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Abstract

The glass water tank experiment is using water as the medium to simulate the
temperature fields’ structure characteristics and development process of the
convection boundary layer in the laboratory. This experiment uses a
fast-responding temperature sensor to measure vertical profile of temperature
and temperature differences at different height. In this experiment, parame-
ters such as tropospheric boundary thickness and stability are obtained. The
experimental results show that the indoor water tank convection system can
simulate the formation, development and extinction of inversion layer in
boundary layer. This experiment is suitable as a professional experiment for
atmospheric fluid dynamic course. Meanwhile, students’ understanding of
meteorological concepts and basic principles is more profound and excellent
teaching effect is achieved, and thus the designed experiments have certain
promotion value.
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1. Introduction

Glass water tank simulation experiments can simulate physical phenomena in
the atmospheric boundary layer, which helps to understand intuitively the in-
verse temperature and convective rising activities in the real atmospheric boun-
dary layer. In the glass water tank simulation experiment, it is easy to obtain pa-
rameters and statistics which are difficult obtained in field observation experi-

ment. It is easy to observe the meteorological variables such as wind direction,
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wind speed, temperature, and humidity profile in boundary layer. In general,
obtaining meteorological elements of the atmospheric boundary layer can only
be measured by meteorological tower stations or air balloons, which makes ob-
serving the actual boundary layer atmosphere very complicated. So the glass wa-
ter tank simulation experiment can well connect the atmospheric field observa-
tion with the theoretical model (Xu & Wu, 2008; Yan et al., 2010).

The indoor simulated atmospheric turbulence has the characteristics of con-
venient control, repeatable simulation conditions, and the flexibility to establish
certain real atmospheric scenes, which is widely used. Many scholars have de-
signed different types: such as wind tunnels, convective water tanks, towed water
tanks, gas turbulence pools, salt water tanks, etc.) devices, used to simulate the
temperature in the turbulent atmosphere, the heat transfer process, gas pollution
in the convective mixing, diffusion, etc. Regarding the structure and turbulence
characteristics of the convective trough to simulate the convective boundary
layer (CBL), the American scholars Willis and Deardorff conducted experiments
in this area as early as 1974 (Willis & Deardorff, 1976). Domestic scholars Yuan
Renmin and Sun Jianlu conducted research after 2000, and achieved many im-
portant results in the temperature field and velocity field structure of the en-
trainment layer, the characteristics of the turbulence spectrum and the physical
mechanism generated (Yan et al., 2010). Atmospheric science is a discipline that
studies the laws of atmospheric movement, the causes of weather and climate
events, and forecasting and evaluation service technologies. It is characterized by
the equal emphasis on theoretical teaching and practical teaching. Traditional
atmospheric science experimental teaching is generally completed in a laborato-
ry or at a meteorological observatory, and is mainly based on teacher lectures
and demonstrations. Due to space and time constraints, teachers often cannot
fully display weather and climatic phenomena for students, resulting in fewer
opportunities for students to do it themselves, poorer sense of real situation, and
less chance for independent innovation ideas to be verified. Using virtual reality
technology for atmospheric science experimental teaching, students can work in
real meteorological observation or forecasting environments. They can practice
programmatic operation steps according to the teacher’s arrangement, and they
can also manually verify their experimental hypotheses and repeat them, reduce
the cost of experiment consumables or the risk of experiment. According to the
characteristics of virtual reality technology, it has good educational value in ex-
perimental teaching of atmospheric sciences (Zhang et al., 2017; Wang et al.,
2008; Zong & Ma, 2011; Zhang, et al., 2008).

In this experiment, a glass water tank is used to simulate the development
process of the atmospheric boundary layer through water, a fluid medium, and
provide a scientific explanation for the physical processes occurring in the at-
mospheric boundary layer. Compared with traditional atmospheric science field
observation experiments, the glass water tank experiment is repeatable and can
simulate the inverse temperature process. This experiment belongs to the expe-

rimental course of atmospheric fluid mechanics and atmospheric dynamics. The
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purpose is to let students’ understanding of the occurrence, development, and
extinction of inverse temperature in the atmospheric boundary layer, and to
support theoretical teaching (Zong & Ma, 2011; Zhang et al., 2008; Guan & Wu,
2016). Therefore, using a glass water tank experiment, the temperature profile of
the convective boundary layer and its development process are simulated in the
laboratory under the condition of uniform heating of the underlying surface,
and the formation, occurrence, development and demise of the inversion layer
are reproduced. This experiment is suitable for students majoring in atmospher-
ic sciences and meets the needs of supporting experiments in atmospheric fluid

mechanics courses (Zhang et al., 2008; Pettré et al., 2009).

2. Experiment Introduction

2.1. Introduction of Experimental Equipment

Glass water tanks include automatic temperature-control heating water tanks,
intelligent heating water storage tanks, ion-exchange deionized water equip-
ment, diffuse flow control devices, temperature detection systems, motion drive
systems, large-caliber laser collimated light generators, CCD cameras, Data ac-
quisition system (including control and management operation software) and
other components and modules. During the experiment, hot water and cold wa-
ter were poured into a tempered glass water tank in advance to make it layered.
The oil tank with a built-in heating tube was used to heat the cold water in the
water tank and transfer the collected temperature data to a computer to simulate
the development of the actual atmospheric boundary layer. The collimated light
emitted by the laser generator is used to form a light spot through the glass water
tank, and the image is collected by the CCD and transmitted to the computer
(Figure 1).

In this experiment, the conditions of dynamic similarity, thermal similarity,

q

(a) (b)

Figure 1. Glass water tank system of the Atmospheric Simulation Laboratory of Chengdu
University of Information Technology. (a) Glass water tank and water purifier systems,
(b) Collimated laser scintillator.
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geometrical similarity, and similar motion are fully considered. The bottom of
the glass sink is a metal plate, and 10 mm thick transparent glass forms the edge
of the sink. The size of the sink is 150 cm X 150 cm X 60 cm, which meets the
requirements of geometric similarity (Yan et al., 2010), and the need for indoor
simulation is considered. A metal plate with a size of 145 cm x 145 cm X 6 cm is
placed at the bottom of the sink for heating the fuel tank, (Figure 1). The oil
tank is full of transformer oil. The advantages are high margin performance and
small thermal expansion coefficient. Electric heating tubes are evenly placed in
the transformer oil. Oil is added to the electric heating tubes. After the oil heats
up, the water in the water tank is heated to make the bottom of the water tank
uniform. heating. The heating power of the fuel tank is adjustable and the max-

imum heating power is 35 kW.

2.2. Principle of Vertical Temperature Profile Measurement

The temperature vertical profile is measured by installing temperature sensors of
different layers in the water tank, and the temperature sensor is a customized
platinum resistance thermometer. Because there is a very clear correspondence
between platinum resistance and temperature (significant linear relationship)
and its chemical properties are stable, platinum resistance is very suitable for

measuring temperature.

2.3. Heat Flux Profile Measurement

Multiple temperature probes (8 in the horizontal direction and 7 in the vertical
direction) are used for measurement, and the distance between each probe is
about 5 cm. The collected temperature output signal is 25 Hz. After being con-
verted by the ADC module, it is stored in the computer for processing. The
temperature sensor can be driven by a stepper motor and move horizontally.
From the measurement results of the temperature profile, meteorological fea-
tures can be analyzed, such as the convective velocity, heat flux profile, convec-
tive boundary layer development, and extinction characteristics. Figure 2 is a
schematic diagram of a temperature detector.
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Figure 2. Schematic diagram of temperature detector, X and Z are horizontal, Y is vertical.
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2.4. Measurement of Turbulent Motion

The measurement of turbulent motion is based on a large-caliber collimated la-
ser scintillator (Han et al., 2006; Pingyang et al., 2003). After the laser beam is
expanded twice, it becomes a collimated light with a diameter of 20 cm. When
the collimated light is emitted from the side of the water tank, after passing
through the turbulent field in the water tank, a light spot is formed on the other
side. We placed a white receiving screen on the other side of the water tank, and
used a CCD camera to continuously capture light spot images on the receiving

screen, and the images were collected by a computer.

3. Experimental Design and Experimental Steps

The experimental design follows the CDIO engineering education model. It fo-
cuses on the students and intuitively displays the complex actual atmospheric
boundary layer temperature inversion phenomenon in the laboratory sink expe-
riment to cultivate students’ understanding and understanding of atmospheric
phenomena in atmospheric science (Han et al., 2006; Berggren et al., 2003; Kang
et al., 2008; Fan et al., 2011).

The purpose of experimental teaching is to cultivate students’ practical skills.
The mastery of practical skills can be divided into four stages: operation orienta-
tion, imitation, integration and proficiency. It requires students to explore and
gradually clarify the experimental content and experimental steps in the actual
operation process. In traditional teaching, students will feel that the theoretical
and formula parts of the textbook are very boring, and some scenes are even
more difficult to describe in language. The actual experimental hands-on opera-
tion can transform theoretical teaching into rich practical teaching and increase
students’ interest in learning. In this experiment, we can follow next step:

Step 1: we let students debug the laser by themselves, turn on the water tank
switch and put in cold water heating and other steps to make the students famil-
iar with the water inlet and heating process of the water tank.

Step 2: After the water in the water storage tank is heated, the students them-
selves put cold water and hot water in the sink separately. The teacher turns on
the computer, controls the temperature detector to move in the water tank, and
records the data.

Step 3: use the camera to record the image of the light spot formed by the laser
through the interface of the cold water and the hot water layer, and explain to
the students the principle of light spot formation.

Step 4: Use the recorded temperature data to draw the profile of the boundary
layer of the sink, and explain to the students the differences in temperature pro-

files of different layers.

3.1. Preview before Class

At this stage, students are trained to learn and master the process of the forma-

tion of the “atmospheric inversion layer”. The specific tasks are:
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1) Learn relevant knowledge of the atmospheric boundary layer, understand
the height of the atmospheric boundary layer, turbulent structure, temperature
layer, and discuss the characteristics that affect the air movement of the boun-
dary layer.

2) Learn the forces on the air movement of the atmospheric boundary layer,
and discuss the effects of different underlying conditions (such as different ter-
rain, landforms, buildings and vegetation) on the atmospheric boundary layer.

3) Understand the characteristics of the Ekman layer in the atmospheric
boundary layer, and discuss the effects of viscous force, pressure gradient force,
and Coriolis force.

4) The types of inversion layer include radiation inversion, sinking inversion,
turbulent inversion and advection inversion. Discuss the differences between

different types of inversion.

3.2. Experimental Steps

In the experiment, the water in the water tank is deionized and purified water.
First turn on the reverse osmosis pure water system and fill the cold and hot wa-
ter storage tanks with water. Pure water is produced by reverse osmosis water
purification system, quartz sand filtration system, activated carbon filtration and
adsorption technology. Water production is 0.5 tons/hour. After opening the
water inlet valve, when the water pressure gauge is greater than 0.1 MPa, the
production of pure water begins, and the hot and cold water storage tanks are
connected by the water guide pipe. Observe the water storage tank level gauge.
When the liquid level reaches half the volume of the water storage tank, close the
water production system, and the water storage is completed. During operation,
a plastic plate with a thickness of about 0.5 cm was placed around the inside of
the glass of the sink, and hundreds of small holes were evenly distributed on the
plastic plate. A cold/hot water pipe is placed along the inside of the glass of the
sink, and there are openings every 5 cm. The openings face the glass. When the
water comes out of the small hole of the cold/hot water pipe, it reaches the open
plastic plate, and slowly flows into the glass sink through the small hole of the
plastic plate.

Then turn on the computer simulation system, set the heating temperature of
the hot water storage tank, and heat the hot water for the test. (Ensure that the
storage tank has been filled with a sufficient amount of water when heating, and
it is strictly prohibited to heat it without water). When the temperature of the
hot water storage tank reaches 40 degrees, stop heating. Before opening the wa-
ter outlet valve, first open the cold water valve, first add cold water with a depth
of about 20 cm (to the lower edge of the diffuser pipe), close the cold water
valve, then open the hot water valve, and add about 25 cm of hot water. A stable
and uniform inversion layer is formed. Finally, the large-caliber laser collimation
light generator was finally opened, and the fuel tank was started to be heated. By
the heating effect of the fuel tank, the cold water layer closest to the bottom of

the water tank began to be heated, simulating the actual atmospheric boundary
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layer change. Click the computer auto-run button, the system will start the si-
mulation experiment and automatically record the data.

4. Experimental Results

4.1. Experimental Process

After the experiment started, the cold water layer in the water tank was at the
bottom and the hot water layer was at the top. At this time, a stable inversion
layer was formed. It can be seen from Figure 3(a) that the light spot has obvious
layering, the upper layer is an image of turbulent activity in the hot water layer,
and the lower part is a static image when the turbulence in the cold water layer is
not active. There is a clear dividing line between the two layers. When the cold
water at the bottom of the water tank is heated for a period of time, the bottom
of the light spot projected on the receiving screen appears ripples (Figure 3(b)).
When the fuel tank is heated for 20 minutes, the hot water convection activity at
the bottom intensifies, and gradually moves upward to reach the inversion layer
interface, and gradually extends from the convection activity to the upper layer
(Figure 3(c)).

The temperature probe measured the vertical temperature profile and calcu-
lated the heat flux. With the increase of the water storage height in the water
tank, the heat flux decreases linearly. After reaching a certain height, the heat
flux becomes 0, continues to become negative, and finally becomes 0. The struc-
ture of the boundary layer is determined by changes in the heat flux profile. The
mixed layer is defined as the part where the ground heat flux is positive, and the
entrainment layer is the area where the heat flux is negative in the actual atmos-
phere. The thickness of the atmospheric boundary layer is determined by the
height at the maximum negative value of the heat flux profile. The boundary
layer thickness (Z), convection velocity (w), temperature (T), and atmospheric
stability (R) are finally calculated from the heat flux profile.

After the formation of a stable inversion layer, the oil tank was heated, and the

Figure 3. The spot image of the collimated laser transmitter on the receiving screen. (a)
Initial stage: the upper part is the hot water layer, and the lower part is the cold water
layer, which indicates a stable temperature inversion layer; (b) Heating stage: After the oil
tank at the bottom of the water tank is heated for 10 minutes, there are obvious ripples at
the bottom, indicating the bottom convection movement Occurs; (c) mixing stage: after
the fuel tank is heated for 20 minutes, the convective motion at the bottom rises to the
inversion layer, the mixing layer is formed, and the inversion phenomenon is about to
end.
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temperature change curve measured by the temperature probe was measured
over time. As the bottom of the glass water tank heats up, thermal convection
begins to develop, and the temperature in the lower part gradually rises, corres-
ponding to the inverse temperature phenomenon of the actual atmospheric
boundary layer. The temperature measured by the upper temperature probe
gradually decreased. After the fuel tank was heated for 20 minutes, the inversion
layer disappeared, and the overall water temperature in the water tank was about
34°C. The heat flux profile can be calculated from the temperature profile, and
the heat flux also decreases linearly with increasing height until it becomes zero
at a certain height. The purpose of this experiment is to simulate the thickness of
the boundary layer in the laboratory and calculate some characteristic parame-
ters of the boundary layer, which can be verified in real atmospheric sounding

experiments.

4.2. After Class Discussion

The theoretical knowledge of the atmospheric boundary layer before the expe-
riment only explains the principle of inverse temperature formation, and it can-
not fully clarify the experimental phenomena and the laws of inverse tempera-
ture development at each stage. After this experiment, students should analyze
and discuss the experimental phenomena after class. Contains the following:

1) Analyze the role of the temperature decrease rate y in the formation of the
inversion layer.

2) After the formation of the inversion layer, the relationship between the
temperature layer inside the boundary layer and the stability of the atmosphere
is analyzed.

2) Discuss the harm caused by the formation of the inversion layer, and give
examples of major inversion events in countries around the world.

3) Record experimental phenomena and write experimental reports.

5. Summary and Discussion

The emergence of the inversion layer in the atmospheric boundary layer can
hinder air convection and exacerbate air pollution near the ground. In this expe-
riment, the inversion process in the atmospheric boundary layer is simulated by
a water tank, and the structure of the temperature field in the inversion layer is
analyzed by temperature probes and optical measurements. The law of transfer
of air in the boundary layer is an experimental course in the theoretical courses
of “Atmospheric Boundary Layer” and “Atmospheric Dynamics” to cultivate
students to grasp the laws and phenomena of atmospheric movements that
commonly exist in the atmospheric boundary layer, which not only enhances the
depth and breadth of the experiment, reproduces the complex inverse tempera-
ture phenomena in the real atmosphere in the laboratory, but also strengthens
students” understanding of the atmosphere. The understanding of complex for-

mulas of fluids and dynamics has certain reference significance for other con-
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firmatory experimental teaching reforms.

From the results of the experiment, it can be found that after the cold water
and the hot water are mixed, the hot water layer is stably maintained on the cold
water layer for a period of time, and an obvious layer is formed. This shows that
there is also a phenomenon in the actual atmosphere: stable cold air is main-
tained under the hot air and continues for a long time without rapid diffusion. It
can be seen from the temperature profile that the temperature increases with
height. This will help to form a deep temperature inversion layer and form air
pollution. The experimental results have good teaching and practical signific-
ance for students to understand the dynamic and thermal mechanisms of the
atmospheric boundary layer and the appearance, formation and disappearance
of the inversion layer.

With the further development of atmospheric sounding experimental tech-
nology, the content, methods and modes of practical training will undergo pro-
found changes. The traditional on- and off-campus experimental models will
develop towards a new type of laboratory-practice education mode, which will
definitely be applied. The new pattern of training creative and scientific and
technological talents will create a new future for the development of modern

education.
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