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Humidity Dependent Surface Charging In Air For HYDC Applications
Jin Wang

Department of Electrical Engineering
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Abstract

This thesis investigates the dynamic interactions between surface charge generation
at electrode-air interface and charge accumulation at dielectric-air interfaces un-
der di erent atmospheric humidity, crucial for enhancing insulation performance in
high-voltage direct current (HVDC) systems. Despite their critical role, the mecha-
nisms of interface charging and the in uences of humidity, have been underexplored.
Through comprehensive experimental setups and a detailed test matrix, this study
systematically explores how varying humidity levels a ect surface charge dynam-
ics. Employing a new experimental setup with newly developed humidity control
systems, the research o ers insights into the charge generation mechanism by in-
vestigating the dielectric-air interface charge accumulation dynamics under di erent
stress conditions, providing a foundation for future enhancements in HVDC insula-
tion technology.

Keywords: HVDC insulation, charge generation, charge accumulation, humidity,
dielectric-air interfaces, electrical eld strength, experimental setup.
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Introduction

This thesis investigates the e ects of humidity on surface charging in air, speci cally
for High-Voltage Direct Current (HVDC) applications. Building upon D.Svensson's
master thesis [1], this research extends the examination of charge generation at
electrode-air interface as well as charge accumulation at polymer-air interfaces un-
der direct current (DC) voltage. Unlike previous studies that primarily focused on
a static electrical condition, this study broadens the experimental scope to include
a variety of conditions. By analyzing the diverse dynamics of charge accumula-
tion, this work aims to enhance our understanding of the fundamental processes
behind charge generation in humid air, particularly under stresses below the elec-
tron avalanche onset voltage. This chapter outlines the thesis project, detailing the
study's background, current challenges, and research objectives and goals.

1.1 Background

HVDC transmission plays a vital role in e ciently transmitting power over long dis-
tances, which challenges the insulation system due to the high voltage level. Poly-
meric materials are essential elements of HVDC insulation systems, owing to their
favorable dielectric properties, lightweight design, and corrosion resistance. Materi-
als such as polyethylene, silicone rubber, epoxy resin, and more nd application in
various roles, including insulators, cable accessories, and bushings. The performance
of polymeric insulation holds a critical role in ensuring the safety and stability of
HVDC systems. It necessitates robust insulation strength and favorable surface
properties to prevent partial discharge or potential breakdown. These performance
aspects are particularly sensitive to environmental conditions, especially in outdoor
appliances. Environmental factors like temperature and humidity have notable im-
pacts on dielectric performance. Notably, a distinct phenomenon known as surface
charge accumulation occurs when DC voltage is applied,which a ects the ashover
voltage [2]. In practical applications, many polymeric insulations are exposed to the
atmosphere, with humidity playing a signi cant role in in uencing surface charging
at the air-polymer interfaces.

Recent theses have investigated the e ects of humidity, revealing signi cant ndings.
In P.Mundim's work [3], it was observed that the current in air under a homogeneous
electric eld exponentially increases with rising air humidity. Similarly, D.Svensson's
study [1] identi ed an exponential relationship between charge accumulation at the
polymer-air interface and air humidity. Additionally, E.Svensson's research [4] ex-
plored the formation of water layers on metal surfaces in humid air, which are as-
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1. Introduction

sociated with charge emissions. Despite these advancements, the charge generation
mechanism in the charge accumulation process remains inadequately explored.

1.2 Problem statement

The prior study [1] [5] primarily focused on charge accumulation under static condi-
tions, without providing insights into how dynamic changes in humidity a ect charge
behavior at polymer-air interfaces. To deepen our understanding of the mechanisms
behind charge generation, it is essential to further investigate the interactions be-
tween humidity and various factors including electric eld stress, electrode surface
conditions, and air volume.

1.3 Purpose

The purpose of this study is to investigate how humidity impacts charge accumu-
lation at air-polymer interfaces across various conditions, including voltage, air gap
length, electrode radius, and polarity. This detailed exploration aims to enhance
our knowledge of the charging dynamics under diverse conditions, providing insight
into the charge generation mechanism.

1.4 Research Goals
" Reinstall and upgrade the previous experimental setup [1] to provide varying

electrical and humidity conditions, and assess its performance enhancements.
Select a dielectric material based on both theoretical and experimental analy-

Sis.

Design the experimental procedure and develop a test matrix based on simu-
lations and trial tests.

Conduct experiments under the designed con gurations to analyze the in-

teractions between humidity and surface charge accumulation at polymer-air

interfaces, exploring the charge generation mechanisms.
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Literature review and background
study

This chapter presents an overview of the literature relevant to this study. In sec-
tion 2.1, the mechanism of interface charge accumulation is explained through the
introduction of a dielectric-air interface model in a homogeneous electric eld, ac-
complished by deriving the mathematical model of the Maxwell-Wagner capacitor
in the time domain. In section 2.2, the e ect of humidity is explored with a review of
relevant research on the charge generation mechanism in atmospheric air to establish
the connection between atmospheric humidity and surface charge accumulation. In
section 2.3, the ndings from Daniel's [1] and P.Mundim's study [3] are discussed to
provide a foundation for this thesis.

2.1 Charge accumulation mechanism

2.1.1 Fundamental theory

Conductivity in air

According to Townsend's criterion, Figure 2.1 shows the E-I characteristic
curve in air under a homogeneous electric eld is divided into three stages: the
ohmic region, the saturation region, and the avalanche region [6]. Below the
inception of corona discharge, the currents in the ohmic and saturation regions
are interconnected, indicating the mixed charge generation mechanism.

The current density in the ohmic region following Ohm's Law [7] ,

J= E= E (2.1)

where J is the current density, is the charge density, is the charge carrier
mobility, and E is the electric eld vector.
The conductivity is given by:

= | oty S (22)

where:
is the conductivity,
7 and ; are the positive and negative charge densities, respectively,
" and ; are the electrical mobilities of the positive and negative charge
carriers, respectively.
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Figure 2.1: E-I characteristic curve in the homogeneous electric eld

The characteristics of electrical current are in uenced by various factors, in-
cluding the concentration of charge carriers, their mobility, and their polarity.
Importantly, the magnitude of the current is limited by the rate at which these
charge carriers are generated.

Charge accumulation on the dielectric interface

When a dielectric material is subjected to DC voltage, an electric eld is cre-
ated through the combined e ects of the displacement eld and the conduction
eld. The displacement eld arises from the shift in charge carriers, a pro-
cess known as polarization. Meanwhile, the conduction eld results from the
movement of these charge carriers, a phenomenon referred to as conduction.
Considering setup with layered dielectric materials, such as an polymer-air ar-
rangement, Gauss's law of continuity delineates the relationship between the
displacement current density and the conduction current density.

@k _, , @
T ~; — ¥Y2n
@t @t
In a steady-state condition under DC voltage application (where dD/dt = 0),
the stationary conduction eld ensures the continuity of conduction current

density at the interface, leading to the balance of current density.

Jin + (2.3)

Jn1 = Jn2 (2.4)

However, any variation such as switching, polarity reversal, or changes in mag-
nitude induces a displacement eld due to the inherent delay in polarization.
This results in a transient process that disrupts the continuity of the conduc-
tion current density at the interface. During this phase, the number of charge
carriers moving into the interface does not equal the number moving out. Most
are left on the dielectric surface, leading to the surface charge accumulation.
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2.1.2 Maxwell-Wagner capacitor model

The Maxwell-Wagner e ect is utilized to model the accumulation of interface charge
in multi-layered dielectrics [6]. This approach is also relevant in our current study,
particularly for examining charge dynamics on the dielectric-air interface. Figure 2.2
shows the dielectric-air arrangement model.Figure2.3 depicts the Maxwell-Wagner
two-layer capacitor model, which is utilized to express a step-like excitation process
immediately after a DC voltage is applied. It can e ectively describe the transient
behavior of potential variation.

Figure 2.2: dielectric-air interface arrangement model

Figure 2.3: Maxwell-Wagner two-layer capacitor model

The total voltage V is the sum ofV; and V,. The current| can be expressed in terms

of the capacitors and resistors in the circuitas = C; <4 + ;2’—11 = C, &+ ;{’—22 .

The capacitance<; and C, are given byC, = ’jj—ll andC, = Ad—zz, respectively, where

A is the area of the capacitor plates,; and , are the permittivities, and d, and

d, are the distances between the plates. The resistandeg and R, are de ned as
Ri= & andR; = A“—ZZ, with ; and , being the conductivities.

Initially, the eld distribution follows the geometrical Laplacian eld, satisfying

D, = D,, which implies 1E; = E,. The nal eld distribution is determined by

the conductivity, leading to J; = J, and consequently ;E; = ,E,. By integrating
these equations, the charge density at the interface can be computed as a function
of time:

_ 21 12 t=
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where
20 + 10y

T dy o+ Dy g
In the context of the Maxwell-Wagner capacitor model, the accumulation of interface

charge is described by an exponential function, assuming that the permittivities; »
and conductivities 1; » remain constant.

(2.6)

2.1.3 Surface charge dynamic

When examining the complete dynamics of the charging process, the quantity of in-
terface charge is determined not only by the mechanisms of charge accumulation but
also by those of charge decay. The main mechanisms of charge decay include bulk
neutralization, surface conduction, and gas neutralization [8]. Bulk neutralization
occurs within the material itself due to internal charge conduction, charge injec-
tion, and polarization. Surface conduction involves the movement of charge through
leakage currents driven by an uneven tangential eld along the interface. Gas neu-
tralization is the process by which free air ions attach to the interface, neutralizing
the surface charge.

In S.Kumara's study [9], the decay rates of these mechanisms are analyzed. For
the material “powersil’, which has a bulk conductivity of3:5 10 **S m ! and

a surface conductivity of3:3 10 *S m !, it was observed that surface charge
decayed from 100% to 50% over 1500 seconds under natural conditions without
corona discharge, and approximately 350 seconds with enhanced gas neutralization
via corona discharge.

This signi cant level of charge decay cannot be ignored during the extended charging
periods, which last several hours. The charge measured at the interface can not ac-
curately represent the cumulative charge without considering these decay processes.
Given the complexity of measuring charge decay, for research that corresponds to
charge accumulation through surface charge measurements, choosing materials with
low bulk and surface conductivity is bene cial to minimize charge decay e ect.

2.2 Humidity e ect on charge generation

As described in the previous section, the charge generation in the charge accumu-
lation process is dominated by the free charges from air, which should be several
orders of magnitude greater than the induced charges via dielectric bulk,provided
that the bulk material exhibits su ciently low conductivity and negligible charge
decay. The air current originates dynamically from electric eld stress and the pres-
ence of free charges, as outlined in Equations 2.1 and 2.2. Humidity plays a critical
role in this dynamic, as explored in E.Svensson's thesis [4].

The air humidity represents the content of water vapor in the moist air, which
consists of approximately 78% nitrogen, 21% oxygen, 1% argon, and other minor
components. Humidity levels are determined at the dew point, where water vapor
saturation occurs, equating the rates of vaporization and condensation. Absolute
Humidity (AH) and Relative Humidity (RH) are common metrics for representing
these levels [10].

6



2. Literature review and background study

At the air-solid interface, phenomena such as water adsorption and desorption oc-
cur, involving both chemical and physical mechanisms [11]. This leads to the natural
formation of a water adlayer on the interface, reaching an equilibrium between ad-
sorption and desorption processes. The thickness of this adlayer is in uenced by
factors including material properties, surface roughness, and humidity levels [12].
When exposed to an electric eld, further electrochemical reactions on the water ad-
layer are investigated in several studies [13] [14] [15], as detailed in an air-electrode
interface model, illustrated in Figure 2.4.

Figure 2.4: Air-electrode interface model for electrochemical reactions

Air-electrode interface model with a rod metal electrode exposed to moist air, ap-
plying a positive voltage to create an ambient electric eld. In the model, a water
adlayer forms outside the metal oxide layer, a common phenomenon on metal sur-
faces [16].
The overall electrochemical process can be simpli ed into three steps:
1. Formation of the initial water adlayer through adsorption and desorption [13].
H,O H,0
2. Dissociation of water molecules into hydroxide and proton ions [14] [15].
mHZO H+(H20)n + OH (HZO)m n 1
3. Driven by the electric eld, protons escape from the adlayer, and water molecules
in the air gap capture these escaping protons to form positive water cluster.
Concurrently, the area from which the protons are emitted experiences an in-
tensi ed electric eld due to negatively charged adlayer, which enhances the
dissociation of ions. [14] [15].
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H*(H,0),! H*(H0), ,+(n m)H,0

The substances marked with an asterisk (*) are dispersed in the air, while the

remaining substances adhere to the surface. For electrodes with a negative

voltage, a similar electrochemical process occurs, where heavier hydroxide ions

are emitted into the air instead.
The in uence of the electric eld on these processes is substantial [17]. In E.Svensson's
study, the thickness of the water adlayer was indicated to be thinner under a posi-
tive electric eld compared to neutral conditions, indicating a higher rate of proton
escape. Moreover, the di erence in adlayer thickness varies with humidity levels.
This relationship indicates that air humidity in uences the formation of water cluster
ions at the electrode-air interface, potentially a ecting charge generation as well as
the charge accumulation process.

2.3 Experimental setup and charge accumulation
modelling

The current study builds upon D.Svensson's [1] and P.Mundim's work [3]. D.Svensson's
work involved creating an experimental setup to directly measure surface potential
and evaluate surface charge density. His Msc thesis provides a prototype for ex-
perimental setup design and o ers baseline data for surface charge accumulation,as
detailed in Section 2.3.1. Meanwhile, P.Mundim's research measured the current in
the air under various electrical elds and moisture levels, leading to the development
of several functions that relate air current density to di erent electrical elds and
humidity values. This data, combined with the Maxwell-Wagner capacitor model
described in Section 2.1.2, enables the construction of a mathematical model to sim-
ulate surface charge accumulation in the air-solid system, illustrated in Section 2.3.2.
Additionally, this mathematical approximative model outlines methods for designing
the test matrix with extended variables, verifying measurements, and quantifying
the analysis.

2.3.1 Design and expansion of the experimental setup

Building upon D.Svensson's research [1], this work expands the scope to include
a broader range of application conditions, including alterations in geometry, vol-
ume, voltage, and polarity. Experiments are carried out in the same sealed plastic
chamber, maintaining the core structure of the previous electrode-air-dielectric ar-
rangement. A DC voltage is applied by connecting the electrode to a high-voltage
generator. The non-contact surface potential measurement technique, namely the
Kelvin probe method, is used for estimating surface charge density. Probe position-
ing is achieved through a computer-controlled XY table (Arrick Robotics XY30),
facilitating the scanning of surface potential distribution. A data acquisition card is
employed to record the analog signal from the Kelvin probe system. The humidity
recorder TR-73U continues monitoring the humidity levels within the test chamber.
To accommodate varied conditions, both electrical and mechanical modi cations
are necessary to ensure exible connections of di erent electrical parts. Given the
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anticipation of conducting a signi cantly higher number of tests compared to the sin-
gular condition of the previous study, an e cient and stable humidity control system

is implemented. A numerical analysis is recommended for the diverse phenomena
observed under various scenarios.

2.3.2 Charge accumulation modeling under di erent humid-
ity

A further examination is presented in P.Mundim's work [3], a deeper study was
conducted on charge generation resulting from variations in humidity. Drawing on
the collected data, an exponential relationship between the current density and the
electric eld across di erent humidity levels was observed.

The current density in air, J4, can be expressed as a function of the electric eld
strength E using the equation:

Jar = @ €°F (2.7)

wherel, represents the current density in air (A/nf), E is the electric eld strength
(V/m), and a, b are coe cients. The coe cients in this equation vary with humid-
ity, which was determined by curve tting based on the measurement(T=295K) in
P.Mundim's work [3]. The E J characteristic achieved in the study is shown in
Figure 2.5.

Figure 2.5: E-J characteristic in air from P.Mundim's work.

Derived from the result shown in Figure2.5, the conductivity of air under varying
humidity conditions can be represented by the function of the electric eld as follows:

— dJair

= e abeée (2.8)
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Referring to T.Blythe et al's book [18], empirical equation 2.9 can be applied
to calculate the conductivity of polymeric materials. Taking Te on, as used in
D.Svensson's study [1], as an example whose conductivity10 ?° S/m) [19] is
much lower than that of air ( 10 ** S/m) [20] combined with the results from
T.T.N.VU's study [21], the conductivity of Te on is considered to be constant at a
constant temperature. It also indicates a negligible in uence from the electric eld,
due to its small variation range (< 10 kv/mm). The relation can be described by
the following equation:

weon (T)= o exp kE?I' sinh(B(T) E) E (2.9)
B

where:

T represents the temperature, set at 295 K, aligning with the testing temper-
ature in P.Mundim's work [3].

kg denotes Boltzmann's constant8:617 10 ° J/K.

h o=1 10 16 S/m.

E, represents activation energy, 0.1 J.

sinh(B(T)E) and E are treated as constants when the temperature is held
constant and the electric eld varies within a small range (< 10 kV/mm).
Referring to the modeling approach demonstrated in T.T.N.VU's study [21], Gauss's
Law is employed in conjunction with the Maxwell-Wagner capacitor model. By
incorporating the nonlinear function of air conductivity( Equation 2.8),as derived
from P.Mundim's study [3], a set of nonlinear equations is established.

"ar Eair = "teon Eteon + (1) (2.10)
where " "
t) = air te on te on air vV 1 e t= 211
( ) dair te on + dte on air ( ) ( )
and . .
— air dte on t “teon dair (2.12)

dair teon T dte on air
This framework adopts a homogeneous bi-dielectric con guration consistent with
the parameters outlined in D.Svensson's study [1]. The setup includes a 3 mm air
gap coupled with a 0.5 mm Te on layer, and is subjected to an applied voltage of 4
KV, as depicted in Figure 2.6. This voltage remains below the partial discharge(PD)
inception threshold for the air gap, thus ensuring that the maximum electric eld
in the air does not surpass the 3 KV/mm, PD inception threshold [6]. Based on this
con guration, the following boundary conditions and initial values are de ned:

Boundary condition: Ezr dair + Eteon Gieon = V (2.13)

Initial value: "ar "o Earo= "teon "0 Eteono (2.14)

Where the parameters in the equations are de ned as follows:
~ "ar = 1:0006 representing the relative permittivity of air.
"eon = 2:1, representing the relative permittivity of Te on.

N

10
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Figure 2.6: Homogeneous bi-dielectric con guration.

N

dair =3 mm, the thickness of the air layer.

Oie on = 0:5 mm, the thickness of the Te on layer.

V =4 kV, the applied voltage across the bi-dielectric arrangement.

These parameters and conditions enable a detailed examination of the electric eld
distribution and the charge dynamics within the bi-dielectric system.

Iteration is employed to solve the set nonlinear equations, with the iteration ceasing
once the time variable reaches 14,400 seconds(4 hours). This approach facilitates
the charge accumulation process, which is illustrated in the accompanying Figure
2.7 and 2.8. To parametrize the impact of humidity on the dynamics of charge

A

N

Figure 2.7: Simulation of the surface potential variation.

11
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Figure 2.8: Simulation of the surface charge accumulation.

accumulation, exponential tting was applied to the characteristic curves at various
humidity levels. The tting utilized the function:

(t)=a (1 ePh (2.15)

derived from Equation 2.11. To analyze the charging rate, the rst-order derivative
of this function was calculated:

d (t)
dt

The results of these ttings are depicted in Figure 2.8.

=abeb (2.16)

Table 2.1: Curve Fit Of Line Charge Density Dynamic For Di erent Humidity
Level.

RH (%) a b ab Variation Rate: 25600
20 204 10 409 10' 834 10°% 5:69 10 4
40 295 101 431 10! 1271 10172 8:67 103
60 669 101 474 10! 3171 10 *? 0.02
95 1:49 101 9.84 1466 10 1° 1.00

As humidity levels increase, the productd b) in the rst-order derivative functions

also increases, indicating a faster initial charging rate. Consequently, this results
in more substantial changes of surface charge density at higher humidity levels. By
comparing @ b) variations between 20% RH and 95% RH, as documented in Table

12
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2.1, the intensity of humidity e ects can be estimated within this test range. It

Is important to note that the tting curves presented in Figure 2.8 are based on
measurements of initial electric eld strength ranging from 0.5 to 2 kv/mm. This
may introduce analysis inaccuracies at very high humidity levels, such as RH95%,
where the electric eld strength quickly falls below 0.5 kv/mm. Nonetheless, this
does not signi cantly impact the demonstration of the overall trend.

The aforementioned analysis extends from data on ion current in the air, as explored
in P.Mundim's work [3], elucidating the e ect of humidity on charge dynamics. It
con rms ndings from D.Svensson's study [1], where charge density at the polymer-
air interface, as a function of time, was directly measured under a constant electric
eld and varying humidity levels. It should be noted that the Maxwell-Wagner model

IS most suitable for use in a homogeneous electric eld arrangement. P.Mundim's
study was conducted using a parallel-plate electrode setup with a homogeneous
electrical eld, whereas D.Svensson's test setup was a rod-plate electrode, which
generates an in-homogeneous electrical eld. As a result, the simulation outcomes
from these studies are rough estimates. However, they provide valuable insights into
general trends rather than absolute levels.

13
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Experimental procedure

This chapter outlines the methods employed to achieve the objectives of the thesis.
Initially, modi cations to the existing experimental setup [1] are discussed, focusing
on hardware adjustments. Subsequently, a software solution is proposed to enhance
the positioning and measurement systems. This is followed by a detailed description
of the methodology for selecting dielectric samples. Next, the design of the humidity
control system is presented, along with the results of its testing. A test matrix is then
designed to guide the experimental process. Finally, determinations of inception
voltage for various con gurations, as described in the test matrix, are performed
using Comsol Multiphysics.

3.1 Experimental setup

As illustrated in Figure 3.1, the experimental setup comprises the following com-
ponents: a test chamber, a humidity control system, a positioning and DAQ (Data
Acquisition) system, and a DC generator along with an electrostatic meter. The
test chamber, based on the design described in D.Svensson's study [1], includes a
sealed environment, a horizontal support stick, a vertical electrode, a polymeric
plate, and calibration and grounding systems. The humidity control chamber is
designed to maintain a stable humidity level, as regulated by the system detailed
in Section 3.1.2. The horizontal support facilitates the assembly of the electrode
and the Kelvin probe, allowing transitions between electrode charging and probe
scanning via its connection to the positioning robot. Both the polymeric plate and
calibration chop, made from copper, are connected to the same ground to ensure a
zero potential state.

3.1.1 Test chamber

The test chamber in D.Svensson's study is utilized with necessary modi cations to
meet the condition controls required for this study. Figure 3.2 shows that larger
grading rings were incorporated at both the junction of the electrode and the hor-
izontal support stick, and the upper edge of the electrode rod. This modi cation
aims to mitigate the risk of partial discharge, a concern due to the application of
higher voltages than those used in previous studies. The grading ring's hollow design
beneath the horizontal support stick provides the necessary space to accommodate
an electrode terminal with adjustable height, thereby allowing for the modi cation

of the air gap length. Furthermore, the electrode height's adjustability is facilitated
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Figure 3.1: Overview of the experimental set-up

by a thread structure. Finally, the air gap length is precisely measured using a series
of standardized Mitutoyo® gauge blocks(2mm/3mm/4mm), serving as a reference
for adjusting the electrode height, as shown in Figure 3.3.

Figure 3.2: Grading Rings

Figure 3.3: Mitutoyo ® Gauge Block for adjust-
ing air gap length(3mm)

16
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3.1.2 Humidity control system

Both L.Greenspan [22] and D.Svensson [1] employ binary saturated aqueous solu-
tions to establish xed air humidity levels. However, tests revealed that achieving
steady-state relative humidity with di erent saturated salt solutions required over
minimal two hours, with minor uctuations arising from chamber leaks and temper-
ature changes. Given the need for a substantial number of tests due to the study's
multi-condition environment, there's a need for a more e cient and dynamic humid-
ity control method to increase the e ciency and mitigate the impacts of air leakage
and temperature variations.

Building upon F. Kuchler's project [23], which introduced a humidity control model,
our study has implemented a similar system, as shown in Figure 3.4. This system is
modeled after Kiichler's design and includes four main components: a humidi er, a
dehumidi er, a mixing chamber, and a commercial greenhouse humidity controller.
The controller enables the setting of target humidity levels and control margins
through an integrated system, featuring two output sockets for powering the hu-
midi cation and dehumidi cation devices independently. It activates the humidi er
when the humidity exceeds the target plus the margin, and similarly activates the
dehumidi er when below this threshold. The humidi er uses an ultrasonic nebu-
lizer with de-ionized water, and the dehumidi er functions by circulating ambient
air through silica gel. The mixing chamber ensures uniform distribution of air at
the set humidity level within the testing chamber, where the controller's sensor is
strategically placed for stable humidity regulation.

Figure 3.4: Prototype design of the humidity control system

System structure simpli cation and veri cation

The design of our humidity control system is inspired by the prototype in F.
Kichler's study [23], but it incorporates self-designed components. To assess
its viability and explore potential simpli cations, both analytical evaluations
and trial tests have been conducted.

The ambient RH (relative humidity) value in the lab has been recorded, vary-
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ing between 20% and 30%. As an extension of D.Svensson's study [1], the
experimental RH range is intended to be from 40% to 98%. Accordingly, the
dehumidi er has been replaced by directly ventilating ambient air into the
system, eliminating the need for a drier container. Additionally, a commercial
ultrasonic nebulizer using de-ionized water has been used for humidi cation.
The necessity of the mixing chamber is con rmed through comparative testing
with a target relative humidity (RH) of 60%. Figures 3.6 and Figure 3.7
illustrate these ndings. In tests that use the mixing chamber, the RH value
remains stable at steady state. Conversely, in tests where the controller's
sensor is placed directly in the test chamber without a mixing chamber, the
RH value shows uctuations around the target. Thus, the mixing chamber
functions e ectively as a bu er for enhancing the stability of the humidity
control system.

Based on the simpli cations and veri cations discussed above, the humidity
control system used in this study is illustrated in Figure 3.5.

Figure 3.5: Overview of the humidity control system

Figure 3.6: Humidity track without  Figure 3.7: Humidity track with mix-
mixing chamber ing chamber

System performance evaluation
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To assess the performance of our humidity control system and the relation-
ship between the controller's presets and the actual humidity levels in the
test chamber, we conducted a series of tests across di erent humidity targets.
The control strategy began with accelerated humidi cation, followed by ner
adjustment to achieve the target humidity during quasi-steady state condi-
tions. The results, depicted in Figures 3.8 through 3.12 and summarized in
Table 3.1, con rm the system's pro ciency in maintaining set humidity levels.
These ndings also guide the user manual for the newly developed equipment.
We recommend a higher preset value on the controller to compensate for leak-
age and sensor discrepancies, especially between the controller's sensor and the
TR73 hygrometer. Furthermore, dynamic adjustments to the presets were in-
strumental in mitigating minor uctuations that occurred during the intervals

of probe scanning.

Figure 3.8: Humidity track with target ~ Figure 3.9: Humidity track with target
RH value of 40% RH value of 50%

Figure 3.10: Humidity track with tar- Figure 3.11: Humidity track with tar-
get RH value of 60% get RH value of 70%
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