled by properly arranging the
position of the outlets.

For buildings affected by wet sources, ventilation with lower supply and upper back mode is
better than other methods. Case 3 ventilation provides better air flow in the room and better air
replacement in terms of air age, which prevents condensation from occurring inside the room.

It can be inferred that when the wall of the ventilated room is added with insulation, replacing the
material with good heat insulation and moisture resistance can also control the occurrence of
condensation.

However, there are still some important issues that need to be discussed in the future,
including the following:

The conclusions of this paper are based on small rooms and it remains to be seen whether
similar conclusions can be drawn for other buildings, such as the problem of split-level air
conditioning in tall spaces.

For split type air conditioner room, airflow organization distribution with the installation
position of the air conditioner, indoor equipment placement and indoor personnel distribution,
different airflow organization will form different velocity field and temperature field.

For office buildings, which are now mostly controlled by central air conditioning, the VRV plus
fresh air air conditioning system and the primary return air conditioning system are also worth
discussing with regard to the distribution of the indoor temperature and humidity fields and the
indoor air quality.
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CHAPTER 4

Analysis of the Effects of Ventilation Method

on Indoor Humidity Distribution and Condensation of
Single Room by CFD method



4. Analysis of the Effects of Ventilation Method on Indoor Humidity

Distribution and Condensation of Single Room by CFD method

4.1. The summary of CFD simulation

4.1.1. Establishment of a basic physical model

This chapter simulated the effects of two different ventilation method and different placement
of humidifier on condensation. The simulation is dedicated to single room(5m*5m*2.8m) The
room plan is shown in Figure 3-1. There are two type of air conditioning system. The way of A
type is air supply and air outlets at the same direction. The B type is the air supply and air outlets
on the opposite of the room. A total of 10 placement for the humidifier in the simulation
experiment are shown in the Figure 1. In the model, the humidifiers are placed in five locations,
two heights and ten places. The letters indicate two different ways of ventilation(A,B). The height
is indicated in parentheses. For example, A1(0) and A1(0.5) indicate that the humidifier is placed
on the ground at position 1 of the ventilation mode A and placed at the height of 0.5 m from the
ground at position 1 of the ventilation mode A.

In the model the wall on the side of window are made by concrete with overall heat transfer

coefficient of 1.74W/m2 - K. The heat transfer coefficient of the window is 0.63 W/m2 - K. The

other walls are insulated and desiccated. A humidifier was placed in the room to simulate
humidification. The model boundary conditions are set in the Table3-1
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Figure 4-1 Physical Model of Each Case
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Table 4-1 Model Boundary Conditions

Boundary Parameter Setting
Air supply Air volume : 216m"3/h, Temp.: 30C, Relative Humidity: 20%
Air Outlet Outflow
Wall Dehumidification, overall heat transfer coefficient 1.74W /(m"2 = K), Outdoor

temperature 5 'C

Ceiling and Floor Insulation

window heat transfer coefficient 0.63W / (m"2 * K)
Initial environment ~ Temp. 23°C RH ®=20%

Penetrating wind 0.2m/s

Humidifier Amount of moisture 300ml/h

Table 4-2 Case number and the humidifier position

casel no hum idifier

casel AL{D) cazel2  BL{0)
casel AlL{D.3) cazeld  BIL{03)
cased AX(0) cazel4 B0
cases A03) eazeld  B2{03)
cased A3 caselé  B3(0)
case’ A3(0.3) casel7  B3{0.3)
casel Ad{D) cazel8  B4{0)
cased A4(0.5) casel19  B4(0.5)
casel0  AS(D) caze2d B30
cazell  AS{0.3) cazell B3{03)

4.1.2. Simplification of the physical model

If the simulated state following the actual state of lab, the error between the actual measurement
and the simulation experiment will be minimized. However, due to the accuracy of the model will
affect the division of the mesh, the operation of the computer's performance requirements is high,
It is difficult for ordinary computers to meet the requirements, so in order to simulate the smooth
progress of this model | affect the room airflow organization smaller objects to a certain degree of
simplification, thereby reducing the operation of the computer performance requirements. 5 points
simplifying assumption were made for the model :
1.The effects of gravity fields on air and water vapors are ignored,;
2.Both air and water vapor are considered to be incompressible fluids with a constant density;
3.When the water vapor evaporates from the water surface, only latent heat exchange is performed,
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and sensible heat exchange is not considered;

4.When water vapor condenses on the wall, the heat release ignored from the phase change
process;

5.Wall surfaces moisture absorption capacity is not considered during wall condensation.

4.2. Mathematical method

In the building indoor environment, generally the water vapor in the humid air is in a
superheated state and the content is very low, so at a certain extent, it can be approximated as the
ideal gas. At the same time the density is small, the diffusion of wet air can be ignored.

The basic laws of conservation of heat and mass transfer between the fluid and the fluid and
between the fluid and the solid interface are: mass conservation law, momentum conservation law,
and energy conservation law. The mathematical models that generally describe these conservation
laws are the corresponding governing equations, namely the mass continuity equation, the
momentum equation, and the energy equation. As follows:

Mass continuity equation:

‘;—’t’+v- (pU) =0 (4-1)

In the formula, p is the fluid density, kg/m3; U is the gas velocity vector, U, ,, ,.
In this study, considering air as an incompressible fluid, the continuity equation can be simplified
to:

VU=0 (4-2)
Momentum equation:

a(pU)
¢

+V-(pUQU)=-VP+V-1+p, (4-3)

where ® is the outer product: U ® V = UVT p is the fluid density ,U is the flow velocity vector,

V -is the divergence ,P is the pressure,t is the timet is the derivatoric stress tensor, which has order
two,7 = u(VU + (VU)T) — §6v U

g represents body accelerations acting on the continuum, for example gravity, inertial
accelerations, electrostatic accelerations.
The energy equation:

Doltot %0 4 V- (pUhyoe) = V- QVT) + V- (U 1) + U~ Sy + S (4-4)

Where :
hso: 1S the total enthalpy of the fluid, h,,, = h + 1/202 J/kg.
h is the static enthalpy of the fluid, J/kg. And A is the thermal conductivity of the fluid, W /(m - K).
Sg is the source of fluid energy.

There is no chemical reaction in the numerical simulation process of this subject, and the
transport equation of the unreacted material is as shown in the following formula:
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L2 4 v (v = -, (4-5)
t

Y; is the mass fraction of each substance predicted by FLUENT by the convective diffusion
equation of the i substance; J; is the diffusion flux of substance i, which is produced by the
concentration gradient?

When the moving fluid is laminar:

Ji = —pD;mVY; (4-6)
Where: D; ,,,is the diffusion coefficient of the first species in the mixture.
When the moving fluid is turbulent:

Ji == {pDim + Sﬂ—(ft} vY; (4-7)

Where:Sc; is the turbulent Schmidt number

In the formula “d” is the absolute humidity. The absolute humidity between the mass of water
vapor present in moist air to the mass of dry air. Absolute humidity is normally expressed in
kilograms of water vapor per kilogram of dry air.

Absolute humidity expressed by mass:

d==2v (4-8)

may

Where: d = absolute humidity; m,,= mass of water vapor (kg):

m,= mass of dry air (kg)
The FLUENT 14.0 turbulence module (Standard k-g) is used to analyze the flow field
characteristics. The component transport module (Species Transport) and the multiphase flow
module (Multiphase) simulated the mass transfer phase transition of water vapor in the air. The
governing equation is as follows:

229 + div(pug) = div(Igradg) + s (4-9)

Where: ¢is a general variable;vI" is a generalized diffusion coefficient; s is a generalized source
term.

Wall condensation conditions: When the absolute humidity D,;- of the air node around the wall
surface is higher than the saturated absolute humidity D,,,;; corresponding to the wall temperature,
the wall surface is considered to be condensation.

Conditions for no condensation on the wall: Any time t, when the absolute humidity Dair of the
air node around the wall is less than the saturated absolute humidity Dwall corresponding to the
wall temperature, the wall is not considered to be condensation

Dwall < Dair (4-10)
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4.2.1. Distribution hypothesis and convergence principle of dependent

variable

1. Distribution hypothesis of dependent variable

This topic adopts different distribution hypotheses for different dependent variables. When the
grid is sufficiently fine, the variation of the dependent variable between the grids decreases, and
the impact of such different assumptions will also be reduced. According to different calculation
actual situations, the first-order or second-order welcome style is adopted to ensure the accuracy
and stability of the calculation results.
2. The principle of convergence

The convergence criterion for the energy equation is generally taken as: 1 x 10 (for example:
the convergence criterion for temperature); the convergence criterion for the flow equation is
generally taken as: 1 x 10 (for example: the convergence criterion for velocity). The convergence
criterion also reflects the accuracy of the simulation calculation.
3. Determination of relaxation factor

In the process of calculating by successive iteration method, the choice of relaxation factor is a
more critical link. A properly selected relaxation factor can accelerate convergence. Improper
selection may cause calculation oscillation or divergence. As far as the solution of the entire
nonlinear problem is concerned, there is no complete theory to judge whether the iterative solution
method can obtain a convergent solution. The sub-relaxation iteration method is used in FLUENT
software to accelerate convergence. Many scholars have studied the determination of the optimal
relaxation factor, but they all aim to directly find the optimal relaxation factor. The selection of
such relaxation factors is quite complicated. The common method in engineering is to choose
different relaxation factors for trial calculation according to the convergence speed of the iteration
process, constantly modify, and gradually find the best, until it is satisfied, then fix it and continue
the iteration, in order to achieve the purpose of accelerating convergence.
In the calculations in this chapter, the pressure relaxation factor is between 0.1 and 0.3, the
momentum relaxation factor is between 0.1 and 0.5, the temperature and viscosity relaxation
factor is between 0.7 and 1.0, and the mass force relaxation factor is 0.1. The relaxation factor of
the turbulent dissipation rate is 0.3 to 0.5. Based on the microscopic analysis of the characteristics
of air turbulence, the main method is to adopt the indoor zero equation model and use the
controlled volume dispersion method to discrete the control equations. The professional software
Airpak2.1 introduced by Fluent is used for simulation calculation. Airpak2.1 uses FLUENT5.6.6
CFD solver for calculation.

4.2.2. Simplification of the physical model

1.The effects of gravity fields on air and water vapors are ignored,;

2.Both air and water vapor are considered to be incompressible fluids with a constant density;
3.When the water vapor evaporates from the water surface, only latent heat exchange is performed,
and sensible heat exchange is not considered;
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4.When water vapor condenses on the wall, the heat release ignored from the phase change
process;
5.Wall surfaces moisture absorption capacity is not considered during wall condensation.
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4.3. Post-processing and analysis of simulation results

For the first time, the simulation without a humidifier has been completed. The indoor humidity
distribution is shown in Figure 4-2. It can be seen that the indoor humidity is about 25% when the
humidifier is not used in winter, which is lower than the indoor humidity comfort range This
simulation verifies that the indoor humidity range is not in the comfort range without using a
humidifier in winter and verifies the need for a humidifier in winter. In addition, it is necessary to
study the placement position of the humidifier.

A total of 21 simulations were performed. Figure 4-3 shows the humidity of each simulation
case. It can be seen that after using the humidifier, the indoor humidity environment is
significantly improved. Under the ventilation mode of B, the indoor humidity is better than the
ventilation mode A.

S000

Aj 1200

g wall. 2 wardrobe

partition.2

2,800

5000 ]

Y =14m Y =0.6m Y =11lm
The Humidity Plane Cut of Height Section

Figure 4-2 The indoor humidity distribution of Case 1
Figure 4-3 shows the humidity of each simulation case. It can be seen that after using the
humidifier, the indoor humidity environment is significantly improved. Under the ventilation
mode of B, the indoor humidity is better than the ventilation mode A. In Figure it can be seen that
the humidity environment of case 2 is very good, between 40% and 60%. However, in case 12
there are many parts of the humidity above the comfort range.
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Figure 4-3 The indoor humidity distribution of each cases
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Case 2 and case 3 aim to find out in the same way of ventilation. The humidifier is placed in the
middle of the room in case 2 and case 3. The humidity profiles presented in both cases show that
the overall humidity in the room is better in case 3 than in case 2. The humidity level in the
vicinity of the fridge on the kitchen side is very low due to the partition between the kitchen and
the room. However, considering that this location is not the main place for people to stay, it is
ignored for the time being. In case 3, there was significant water mist condensation around the
humidifier. There is also a low humidity level on the side of the air outlet. The overall average
humidity in the room is within a comfortable range at a height cross-section of 1.1m at human
sitting height. If the humidifier is placed in the centre of the room, increasing the height of the
humidifier will increase the humidity level in the room.
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In case 4 and case 5, the humidifier is placed at a window position in the room. The humidity
profiles presented in both cases show that the overall humidity in the room in case 4 is not
significantly different from that in case 5. The humidity level near the kitchen side of the fridge is
still low due to the partition between the kitchen and the room space. However, considering that
this location is not the main place for people to stay, it is ignored for the time being. In cases 4 and
5 there is a clear condensation of water mist around the humidifier. As the humidifier is close to
the window, condensation can be seen on the window side. At the same time, no low humidity was
observed on the side of the air outlet. The overall average humidity in the room is within a
comfortable range at a height cross-section of 1.1m at human sitting height. In contrast to case 2
and case 3, where condensation is more likely to occur on the window side and the condensation
area becomes larger when the humidifier is placed higher, the humidifier placed on the window

side has limited ability to control the overall humidity in the room and is prone to condensation.
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The effect of the humidifier at different heights on the humidity in the room was also
investigated in case 6 and case 7, where the humidifier was placed near the window and near the
air supply. The humidity profiles presented in both cases show that the overall humidity in the
room in case 6 is significantly different from that in case 7. The humidity level near the kitchen
side of the fridge is still low due to the partition between the kitchen and the room space. However,
considering that this location is not the main place for people to stay, it is ignored for the time
being. In cases 6 and 7 there was a noticeable condensation of water mist around the humidifier.
However, there was no visible condensation on the window side of the humidifier as it was close
to the air outlet, unlike in case 4 and case 5. In case 6, a low humidity level was also observed on
the side of the air outlet. The possible influencing factors are the distance from the humidifier and
the fact that the humidifier is located too close to the air outlet, which is affected by the air
convection. The overall average humidity in the room is within a comfortable range at a height of
1.1m at human sitting height. Compared to the previous case, the condensation on the window
side is improved by placing the humidifier near the air outlet, even though it is also located on the
window side. The low humidity on the bed side was also significantly improved when the
humidifier was placed higher, so the humidity in the room changed significantly when the
humidifier was placed on the window side and close to the air outlet, and the low humidity on the
return side was alleviated when the humidifier was raised.
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Due to the low humidity level in the kitchen, the humidifier was placed near the external
partition of the kitchen and the effect of the humidifier at different heights was investigated in
cases 8 and 9 with the same ventilation. The humidity profiles presented in both cases show that
the overall humidity in the room in case 8 is not significantly different from that in case 9.
However, due to the partitioning of the kitchen space from the room, the humidity level near the
refrigerator on the kitchen side still did not improve. However, considering that this location is not
the main place for people to stay, it is ignored for the time being. In cases 8 and 9 there was a
noticeable condensation of water mist around the humidifier. As the humidifier is close to the wall,
a small area of visible water mist condensation was found on the wall in case 9. The low humidity
level on the outlet side was also improved. The overall average humidity in the room is within a
comfortable range at a height of 1.1m at human sitting height. In comparison to the previous case,
the humidity distribution in the room is good with the humidifier placed here and at a higher level.
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Case 10 and case 11 show the humidity distribution with the same air supply as before, with the
humidifier placed at the door. It is clear that the overall humidity distribution in case 10 and case
11 is below the humidity range to which the human body is adapted. The placement of the
humidifier does not improve the humidity in the room. The humidity in the room is low near the
floor under the effect of the air conditioner, but after raising the humidifier, we can see in case 11
that there is a clear condensation of water mist around the humidifier, but this does not have a
significant effect on the overall humidity in the room. In conclusion, when the room is supplied
with air from the same side, the humidifier can be placed at a certain height around the air inlet to
control the overall humidity of the room better and to prevent the occurrence of condensation on

the window side to a great extent.
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After changing the air supply and return, we repositioned the humidifiers in the original ten
locations and explored the humidity distribution in the room at different heights of the humidifiers.
casel2 and case 13 had the humidifiers placed in the centre of the room. case 12 had the
humidifiers placed on the floor and case 13 had the humidifiers placed at a height of 0.5m above
the floor. The humidity graph shows that the humidity in the room is at a comfortable level for the
human body. As can be seen from the graphs, in case 12 there is a large range of water mist
condensation around the humidifier. The humidity is also at a comfortable level for the human
body at a working height of 1.1m. The area of water mist condensation around the humidifier
decreases when the humidifier is raised due to the airflow organisation in the room. Due to the
presence of a partition between the kitchen space and the main space, the humidity level is lower
near the refrigerator, but can be considered ignored as it is not the main activity area. From these
two examples it can be seen that raising the humidifier can result in a more even distribution of
humidity in the room.
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After changing the air supply and return, we repositioned the humidifier at the original ten
locations and explored the humidity distribution in the room at different heights of the humidifier.
case 14 and case 15 have the humidifier placed by the window on the side of the air supply. case
14 has the humidifier placed on the floor and case 15 has the humidifier placed at a height of 0.5m
above the floor. The humidity graph shows that the humidity in the room is at a comfortable level
for the human body. As can be seen from the graphs, in case 14 there is a large range of water mist
condensation around the humidifier. The humidity is also at a comfortable level for the human
body at a working height of 1.1m. However, the close proximity of the humidifier to the window
resulted in a very visible condensation of water mist on the window side, which is very likely to
have caused condensation on the window, and the area of water mist on the window side was not
significantly reduced when the humidifier was raised.
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After changing the air supply and return, we repositioned the humidifiers in the original ten
locations and explored the humidity distribution in the room at different heights of the humidifiers.
case 16 and case 17 had the humidifiers placed by the side windows of the air supply but closer to
the air supply than case 15. case 16 had the humidifiers placed on the floor and case 17 had the
humidifiers placed at a height of 0.5m above the floor. 0.5m above the floor. The humidity graph
shows that the humidity in the room is at a comfortable level for the human body. The humidity
distribution in the room is significantly different from that in case 13 and case 15. case 16 and
case 17 are closer to the air inlet and do not have a large accumulation of water mist on the
window side due to the airflow organization of the air supply. At the exit of the humidifier there is
still a visible water mist. The kitchen still does not reach a comfortable humidity range due to the
presence of the partition. The humidifier has little effect on the humidity distribution in the room
when raised.
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After changing the air supply and return, we repositioned the humidifier at the original ten
locations and explored the humidity distribution in the room at different heights of the humidifier.
case 18 and case 19 the humidifier was placed near the wall on the other side of the room. case 18
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the humidifier was placed on the floor and case 19 the humidifier was placed at a height of 0.5m
above the floor. The difference between the two solutions can be seen from the humidity diagrams:
in case 18 there is a noticeable collection of water mist on the wall side, but after raising the
humidifier, there is no noticeable collection of water mist on the wall side. Only a small area of
water mist coalesces at the humidifier outlet. It can be concluded that raising the humidifier has an
inhibiting effect on the condensation on the walls of the room.
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Case 20 and case 21 show the humidity distribution with the same air supply as before, with the
humidifier placed at the door. It is clear that the overall humidity distribution in case 20 and case
21 is below the humidity range to which the human body is adapted. The placement of the
humidifier does not improve the humidity in the room. The humidity in the room is low near the
floor under the effect of the air conditioner, but after raising the humidifier, we can see in case 21
that there is a clear condensation of water mist around the humidifier, but this does not have a
significant effect on the overall humidity in the room. In conclusion, when the room is supplied
with air from the same side, the humidifier can be placed at a certain height around the air inlet to
control the overall humidity of the room better and to prevent the occurrence of condensation on
the window side to a great extent.
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The diagram explores the effect of ventilation on the humidity distribution in the room for
different air supply methods. case 2 and case 12 show the humidifier placed on the floor in the
middle of the room. In case 12 there is a visible condensation of water mist near the humidifier
outlet. In terms of the overall humidity distribution in the room, the average humidity in case 12 is
slightly higher than in case 2. Inevitably, the humidity in the kitchen side is still below the average
range. No condensation is evident on the windows or walls. In terms of the global humidity range,
the heterogeneous air supply and return is more favourable than the homogeneous air supply and
return. However, in terms of humidity homogeneity, the same side of the return air supply has no
water mist condensation at the humidifier outlet. The air mix is better.
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The diagram explores the effect of ventilation on the humidity distribution in a room with
different air supply methods. Cases 3 and 13 show the humidifier placed in the middle of the room
at a height of 0.5 m above the floor. In Case 13, there is a visible condensation of water mist near
the humidifier outlet. In terms of the overall humidity distribution in the room, the average
humidity in case 13 is slightly higher than in case 3. Inevitably, the humidity on the kitchen side
remained below the average range. No condensation was evident on the windows or walls. In
terms of the global humidity range, heterogeneous supply and return air is more favourable than
homogeneous supply and return air. However, as far as humidity homogeneity is concerned, the
return air on the same side has no water mist condensation at the humidifier outlet. Air mixing is
better.
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The diagram explores the effect of ventilation on the humidity distribution in a room with
different air supply methods. Cases 4 and 14 show the humidifier placed in the room against the
window. In the case, there is significant condensation of water mist near the humidifier outlet. In
terms of the overall humidity distribution in the room, the average humidity in case 4 is slightly
higher than in case 14. Inevitably, the humidity on the kitchen side remained below the average
range. As the humidifier is placed on the window side, in cases there is a large range of water mist
condensation around the humidifier. The humidity is also at a comfortable level for the human
body at a working height of 1.1m. However, the close proximity of the humidifier to the window
resulted in a very visible condensation of water mist on the window side, which is very likely to
have caused condensation on the window, and the area of water mist on the window side was not
significantly reduced when the air supply changed. The condensation area on the window side of
case 4 is slightly larger than in case 14, which means that the ventilation in case 14 mixes the
room air better and to some extent inhibits the exposure phenomenon.
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The diagram explores the effect of ventilation on the humidity distribution in a room with
different air supply methods. Cases 5 and 15 show the humidifier placed in the room against the
window at a height of 0.5 m above the floor.. In the case, there is significant condensation of water
mist near the humidifier outlet. In terms of the overall humidity distribution in the room, the
average humidity in case 5 is slightly higher than in case 15. Inevitably, the humidity on the
kitchen side remained below the average range. As the humidifier is placed on the window side, in
cases there is a large range of water mist condensation around the humidifier. The humidity is also
at a comfortable level for the human body at a working height of 1.1m. However, the close
proximity of the humidifier to the window resulted in a very visible condensation of water mist on
the window side, which is very likely to have caused condensation on the window, and the area of
water mist on the window side was not significantly reduced when the air supply changed. The
condensation area on the window side of case 5 is slightly larger than in case 15, which means that
the ventilation in case 14 mixes the room air better and to some extent inhibits the exposure
phenomenon.
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The diagram explores the effect of ventilation on the humidity distribution in a room with
different air supply methods. Cases 6 and 16 show the humidifier placed in the room against the
window. In the case, there is significant condensation of water mist near the humidifier outlet. In
terms of the overall humidity distribution in the room, the average humidity in case 6 is slightly
higher than in case 16. Inevitably, the humidity on the kitchen side remained below the average
range. As the humidifier is placed on the window side, in cases there is a large range of water mist
condensation around the humidifier. The humidity is also at a comfortable level for the human
body at a working height of 1.1m. However, the close proximity of the humidifier to the window
resulted in a very visible condensation of water mist on the window side, which is very likely to
have caused condensation on the window, and the area of water mist on the window side was not
significantly reduced when the air supply changed. The condensation area on the window side of
case 6is slightly larger than in case 16, which means that the ventilation in case 16 mixes the room
air better and to some extent inhibits the exposure phenomenon.
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The diagram explores the effect of ventilation on the humidity distribution in a room with
different air supply methods. Cases 7 and 17 show the humidifier placed in the room against the
window at a height of 0.5 m above the floor.. In the case, there is significant condensation of water
mist near the humidifier outlet. In terms of the overall humidity distribution in the room, the
average humidity in case 7 is slightly higher than in case 17. Inevitably, the humidity on the
kitchen side remained below the average range. As the humidifier is placed on the window side, in
cases there is a large range of water mist condensation around the humidifier. The humidity is also
at a comfortable level for the human body at a working height of 1.1m. However, the close
proximity of the humidifier to the window resulted in a very visible condensation of water mist on
the window side, which is very likely to have caused condensation on the window, and the area of
water mist on the window side was not significantly reduced when the air supply changed. The
condensation area on the window side of case 7 is slightly larger than in case 17, which means that
the ventilation in case 14 mixes the room air better and to some extent inhibits the exposure
phenomenon.
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The diagram explores the effect of ventilation on the humidity distribution in a room with
different air supply methods. The humidity profiles presented in both cases show that the overall
humidity in the room in case 8 is not significantly different from that in case 18. However, due to
the partitioning of the kitchen space from the room, the humidity level near the refrigerator on the
kitchen side still did not improve. However, considering that this location is not the main place for
people to stay, it is ignored for the time being. In cases 8 and 18 there was a noticeable
condensation of water mist around the humidifier. As the humidifier is close to the wall, a small
area of visible water mist condensation was found on the wall in case 18. The low humidity level
on the outlet side was also improved. The overall average humidity in the room is within a
comfortable range at a height of 1.1m at human sitting height. The condensation area on the
window side of case 8 is slightly larger than in case 18, which means that the ventilation in case
14 mixes the room air better and to some extent inhibits the exposure phenomenon.
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The diagram explores the effect of ventilation on the humidity distribution in a room with
different air supply methods. The humidity profiles presented in both cases show that the overall
humidity in the room in case 9 is significantly different from that in case 19. However, due to the
partitioning of the kitchen space from the room, the humidity level near the refrigerator on the
kitchen side still did not improve. However, considering that this location is not the main place for
people to stay, it is ignored for the time being. In cases 9 and 19 there was a noticeable
condensation of water mist around the humidifier. As the humidifier is close to the wall, a small
area of visible water mist condensation was found on the wall in case 19. The low humidity level
on the outlet side was also improved. The overall average humidity in the room is within a
comfortable range at a height of 1.1m at human sitting height. The condensation area on the
window side of case 9 is slightly larger than in case 19, which means that the ventilation in case
14 mixes the room air better and to some extent inhibits the exposure phenomenon.
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Case 10 and case 20 are examples of two cases where the humidifier was placed in the doorway
without ventilation. The humidity profiles show that both case 10 and case 20 do not reach the
comfortable range of indoor humidity. However, the average temperature in case 10 is slightly
better than in case 20. Due to the humidifier being placed by the door, the humidity distribution is
not significantly different from that without the humidifier due to the infiltration air and the
airflow organization of the room. In case 20, however, there was water mist condensation around
the humidifier, but not in case 10. Case 10 show the humidity distribution with the same air supply
as before, with the humidifier placed at the door. It is clear that the overall humidity distribution in
case 10 is below the humidity range to which the human body is adapted. The placement of the
humidifier does not improve the humidity in the room. The humidity in the room is low near the
floor under the effect of the air conditioner, but this does not have a significant effect on the
overall humidity in the room. In conclusion, when the room is supplied with air from the same
side, the humidifier can be placed at a certain height around the air inlet to control the overall
humidity of the room better and to prevent the occurrence of condensation on the window side to a
great extent.
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Case 11 and case 21are examples of two cases where the humidifier was placed in the doorway
without ventilation. The humidity profiles show that both case 11 and case 21 do not reach the
comfortable range of indoor humidity. However, the average temperature in case 1lis slightly
better than in case 21. Due to the humidifier being placed by the door, the humidity distribution is
not significantly different from that without the humidifier due to the infiltration air and the
airflow organization of the room. However, there was water mist condensation around the
humidifier, but not in case 11. Case 21 show the humidity distribution with the same air supply as
before, with the humidifier placed at the door. It is clear that the overall humidity distribution in ¢
case 21 is below the humidity range to which the human body is adapted. The placement of the
humidifier does not improve the humidity in the room. The humidity in the room is low near the
floor under the effect of the air conditioner, but after raising the humidifier, we can see in case 21
that there is a clear condensation of water mist around the humidifier, but this does not have a
significant effect on the overall humidity in the room.

As can be seen from Figure , when the humidifier is placed beside the door, the humidifier does
not improve the indoor humidity. The humidity in ventilation mode A is higher than the humidity
in ventilation mode B. And when the humidifier is placed 0.5 meters above the ground,
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condensation may occur on the surface of the wardrobe of the room. The reason why the indoor
humidity environment is not improved can be considered in the direction of air flow. When the
humidifier is placed beside the door, the air at the door of the room is not well mixed. At the same
time, the air flow on the refrigerator side is also poor. However, as can be seen from Figure 5,
when the humidifier is placed 0.5m from the ground, the humidity of the room is slightly higher
than the humidifier placed on the ground.
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4.4. Conclusion

This chapter establishes a mathematical model and uses FLUENT software to simulate the
effects of ventilation on indoor humidity and condensation. The simulation results show that the
ventilation mode and the placement of the humidifier have a great influence on the condensation
distribution. The results can be summarized as follows:

1) The model can realistically simulate the effect of ventilation on the condensation distribution.

2) Within the scope of the nearby, the air just can hold limited capacity water vapor. The
humidifier working efficiency was infected by the different position of humidifiers.

3) The humidity distribution in the room is related to the ventilation mode, and the flow pattern of
the indoor airflow affects the distribution of indoor humidity. The room with the air supply and the
return air outlets in the same direction, there is a difference in humidity on both sides of the room,
and when the humidifier is used, the humidity on the other side of the room changes little. 4) The
placement height of the humidifier also affects the indoor humidity distribution. When the
humidifier is placed in a slightly higher position, the average humidity in the room will increase,
and it will be easier to reach a comfortable humidity environment at a sleep height of 0.6 meters.
But at the same time, there will be condensation of water near the humidifier.

5) The placement of the humidifier also has a great influence on the indoor humidity and humidity
distribution. when the humidifier is placed beside the door, the humidifier does not improve the
indoor humidity. When the humidifier is placed in the centre of the room, the humidity in the
room is evenly distributed. When the humidifier is placed close to the wall, condensation occurs
near the ground due to the low wall temperature.

6) From this simulation, it can be concluded that in the dry winter season, by arranging the
position of the indoor vents and placing the humidifier reasonably, the humidity can reach a
comfortable range while reducing the possibility of condensation.
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CHAPTER S
Numerical simulation analysis of office thermal environment based
on Airpak



5. Numerical simulation analysis of office thermal environment based on

Airpak

5.1. Introduction

There are many people who are very afraid of the cold. In winter they are most afraid of people
opening the windows, and in summer they are afraid that they will catch a cold easily from the air
conditioning. When an employee sits in front of an air conditioner or an open window, the
temperature of some parts of his body will drop by 20 degrees. This excessive cooling can cause
the employee's resistance to infection to drop and cause a red light to go on for his or her health.
Such a situation is most likely to cause colds. The sweltering heat in the office is a direct result of
the rapid decline in productivity. Two-thirds of those interviewed admitted that people are unable
to maintain a positive work ethic when the office gets hot. Moreover, the carbon dioxide exhaled
by employees in a hot and stuffy office can quickly build up. Numerous studies have shown that
the increase in carbon dioxide levels leads to reduced brain function and even mental fatigue. A
survey published by Harvard University proves that a good fresh air system can effectively solve
the problem of dullness

HEADHUNTER, a leading European executive search firm, once held a large-scale white-
collar survey interview on the topic "Are you satisfied with your office environment?" A total of
3,000 office workers took part in the interview, the results of which were as follows.

HeadHunter interview findings:

1. 90% of offices are equipped with cooling and heating equipment, and even humidifiers. But this
does not ensure a good office environment.

2. Although the offices are fully air-conditioned, 68% of the people interviewed said that they
often felt a bit depressed and dull in the office, and most of them even revealed that 66% of the
people in the office often had arguments because of the office environment.

3. 46% of the office personnel interviewed said they would fight for the right to set the air
conditioning temperature. And, one in ten believe that air conditioning is a direct danger to their
health. This belief actually makes sense: 50% admit that cold air conditioning is usually the culprit
for colds.

4. For 17 percent, the most critical issue is whether the office windows should be opened. The
most common complaints from office workers were: too hot, too cold and too dull. Of coursg, in
the summer more people complained that the office was unusually hot, while in the winter more
people complained about the chilly draught inside. However, due to the prevalence of air
conditioning in offices, 17% of people still complained that it was particularly cold in the summer,
while 18% complained that it was hot in the winter due to the heating system in the winter.

The results of these interviews make us realise that neither turning on the air conditioning nor
opening the windows creates a comfortable office environment for employees.

This statistic makes us realise that turning on the air conditioning or creating ventilation does
not create a comfortable office environment.
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5.2. The summary of CFD simulation

5.2.1. Establishment of a basic physical model

In this chapter the office is selected for simulation. The office is 9m long and 8m wide. The
external walls are all glass curtain walls and the room has two doors, 2100mm*1500mm. in the
all-air primary return air system (PLAN A), there are four air supply outlets 0.3m*0.3m, the air
supply speed is 2.7m/s, the air supply temperature is 29°C, and there are two return air outlets
0.6m*0.3m. in the VRV multi-connector plus fresh air air-conditioning system (PLAN B), the
central part of the indoor unit is 0.6*0.6 0.6m return air outlet, set for natural return air,
surrounded by 0.5*0.5m air supply outlet, air supply direction and horizontal plane angle of 45
degrees, outlet air speed 4.5m/s, air supply temperature 29°C,, new air outlet 0.18*0.18m, air
speed 2.0m/s, air supply temperature 20 degrees Celsius. The physical model is shown in Figure
5-1. The office area per person in the high-end office is 8m2/person, so each office is allocated to
8 office staff and 8 computers. To ensure lighting, the office is equipped with 8 electric lamps. The
indoor and outdoor design parameters are shown in Table 5-1.

Figure 5-1 office physical model
Table 5-1 Air conditioning setting parameters

Air conditioning outdoor weather parameters

Calculated Calculated
outdoor daily relative
temperature humidity
in winter outdoors in
winter
5°C, 60%
Air conditioning interior design parameters
SEASON TEMP. (°C,) RH% Average velocity of air flow
(m/s)
Winter 29 50 <0.2
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Assuming that the indoor air is an incompressible fluid, the indoor heat source only needs to be
considered in terms of people, computers and lamps to dissipate heat. The PMV-PPD calculation is
based on the human body sitting still, with a human metabolic rate of 58w/m2. The system
boundary conditions are shown in Table 5-2.

Table 5-2 Model Boundary Conditions.

Boundary Parameter Setting

Room 9*8*4, outdoor temperature -2°C

Wall Dehumidification, overall heat transfer coefficient 1.86W/m2 -
K. Outdoor temperature: 5°C

Initial environment Temp: 22 °C, RH: 60%

Ceiling and Floor Insulation

Computer 8,0.40.4*0.4 110W

People 8, 1.73*0.3*0.2,75W

Light 8,1.2*0.2*0.2,35W

5.2.2. Simplification of the physical model

If the simulated state following the actual state of lab, the error between the actual measurement
and the simulation experiment will be minimized. However, due to the accuracy of the model will
affect the division of the mesh, the operation of the computer's performance requirements is high,
It is difficult for ordinary computers to meet the requirements, so in order to simulate the smooth
progress of this model | affect the room airflow organization smaller objects to a certain degree of
simplification, thereby reducing the operation of the computer performance requirements. 5 points
simplifying assumption were made for the model :
1.The effects of gravity fields on air and water vapors are ignored,;
2.Both air and water vapor are considered to be incompressible fluids with a constant density;
3.When the water vapor evaporates from the water surface, only latent heat exchange is performed,
and sensible heat exchange is not considered;
4.When water vapor condenses on the wall, the heat release ignored from the phase change
process;
5.Wall surfaces moisture absorption capacity is not considered during wall condensation.
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5.3. Mathematical method

In the building indoor environment, generally the water vapor in the humid air is in a
superheated state and the content is very low, so at a certain extent, it can be approximated as the
ideal gas. At the same time the density is small, the diffusion of wet air can be ignored.

The basic laws of conservation of heat and mass transfer between the fluid and the fluid and
between the fluid and the solid interface are: mass conservation law, momentum conservation law,
and energy conservation law. The mathematical models that generally describe these conservation
laws are the corresponding governing equations, namely the mass continuity equation, the
momentum equation, and the energy equation. As follows:

Mass continuity equation:

‘;—’t’+v- (pU) =0 (5-1)

In the formula, p is the fluid density, kg/m3; U is the gas velocity vector, U, ,, ,.
In this study, considering air as an incompressible fluid, the continuity equation can be simplified
to:

VU=0 (5-2)
Momentum equation:

2D 4 V- (U @ U) = ~VP + V-1 +p, (5-3)
t

where  is the outer product: U ® V = UVT p is the fluid density ,U is the flow velocity vector,

V -is the divergence ,P is the pressure,t is the timet is the derivatoric stress tensor, which has order
two,7 = u(VU + (VU)T) — gsv U

g represents body accelerations acting on the continuum, for example gravity, inertial
accelerations, electrostatic accelerations.
The energy equation:

Sottot %0 4V (pUhyoe) = V- AVT) + V(U 1) + U~ Sy + S (5-4)

Where :
heoe IS the total enthalpy of the fluid, h.,; = h + 1/2U2 J/Kg.
h is the static enthalpy of the fluid, J/kg. And A is the thermal conductivity of the fluid, W /(m - K).
Sg is the source of fluid energy.

There is no chemical reaction in the numerical simulation process of this subject, and the
transport equation of the unreacted material is as shown in the following formula:

a(pY;)
0t

+ V- (pvy,) = -vJ, (5-5)

Y; is the mass fraction of each substance predicted by FLUENT by the convective diffusion
equation of the i" substance; J; is the diffusion flux of substance i, which is produced by the
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concentration gradient?
When the moving fluid is laminar:

Ji = —pDim VY; (5-6)
Where: D; ,,,is the diffusion coefficient of the first species in the mixture.
When the moving fluid is turbulent:

Ji == {pDim + Sﬂ—(ft} vY; (5-7)

Where:Sc; is the turbulent Schmidt number

In the formula “d” is the absolute humidity. The absolute humidity between the mass of water
vapor present in moist air to the mass of dry air. Absolute humidity is normally expressed in
kilograms of water vapor per kilogram of dry air.

Absolute humidity expressed by mass:

My

d= (5-8)

ma

Where: d = absolute humidity; m,,= mass of water vapor (kg):

m,= mass of dry air (kg)
The FLUENT 14.0 turbulence module (Standard k-g) is used to analyze the flow field
characteristics. The component transport module (Species Transport) and the multiphase flow
module (Multiphase) simulated the mass transfer phase transition of water vapor in the air. The
governing equation is as follows:

a(p®)
0,

+ div(pu®) = div(lgradp) + s (5-9)

Where: ¢is a general variable;vI" is a generalized diffusion coefficient; s is a generalized source
term.

Wall condensation conditions: When the absolute humidity D,;- of the air node around the wall
surface is higher than the saturated absolute humidity Dwall corresponding to the wall
temperature, the wall surface is considered to be condensation.

Conditions for no condensation on the wall: Any time t, when the absolute humidity Dair of the
air node around the wall is less than the saturated absolute humidity Dwall corresponding to the
wall temperature, the wall is not considered to be condensation

Dwall < Dair (5-10)
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5.3.1. Distribution hypothesis and convergence principle of dependent

variable

1. Distribution hypothesis of dependent variable

This topic adopts different distribution hypotheses for different dependent variables. When the
grid is sufficiently fine, the variation of the dependent variable between the grids decreases, and
the impact of such different assumptions will also be reduced. According to different calculation
actual situations, the first-order or second-order welcome style is adopted to ensure the accuracy
and stability of the calculation results.

2. The principle of convergence

The convergence criterion for the energy equation is generally taken as: 1 x 10 (for example:
the convergence criterion for temperature); the convergence criterion for the flow equation is
generally taken as: 1 x 10 (for example: the convergence criterion for velocity). The convergence
criterion also reflects the accuracy of the simulation calculation.

3. Determination of relaxation factor

In the process of calculating by successive iteration method, the choice of relaxation factor is a
more critical link. A properly selected relaxation factor can accelerate convergence. Improper
selection may cause calculation oscillation or divergence. As far as the solution of the entire
nonlinear problem is concerned, there is no complete theory to judge whether the iterative solution
method can obtain a convergent solution. The sub-relaxation iteration method is used in FLUENT
software to accelerate convergence. Many scholars have studied the determination of the optimal
relaxation factor, but they all aim to directly find the optimal relaxation factor. The selection of
such relaxation factors is quite complicated. The common method in engineering is to choose
different relaxation factors for trial calculation according to the convergence speed of the iteration
process, constantly modify, and gradually find the best, until it is satisfied, then fix it and continue
the iteration, in order to achieve the purpose of accelerating convergence.

In the calculations in this chapter, the pressure relaxation factor is between 0.1 and 0.3, the
momentum relaxation factor is between 0.1 and 0.5, the temperature and viscosity relaxation
factor is between 0.7 and 1.0, and the mass force relaxation factor is 0.1. The relaxation factor of
the turbulent dissipation rate is 0.3 to 0.5. Based on the microscopic analysis of the characteristics
of air turbulence, the main method is to adopt the indoor zero equation model and use the
controlled volume dispersion method to discrete the control equations. The professional software
Airpak2.1 introduced by Fluent is used for simulation calculation. Airpak2.1 uses FLUENT5.6.6
CFD solver for calculation.

5.3.2. Simplification of the physical model

1.The effects of gravity fields on air and water vapors are ignored,;

2.Both air and water vapor are considered to be incompressible fluids with a constant density;
3.When the water vapor evaporates from the water surface, only latent heat exchange is performed,
and sensible heat exchange is not considered;

113



4.When water vapor condenses on the wall, the heat release ignored from the phase change
process;

5.Wall surfaces moisture absorption capacity is not considered during wall condensation.

5.4. Post-processing and analysis of simulation results

5.4.1. Velocity field analysis (air flow analysis)
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Figure 5-4 Velocityczsgfgr atY=1m plane of Figure 5-5 \Velocity vector at Y=1m plane of case
B

As can be seen from the diagram, the airflow under the action of the two options A and B
reaches the working area for mixing and heat exchange, then due to the obstacle of the computer
desk and other obstacles, the computer, human body, heat source drive up through the return air
outlet discharge.

Case A indoor arrangement of four air outlets and two return air outlets, indoor vortex less,
human breathing area wind speed of about 0.05 ~ 0.25m/s, personnel feel comfortable, local wind
speed reached 0.45m/s; B program indoor arrangement of two indoor units and a new air outlet,
air supply is not as uniform as A program, VRV indoor unit and the joint action of fresh air,
making the indoor air disturbance is more violent, vortex relatively more The wind speed in the
human breathing zone is about 0.08~0.35m/s. Individuals have a slight sense of blowing wind and
the local wind speed reaches 0.7m/s. People with high wind speed should avoid staying here for a
long time. In terms of air homogeneity, option a has a uniform air supply with insignificant room
disturbance. Whereas, due to the combined effect of the VRV air conditioning system and the
fresh air sipply, the airflow disturbance of option b is noticeable.

5.4.2. Temperature field analysis

In an air-conditioned room, the temperature difference between 1.1m and 0.1m above the floor
in the work area should not be greater than 3°C within a comfortable range (in the case of sitting
work). The velocity fields at y=0.1m (ankle height) and y=1.1m (personnel sitting height) were
selected for comparative analysis under the two scenarios.
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The temperature of the nine points uniformly distributed in the working area (from top to
bottom and from left to right) in Figures 5-6.5-7 are summarised in Figure 5-8. The analysis
shows that the average temperature of the y=1.1m section is 23.7°C and the average temperature
of the y=0.1m section is 23.6°C. The maximum temperature difference between 1.1m and 0.1m

above the ground in the working area is 0.4°C, so the comfort of the personnel in the working area
is stronger.

Temperatu Temperatur
c C

Figure 5-6 Temperature contours at Y=0.1m Figure 5-7 Temperature contours at Y=1.1m
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Figure 5-8 The height plane of temperature contours of Case A
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Figure 5-9.5-10 in the work area uniformly distributed in the nine points (in turn from top to
bottom, from left to right) temperature summary in Figure 5-11, analysis can be seen, y = 1.1m
section of the average temperature of 25.1 °C, y = 0.1m section of the average temperature of
24.4 °C, the work area above the ground 1.1m and 0.1m between the maximum temperature
difference of 1.4 °C, so the work area personnel comfortable. From the diagram we can clearly see
that the temperature difference is greater for Option B than for Option A. In terms of comfort,

although both are in the comfort range, the option offers a better airflow organization.
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Figure 5-9 Temperature contours at Y=0.1m Figure 5-10 Temperature contours at Y=1.1m
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Figure 5-11 The height plane of temperature contours of Case B
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Figure 5-12 The height plane temperature contours of case A and case B

To better understand the differences in room temperatures between case A and case B, and the
reasons for the temperature differences that exist, the temperatures in scenarios a and b are
integrated in 5-12.

From the analysis, it is clear that the temperature difference between the two scenarios is not
significant at y=0.1m, and at y=1.1m the temperature of scenario b is significantly higher,
although the room temperature shows a low temperature near the ground from time to time, but
the comparison of the two scenarios is, we guess, due to the larger area of the room and the more
violent disturbance of the indoor air, this point is also reflected in the velocity distribution diagram.
In option b the airflow organisation is more fluid, with more vortices, and there are individual
locations with higher air velocities and uneven airflow. The airflow is not as efficient as it could
be in the room, and the airflow does not take away the heat from the equipment and the human
body in time, making the temperature at the height of the human body in a sitting position slightly
higher. In this regard, the temperature difference in option b is larger.
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5.4.3. Humidity analysis

. | . Re'm

Figure 5-13 Relative humidity of case A Figure 5-14 Relative humidity of case B
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As can be seen in the diagram, both Case A and Case B provide a good indoor humidity
environment. The indoor humidity range at a height of 1.1m is between 40% and 60%. Case B has
a higher average humidity than Case A, except at point 1. The relative humidity for case B are
much higher than those for case A. This is another way of verifying that case B is deficient in
terms of airflow uniformity and air mixing.And due to excessive airflow disturbances and
vortexes, in Case B the two corners of the room away from the door have a lot of stagnant air,
which in today's epidemic environment does not allow the room air to exit the room quickly
enough. There is a serious shortage of fresh air in the room. For the people in the room, the
air in the room can feel dull to a large extent. This affects productivity. The fresh air sent
through the air supply vents is also not well distributed in the rooms. The efficiency of the

room ventilation is low.
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5.4.4. Air mean age analysis

Age of air is the age of air mass (Age of air), refers to the air mass since the entry into the
room to a point in the room experienced time, reflecting the freshness of indoor air, it can be a
comprehensive measure of the room ventilation effect, is an important indicator to evaluate
the quality of indoor air. The concept of air age was first introduced by Sandberg in the 1980s.
By definition, air age refers to the time when air enters a room. When pollutants are evenly
distributed in a room and the air supply is fully fresh, the smaller the air age at a point, the
fresher the air at that point and the better the air quality. It also reflects the room's ability to
remove pollutants, with a room with a small average air age being more capable of removing
pollutants. Due to the obvious physical significance of air age, it is widely used as an
important indicator of the freshness of air in air-conditioned rooms and the ability to change
air. Traditionally the air age concept has only considered the interior of the room, the air age
at the room inlet is considered to be 0 (100% fresh air). In order to consider the effect of the
entire ventilation system including return air, mixed air and flow in the ducts, Tsinghua
University has proposed the concept of full air age. The time that the air micro-clusters
experience since entering the ventilation system; the air age at the entrance of the room is
taken as 0 and the resulting air age is called the room air age. Compared to the room air age,
the full air age can be seen as an absolute parameter and the full air ages of different rooms
can be compared.

As air age affects more the height at which a person sits, we have selected only 9 points at a
height of 1.1m for the air age analysis. The air age values for case B are much higher than
those for case A. This is another way of verifying that case B is deficient in terms of airflow
uniformity and air mixing.

And due to excessive airflow disturbances and vortexes, in Case B the two corners of the
room away from the door have a lot of stagnant air, which in today's epidemic environment
does not allow the room air to exit the room quickly enough. There is a serious shortage of
fresh air in the room. For the people in the room, the air in the room can feel dull to a large
extent. This affects productivity. The fresh air sent through the air supply vents is also not

well distributed in the rooms. The efficiency of the room ventilation is low.
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Air mean age
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Figure 5-17 Air mean age at Y=1.1m plane of case A and case B

The air age values for the nine points evenly distributed in Figures 5-13, 5-14 are summarised
in Figure 5-15. The air age values in scheme a are 104-210s, with an average value of 166s, while
in scheme b the air age values are 240s-327s, with an average value of 299s. During the flow of
air from the air supply into the room, indoor pollutants are continuously mixed and the cleanliness
of the air decreases, but due to the smooth airflow organisation in scheme a, the air exchange
efficiency is better. In scheme b, however, the airflow disturbance area is relatively large, the
replacement effect is slightly worse and the air quality is slightly poorer.
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5.4.5. PMV-PPD analysis

To better understand the model that produces values for the predicted mean vote (PMV) and the

predicted percentage of dissatisfied (PPD), we should start at the beginning, with the man who
created them, Povl Ole Fanger. He hypothesized that human thermal comfort was based on one’s
skin temperature and their sweat secretion, and that one could only be considered ‘comfortable’ if
these two factors were balanced within a narrow range of acceptability.
As humans, our thermoregulatory system modifies our temperature through involuntary responses.
For example, by sweating in high temperatures or shivering in cold temperatures to keep us
thermally balanced and to avoid local discomfort. The human body can adapt to the external
environment up to a certain range, but as soon as the limits are reached, the body’s responses are
perceived as uncomfortable. Through climate chamber experiments, Fanger’s theory evolved to
declare that thermal comfort could be found from evaluating the metabolic rate, clothing
insulation and environmental conditions of an individual.

PMV

Fanger Equation

Air temp. Radiant Humidity Air velocity
temp.
Activity rate Clothing insulation

Figure 5-18 Environmental and personal factors that influence thermal comfort

Thermal comfort is defined as “that condition of mind that expresses satisfaction with the
thermal environment” in the globally recognized ASHRAE 55 and ISO 7730 standards for
evaluating indoor environments. To assess this condition, engineers must first determine the
thermal sensation or thermal balance inhabitants of an indoor environment may feel in tangent
with the thermal dissatisfaction experienced by occupants. These comfort limits can be expressed
by the PMV and the PPD indices.

PMV is an index that aims to predict the mean value of votes of a group of occupants on a
seven-point thermal sensation scale. Thermal equilibrium is obtained when an occupant’s internal
heat production is the same as its heat loss. The heat balance of an individual can be influenced by
levels of physical activity, clothing insulation, as well as the parameters of the thermal
environment. For example, thermal sensation is generally perceived as better when occupants of a
space have control over indoor temperature (i.e., natural ventilation through opening or closing
windows), as it helps to alleviate high occupant thermal expectations on a mechanical ventilation
system.

Within the PMV index, +3 translates as too hot, while -3 translates as too cold, as depicted below.
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into PMV.
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. Figure 5-19 PMV thermal sensation ruler

I?lﬁerent methods outlined in the ASHRAE 55 and ISO standards for certain types of
enV|rf)nments can be used to assess and gather information for various combinations of metabolic
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Figure 5-20 1SO 7730’s provided calculation for PMV for a specific environment
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In order to compute PMV, the simulated temperature and airspeed velocity (i.e., the
ASHRAE/ISO standards recommend to make an adaption for speeds above 0.2m/s) of a given
environment are used as inputs. These variables, along with given inputs for clothing insulation,
relative humidity, and mean radiative temperature provide the basis to calculate PMV.

Through PMV, we can predict the thermal sensation of a population, but this doesn’t paint the
whole picture. We also need to consider the level of satisfaction of the occupants in a space, to get
a more holistic idea of if and how thermal comfort can be achieved. For this, Fanger developed
another equation to relate the PMV to the predicted percentage of dissatisfied (PPD).

Once the PMV is calculated, the PPD, or index that establishes a quantitative prediction of the
percentage of thermally dissatisfied occupants (i.e., too warm or too cold), can be determined.
PPD essentially gives the percentage of people predicted to experience local discomfort. The main
factors causing local discomfort are unwanted cooling or heating of an occupant’s body. Common
contributing factors are drafts, abnormally high vertical temperature differences between the
ankles and head, and/or floor temperature.
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Figure 5-21 The relationship between PMV and PPD

124



Figure 5-22 PMV at Y=1.1m plane of case A

Figure 5-24 PMV at Y=1.1m plane of case B Figure 5-25 PPD at Y=1.1m plane of case A
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Figure 5-26 PMV,PPD at y=1.1m plane of Case A and Case B

The PMV and PPD of the 9 points uniformly distributed in the working area (from top to
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bottom and from left to right) in Figs.5-20, 5-21 and 5-22, 5-23 are summarized in Fig. 5-24,
and the analysis shows that, under the action of scheme A, due to the gentle and uniform air
supply, the cold air in the upper part of the room quickly exchanges heat with the indoor air, and
when the airflow drops to about Y=1.1m (human breathing area) the PMV is -0.45- 0.24, human
thermal sensation is moderate, PPD is between 5.1% andThe PMV was -0.04-0.61 with a
moderate thermal sensation and the PPD was between 5% and 12.50%, with the PPD exceeding
the 1S0 standard of no more than 10%.

Numerical simulations and analyses of the velocity field, temperature field, air age, PMV and
PPD were carried out for the office air conditioning system under both scenarios. The results show
that: the air velocity in the working area of both scenarios can reach the requirements, the
personnel do not feel the blowing air significantly, the airflow disturbance is smaller in scenario A
compared to scenario B, the temperature fluctuation in the breathing area of the personnel is
smaller, and the vertical temperature difference in other areas of the room is smaller. From the air
age simulation data, it can be seen that the fresh air in Scenario A is delivered in a timely manner
and the indoor pollutants are discharged in a timely manner, resulting in better air quality in the
indoor work area. From the PMV values it can be seen that the thermal sensation of the personnel
in both solutions is comfortable, while in solution B the dissatisfaction rate of the personnel in the
local area has exceeded 10% and long stays should be avoided. It can be seen that the air outlet
arrangement is one of the main factors affecting the distribution of airflow organisation, and
various situations should be taken into account when selecting the air supply method.
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5.5. Summary

From the analysis, it is clear that the temperature difference between the two scenarios is not
significant at y=0.1m, and at y=1.1m the temperature of scenario b is significantly higher,
although the room temperature shows a low temperature near the ground from time to time, but
the comparison of the two scenarios is, we guess, due to the larger area of the room and the more
violent disturbance of the indoor air, this point is also reflected in the velocity distribution diagram.
In option b the airflow organisation is more fluid, with more vortices, and there are individual
locations with higher air velocities and uneven airflow. The airflow is not as efficient as it could
be in the room, and the airflow does not take away the heat from the equipment and the human
body in time, making the temperature at the height of the human body in a sitting position slightly
higher. In this regard, the temperature difference in option Bis larger.

During the flow of air from the air supply into the room, indoor pollutants are continuously
mixed and the cleanliness of the air decreases, but due to the smooth airflow organisation in
scheme a, the air exchange efficiency is better. In scheme b, however, the airflow disturbance area
is relatively large, the replacement effect is slightly worse and the air quality is slightly poorer.

The results show that: the air velocity in the working area of both scenarios can reach the
requirements, the personnel do not feel the blowing air significantly, the airflow disturbance is
smaller in scenario A compared to scenario B, the temperature fluctuation in the breathing area of
the personnel is smaller, and the vertical temperature difference in other areas of the room is
smaller. From the air age simulation data, it can be seen that the fresh air in Scenario A is
delivered in a timely manner and the indoor pollutants are discharged in a timely manner, resulting
in better air quality in the indoor work area. From the PMV values it can be seen that the thermal
sensation of the personnel in both solutions is comfortable, while in solution B the dissatisfaction
rate of the personnel in the local area has exceeded 10% and long stays should be avoided. It can
be seen that the air outlet arrangement is one of the main factors affecting the distribution of
airflow organisation, and various situations should be taken into account when selecting the air
supply method.
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CHAPTER 6
CONCLUSION



6. Conclusion

Nowadays, people spend most of their time (70% -90%) indoors, and indoor air quality (IAQ)
directly affects people's production, life and health, so IAQ is attracting more and more attention.
With the development of air conditioning technology, research into the indoor air environment is
already shifting from comfort to healthcare air conditioning. The requirements for human comfort
are met by air-conditioning systems that regulate indoor environmental parameters or exploit the
potential of natural energy sources. In particular, telecommuting has increased due to the COVID-
19 pandemic of late, and this trend is expected to continue for a while. The ability of the virus to
survive in the air depends on environmental conditions, especially ambient temperature and
relative humidity are the most important parameters. A series of studies have shown that the dry
environment seems to create an excellent environment for the growth and spread of influenza
viruses.

In recent years, with the increasing capacity and speed of computers and the development of
Computational Fluid Dynamics (CFD), CFD technology has been widely used in the field of
HVAC. It becomes possible to simulate and predict the airflow organization, thermal comfort and
optimal design of indoor air-conditioning systems based on CFD technology.

However, using CFD simulation method to model and simulate the humidity distribution field of
indoor air environment is not comprehensively over world.

For this purpose, with the professional software Airpak 2.1 launched by Fluent, the temperature
and humidity distribution are simulated. In order to test the feasible of CFD method, the
simulation result was analyzed and checked by experiment data, and the results are validated by
actual experiment. It is hoped that the research results can control of the decision-making of
indoor temperature and humidity distribution.

This paper, firstly, expands the CFD calculation principle and method from the perspective of
mathematical theory, and then determines the feasibility of this technology for indoor air
temperature and humidity simulation based on this theory. Based on this method, in the
thereinafter chapter, this paper carried out CFD simulation of laboratory temperature and humidity
in combination with actual laboratory conditions. The model can realistically simulate the effect of
ventilation on the condensation distribution. The ventilation method affects the condensation
distribution and condensation sequence of the wall surface, so the wall condensation can be
effectively controlled by properly arranging the position of the outlets.

For buildings affected by wet sources, ventilation with lower supply and upper back mode is
better than other methods. Case 3 ventilation provides better air flow in the room and better air
replacement in terms of air age, which prevents condensation from occurring inside the room. It
can be inferred that when the wall of the ventilated room is added with insulation, replacing the
material with good heat insulation and moisture resistance can also control the occurrence of
condensation. However, there are still some important issues that need to be discussed in the
future, including the following: The conclusions of this paper are based on small rooms and it
remains to be seen whether similar conclusions can be drawn for other buildings, such as the
problem of split-level air conditioning in tall spaces.
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For split type air conditioner room, airflow organization distribution with the installation

position of the air conditioner, indoor equipment placement and indoor personnel distribution,
different airflow organization will form different velocity field and temperature field.
For office buildings, which are now mostly controlled by central air conditioning, the VRV plus
fresh air air conditioning system and the primary return air conditioning system are also worth
discussing with regard to the distribution of the indoor temperature and humidity fields and the
indoor air quality.

In order to study the effect of different ventilation methods on the indoor humidity distribution
and the formation of indoor condensation conditions, a simple physical
model was established under the existing mathematical model, and CFD simulation was
performed on the humidity distribution in each model under different ventilation methods using
CFD technology. The results show that the air supply and return air outlets are on both sides of the
room and the bottom-in and back-up method is the best way to control the indoor air humidity and
greatly reduce the occurrence of dew condensation.

According to the simulation results, in the case of the room ventilation method, a small single
apartment is taken as the research object, and the effect of the humidifier placement and height on
the indoor humidity distribution in winter was studied. And get the result that at a height of 0.5
meters, condensation on the ground rarely occurs. 2) Within the scope of the nearby, the air just
can hold limited capacity water vapor. The humidifier working efficiency was infected by the
different position of humidifiers.

The humidity distribution in the room is related to the ventilation mode, and the flow pattern of
the indoor airflow affects the distribution of indoor humidity. The room with the air supply and the
return air outlets in the same direction, there is a difference in humidity on both sides of the room,
and when the humidifier is used, the humidity on the other side of the room changes little. 4) The
placement height of the humidifier also affects the indoor humidity distribution. When the
humidifier is placed in a slightly higher position, the average humidity in the room will increase,
and it will be easier to reach a comfortable humidity environment at a sleep height of 0.6 meters.
But at the same time, there will be condensation of water near the humidifier.

The placement of the humidifier also has a great influence on the indoor humidity and humidity
distribution. when the humidifier is placed beside the door, the humidifier does not improve the
indoor humidity. When the humidifier is placed in the centre of the room, the humidity in the
room is evenly distributed. When the humidifier is placed close to the wall, condensation occurs
near the ground due to the low wall temperature.

From this simulation, it can be concluded that in the dry winter season, by arranging the
position of the indoor vents and placing the humidifier reasonably, the humidity can reach a
comfortable range while reducing the possibility of condensation.

At present in Japan, due to the internal activities of human and the heat dissipation of various
equipment in office buildings, more and more office buildings use air-conditioning for cooling in
winter, and due to the cooling system, the supply air cannot be humidified during cooling. Indoor
humidity conditions are not comfortable. This article simulates the indoor temperature and
humidity of the office building refrigeration system in winter. It is hoped that the research results
can guide the control decision of actual indoor temperature and humidity.
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From the analysis, it is clear that the temperature difference between the two scenarios is not
significant at y=0.1m, and at y=1.1m the temperature of scenario b is significantly higher,
although the room temperature shows a low temperature near the ground from time to time, but
the comparison of the two scenarios is, we guess, due to the larger area of the room and the more
violent disturbance of the indoor air, this point is also reflected in the velocity distribution diagram.
In option b the airflow organisation is more fluid, with more vortices, and there are individual
locations with higher air velocities and uneven airflow. The airflow is not as efficient as it could
be in the room, and the airflow does not take away the heat from the equipment and the human
body in time, making the temperature at the height of the human body in a sitting position slightly
higher. In this regard, the temperature difference VRV multi-connector plus fresh air air-
conditioning system is larger.

During the flow of air from the air supply into the room, indoor pollutants are continuously
mixed and the cleanliness of the air decreases, but due to the smooth airflow organisation in
scheme a, the air exchange efficiency is better. In VRV multi-connector plus fresh air air-
conditioning system, however, the airflow disturbance area is relatively large, the replacement
effect is slightly worse and the air quality is slightly poorer.

The results show that: the air velocity in the working area of both scenarios can reach the
requirements, the personnel do not feel the blowing air significantly, the airflow disturbance is
smaller in all-air primary return air system compared to VRV multi-connector plus fresh air air-
conditioning system, the temperature fluctuation in the breathing area of the personnel is smaller,
and the vertical temperature difference in other areas of the room is smaller. From the air age
simulation data, it can be seen that the fresh air in all-air primary return air system s delivered in a
timely manner and the indoor pollutants are discharged in a timely manner, resulting in better air
quality in the indoor work area. From the PMV values it can be seen that the thermal sensation of
the personnel in both solutions is comfortable, while in VRV multi-connector plus fresh air air-
conditioning system the dissatisfaction rate of the personnel in the local area has exceeded 10%
and long stays should be avoided. It can be seen that the air outlet arrangement is one of the main
factors affecting the distribution of airflow organisation, and various situations should be taken
into account when selecting the air supply method.
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