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Computational Fluid Dynamics Simulation of
Inhaled Submicron Bioaerosol Particle Flow
and Deposition in the Human Lung
——————————————————————————————————————————————–———–
Mohammed Ali, T he University of T exas at Tyler

Abstract
In this study, the authors used computational fluid dynamics modeling and simulation to evaluate the mechanistic
phenomena of inhaled submicron bioaerosol particles flowing through surrogate, in-silico human respiratory airways.
The phenomena investigated included the effects of four
aerodynamic and electromechanical mechanisms: 1) inertial
impaction (IIP), 2) Brownian diffusion (BD), 3) gravitational sedimentation (GS), and 4) electrostatic charge forces
(ECF) that interact with inhaled particles. A commercial,
finite-volume code, ANSYS Fluent, enhanced with usersupplied programs in Visual C++, was employed. Tracheobronchial (TB) geometry was developed using ANSYS Design-Modeler and morphological lung dimensions specified
in Ewald R. Weibel’s model of dichotomous lung morphometry. Simulation results were compared with established mathematical models for inhaled bioaerosol particles’
IIP, GS, and ECF depositions. Although, the IIP is still a
dominant deposition mechanism for submicron particles in
the TB airways under light physical activity breathing conditions (Q = 28.3 l/min), the BD, GS, and particle intrinsic
electrostatic charge may play several roles as well. Moreover, the GS was found to be negligible for smaller particle
sizes (d p <1µm), whereas it became dominant for larger
particles (d p >1µm). The occurrences of IIP caused the deposition of “hot spots” in the bifurcating airway where sharp
bends existed. The GS had fifteen times stronger deposition
effects on a 10 µm particle than on a 1µm particle. A 50
percent increase in electrostatic charge per particle can double its deposition probability as well. Smaller charged particles (d p ≤ 1µm) experience higher (one-log) image forces
than larger particles (d p ≥ 10µm), while carrying the same
number of elementary charges.

Introduction
Respiratory inhalation of in-silico studies can be the basis
for assessing the potential risks of workplace exposure to
ultrafine bioaerosol particles. Predicting the amount of these
particles’ deposition in healthy or diseased lung tissue following exposure is the major first step toward evaluating
risks associated with exposure to airborne microorganisms
and subsequent respiratory distress. Since upper airway deposition in lungs determines the effectiveness of inhaled particles, knowing their quantity may contribute in this endeavor (Farghadan, Poorbahrami, Jalal, Oakes, Coletti, & Arzani, 2020; Usmani, Biddiscombe, & Barnes, 2005).

An aerosol is defined as a suspension system of solid or
liquid particles in a gas. The major physical properties of
respiratory drug aerosol particles include the particle’s size
(diameter), shape, diffusivity, density, and electrostatic
charge (Hinds, 2012). Bioaerosols are airborne particles of
biological origin, including viruses, bacteria, fungi, and all
varieties of living matter. The prospective applications of
bioaerosol in research and industry include: 1) dose determination of respiratory drugs to treat asthma and other
chronic obstructive pulmonary diseases (COPD), 2) inhalation toxicity from personal exposure in the workplace,
3) manufacturing of protective devices in industrial ergonomics, and 4) protective actions taken to combat bioterrorism mass catastrophes. However, in-vitro experimental
studies of particle deposition in realistic lung airways have
been limited, due to regulatory and safety restrictions. To
overcome these constraints, researchers adopt numerical
simulations, including computational fluid dynamics (CFD)
(Hofmann, 2011).
The main mechanisms of lung deposition of inhaled respirable bioaerosol particles in the lung involve four mechanisms: 1) inertial impaction (IIP), denoted by Di; 2) Brownian diffusion (BD), denoted by Dbd; 3) gravitational sedimentation (GS), denoted by Dg; and 4) electrostatic charge forces (ECF), denoted by De (Hinds, 2012). Figure 1 illustrates
all four of these distinctive deposition mechanisms.

Significance of Aerodynamic and
Electromechanical Forces on Human
Lung Airways
Equation 1 has been widely used to understand the effects
of various forces on aerosol particle flow trajectories and
deposition mechanisms in the respiratory airway. It is called
the Euler-Lagrange particle transport (ELPT) equation
(Ouellette, Xu, & Bodenschatz, 2006).
Ft  m p

du
  Fb   Fe   Fa   Fbd
dt

(1)

where, Ft is the total force on a particle in the aerosol
stream, m p is the particle mass, u(t) is the particle velocity,
Fb is the body force—such as inertial impaction and gravitational sedimentation, Fe is the surface force—such as electrostatic space and image forces, Fa is the adhesive force—
such as van-der Waals and capillary forces, and Fbd is the
Brownian diffusive force.
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posited. In Alveoli, longer breath-holding time favors GS,
and the charged UFPs experience electrostatic image force
deposition. The electrostatic space charge force causes repulsion of unipolar charged particles and coagulation of
bipolar charged particles (Ali, 2009). Then IIP or GS causes
particles to deposit.

Bioaerosols in

T rachea
Inertial
impaction (Di)

Gravitational
sedimentation (Dg )

Di >> Dbd , Dg

Brownian
diffusion (Dbd )

Electrostatic
charge effects (De)

Main
Bronchus
(a) T racheobronchial bifurcation airways.

Bifurcation
Bioaerosols out

Bioaerosols out

Coagulated
particles

Figure 1. CFD simula tion of human tra cheobronchia l a irwa ys.
Various aerodynamic and electrotechnical forces may be involved
in these mechanisms.

Engineering principles may further explain these forces
with respect to the bioaerosol flow inside lung airways. For
example, inertial impaction force is a part of a body’s force
acting on submicron particles, as depicted by the ELPT
equation. Figure 2(a) shows that this occurs mainly when a
particle is unable to adjust to abruptly changing streamlines,
a phenomenon that creates a high probability of larger biological particles (d p), which are greater than 0.5µm, to deposit in tracheobronchial (TB) bifurcation. Moreover, a particle’s impaction force is determined by its Stokes number
(Stk) and Dean number (De), which are mathematically
defined by Equation 2:
12

Stk 

Hot spot for max
particle inertial
impaction

 p d p2CcU 0
 R
and De  Re  
18 D
 Rc 

(2)

where, ρp is the particle density, d p is the particle size or
aerodynamic diameter, Cc is the Cunningham correction
factor,  is the fluid viscosity, Uo is the mean fluid velocity,
D is the airway bifurcation diameter or curvature in carina,
Re is the Reynolds number, R is the radius of the daughter
branch, and R C (D = 2Rc ) is the branch radius of curvature.
Figures 2(b) and 2(c) show that the deposition mechanism
GS is prominent in the distal respiratory airways and very
active when particles grow due to agglomeration for coulombic attraction for having positive and negative charges
(Hinds, 2012). The BD also becomes very effective on ultrafine particles (UFPs), when flowing through distal respiratory airways. The electrostatic image charges exert effects
on conductive walls and cause charged particles to be de-

Di, Dg >> Dbd , De

(b) Inertia and gravity are dominant forces in the bronchiolar
airway for larger and coagulated particles.

Dg >> Dbd

De >> Dg

Gas exchange

(c) Longer residence time favors gravitational sedimentation
and charged particles favor electrostatic image force
depositions in the Alveoli, the distal regions of lung.
Figure 2. Illustrations of aerodynamic and electromechanical
mechanism effects with respect to various regions of the lung.

CFD is a computer-based software that simulates the
aerosolized fluid flow through ELPT and Navier-Stokes
fluid dynamics equations. It has been established as a powerful tool for tracing dispersed-phase flows of submicron
particles in lung airways (Minard, Kuprat, Kabilan, Jacob,
Einstein, Carson, & Corley, 2012). With these understandings, the objective of the present study was the application
of computational simulations to analyze inhaled bioaerosol
particle transport and deposition in human lung airways, as

——————————————————————————————————————————————–————
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it was expected that findings would lead to the development
of appropriate drug doses to treat asthma and COPD, severity of inhalation toxicity, and manufacturing of protective
devices in industrial ergonomics and bioterrorism mass
prophylaxis.

Table 1. Human lung upper airway morphometric data.

Materials and Methods

Main
Bronchus

Airway generation index

0

1

Number of airways

1

2

Airway diameter (cm)

In this study, the author employed a commercial finitevolume code, ANSYS Computational Fluid Dynamics Fluent, enhanced with user-supplied programs in Visual C++
for bioaerosol particles tracking and deposition pattern
(ANSYS, 2016). Figure 3 shows the simplified illustrations
of the simulated dichotomous branching of lung morphology. Its dimensions were adopted from Ewald R. Weibel’s
model that was implemented to construct lung geometry
using ANSYS CFD’s Design-Modeler (Weibel, 1963). The
main focus of this study was the interactive effects of aerodynamic and electro-mechanical forces in the upper tracheobronchial (TB) airway model featuring actual geometry of
two generations after mouth–throat, where the trachea and
main bronchus are located. They are the first and second
generations of the lung, respectively.
T rachea
(G0)

T rachea

Parameter

Main bronchus

(G1)

1.8

1.22

Airway length (cm)

12.00

4.76

Flow velocity (cm/s)

393.17

201.99

Flow percent of all inhaled

100%

50%

Flow Reynolds n umber

2213

1634

The k-ɷ turbulence method of the CFD was used to simulate the turbulent flow of aerosols in the realistic lung airway. A K-ɷ model of turbulence can incorporate turbulence
parameters very close to boundary or near wall region. If
one were interested in capturing the phenomena of pressure
gradients and separating flow in such a region, which was
the case for this study, the K-ɷ model becomes handy. The
applications of this popular eddy-viscosity-based model in
similar studies were demonstrated in similar studies
(Ruzycki, Javaheri, & Finlay, 2013; Kleinstreuer, & Zhang,
2010; Menter, 1994). The CFD Design Modeler-built human airway was in the form of an unstructured polyhedral
grid mesh, and a high-mesh density was observed near the
airway wall. Figure 4 shows that a high-fidelity computational mesh is a powerful means of understanding structurefunction relationships in the lungs.

(G3)
(G4)

(G2)
(G5)

(G6)

Figure 3. Simula ted simplified dichotomous morphology of the
human lungs’ seven generations from trachea G0 to terminal
bronchioles G6.

In order to understand entire human respiratory system
functionally with respect to anatomical and physiological
perspectives, it can be divided into two zones. They are the
conducting zone, which includes nose to bronchioles to
form a route for conduction of the inhaled air/bioaerosols,
and respiratory zone, which includes respiratory bronchioles
to alveolar sacs where the gas exchange takes place. Additionally, the system was partitioned into twenty-four generations of dichotomous branching for ease of function analysis. In such orderly branching fashion, trachea were indexed
as generation 0 (G0), main bronchus (G1), and the last order
of terminal bronchioles was generation 23 (G23). Each airway was divided into dichotomous branching or two smaller
daughter airways at every generation (Weibel, 1963). Table
1 summarizes the various airway-specific parameters.

Figure 4. Illustrations of high-fidelity polyhedral computational
mesh to mimic realistic lung airways.
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As elucidated earlier, the CFD simulations were performed in order to quantify airflow velocity particle flow,
transport, and deposition patterns for steady inhalation in
the TB airway tree of an adult lung. The effect of turbulence
flow was accounted for by using a large eddy simulation.
Up until now, considerable efforts have been made to develop advanced techniques for measuring dynamics of aerosolized flow (a solid suspended in gas) on fluidized beds (van
Ommen, Sasic, van der Schaaf, Gheorghiu, Johnson, &
Coppens, 2011). Although it was computationally challenging in the past to measure the dense bioaerosol flow properties of several thousand particles, current CPU processing
power make it possible for multiphase CFD-DPM
(computational fluid dynamics-discrete particle model) simulations to provide insight on the behavior of 50,000–
100,000 particles on fluidized beds. This technique can use
an aerosolized fluid mesh that is much smaller than the particles for precise simulation (Greifzu, Kratzsch, Forgber,
Lindner, & Schwarze, 2016).
Like other studies, the major lung function parameters
common for both trachea and main bronchus were an inhalation flow rate of 28.3 l/min, forced expiratory volume and
forced vital capacity ratio within five percent, an air density
of 1.18 kg/m3, bioaerosol viscosity of 1.82 x 10-5 Pa.s, and
bioaerosol particle density of 1.0 g/cm3 (Thomas, Guppy,
Straus, Bell, & Glasziou, 2019; Kadota, Inoue, Matsunaga,
Takemiya, Kubo, Imano, Uchiyama et al., 2019). The intrathoracic or lung deposition fraction (DF) was defined as
the ratio of the particles deposited in any airway (during
both inhalation and exhalation) to the particles entering it.
The DF was quantified for the case-control model over a
range of particle sizes from 0.1 to 10µm.

reach to the airway surfaces, and consequently deposited
there. Figure 6 illustrated the fully developed flow characteristics and particle progression at various particle times.

T rachea

A

Main
bronchus

A’

Velocity contour at
A-A’ cross-section

Figure 5. Simulated bioaerosol particles flow progression and
velocity contour of the A-A’ cross-section.

Results and Discussion
The inhalation flow rate of bioaerosols is 28.3 l/min—
according to the Food and Drug Administration (FDA)
guidance, and American Society for Testing and Standards
(ASTM) method (ASTM, 2001)—was used to validate the
simulation of the realistic fundamental lung-airway functions. The exit bioaerosol flow rate can be defined as the
proportion of exhaled-to-inhaled volume of bioaerosols
(Heistracher & Hofmann, 1997). A CFD analysis revealed
the effects of aerodynamic and electromechanical forces
(IIP, BD, GS, and ECF) on bioaerosol particle transport,
flow, and deposition fraction in realistic lung airways. Figure 5 illustrates the cross-sectional contours of bioaerosol
particle flow and velocity vector in the tracheal airway region. In the instantaneous bioaerosol flow appearance, several vortices were observed under the flow pattern regime.
Note that the bioaerosol ﬂow recovered rapidly in the
entrance region of the daughter airways and, thus, became
fully developed at the outlets of the bifurcation regions.
Simulation patterns were in good agreement with those reported by Kadota et al. (2019). Thick boundary layers
formed near the tracheal cartilages that enhanced particles

Figure 6. Simulated fully developed bioaerosol particles flow
progression at various instances.

Numerical simulation using an ELPT expression to calculate the disposition fraction of the submicron bioaerosol
particle due to inertial impaction in the TB airways shows
comparable results with the theoretical prediction model by
Martonen (1993); Figure 7 shows that graphical representation. Deposition fraction was found to be proportional to
particle size and in agreement with previous studies in the
literature (Fuchs, 1964). For fine particles in the size range
of l-10µm, the Brownian diffusive process was thought to
be insignificant, but GS and IIP forces were more effective
in causing them to be deposited in the airway. This phenom-

——————————————————————————————————————————————–————
8
International Journal of Modern Engineering | Volume 22, Number 1, Fall/Winter 2021

——————————————————————————————————————————————–————

enon can be explained by the concept that these particles
carry far more mass than submicron particles. It is noteworthy that these particles play an important role in a variety of
physiological processes. As a consequence of environmental
exposure, for example, bacteria or other biological organisms of this size range may enter the lung in aerosolized
form and cause disease.

Figure 9 exemplifies the comparable deposition probabilities of same size particles due to GS or ECF. Here, the
mathematical simulation demonstrated that the deposition
fraction of coarser particles was governed by GS, irrespective of the inherent electrostatic charge of the particles.
1E-11

7

Martonen (1993)

1E-13

6

Computational Simulation

1E-14

Force (N)

Deposition Fraction (%)

8

5
4
3

1E-15
1E-16

1E-18
1

2

3

4

5

6 7 8 9 10

Particle Aerodynamic Diameter, µm
Figure 7. Compa rison of bioa erosol pa rticles deposition in the TB
airway, due to inertial impaction with the reported literature.

In the same fashion, numerical simulation using an ELPT
expression to calculate the disposition fraction of the submicron bioaerosol particle due to GS in the TB airways
showed comparable results with the theoretical prediction
model by Pich (1972); Figure 8 shows that graphical representation.
16
1
Deposition Fraction

Electrostatic force

1E-17

2
1
0

Gravitational force

1E-12

141
121
101

Pich
Pich,(1972)
1972**
Computational
Simulation
Sim ula-

88

66
44

0.1

1
Particle Aerodynamic Diameter, µm

10

Figure 9. Comparison of gravitational sedimentation and
electrostatic forces measured for particles between 0.1µm and
10µm in size.

One may notice that the electrostatic charge is a very important property of an experimental or ambient bioaerosol,
as it may influence the particle behavior in lung deposition.
The particle’s charge-to-mass ratio (denoted by q/m) reflects a very accurate understanding about its deposition
behavior (Yu, 1977). The smaller the particle size, the larger
q/m experiences higher electrostatic image charge force
compared to the same amount of charge for a larger particle.
These results were comparable with the lung depositions
reported by Darquence (2014) for gravity force and Yu
(1988) for electrostatic charge force. Figure 10 presents a
comparison between the depositions due to different ECFs.
As illustrated in the figure, the 0.1µm particle’s probability
of deposition was about 18 percent, whereas the 1µm particle’s deposition probability was about 4 percent. In general,
then, a 50 percent increase in the elementary charge approximately doubles the deposition probability for the range
-2.5µm) of particle size distribution.
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Figure 8. Compa rison of bioa erosol pa rticles deposition in the
T B airway, due to gravitational sedimentation with the reported
literature.

Figure 6 illustrates that the simulation results estimated
that the deposition efficiency due to IIP was extremely low
(<1%) for a particle size smaller than 2µm. Similarly, Figure 7 shows that the deposition efficiency due to GS was
also very low for particles smaller than 2µm but which became significant for larger particles.

Figure 10. Compa rison of electrosta tic cha rge deposition fra ctions
for the same sized particle with different elementary charges
(1 elementary charge = 1.6 x 10- 19 Coulomb).
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The reasonable limitations of this work are recognized
here. The CFD simulated a sinusoidal breathing pattern that
consisted of an idealized approximation of more realistic
wave formation in the lung. Such methodology for the field
decomposition assumed uniform ventilation across the TB
generations, which might be less realistic, especially in the
case of COPD or in the deep lung where air ventilation is
altered due to constriction by asthma or cystic fibrosis.
Additionally, airﬂow recovery was assumed to fully develop
within the branches downstream of the bifurcation carina.
While in general these are reasonable, assumptions can be
applied, depending on bioaerosols flow rate. This assumption may not hold true in the lower part (beyond
TB regions) of the respiratory airway tree.

Conclusions
From this current study, the authors predicted bioaerosol
particle deposition fractions during a full breathing cycle in
a simpliﬁed approximation of the tracheobronchial tree, and
presented here the first two generations of the human lung.
The IIP and GS had roughly 107– and 10–times stronger
deposition effects, respectively, on a 10µm particle than that
of a 1µm particle. Aerodynamic and electrodynamic motions, such as velocity and electrical mobility, gravitational
forces, and weak forces such as van der Waals and adhesive
in the lungs’ TB airway, vary with respect to the particle’s
aerodynamic size. A 50 percent increase in electrostatic
charge of a bioaerosol particle can enhance deposition probability two times. Smaller (d p < 1µm) charged particles experienced higher image force than a larger (d p > 5µm) particle, while carrying the same number of elementary charges.
The proposed methodology can be employed in future studies to mimic the drug or other UFP deposition in diseased
lung models. Such a study can be achieved by replacing the
current healthy bifurcation or acinus model geometries with
diseased ones; that is, a pulmonary airway with constrictions or COPD-induced acinus morphology.
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Influence of Annealing Treatment on the
Properties of Low-Temperature Silicon Nitride
Films Produced By Inductively Coupled
Plasma Chemical Vapor Deposition
——————————————————————————————————————————————–———–
Qingzhou Xu, Morehead State University

Abstract
Silicon nitride (SiNx) thin films were synthesized at 170°
C by inductively coupled plasma enhanced chemical vapor
deposition. The as-deposited SiNx films were found to
suffer high-density fixed charges and interface charge traps.
In this study, the author worked to improve the properties of
the as-deposited SiNx films using an annealing treatment.
The chemical, physical, and electrical properties of the
annealed SiNx films were characterized and compared with
those that were as-deposited. The concentrations of both
N-H and Si-H bonds decreased, while a small concentration
of Si-O bonds did form after annealing. No considerable
changes were observed in the density-voltage (J-V) behavior, with the more drastic changes occurring in the capacitance-voltage (C-V) behavior. The flatband shift of the annealed films decreased significantly, revealing a drastic
decrease in the fixed charge density. The interface state density of the annealed films was also reduced significantly.
For 800W and 1000W SiNx films, both the fixed charge and
interface state densities decreased to acceptable levels.
Based on composition and chemical bond analyses, the
possible explanation for these improvements is that hydrogen atoms migrate to the interface and chemically react with
the interface traps during annealing, making them electrically inactive. Overall, the annealed 800W silicon nitride film
possessed the best combination of chemical, physical, and
electrical properties, adequate for practical device applications.

Introduction
Silicon nitride (SiNx) dielectric films have remarkable
chemical, physical, mechanical, and electrical properties
and are the materials of choice for barrier, insulation, passivation, and encapsulation layers for semiconductor devices and integrated circuits, wherever high-quality native
oxides are not available (Andringa, Perrotta, de Peuter,
Knoops, Kessels, & Creatore, 2015; Nyaupane, Bodas, Duttagupta, & Gangal, 2011; Shao et al., 2016; Cen et al., 2009;
Stryahilev, Sazonov, & Nathan, 2002; Suzuki, Cervera,
Ohnishi, & Takada, 2013; Heya et al., 2004; Huang et al.,
2003; Jin, Prost, Neumann, & Tegude, 2004; Lee, Mackenzie, Johnson, Shul, Pearton, & Ren, 1998). The SiNx films
are made by plasma-enhanced chemical vapor deposition
(PECVD) and low-pressure chemical vapor deposition

(LPCVD). The conventional PECVD method of a parallelplate reactor is able to lower deposition temperatures to
250~350°C, compared with 500°C needed by the LPCVD
approach. However, the heat budget present in the conventional PECVD method is still too high for many emerging
applications. Furthermore, as the substrate is placed on one
of the two electrodes in the conventional PECVD reactor,
the highly energetic bombardment of charged particles
causes undesirable surface damages and high film stresses.
As a result, there has been great interest recently in developing and utilizing low-temperature SiNx films for a variety of
applications in which low processing temperatures, surface
damages, and film stresses are required.
Low-temperature SiNx films have found wide applications, and two main areas of these applications are nontraditional substrates (Stryahilev, Sazonov, & Nathan, 2002;
Parka, & Parsons, 2004; Hekmatshoara, Cherenack,
Kattamis, Wagner, & Sturm, 2008; Li, Nathan, Wu, & Ong,
2007; Sazonov, Striakhilev, Lee, & Nathan, 2005; Suzuki
et al., 2013; Heya et al., 2004; Takano et al., 2005; Huang et
al., 2003) and compound semiconductors (Jin et al., 2004;
Lee et al., 1998; Lee et al., 1998; Lee et al., 1998; Jin, Neumann, Prost, & Tegude, 2005). One of the main interests in
using nontraditional substrates is developing thin-film transistors (TFTs) and organic light-emitting diodes (OLEDs)
on flexible plastics for light-weight, foldable displays. The
maximum working temperatures of most of the plastics are
in the range of 100-150°C and, in some cases, even below
80°C. The poor electronic properties of the native oxides of
III-V and II-VI compound semiconductors are well known.
For example, As2O3 is unstable thermodynamically in the
presence of GaAs and reacts to form As.
Elemental As in turn produces near-mid-gap states that
can pin down the Fermi level and enhances non-radiative
recombination. Silicon dioxide films are prone to react with
semiconductor compounds underneath and cause severe
interface problems. In addition, III-V and II-VI semiconductor compounds are highly sensitive to ion bombardment and
the non-congruent evaporation of volatile elements. The use
of conventional PECVD SiNx films is usually undesirable,
due to the presence of high deposition temperatures and
intense ion bombardment. The limitations associated with
the existing techniques and those emerging demands give
rise to the need for developing novel dielectric deposition
techniques.
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A number of deposition techniques have been developed
to obtain high-quality SiNx films at low temperatures, along
with decreased surface damage and controlled film stresses.
High-density plasma is the most effective approach to drive
down deposition temperature. The evolving techniques
based on using high-density plasma include electron cyclotron resonance plasma chemical vapor deposition (ECRCVD) and inductively-coupled plasma-enhanced chemical
vapor deposition (IC-PECVD). In the ECR-CVD and ICPECVD reactors, the deposition zones are purposely separated from the plasma generation zones. This provides the
possibility of minimizing the surface damages, due to energetic ion bombardment. There had been extensive research
on ECR-CVD (Garcia, Martin, Martil, Fernandez, & Gonzalez-Diaz, 1998; Flewitt, Dyson, Robertson, & Milne, 2001;
Bae, Farber, & Fonash, 2000; Delmotte, Hugon, Agius, &
Courant, 1997; Hugon, Delmotte, Agius, & Courant, 1997;
Pool, 1997; Isai, Holleman, Wallinga, & Woerlee, 2004). It
is reported that silicon nitride, silicon oxide, and oxynitride
films with good electrical properties can be deposited by the
ECR-CVD technique at low temperatures down to room
temperature. Nonetheless, there are a limited number of
studies on IC-PECVD and its films’ properties (Nyaupane
et al., 2011; Zamboma, & Mansano, 2003).

Experimental Methods
The silicon nitride films in this research were made on
silicon wafers at 170°C by using inductively coupled plasma-enhanced chemical vapor deposition (IC-PECVD).
Figure 1 shows a schematic diagram of the system. A 13.56
RF power source was inductively coupled into the tubular
reactor with an antenna wound around it. Solenoidal magnets were uniformly distributed along the bottom of the
reaction chamber, which would help to sustain a high dissociation rate. Prior to deposition, Si wafers were stripped of
native oxides by using a dilute HF solution. N2 was used
instead of NH 3 in the deposition of silicon nitride films, thus
increasing the likelihood of reducing the hydrogen concentration in the silicon nitride films. Hydrogen atoms were
considered one of the reasons causing a change in long-term
dielectric properties. The reaction chamber utilized two
separated sets of gas inlets. N2 was injected into the chamber from the gas inlets at the top, and SiH 4 was introduced
by the side gas inlets that were radially distributed above the
substrate chuck. Biasing of the substrate chuck was independent of the generation of plasma, and a null bias was
used to decrease the surface damages that resulted from ion
bombardment.

This current research study, then, was focused on characterizing the chemical, physical, and electrical properties of
annealed low-temperature SiNx films produced by ICPECVD. It is part of the ongoing effort of developing highquality dielectric thin films to passivate high electron mobility transistor (HEMT) integrated circuits at decreased temperatures and low ion bombardment. Lowering deposition
temperatures makes it possible to avoid or minimize the
alloying of the Schottky gate, the inter-diffusion and dopant
redistribution of the multilayer structure, and the incongruous evaporation of volatile elements in HEMTs. From the
perspective of minimizing the plasma-induced surface damages, a low microwave power deposition is preferred, but it
may lead to poor-quality films due to less-thorough chemical reaction. Thus, three RF powers were used in this current study to evaluate the effect of deposition microwave
power on the films’ properties.
As revealed in the initial research results (Xu, Ra, Bachman, & Li, 2009), all the as-deposited low-temperature SiNx
films synthesized under three RF power condition were
characterized with high-density fixed charges and interface
charge traps, making the films unsuitable for practical device applications. In addition, lowering the deposition temperature favors the incorporation of hydrogen atoms. The
migration of movable hydrogen atoms in the films results in
long-term instability. As a result, a post-deposition annealing treatment is needed to decrease the defects produced in
low-temperature deposition, improve the electrical properties, and mitigate the reliability concern. The focus of this
study, then, was on the influence of the final device stability
annealing treatment on the properties of low-temperature
silicon nitride films.

Figure 1. Schematic diagram of the ICPECVD reactor.

The SiNx films were annealed at 240°C for 48 hours in
protective gases, a standard procedure used to improve the
long-term stability of high electron mobility transistors
(HEMTs) and their IC circuits, especially for high-power
and space applications. The chemical bonds of the lowtemperature silicon nitride films were analyzed by Fourier
transform infrared (FTIR) spectroscopy. The wet etching
property of the films was tested in a commercialized, buffered oxide etch (BOE) solution at room temperature. The
density of the pinholes was evaluated by KOH etching at
70°C for three hours. The surface roughness of the silicon
nitride films was measured by using atomic force microscopy (AFM). The refractive index of the silicon nitride films
was measured by using laser ellipsometry.
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The electrical properties of the low-temperature silicon
nitride films were measured using a metal-insulatorsemiconductor (MIS) structure (Muller & Kamins, 1986;
Nicollian & Brews, 1982; Sze, 1981). A mercury probe was
used to make contact directly on the silicon nitride films to
form an MIS structure for capacitance-voltage (C-V) measurements. Because meaningful quasi-static C-V curves were
not successfully obtained, the high-frequency method was
used to characterize the low-temperature silicon nitride
films (Muller & Kamins, 1986). The dielectric constant of
the films was determined by measuring metal-nitride-metal
capacitance for calculating the ideal C-V curve of the MIS
structure. High-frequency (1MHz) C-V measurements used
a sweep rate of 0.1 V/s, starting from accumulation to
strong inversion and then sweeping back. For current density-voltage (J-V) measurements, Ti/Cu films were e-beam
evaporated and patterned to a series of square pads ranging
from 5050 m2 to 1010 mm2 by wet etching. These electrode pads of J-V measurements were randomly distributed
on 4-inch silicon wafers so that the measured values would
best represent the properties of the low-temperature silicon
nitride films. The polarity was chosen in order to operate the
MIS capacitors in accumulation so that a depletion zone in
the semiconductor was avoided. Ti/Cu films were also deposited onto the backsides of the silicon wafers. Both C-V
and J-V measurements were performed by using a B1500A
Agilent semiconductor parameter analyzer.

By comparing the spectra of the as-deposited and annealed silicon nitride films, the peak area at the same vibration mode for the chemical bond of N-H or Si-H decreased
slightly after the annealing treatment. This was evident for
the N-H stretching vibration mode at around 3340 cm -1 and
the N-H bending vibration mode at 1180 cm-1; Figure 1(b)
shows that these two peaks were almost indiscernible. After
annealing, a trace of absorption occurred roughly between
1070~1090 cm-1, and the location of this absorption peak
coincided with that of the absorption peak of the Si-O
stretching vibration mode. Because a trace for this kind of
absorption was not observed in the measured spectra of the
as-deposition films, a possible explanation could be that
oxidation occurred during the annealing treatment.
For comparison, Figure 2 includes the measured result of
a silicon nitride film made at 250°C by using a conventional
parallel-plate reactor, PlasmaTherm 790 PECVD system,
with the gas sources of NH3 and SiH4. The absorption peaks
of the N-H bonds were more pronounced for the
PlasmaTherm film than for the low-temperature films. On
the other hand, the absorption peaks of the Si-H bond were
larger for the low-temperature films than for the
PlasmaTherm film. This observation was in agreement with
the fact that the low-temperature films were made of N2 and
SiH 4, and that it was less likely for H atoms to exist in the
form of an N-H bond.

Results
The following are the experimental results of the influence of the post-deposition annealing treatment on the properties of the low-temperature silicon nitride films. Some
relevant results in the as-deposited condition are included
for the sake of comparison.

Influence on Chemical Bonds
Figure 2 show the results of the chemical bonding structures for the low-temperature silicon nitride films, analyzed
using Fourier transform infrared spectroscopy (FTIR).
Except for the predominant absorption peak for the stretching vibration mode of the Si-N bond near 840 cm-1, the other three major peaks are identified for the N-H stretching
vibration mode (~3340 cm-1), the Si-H stretching vibration
mode (~2200 cm-1), and the N-H bending vibration mode
(1180 cm-1). As mentioned previously, the low-temperature
silicon nitride films were made using N2 and SiH4.
Although the N-H bond structure did not exist in the source
gases, the N-H bonds were formed during the chemical
reaction of the deposition process. There was a slight variation in the area of an absorption peak among the three power conditions. The peak area for the same bond and vibration mode decreased with increasing microwave power, a
trend that was more apparent at the stretching vibration
mode at 3340 cm-1 and the bending vibration mode at
1180 cm-1 of the N-H bond.

(a) As-deposited

(b) Annealed
Figure 2. FTIR spectra of the silicon nitride films.
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Since the area of an absorption peak was proportional to
the concentration of the corresponding atomic bonds, several conclusions can be drawn from the FTIR analyses: the
low-temperature silicon nitride films incorporate a lower
concentration of N-H bonds but a higher concentration of
Si-H bonds than the conventional PECVD film, or the lowtemperature silicon nitride films have more Si-H bonds
under a lower microwave power than under a higher microwave power. This may happen because, under a lower
microwave power, the smaller disassociation rate of SiH 4
favors more hydrogen retention in a form of Si-H. After
annealing, the concentrations of both N-H and Si-H bonds
decreased and, at the same time, a small concentration of
Si-O bonds was formed. It is known that Si-H bonds in silicon nitride play a dominant role in determining the trapped
electron density in the silicon nitride.

nealed conditions. The result indicates that the annealing
treatment had a limited impact on pinhole density. The
small differences were largely likely due to counting errors.

Influence on Pin-Hole Density, Wet
Etching Property, and Surface Roughness

Figure 4. Pinhole densities in the as-deposited and annealed
conditions.

Pinholes are tiny structural defects that can occur in thin
dielectric films made by all kinds of chemical or physical
vapor deposition techniques. In this current study, the pinholes were exposed through large etched pits on silicon wafer surfaces that were obtained by KOH etching at 70°C for
three hours after which the silicon nitride films were
removed by BOE. Figure 3 shows typical diamond-shaped
etched pits that were taken from the edge area of a silicon
wafer where there was higher pinhole density.

The wet etching property is closely related to composition, chemical bonding stability, and mass density of a
dielectric film. The wet etching property of the lowtemperature silicon nitride films in the as-deposited and
annealed conditions was tested and compared in a commercialized BOE solution at room temperature. There were no
observable differences in the wet etching rate in these films
between the as-deposited and annealed conditions. The surface roughness of the films in the as-deposited and annealed
conditions was also measured and compared by AFM, and
the annealing treatment was found to have minimal impact.

Influence on Breakdown Strength,
Leakage Current, and Resistivity

Figure 3. Etched pits on the Si wa fer a fter the SiNx film was
stripped.

The density of pinholes depends on processing parameters
and is also strongly related to the thickness of the dielectric
film. For low-temperature silicon nitrides, when film thickness is larger than 2000Å, few pinholes can be seen. Thus, a
750Å film thickness was chosen in order to evaluate the
differences in the density of pinholes between the three microwave power conditions. The results showed that, for
each of the power conditions, the distribution of pinholes
was not uniform on the wafer. The density of pinholes was
much higher in the narrow edge region with a width of
about 0.5 cm. It was small and relatively uniform in the
remaining central area but still had a measure of fluctuation.
Figure 4 shows a comparison of the pinhole density in the
films under three RF powers in the as-deposited and an-

Figure 5(a) shows a group of typical J-V curves for silicon nitrides. The figure uses a logarithm/square-root coordinate system for convenience to ascertain the electrical conduction mechanism. The curves were obtained from four
200 m  200 m measurement electrode pads randomly
distributed on an 800W, SiNx film. A distinctive characteristic of the J-V curves is that the film experiences abrupt
breakdown, a feature of avalanche breakdown. The breakdown does not happen at a precise value but rather in a
range of electrical field strengths—from 5.4 to 7.9 MV/cm
for this specific sample. The average breakdown electrical
field strength, based on these four measurements, was
6.02 MV/cm. The J-V curves in Figure 5(a) can be divided
into several distinct regions that can be associated with different mechanisms of electron conduction. The linear region
in the high electrical field can be interpreted by the synergistic effect of Schottky and Frenkel-Poole electron emissions (Muller & Kamins, 1986; Nicollian & Brews, 1982;
Sze, 1981). Figure 5(a) shows that, for both the Schottky
and Frenkel-Poole emissions, the logarithm of the current
density had a linear relationship with the square root of the
electrical field.
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Figure 5. J-V curves of a low-temperature silicon nitride films.

In the low electrical field, the electron emission mechanisms driven by high electrical fields were inactive; the
movement of conductive carriers followed the ohmic law
(Muller & Kamins, 1986; Nicollian & Brews, 1982; Sze,
1981). The current density had a linear relationship with the
electrical field strength. Figure 5(b) shows that one can
readily see the data in the low electrical field on a linear
coordinate system of the current density and the electrical
field, where the data points are the measurement values and
the lines are the results of regression analysis. The data
points of each measurement are evenly distributed along a
straight line, confirming that ohmic conduction was the
dominant conduction mechanism for the film in the low
electrical field. The inverses of the slopes of the regression
lines were the resistivity of the silicon nitride film, which
possessed certain fluctuations for different electrode pads.
The average resistivity of the silicon nitride film was calculated to be 1.1210 14 cm.

The breakdown electrical field strength—or breakdown
strength—is a critical parameter of a dielectric film for practical utilization. The breakdown strength is an intrinsic material property determined by the dielectric film itself. However, due to the presence of a fringe electrical field, pinholes, or other imperfections, the measured values of breakdown strength varied with the size of the electrode pads
used for measurement as well as the thickness of the dielectric film (thickness was not considered here). The influence
of electrode pad size on breakdown strength, ignored in
reporting dielectric properties in the majority of the published literature, was carefully evaluated in this current
study. The author also attempted to determine the root cause
for the breakdown of the low-temperature silicon nitride
films. Figure 6 shows the measured J-V curves from the
different electrode pads on the same silicon nitride film that
was made under the 800W power condition. The measured
breakdown strength increased with a decrease in the size of
the electrode pad for the same silicon nitride film. This result revealed that it is important to compare and judge the
dielectrics’ properties by using the measured values from
the measurement electrode pads of an identical size. This
was used as the criterion when comparing the properties of
the low-temperature silicon nitride films in this study.
8
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Figure 6. Brea kdown strengths of different-size measurement
electrode pads.
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500 W, As-deposited
Flatband Voltage=-8.1 V
Hysteresis Width=0.7 V

0.8

SiN

0.6

C/C

The breakdown strength, leakage current, and resistivity
of the silicon nitride films in the annealed condition were
measured and compared with those in the as-deposited condition. The measured results indicated that the annealing
treatment has a negligible influence on each of these three
properties. Figure 7 shows the influence of annealing treatment on the breakdown strengths of the SiNx films made in
the 500W, 800W, and 1000W power conditions. The variations of breakdown voltage had no clear trend and were not
significant.
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Figure 7. Brea kdown strengths of the a s-deposited and annealed
SiNx films.
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There are two types of defects related to the imperfect
chemical bonding structure of a dielectric film: fixed charges and interface traps. Fixed charges refer to localized
charge centers that cannot change their charge states under
the influence of an external electrical field. Interface traps
refer to the interface sites that can change their electrons’
occupancy through an exchange of mobile carriers under the
influence of an external electrical field. Each interface trap
has one or more energy levels. Because the chargeable interface sites are not close enough to one another to create a
continuous energy band, they form a series of discrete energy levels within the silicon’s bandgap. As a result, interface
traps are quantified as an interface trap level density per
electron volt, which varies with the location in the bandgap.
Interface trap levels below the Fermi level are full, and
those above are empty. The density of interface trap energy
levels is measurable near mid-gap of the silicon bandgap.
Both fixed charges and interface traps must be controlled
and minimized, otherwise they can adversely affect device
performance. Figure 8 shows the measured C-V curves of
the as-deposited silicon nitride films that were produced
under the three microwave power conditions of 500 W,
800W, and 1000W. The figure also includes the values of
flatband shift and hysteresis width for each of the curves.
Each of these three curves had a significant flatband shift,
indicating the presence of high-density fixed charges.
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Figure 8. C-V curves of the as-deposited, low-temperature silicon
nitride films produced at different microwave powers.

——————————————————————————————————————————————————–
Influence of Annealing Treatment on the Properties of Low-Temperature Silicon Nitride Films
17
Produced By Inductively Coupled Plasma Chemical Vapor Deposition

——————————————————————————————————————————————–————

RF Power
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(cm-2 eV-1 )
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Figure 9 shows the measured C-V curves of the same
silicon nitride films used for the measurements of Figure 8,
but which were annealed. Compared with those in the asdeposited condition, the flatband shifts of all three silicon
nitride films in the annealed condition drastically decreased,
indicating a significant decrease in the density of fixed
charges. All of the C-V curves became much more vertical,
implicating a decrease in the density of interface charge trap
levels across the silicon’s bandgap. The capacitance of the
1000W silicon nitride now can readily reach the saturation
value at accumulation, representing a low density of interface charge trap levels near the edge of the silicon bandgap.
The silicon nitride film made at 500W made it difficult to
reach the saturated capacitance at accumulation. There were
also significant changes in the hysteresis shape and width of
these C-V curves. The asymmetrical hysteresis of the 800W
C-V curve became symmetrical. The hysteresis widths of
the annealed 800W and 1000W silicon nitrides deceased to
nearly half of those values in the as-deposited condition.
However, the hysteresis width of the annealed 500W film
increased significantly.

0
V (V)

SiN

Table 1. Calculated interface charge trap levels and fixed charges
of the as-deposited SiNx films.

1.0

C/C

The silicon nitride films made at 500W and 1000W were
hardly able to reach the saturated capacitance at accumulation, indicating the existence of high-density interface trap
levels near the edge of the silicon bandgap. These chargeable interface traps effectively screen out the external electrical field and prevent the silicon’s surface layer from reaching accumulation. There were significant differences in the
hysteresis width. The hysteresis observed was related to the
charge capture/release processes of the interface traps with a
large time constant (i.e., the sluggish interface traps). The
charge state of the sluggish interface traps cannot follow,
but rather lags behind the change in gate bias, leading to
hysteresis. The narrow hysteresis of the high-frequency C-V
curve of the 500W silicon nitride film indicated a low level
of sluggish traps at the SiNx/Si interface. The non-symmetry
in hysteresis of the 800W’s C-V curve was due to the fact
that the kinetics of charge capture/release is asymmetrical
and the capacitance value depends on the direction of the
bias voltage variation. The curves of Figure 7 show how the
densities of fixed charges and interface charge traps were
calculated. Table 1 summarizes the calculated results of the
as-deposited silicon nitride films produced under the three
microwave conditions.
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Figure 9. C-V curves of the annealed low-temperature silicon
nitride films produced at the different microwave powers.
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Table 2 shows the calculated results of the annealed silicon nitride films. By comparing these values with those
from Table 1, the densities of both the interface charge trap
levels and the fixed charges can be seen to decrease significantly. The densities of the interface charge trap levels and
the fixed charges of the 800W and 1000W silicon nitride
films reached levels acceptable for practical applications in
semiconductor devices.
Table 2. Calculated interface charge trap levels and fixed charges
of the annealed SiNx films.
RF Power
(W)

Interface States at mid-gap
(cm-2 eV-1 )

Fixed Charges*
(cm-2 )

500

1.63  10 11

1.74  10 11

800

2.60  10 10

8.13  10 9

1000

3.26  10 10

6.80  10 9

* Fixed charges include the charged interface states.

Discussion
The annealing treatment has a profound influence on the
density and property of interface charge traps in the lowtemperature silicon nitride films. The density of interface
charge traps decreased significantly. The kinetics of charge
capture/release became more symmetrical. The density of
sluggish interface charge traps increased or decreased, depending on the microwave power conditions used for deposition. Like the silicon nitrides of all of the other thermal,
chemical, and physical deposited approaches, the lowsilicon nitride films by IC-PECVD incorporated hydrogen
atoms in the form of N-H and Si-H bonds. It is known that
N-H and Si-H bonds in silicon nitride play a role in determining the density of interface charge traps in silicon nitride
films. An amphoteric behavior for N-H and Si-H centers in
silicon nitride has been suggested. The charge-trapping role
of these amphoteric bonds could be giving rise to the large
stretch-out and hysteresis of the C-V curves observed in the
low-temperature silicon nitride films.

FTIR analyses revealed that the N-H and Si-H bonds were
not stable in the annealing treatment. After annealing, the
concentrations of both N-H and Si-H bonds decreased and,
at the same time, a small concentration of Si-O bonds were
formed. Although the chemical mechanism by which interface charge traps are deactivated and annihilated during
annealing is unknown, it is believed that the change in the
density and property of interface charge traps is related to
the change in the concentrations of both N-H and Si-H
bonds and the formation of Si-O bonds. The density of fixed
charges in the low-temperature silicon nitride films also
decreased significantly after annealing. Fixed charges were
generally related to unsaturated dangling Si bonds. The unsaturated dangling bonds usually occurred at the interface,

due to the sudden structure termination of silicon nitride and
silicon crystals, which also appeared inside the silicon
nitride films as a result of structure imperfections occurring
during deposition. Similar to the interface charge traps, the
exact mechanism that causes a decrease in the density of
fixed charges during annealing was not identified. It is generally believed that hydrogen plays an important role in
passivating the unsaturated dangling Si bonds. The migration of hydrogen atoms during annealing is supported by the
FTIR results. Also, based on the FTIR analyses, the decrease in the density of fixed charges after annealing may be
related to the oxidation reaction during annealing. The oxidation reaction was presumed to have saturated and neutralized the dangling bonds.
Among the low-temperature silicon nitride films made
under the three microwave power conditions, the 800W film
possessed the best combination of chemical, physical, and
electrical properties. The optimal electrical properties of a
dielectric layer for most high-performance, modern integrated circuits are a leakage current of ~10-6 A/cm 2 at 2MV/cm,
a breakdown strength from 6 to 10 MV/cm, an oxide fixed
charge density in the low 1010 cm-2 range, and an interface
charge trap level density near mid-gap in the low 10 10 cm-2
eV-1 range. Hence, the annealed 800W SiNx film in this
study was adequate for practical integrated circuits in terms
of resistance, leakage current, breakdown strength, and the
densities of fixed charges and interface charge traps.

Conclusions
The annealing treatment has limited influences on breakdown strength, leakage current, and resistivity but significantly decreased the densities of fixed charges and interface
states in all of the SiNx films made under the three power
conditions. After the annealing treatment, the concentrations
of both N-H and Si-H bonds decreased and, at the same
time, a small concentration of Si-O bonds was formed. It is
believed that the significant decreases in the densities of
interface charge traps and fixed charges were related to the
change in the concentrations of both N-H and Si-H bonds
and the formation of Si-O bonds. Overall, the 800W silicon
nitride film in the annealed condition possessed the best
combination of the chemical, physical, and electrical properties and is satisfactory for practical device applications.
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Abstract

Performance Objective for Earthquakes

A triangulated exoskeleton, or diagrid, structural system
has emerged as a structurally efficient and architecturally
valid solution for tall buildings. The diagrid creates an efficient and redundant tube structure by providing a structural
network allowing multiple load paths. The diagrid system
has higher inherent torsional rigidity than most other structural systems. Although engineers recently started using this
structural system for tall buildings, almost all related applications have been in areas of low seismicity. The main goal
of this current study was to examine the potential utilization
of this efficient and economic structural system in tall buildings in high-seismic regions. Three buildings with different
heights (82-story, 64-story, and 38-story) and footprints
were selected. Detailed performance-based assessments
were carried out for earthquake action at various hazard
levels for serviceability, survivability, and collapse prevention. The results from the analyses showed a superior performance for the diagrid structures under seismic loading.

Tall buildings located in moderate and high-seismic regions should be designed based on a sound performancebased seismic design methodology. The main reason is that
tall buildings possess unique behavioral and/or design characteristics and, thus, structures such as high-rise diagrids
cannot be designed based on prescriptive, code-based procedures. Table 1 summarizes the performance objectives and
evaluation criteria in each design step.

Description

Minor
(frequently
occurred)

Introduction

Ground motion
intensity

50% probability of exceedance in 30
years (43-year
return period)

MCE, 2%
probability of
exceedance in
50 years

Qualitative
performance
levels

No damage

No collapse

Type of
analysis

Linear
dynamic
procedure

Non-linear
dynamic
Procedure

Type of mathematical model

3D

3D

Load
Combination

1.0D + L exp +
1.0E

1.0D + L exp +
1.0E

Material reduction factors (ϕ)

1.0

1.0

Material
strength

Expected
properties

Expected
properties

The diagrid, in a diagrid structure, creates an efficient and
redundant tube structure by providing a structural network
allowing multiple load paths. The diagrid forms an exterior
tube that can maximize the moment arm to resist overturning. Furthermore, the diagrid system has higher inherent
torsional rigidity than most other structural systems. Most
importantly, it is estimated that a diagrid structural solution
may provide about a 25% reduction in structural costs compared to a frame tube structure (Rahimian & Eilon, 2008;
Baker, 2006). The working principle of the diagrid system is
to convert global building moments, shears, and torsional
forces into “axial action” in order to diagonally brace
elements.
The structural design of a tall building involves several
stages, including the conceptual design, approximate analysis, preliminary design and optimization, followed by detailed and final designs. The main design criteria are
strength, serviceability, and human comfort. The aim of the
structural engineer is to arrive at suitable structural schemes
to satisfy these criteria and assess their relative economy.
The main goal for this current study was to examine the
potential utilization of this efficient and economic structural
system to tall buildings in high-seismic regions using a performance-based design (PBD) methodology.

Table 1. Summary of basic performance objectives.
Design/
evaluation step

1

Allowa ble story
drift ratio

2

3

Check for
minimum base Severe (rarely
shear strength, occurred)
Vmin=0.03W

0.025h

Glo bal building
0.005H
drift limit
Diagonal brace
performance

DCR<1.0

Should not
significantly
lose strength
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The PBD approach used in this study can be summarized
into the following steps:
Step 1: Service-level design
This was carried out for an event having a 50% probability
of exceedance in 30 years (a 43-year return period). The
purpose of this design level was to prove that the building’s
structural systems and non-structural components would be
functional after such an event. Repairs, if necessary, were
expected to be minor and could be performed without substantially affecting the normal use and functionality of the
building. For this level, expected material properties were
used in response spectrum (RS) analyses with a load combination of 1.0D + Lexp + 1.0E. The DCR of the diagonal braces should be less than 1.0 for the RS analysis. Under these
conditions, the global building drift should be limited to
0.005H.

grid pattern, the system was called a “diagrid structural system,” or, henceforth, diagrid. The floor framing was a composite system, where 75mm (3") concrete toping was used
over 75mm-deep (3") steel deck supported by open-web
steel joists.

Step 2: Minimum base shear strength
For this study, Vmin = 0.03W was used. This may be satisfied by performing elastic response spectrum analyses
where the design spectrum values were scaled to produce a
complete quadratic combination (CQC) base shear equal to
or larger than 0.03W.
Step 3: Collapse prevention
This was carried out for an event having a 2% probability of
exceedance in 50 years (a 2475-year return period). This
earthquake is the maximum considered earthquake (MCE).
Expected material properties were used in non-linear timehistory (NLTH) analyses with a load combination of
1.0D + Lexp + 1.0E. The peak story drift limit was taken as
0.025 (2.5%) for any story. Also, locations of nonlinear
behavior were allowed but limited to the diagonal braces.
Diagonal deformation demands were carefully checked to
ensure that they did not exceed limits provided by local
buckling in compression and a fraction of the maximum
elongation in tension. All building core and floor elements
were limited to elastic behavior.

Case Study Buildings
Three diagrid structures (64-story, 82-story, and 38-story)
with different footprints and heights were selected for this
study. All of the buildings were located in a suburb of Los
Angeles, California. This is a zone of high seismic ground
motions and moderate wind velocities (135 kph or 85 mph).
Figure 1(a) shows a 3D view of the 64-story diagrid structure. The overall plan dimensions of the building were
52m x 35.5m (172 ft. x 115 ft.), with a building height of
224m (735 ft.). It should be noted that gravity columns were
located only around the core of the building and there were
no vertical columns (either gravity columns or lateral forceresisting columns) outside the building core. The wind and
earthquake resisting system was composed of a network of
diagonal elements around the building perimeter, forming a
triangulated pattern to create an efficient tube structure. As
the lateral system was composed of diagonal elements in a

(a)

(b)

(c)

Figure 1. 3-D view of : (a) 64-story (b) 84-story and (c) 38-story
diagrid structures.

The second building was 82 stories. The overall plan dimensions of the building were 48m x 48m (157 ft. x 157
ft.), with a building height of 287m (942 ft.). Figure 1(b)
shows a 3D view of the diagrid structure. The floor framing
was a composite system similar to the 64-story building.
Similar to the first two buildings, the third building was a
38-story building for which the overall plan dimensions
were 33m x 33m (108 ft. x 108 ft.), with a height of 133m
(436 ft.). Figure 1(c) shows a 3D view of the structure. A
more detailed description and preliminary design of these
diagrid structures can be found in a study by Bhuiyan and
Leon (Bhuiyan & Leon, 2018).

Seismic Loading
As PBD was used for this study, three response spectra
were used. These corresponded to three hazard levels: (i)
50% probability of exceedance in 30 years; (ii) 10% probability of exceedance in 50 years; and, (iii) 2% probability of
exceedance in 50 years.
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Table 2. Information of seven ground motions used to perform
non-linear time history analyses.
Record
number

Set 1
Set 2

NGA
record
sequence
number

Earthquake
name

723

Superstition
Hills-02

2113

Denali,
Alaska

Year

Station name

1987

Parachute test
site

2002

T APS pump
station #09

Set 3

1084

Northridge-01

1994

Sylmar converter
station

Set 4

802

Loma Prieta

1989

Saratoga Aloha Ave

Set 5

1086

Northridge-01

1994

Sylmar - Olive
view med FF

Set 6

900

Landers

1992

Yermo fire
station

Set 7

1165

Kocaeli,
T urkey

1999

Izmit

Figure 2 shows acceleration time histories of the seven
ground motions. Figure 3 depicts the response spectrum
used in this study, whereas Figure 4 depicts the spectral
compatibility of the ground motions to the MCE target spectrum. Figure 4 also shows that the individual spectrum
matches were well with the target spectrum. Other characteristics of these ground motions can be found in a previous
study by Bhuiyan (Bhuiyan, 2011).

Modeling Procedures
Several software platforms were utilized, and many models were built for this study. The three main platforms were:
(i) SAP2000 – a general purpose structural engineering software mostly used for elastic analysis (Computers, 1997);
(ii) Perform 3D – performance-based design in general and
performance assessment of high-rise building design in seismic regions were frequently conducted using Perform 3D

(Computers, 2006); and, (iii) OpenSEES – a sophisticated
open source program for nonlinear time-history analysis.
Due to its lack of pre- and post-processing tools, it is mostly
used by researchers (Pacific, 2008). Elastic 3D building
models were used for modal analysis, service-level evaluation, and minimum base shear strength. These analyses were
conducted using SAP2000. The Perform 3D software platform was used for response spectrum analyses for seismic
service-level evaluations. Detailed 3D nonlinear models of
the building, constructed in OpenSEES, were used for all
seismic time-history analyses.
1.6
1.4
Response Acceleration, g

Performance-based design requires a 3D non-linear time
history analysis using ground motion time histories. Seven
spectrum-compatible, three-component ground motions
used in this study were provided by Dr. Tony Yang, Prof.
Stephen Mahin, & Dr. Yousef Bozorgnia via email on August 3, 2009. The same spectrum and spectrum-compatible
ground motions were used by the PEER tall building initiative for analyzing a number of tall concrete buildings. Spectrum compatibility was achieved through frequency domain
modification on recorded acceleration time histories. The
recorded ground motions were obtained from a PEER NGA
ground motion database. Table 2 provides the information
of the original ground motions.

1.2

MCE
DBE
PBEE-43yr

1.0
0.8
0.6
0.4
0.2
0.0
0

2

4

6

8

10

Period, Sec

Figure 3. Response spectrum used in this study.

Figure 4. Spectrum compatibility of the ground motions at MCE
level.

Total Dead Load = 81 psf
concrete = 55 psf
reinforcing steel = 2 psf
steel deck = 2.14 psf
joist = 4.5 psf
mechanical = 8 psf
electrical = 4 psf
fireproofing = 2 psf
floor covering & ceiling = 3 psf
Total Live Load (outside the core) = 95 psf
Total Live Load (inside the core) = 65 psf
design LL inside the core = 80 psf
outside the core = 50 psf
partition load = 15 psf
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Figure 2. (a) to (g) - Seven acceleration time histories used for non-linear time history analyses.
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Common modeling features and assumptions used in the
SAP2000, Perform 3D, and OpenSEES models were: (i) a
center-line model was established based on the idea that
diagonal braces would mostly have axial forces and, therefore, panel-shear deformation would not play an important
role—even if there were some panel shear deformation, the
use of a centerline length offset this contribution; (ii) the
connections between diagonal braces were considered as
rigid; (iii) the foundation was modeled as rigid; (iv) the
floor was modeled as a rigid diaphragm for all floors;
(v) the mass for dynamic analysis was taken as total dead
load + 25% of live load; (vi) lumped masses were assumed
at nodal points of all gravity column nodes and all diagonal
brace nodes of each floor; (vii) masses for both translational
directions were considered at all nodes—local rotationalinertia masses at nodal points were considered to be small
and, thus, neglected; (viii) global rotational inertia was automatically taken into account by the distribution of the masses at each node on each floor level; and, (ix) the Rayleigh
damping model was used. Following are the distinct modeling features used for each software platform.

OpenSEES
Figure 6(a) shows how each story-high diagonal brace element from Figure 5 was modeled using two force-based
fiber elements (Spacone, Ciampi, & Filippou, 1992) with an
initial imperfection of L/750, where L is the length of the
story-high brace. Figure 6(b) shows that each force-based
fiber element had five integration points, while Figure 6(c)
shows that at each integration point the pipe section was
discretized into 160 fibers.

(a) T wo elements to model a story-high diagonal brace.

(b) Five integration points for each elements.

SAP2000
The “frame elements” of SAP2000 were usually used to
model beam-column behavior in planar and threedimensional structures. Figure 5 shows how a frame element was used to model all of the story’s high braces and
gravity columns.

(c) Fiber discretization at each integration point.
Figure 6. Modeling technique of a story-high diagonal brace
element with two force-based fiber elements (a) with initial
imperfection, each element has five integration points (b), and at
each integration point pipe section is discretized to 160 fibers (c).

Results of the 64-Story Building
Figure 5. Story-high diagonal brace.

Perform 3D
The “column element” was used to construct “frame compound components” in order to model the beam-column
behavior of the 3D structure. As only response spectrum
analyses were performed, an elastic model of the 3D structure was sufficient, and it was quite simple to define these
frame compound components for all of the story’s high
braces (see again Figure 5).

The aim of this evaluation was to prove that the building’s structural systems and its nonstructural components
were functional after such an event with a 43-year return
period. Figure 3 shows the response spectrum analyses that
were carried out using PERFORM-3D and the PBEE-43year response spectrum. A Rayleigh damping ratio of 1%
was used for the elastic 3D model of the building. Results of
the analysis were taken from the first twenty modes. The
displacements of the building at the roof level were found to
be 278 mm and 210 mm in the Z- and X-directions, respectively. These values were well below the limit of 0.005H
(1120mm). Figure 7 shows a plot of inter-story drift angle.

——————————————————————————————————————————————–————
26
International Journal of Modern Engineering | Volume 22, Number 1, Fall/Winter 2021

——————————————————————————————————————————————–————

The maximum inter-story drift was found to be around
0.2%, which was low enough to ensure that damage to nonstructural elements would not occur, or at least be in the
insignificant range.

Figure 7. Inter-story drift angle for serviceability level earthquake
(max value around 0.2%).

Regarding the response of individual structural members,
the demand-capacity ratios (DCRs) for of all the diagonal
braces and all of the gravity columns were found to be well
below 1.0. Thus, it would appear that the 64-story building,
as required by PBD, would behave in the elastic range for
the service load earthquake. As the building was governed
by stiffness, the DCRs for this level of design were relatively low. Following are the findings for minimum base shear
strength and life-safety checks.
Outside the core of the building:
DL+25%LL = (81 + 0.25*65) psf = 97.25 psf = 4.656 kN/m 2
Area = 0.75 * (52.5 m * 35 m) = 1378.125 m 2

Inside the core of the building:
DL+25%LL = (81 + 0.25*95) psf = 104.75 psf = 5.015 kN/m2
Area = 0.25 * (52.5 m * 35 m) = 459.375 m2
DL + 25% of LL = 4.656*1378.125 + 5.015*459.375 = 8720 kN/
floor

For the entire building, as there were 64 floors:
DL + 25% of LL = 8720 * 64 = 558,080 kN

Adding the self-weight of the columns and braces
(69,376 kN), the seismic weight of the building considering
full dead load plus 25% live load was 558,080 + 69,376 =
627,456 kN. Thus, the minimum base shear of 0.03W was
0.03 * 627,456 = 18,823 kN (1.88x107N) for both directions
of loading. In the Z-direction, the base shear strength requirement for wind was 4x107 N, while the base shear imposed by the service-level earthquake was 2.6x10 7 N.
As minimum base shear (1.88x107 N) was less than servicelevel earthquake strength (2.6x107 N); therefore, it satisfied
the objective in Table 1. Figure 3 further shows that the
design basis earthquake (DBE) demand with a response
modification factor of R=5.0 was less than the demand imposed by the service-level earthquake (PBEE-43-year return
period). Figure 10 shows that demand imposed by wind was
larger than the demand imposed by a life-safety-level earthquake (475-year return period). It should be noted that the
size of the diagonal braces was not controlled by strength
requirements from wind or earthquake loads, but rather
wind-drift requirements (stiffness) to control the size of the
diagonal brace.
This is typical of very tall buildings, where wind demands
determine the basic stiffness requirements, and the seismic
design is primarily focused on providing ductility and robustness. For a typical 50-60 story building located in a high
seismic region, the need to limit allowable drift results in a
building that is 2.5 to 4 times stiffer than required by seismic demand (Naeim & Graves, 2005). Figure 3 also shows
that the demand from the service-level earthquake was higher than that of a life-safety earthquake; some would question
whether the life-safety evaluation was necessary at all. Figure 8 shows a plot of maximum inter-story drift in the
X-direction. In this figure, thin lines represent the drift ratio
from each of the seven THAs, whereas the bold line represents the average of the seven curves. As can be seen from
the figure, the responses from individual ground motion are
close to each other (i.e., the scatter in the response was low
by seismic design standards).

Figure 4 graphically explains the reason for this; that is,
that for all seven motions, the frequency content was modified to match the target MCE spectrum individually. Figure
8 shows that maximum inter-story drift ranges from about
1% to 1.3%, due to the MCE event. The allowable drift limit (from Table 1) was 2.5%. Thus, the response (in terms of
drift) of the 64-story diagrid structure was well within the
allowable limit. Deformation, capacity, and strength degradation were monitored for all of the braces. It was found
that braces in the bottom stories underwent nonlinearity,
while maintaining the full strength of the member without
any degradation while most of the upper story braces did
not exceed yield limit. Figure 9 shows the maximum story
moments, MX. In the figure, thin lines represent the response from each of the seven THAs, whereas the bold line
represents the average of the seven curves. Again, the scatter in the response was relatively low, as expected, as the
ground motions were spectrally matched.
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Figure 8. Story drift a ngle in the X-direction – from T HA of the 7
sets of ground motion at the MCE level .

Figure 9. Story moment MX – from T HA of the 7 sets of ground
motion at the MCE level.

Figure 10 presents a comparison of the demands imposed
by the MCE earthquake with those of the wind and DBElevel earthquake. It shows the comparison of responses in
terms of story-shear FX. The bold, dark green line represents the average of 7 THAs with the MCE-level ground
motion, while the red line represents the response of the
building due to wind. The response spectrum analysis for
the DBE-level earthquake is shown by a continuous pink
line. It is evident from Figure 10 that story shear for wind
was much lower than MCE-level earthquake demand. Two
points can be made from the figure. First, the lines do not
mean that wind did not have any role in the design, as drift
limitations and not strength drive wind design. Second, the
forces in the key elements shown here will need to be amplified for the design of connection elements and diaphragms that were required to remain elastic. An assessment
of the dynamic amplification of these forces cannot be made
without NLTHA at the MCE level.

Building codes typically do not mandate that designers
perform a THA. The designer can meet the code requirement by performing response-spectrum analyses with the
DBE-level spectrum. To compare this approach with
NLTHA analyses, a response spectrum analysis was performed with a force reduction factor (R) equal to 5. Figure
10 shows that the response spectrum values were significantly smaller. This clearly shows that designing a tall
building based on only a response-spectrum analysis might
lead to unsafe designs. It may be argued that wind criteria
will make the structure strong enough, if the response spectrum technique were used for seismic design. While it is
true that wind criteria will make the structure strong, the
design forces for diaphragm ties and chords, connections
between floor plate and diagonal braces, and foundation
design forces will be significantly lower than those required
from a THA. Thus, it is strongly recommended that an
NLTHA be performed at the MCE level for design of tall
structures.
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Figure 10. Story shear FX.

Results of the 82-Story Building

Figure 11. Ma ximum inter-story drift, X, at MCE for the 82-story
buildin g.

The displacements of the building at the roof level were
found to be 290 mm in both the Z- and X-directions. These
values were well below the limit of 0.005H (1435mm). Inter
-story drift angle was computed for every story. The maximum inter-story drift was found to be around 0.14%, which
was low enough to ensure that damage to non-structural
elements would not occur or be in the insignificant range.
Figure 11 shows the plot of maximum inter-story drift in the
X -direction. In this figure, thin lines represent the drift ratio
from each of the seven THAs. Figure 11 also shows that
maximum inter-story drifts range from about 0.8% to
1.45%, due to the MCE event. The allowable drift limit
(from Table 1) is 2.5%. Thus, the response (in terms of
drift) of the 82-story diagrid structure were well within the
allowable limit. Figure 12 shows the plot of maximum story
shears, FX. In this figure, thin lines represent the response
from each of the seven THAs. Again, the scatter in the
response was relatively low, as expected, as the ground
motions were spectrally matched.

Results of the 38-Story Building
Response spectrum analyses were carried out using
SAP2000 and the PBEE-43-year response spectrum (see
again Figure 3). A Rayleigh damping ratio of 1% was used
for the elastic 3D model of the building. Results of the analyses were taken from the first twenty modes.

Figure 12. Ma ximum story shea r, FX, a t MCE for the 82-story
buildin g.
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The displacements of the building at the roof level were
found to be 184 mm in both the Z- and X-directions. These
values were well below the limit of 0.005H (665mm). Interstory drift angle was computed for every story. The maximum inter-story drift was found to be around 0.19%, which
was low enough to ensure that damage to non-structural
elements would not occur or at least be in the insignificant
range. Nonlinear response history analyses of the building
were performed for the maximum considered earthquake
shaking using the same spectral compatible motion shown
in Figure 2. Figure 13 shows a plot of maximum inter-story
drift in the X -direction. In this figure, thin lines represent
the drift ratio from each of the seven THAs. Figure 13 also
shows that maximum inter-story drifts range from about
0.8% to 1.4%, due to the MCE event. The allowable drift
limit (from Table 1) was 2.5%. Thus, the response (in terms
of drift) of the 38-story diagrid structure was well within the
allowable limit. Figure 14 shows the maximum story moments, MZ. In the figure, thin lines represent the response
from each of the seven THAs. Again, the scatter in the
response was relatively low, as expected, as the ground
motions were spectrally matched.

Figure 14. Ma ximum story moment, MZ, a t MCE for the 38-story
buildin g.

Checks against the desired performance criteria showed a
superior performance for the diagrid structure under seismic
loading. Thus, the tall building design community in the
high-seismic area can consider the diagrid system as a potential candidate for their client’s high-rise buildings. The
non-linear time-history analyses indicated very large
dynamic amplification of shear and moment demands that
need to be taken into account for the design of the diaphragms, chords, connections between floor plate and diagonal braces, foundations, and other structural elements.
These amplifications of forces cannot be predicted without
careful non-linear analyses at the maximum credible earthquake level. Thus, it is strongly recommended to perform
NLTHA for design of tall structures.
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An Experimental Study of Colloid Liquid Bridge
and Force Dynamics in Real-Time Processes
——————————————————————————————————————————————–————
Nhat Le, Minnesota State University; Shaobiao Cai, Minnesota State University; Yongli Zhao, St. Cloud State University

Abstract
Friction and adhesion are of great interest in applications
related to liquid-solid interfaces, especially when high
relative motion and liquid-caused infinitesimal interaction
forces are involved. In this study, the authors designed and
fabricated a novel experimental apparatus to perform measurement and analysis tasks at the liquid-solid contact interface. Presented here are the liquid bridge forces under
dynamic cyclic processes in real time continuous processes.
The relationship between the liquid shape and process
dynamic forces were visualized. The characteristics of solid
-liquid interface in dynamic state were analyzed. Factors
such as mass/volume and distance to the effects of interfacial forces were calculated, compared, and explained. From
this study, the authors provide insights on force dynamics in
applications involving liquids on surface coatings.

Introduction
Solid/particle-liquid interfaces can be found in many
applications with moving liquids, such as lubricant in gear
boxes, fuel in engines, liquid in piping systems, and especially in valve operations and biomedical applications. The
interactions in the solid-liquid interface are more significant
in applications with low load and fast separation, especially
in nano/micro devices. Many studies have been done on
liquid-mediated separation. Cai and Bhushan (2008) presented analyses for a fundamental understanding of the
numerical physics of separation processes and showed insight into the relationship between meniscus and viscous
forces. Experimental studies in the literature have primarily
focused on the effect of adhesive force, due to factors such
as surface size, liquid properties (surface tension, contact
angle, and viscosity), and operating conditions (including
temperature, humidity, and velocity). The effect of humidity
on adhesion was studied by McHaffie and Lenher (1925)
and showed that the thickness of the film and adhesion both
increase with an increase in humidity. McFarlane and Tabor
(1950) conducted quantitative studies on adhesion through
several experiments and observed that, with a clean, hard
surface in dry air, adhesion is negligible; however, adhesion
is appreciable in moist air. Similar observations of the effect
of humidity on adhesion were made by Miyoshi, Buckley,
Kusaka, and Bhushan (1988).
Shi, Zhang, Liu, Hanaor, and Gan (2018) presented a
study of dynamic contact angle hysteresis using liquid
bridges under cyclic compression and stretching between
two identical plates. Portuguez, Alzina, Michaud, Hourlier,

and Smith (2017) studied the evaporation of sessile water
droplets with a specific device to create liquid bridges within a humid environment and between hydrophobic surfaces.
Some factors were evaluated at different temperatures at a
fixed relative humidity. Tadrist, Motte, Rahli, and Tadrist
(2019) investigated a capillary bridge between two large
plates (such as a Hele-Shaw cell). The temporal evolution of
surface forces and mass transfers due to evaporation of the
liquid were also measured. Xiao, Jing, Kuang, Yang, and
Yu (2020) studied the liquid profile change and the involved
capillary force via particle-particle and particle-plane pairs.
It is known that surface tension-driven self-alignment is a
passive and highly accurate positioning mechanism that can
significantly simplify and enhance the construction of
advanced microsystems. Mastrangeli, Zhou, Sariolac, and
Lambert (2017) explained statics and dynamics of the selfaligning action of deformed liquid bridges through simple
models and experiments. They further illustrated the fundamental aspects of surface patterning and conditioning, the
deposition and confinement of liquids, the component feeding and interconnection to substrates through relevant
applications in micro- and nanotechnology. Popov (2010)
studied the stick-slip behavior of liquid-mediated contacts
and observed that the mechanical properties of the liquid
menisci could change the amplitude and period of the stickslip phenomena. Dhital and Cai (2016) performed numerical
modeling and studied the roles of meniscus and viscous
forces during flat-on-flat liquid-mediated contact separation
with different liquid properties. They further conducted
experimental analysis to analyze the effect of surface roughness on static contact angle for different liquid properties.
Figure 1 shows how the shape change of the liquid bridge
during the separation process was captured without force
measurement.

Figure 1. Series of liquid bridges in separation process (Dhital and
Cai, 2016).
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Among the many studies, experimental or numerical,
there was lack of direct, real-time relationships between
separation force and the change of liquid characteristics in
realistic dynamic processes. The study of the force-liquid
bridge in a real-time frame was needed. In this current
study, the authors investigated the design and development
of an apparatus for separating forces in real time. A motorcontrolled system, an image analyzing system with a relatively high accuracy utilizing a microscope, and a DAQ
system were created and used to study the dynamics of
liquid bridge forces under continuous compression-tension
cyclic processes in real time.

Modeling of the Forces

Figure 3. Diagram of a flat-on-flat situation (Cai and Bhushan,
2008).

The modeling of adhesive forces between liquids and
solids may be divided into liquid-flat and liquid-particle
situations. Idealizations are commonly used. In the modeling, the two contact surfaces were assumed to be rigid and
smooth. The formed meniscus bridge was considered in
mechanical equilibrium, and the liquid was incompressible
with no thermal effect. The pressure was constant on a vertical, cross-sectional plane, though it was allowed to vary in a
radial direction through the meniscus bridge during separation. The liquid bridge was arc-shaped with a constant
volume during the process. In addition, the effect of gravity
was neglected.

The meniscus force, due to the formation of a meniscus
bridge, can be obtained by integrating the Laplace pressure
over the meniscus area and adding the surface tension effect
acting on the circumference of the interface. For the separation of the liquid bridge between two flat surfaces, the
meniscus force can be calculated using Equation 2 (Cai and
Bhushan, 2008):

For a liquid-particle case with the particle sitting in fluid,
the adhesive capillary force due to the background interface
slope may be modeled using Equation 1 (Zhao, Cai, &
Ratner, 2009):
(1)
A combination of dynamic forces can cause particles to
separate or aggregate. Figure 2 shows particle aggregation
in fluid, due to the existence of adhesion. To gain better
insight into force dynamics in a real-time frame, a simpler
situation, a flat-on-flat case, was used in this study; Figure 3
depicts this scenario. With this situation, the liquid bridge
dynamic process shape and the dynamic forces can be
visualized.

Figure 2. Simulated particle aggregation in the x-y plane when
adhesion exists (Zhao et. al, 2009).

Fm 

 xni2 
r1

 2 xni sin 1,2

(2)

Equation 3 gives the expression for the viscous force at a
given separation distance, h i:

Fv 

3 xn40  1 1 
  
4ts  hi2 h02 

(3)

where, x n0 is the initial meniscus neck radius, γ is surface
tension,  is viscosity,  is contact angle, x ni is the neck
radius of the liquid at the cross section on the horizontal
plane, ts is the separation time, and h is the separation height
with subscript 0 indicating initial and i indicating the ith
step.
Figures 4(a) and 4(b) show the results of meniscus
bridges in the separation process for a constant volume during separation of two flat surfaces, with h 0 = 2 nm,
γ = 72 mN/m, and x n0 = 100 nm. Figure 4(a) shows the results at contact angles θ1 = θ2 = 60 o, and Figure 4(b) shows
the results at contact angles θ1 = 0 o and θ2 = 60 o. In order to
investigate the properties of each force, the forces should be
observed separately. From the force equations, the change
in separation time will not affect the meniscus force. However, the viscous force decreases with an increase in separation time. Figure 5 shows the meniscus force and viscous
force for a liquid with η = 0.89 at separation times of
t s = 0.1s, 0.001s, and 0.0001s, respectively. It can be seen
that the viscous force may be neglected at separation times
of t s = 0.1 or longer for the configuration, since the magnitude is about zero. These observations are the basis for the
design of experiments.
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magnitude with a maximum separation force of 3.2 mN. To
control the movement of the upper surface, a motor-lead
screw mechanism was chosen among the many options to
generate linear motion, due to the fact that it is easy to
control, affordable, and simple to assemble and maintain.

(a) h 0 = 2 nm, γ = 72 mN/m, xn0 = 100 nm,
and contact angles θ1 = θ2 = 60o

Figure 5. The plot of meniscus and viscous forces in separation
process (h 0 = 1 mm, γ = 72 mN/m, xn0 = 3 mm, and contact angles,
θ1 = θ2 = 60o , η = 0.89 cP, and t s = 0.1, 0.001 and 0.0001s,
respectively).

(b) h 0 = 2 nm, γ = 72 mN/m, x n0 = 100 nm,
and contact angles θ1 = 0 o , θ2 = 60 o
Figure 4. The diagram of meniscus in the separation process.

Experiment Design
Figure 5 shows that the viscous force is around zero at a
separation time of ts = 0.1s for the configurations. This
allows for the design of a process to study the meniscus and
viscous forces separately. Also, in experimental technique
design, the idealization typically used in the modeling of
liquid bridges in separation is not needed. Instead, a realistic
laboratory environment was used. It should be noted that the
liquid breaks before the neck radius is reduced to zero.
Therefore, the actual breaking time and breaking distance
must be smaller or much smaller than what is observed in
theoretical simulations. For comparison purposes, the
chosen separation time for this study was ts = 20s for a 13
mm separation distance. The viscous force can be ignored at
this separation time. Based on these parameters, the average
velocity for the linear stage was 13/20 mm/s (0.65 mm/s) in

The two main components of the motorized linear
actuator were a screw-nut slide and a driving motor. There
were several options for the driving motor, such as DC
motor, servo motor, and stepper motor. A DC motor
requires an encoder for speed control; thus, a servo motor
was a better choice for position control. A stepper motor is
good for both speed and position controls, so it was chosen
for this application to control both speed and position. The
chosen lead screw had a lead of 1.27 mm. The load and
friction of the positioning slide were estimated to calculate
the acceleration needed for sizing the power of motor,
following the SureStep™ Stepping Systems user manual
(2019) for the Bipolar Stepper Motor Hybrid Frame Size 23
200 Step 2A 3.2VDC, which has a holding torque capability
of 120 Ncm.
To control the motor, the Arduino was connected to an
appropriate power circuit and controlled by a computer with
a LabVIEW interface. The guidance in the Big Easy Driver
Hookup Guide of TONI-K was used to determine the limit
voltage and current of the power supply for the driver
circuit and configurations. The stepper motor receives a
pulse signal to operate, and its speed is controlled exactly by
the frequency of the signal. The stepper motor stops if the
signal pulse is missing or there is an overloaded. LabVIEW
has an Arduino command that can request Arduino to generate a signal with an exact frequency. In this way, the
tolerance of the frequency or the speed of the stepper motor
was able to be controlled under 1%.
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LabVIEW with a RS232 interface was used to program
the interface. Figure 6 shows an example of the motorcontrol interface and its corresponding VIs. Figure 6(a)
shows examples of the input to control the stepper motor
and some unit conversion data, while Figure 6(b) presents
the corresponding VIs. The “Frequency” input in steps/
second was used to control the speed of the motor. The frequency, the stepper motor resolution, and the lead screw
were used to calculate the sliding speed. The controlling
signal to the stepper motor block received data from the
input section and sent them to physical devices. In order to
obtain measurement data, a precision balance with an appropriate range was used to measure the force in mN. The balance used was an Ohaus Explorer 124/AD with a load cell.
Table 1 lists the range, readability, and repeatability of the
balance. There were internal, external, and automatic calibrations included in the balance. The automatic calibration
allowed the balance to be calibrated by its internal mass in a
certain period or when the temperature changed. The internal mass could be adjusted with the standard mass with the
available AutoCal adjustment option.

(a) Control interface of data input.

Table 1. Balance-parameter datasheets.
Capacity (g)
Readability
(g)
Veri fication
Interval (g)

Class

120

220

320

220

420

0.0001

1100

0.001

0.0001

I

620

0.01

-

II

0.01

-

Repeatability
std (g)

± 0.0001

± 0.001

Linearity (g)

± 0.0001

± 0.002

I

Figure 7(a) shows the setup interface of the weight
balance, while Figure 7(b) shows the corresponding VIs. To
set up the interface, the time set to read values needed to be
longer than the minimum transferring time of the balance to
ensure the reading process without interruption. The reading
rate could reach 10 Hz or 10 readings per second. A
positioning slider with 15 lbs. of static loading capacity and
1.500 inches in travel length with a suitable lead and
tolerance were chosen for the system. A flexible shaft
coupler was used to connect the motor and the slide lead
screw. The axis of the positioning slider needed to be
aligned with the axis of the motor, and the two separated
surfaces needed to be parallel to each other. To align the
axes, the positioning slider was fixed on the frame and the
position of the motor on the frame was adjustable. Figure 8
shows the components of the system. The entire frame of
the slide was placed inside the weight balance, which was
covered with glass to prevent external impacts. The samples
and the sample holder were designed to allow quick and
precise changes. The weight balance had adjustable legs and
level indicator in order to level the balance pan. The design
was able to test solid surfaces with different properties and
surface characteristics.

(b) The VIs of data input.
Figure 6. Example of the input section to control motor.
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Figure 9 shows that, in the system, in order to ensure that
the two flat surfaces were parallel, the surfaces were adjusted to parallel to the ground reference datum using a caliper.
Since the stepper motor slider was a non-feedback system,
the position of the slider was calculated from the speed of
the motor and the slider’s resolution. A tolerance of 0.025
mm was used to measure the displacement of the slider, and
it was compared with the position value calculated by the
program. The tolerance of the position was ± 0.05 mm.

(a) Controlling interface panel.

Figure 9. Slider position calibration setup: 1-the positioning slider
and 2-the caliper.

Sample Design

(b) VIs diagram.
Figure 7. Example of program interface for weight balance with
communication parameters.

Figure 8. The positioning slider in the system: 1-stepper motor,
2-lead screw, 3-sample holder, 4-5 the sample, and 6-the weight
balance.

The samples were machined using aluminum 6061 and
smoothed with 240-grit sandpaper. To ensure the parallelism between the alignment surfaces for assembly, the
samples and the inner sleeve were machined with the same
lathe. Figure 10 shows some of the samples created. To
ensure even distribution and roughness on the entire surface,
the contacting surfaces were maintained parallel, and the
samples were rotated during the grinding process. For the
top sample, a groove was created near the sleeve to ensure
good alignment when inserting the sample into to the
sleeve.

Figure 10. Examples of the samples used in the experiment.
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Experimental Testing and Results
To obtain good results for the involved forces resulting
from a liquid bridge—parameters such as the distribution of
roughness on the surface, the volume of liquid, environment
moisture, the tolerance of linear translation system, the
maximum contact circle between liquid and solid, the static
electric force of two metal surfaces, and evaporation
process—needed to be controlled. Figure 11 shows the
complete measurement system. The system had six major
components: 1-background lighting, 2-positioning slide
system, 3-weight balance, 4-microscope, 5-scope stand, and
6-control and DAQ system. During measurement, the force
and the real-time liquid bridge images could be recorded
simultaneously. With the setup, the changes of the force
could be observed with the corresponding changes in shape
of the liquid bridge. This setup could be used to conduct
experiments on different surface properties, different
liquids, or different velocities.

room conditions and initial setup. Table 2 lists the
experimental control parameters and the properties of water.
The water evaporation rate was indicated by the vapor
pressure of liquid. The vapor pressure of water at ambient
temperature is 25.8 mmHg. Experiments with water droplets
were conducted with aluminum surfaces smoothed with
240-grit sandpaper.
Table 2. The experiment conditions and parameters.
Density

1000 kg/m 3

Surface tension

7.2 x 10-2 N/m

Controlled mass

1.5 x 10-5 kg

Controlled volume

1.5 x 10-8 m 3

T emperature

25 o C

Humidity

50%

Vapor pressure

Surface material

25.8 mmHg

Aluminum 6061

Minimum distance

0.5 ± 0.05 mm

Operation velocity

0.079 mm/s

Imaging and process

Figure 11. The experimental system’s components: 1-background
lighting, 2-positioning slide system, 3-weight balance,
4-microscope for image recording, 5-scope stand, and 6-control
and DAQ system.

To make the surface roughness relatively even at any
arbitrary position on the surface, the ground surface was
adjusted parallel to the grinding surface, and the ground
surface was rotated during the grinding process. To limit the
effect of moisture, alcohol with a purity of 91% was used to
prepare/clean the surface before allowing it to dry completely. The tolerance of the slide was set at 0.05 mm and the
two surfaces were put in contact in order to eliminate static
electric charges. The distance was reset to zero after every
experiment. The volume of liquid was controlled through
mass using the weight balance. The volume of each drop
was controlled by using a mass of 0.015g. The tolerance of
the liquid mass was controlled within ± 5% through the
weight balance with a readability of 0.0001g. Each time, the
liquid was compressed to the minimum distance followed
by immediately pulling of the bridge to prevent the evaporation. Experiments were conducted using water with various
surface roughness. Tests were performed under the same

Figure 12(a) shows the image that was obtained from the
recorded video. To measure the angle, Software ImageJ was
used, and three points were applied to create two intersecting lines, as shown. The tolerance of the angle measurement
depends on camera setup, the height of the liquid bridge
surface, the resolution of the image, and the calibration. It
also depends on the way that the construction lines of angle
were defined. The position of the construction lines may
vary with the subjective observation of people who take the
measurement and with the resolution of the image. The tolerance for the angle measurement was about ± 4o from the
measurement method. In this study, a generous tolerance of
± 10 o was considered in order to compensate for the lack of
calibration of the angle gauge. It should be noted that the
distance in an image is represented by the number of pixels.
To get a spatial length of a line (needing to be measured)
from a captured image, a line with a known length (gauging
line) and its image-pixel aspect ratio, and the to-bemeasured line must be defined. The measured line and the
gauging line must be parallel on the same surface to the
surface on which the image is taken. For instance, lines #1
and #3 in Figure 12(b) are on the same vertical surface and
parallel to the image taken surface and the surface passing
through the centerline of the concentric cylinders. The
length of line #1 can be calculated by multiplying the total
number of pixels of line #1 and the image pixel aspect ratio
of line #3 (with known physical length). The tolerance of
this method is about 5-7%.

——————————————————————————————————————————————————–
An Experimental Study of Colloid Liquid Bridge and Force Dynamics in Real-Time Processes
37

——————————————————————————————————————————————–————

(a) Example of a contact angle measurement.

ting distance at step 4. This observation shows that if the
minimum distance between the two approaching surfaces is
not small enough to expand the contact circle, the contact
circle size relies on the way the drop initially sits on the
surface. To achieve stable, comparable results and eliminate
the effect of how the drop is released, the distance between
the two surfaces must be small enough so that the contact
circle can expand completely at the time when the distance
between the two surfaces reaches a minimum. From this
method, the initial contact circle where the liquid bridge
begins to be stretched can be defined by the minimum
distance and the volume of liquid only. This way, random
errors caused by the initial conditions and the way of dropping the liquid on the surface can be minimized.

(b) Distance dimension representation in pixel.

Figure 12. Contact angle and distance measurements.

Liquid-Bridge Process Shape
Figure 13 shows the phenomenon of liquid drop
expansion. The diameter of the contacting circle between
the liquid drop and the surface depends on the surface
characteristics and the way the liquid drop is dispensed on
the surface. Factors such as the amount of liquid, the velocity of dispensing, and the sitting height of the liquid
dispenser can all affect the shape of the drop on a surface.
The contacting circle of liquid drop on the surface expands
when adding liquid.
Figure 14—steps 1-9—shows examples of the dynamic
shape change and the movement of the base contact circle
of a liquid bridge in compression and tension processes. The
rectangle used in the figure is a reference dimension. Steps
1-3 show that a concaved liquid bridge is formed upon the
hydrophilic upper surface touching the liquid. A contact
angle is formed upon the upper surface touching the liquid
drop, and the base contact circle maintains the same without
change. Further approaching causes an increase in contact
angle without outward expanding to cause a squeezing
effect (compression) until the contact angle reaches an angle
of about 90 o at step 3. After that, the contact base circle
expands until the two surfaces reach the minimum preset-

Figure 13. Contact circle expansion when more liquid is added
(dashed line is for visualization purpose only).

Figure 14. Process shapes change and contact base circle’s
movement of liquid bridge in compression and tension.
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The separation process starts at step 5, where the receding
of the liquid bridge can be observed. The contact angle
changes from the advancing angle to the receding contact
angle at step 5. At this step, the contact base circle is the
largest and a stable contact is formed. Starting from step 6,
the liquid base circle starts to reduce continuously to its
original size shown in step 1, and the contact angle remains
constant until the breakup of the liquid (steps 7- 9).

Dynamic Process Force in One Cycle
The dynamic change in shape leads to a change in process
forces. Figure 15 shows the corresponding chart of dynamic
forces describing the entire process. Four stages can be divided based on the observation. Stage I is approaching the
process and Stage II is a process of liquid compression to a
controlled minimum distance. Stage III is a transition period
from advancing compression to receding separation process,
and Stage IV is the continuously separating process. Stage I
(in Figure 15) corresponding to step 1 from Figure 14,
which shows the process of how the upper surface approaches the liquid drop. In Stage II, corresponding to steps
2-4, the force increases immediately as the upper surface
touches the liquid drop, due to the formation of the meniscus. In this section, the force increases, due to the change in
contact angle, meniscus radius (in the vertical plane), neck
radius in the horizontal plane, and the viscous resistance.

significant increase in the meniscus force (Equation 2). The
increase in the resultant force showed that the Laplace
pressure and the size of the meniscus were the dominant
causes of the resultant maximum separating force. During
the continuous separation process (Stage IV), corresponding
to steps 6-9, the force decreased rapidly to a low level and
slowed down later until liquid break.

Dynamic Force in Cyclic Processes
Using the control parameters listed in Table 2, the dynamic total force-distance data for each prepared sample pair
was recorded. The experiments included five complete
cycles of compression from a height of 2mm to prevent the
breaking of the liquid bridge after the first cycle. Figure 16
shows the force versus the distance under repeated processes. The speed of the slider, the distance, and the force measurement were accurately controlled. The repeated cycles
presented the stability of the system. The exception at the
first compression curve can be explained by the initial
wetting state of the surface. The wetting state of the surface
changed the advancing contact angle, as noted previously.

Figure 16. The force displacement curve of the water bridge under
repeated compression and tension cycles.

Comparison of Experimental and
Analytical Prediction
Figure 15. The total force chart for the continuous compression
and stretching/separating process of liquid bridge between two
aluminum flat surfaces smoothed with 240-grit sandpaper.

The downward peak in this stage was a missing data point
in the data acquisition process. In Stage III, corresponding
to steps 4 and 5, the total force increased rapidly when the
meniscus size was at its largest. The meniscus force reached
its maximum value when the contact angle changed from
the advancing angle to the receding contact angle at step 5.
The authors observed that the decrease in contact angle with
the same dimension of liquid bridge led to a decrease in
force caused by surface tension, based on the second term in
Equation 2. However, the decrease in meniscus radius (r1)
and the increase in size (x ni) due to compression leads to a

The experimentally measured force curve for a fixed
amount of water (0.015g) was further compared with the
theoretical separating force curve using the same experimental parameters. Figure 17 shows the comparison. The
angle used for theoretical calculations was the receding angle, measured when the liquid bridge was being stretched.
The maximum force in the experimental data is outlined by
a box on the graph. Overall agreement of the experimental
force curve and that predicted by the theoretical equation for
separation was good, although a small shift in location
where the maximum separation force occurred was observed. This was due to the delayed formation of a stable
contact angle after the recession in the experiment, as
discussed earlier, but the theoretical equation was “static.”
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Figure 17. Comparison between the experimental force-distance
curve and that defined by the theoretical equation.

For various masses, 0.015g of water (reference) and
changes of ± 20% (0.012 g, 0.015g, and 0.018g) were used
to study the variation. Figure 18(a) shows—from calculations using Equation 2—that the corresponding change in
the maximum meniscus force prediction would be considerable at about ± 19% (0.56g, 0.69g, and 0.82g). From experimentation, the mass was well controlled, and the major factor causing mass variation was evaporation for volatile
liquids. Since the tolerance of mass variation was strictly
controlled, under ± 5%, the mass-related force variation
could be ignored. On the other hand, mass change was
believed to be one of the major factors leading to the change
of force, if it existed. Figure 18(b) shows that, for the effect
of minimum distance, based on a 0.5mm minimum distance
reference with changes of ± 10% (0.45 mm, 0.5 mm, and
0.55 mm), the corresponding change in the maximum
meniscus force using the equation prediction would be from
-15% to 21% (0.58g, 0.69g, and 0.83g). The force variation
caused by minimum distance was significant, if it existed.

Dynamic forces, distance and liquid bridge shape change
of a contact system in real time compression, tension, and
cyclic processes were presented for the first time. Insights
between the liquid shape and dynamic force were analyzed.
Factors such as mass and distance affecting the dynamic
force were studied. The experiments showed that the
involved dynamic forces could be divided into four distinctive stages. For the compression-tension cycle, force
increased to its maximum at the transition period from
compression to tension. If separation occurred without a
waiting period, the maximum force occurred after pulling to
a small distance, due to the contact angle (major) change
and viscous resistance. The dynamic force quickly decayed
to zero after passing the maximum point. Mass (or volume)
of the liquid and the minimum surface initial distance can
significantly affect the separation force. Cyclic processes
were compared with single-cycle compression-tension.
Good agreement demonstrated repeatability of the process.

(a) Mass

Conclusions
This study provided a real-time dynamic analysis of
liquid-solid interactions at the contact interface. A novel
experimental apparatus was successfully designed and fabricated to perform the tasks. The characteristics of solidliquid interface in static and dynamic states were demonstrated in the study with visual demonstration. It was observed that the approach of two solid surfaces caused an
increase in contact angle without outward expansion of the
base contact circle until the contact angle reached about 90 o.
The contact base circle expanded upon reaching this 90 o
angle during the time that the two surfaces approached each
other until they reached the minimum preset distance. The
size of the contact base circle relied on the way the drop
initially sat on the surface, unless the distance between the
two approaching surfaces was small enough. The contact
base circle eventually resumed its original size during the
separation process that followed.

(b) Distance
Figure 18. Effect of mass and distance on the separation process
with the same initial conditions for water.
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Abstract
Many researchers have attempted to find the solution to a
curved beam under load. However, the stress values arrived
at failed to satisfy the boundary conditions. Curved beams
find critical practical applications in chain links, crane
hooks, pipe bends, and curved segments of machine tool
frames. Accurate determination of stresses in curved beams
is essential in preventing catastrophic failure, leading to loss
and reduced life of properties. In this current study, the authors used three methods: 1) advanced computational tools
to compare the strength of materials (SOM), elasticity analysis (EA), and finite element analysis (FEA) of the curved
beam tangential stress of various sections. The SOM analysis was performed first, in which three cross-sections were
considered: rectangular, square, and circular. All crosssections showed similar inner and outer tangential stress
ratios. Next came the EA approach in which two airy functions were used to calculate tangential stress, the results for
which differed slightly between the square and rectangular
cross-sections. Finally, the finite element analysis was conducted by using ANSYS to analyze rectangular, square, and
circular 3D curved beams. In that case, all cross-sections
showed similar results to the SOM approach. This study
represented a unique comparison of a curved beam ’s tangential stress, by comparing different sources found in various studies and articles.

fixed. For all approaches of calculation and analysis, the
beam’s cross-section outer radius was three times the inner
radius.

Figure 1. 2D Schematic view of a curved beam.

Introduction
There is a wide range of applications of curved beams, for
example, to manufacture a small device and manufacturing
of an aircraft. That type of beam is more efficient in transferring loads than straight beams. This transfer in the curved
beam is affected by bending, shear, and membrane action
(Mathiyazhagan & Vasiraja, 2013). In this study, the authors compared tangential stress by using the strength of
materials (SOM) analysis, elasticity analysis (EA), and finite element analysis (FEA) of the curved beam of various
sections. The development of the beam and bending relations should have the same cross-section throughout the
beam’s length. However, the varying cross-section can be
caused when considering the curved beam ’s practical use
(Subramani, Subramani, & Prasath, 2014). Figures 1 and 2
show the 2D and 3D curved beams, respectively, where a is
the inner radius, b is the outer radius, and o is the circular
center. The moment was applied from both ends of the
beam. As the moment were the same from both ends, symmetry analysis was considered by keeping the mid-plane

Figure 2. 3D Rendering of a curved beam.

Literature Review
Beam elements have played a vital role in modeling mechanical engineering structures, but curved beams are more
efficient in transferring loads than straight beams
(Mathiyazhagan & Vasiraja, 2013). Wang and Liu described
a solution for curved beams with the airy stress function
method (2013). In that article, two airy stress functions were
presented for elasticity analysis (EA). Another study determined the stress component by EA (Kılıç, & Aktaş, 2002).
Chavan and Zhou (2016) presented a stress calculation for
slender curved beams and simulated curved beam stresses
(Chavan, & Zhou, 2016). Yet another study used FEM to
analyze a curved cantilever beam’s static and dynamic analysis with different cross-sections and different curvature
types by varying load and direction (Mathiyazhagan &
Vasiraja, 2013).
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Other research described the FE analysis of non-linear
and linear elastic beams, while considering the shear deformation, and derived a new formulation for the linear beam
and discussed the theory of Reissner for non-linear beams
(Ibrahimbegoviæ, & Frey, 1993). Bagci (1991) showed the
exact elasticity solutions of curved beams for stresses and
deflections and developed the expression of tangential, radial stresses for different conditions, moment, force, and combined loading for different cross-sections exponentially varying trapezoidal and T-sections. As the high-rise building
increases, due to the increasing population, curved beams
are becoming popular for different construction projects,
including highway crossing, metrorail, the bridge on the big
river, etc. Subramani et al. did the FE analysis for the composite concrete structure (2014). Lin and Lin (2011) used
the Lagrangian and Eulerian to derive the finite deformation
analysis, while taking into consideration the deformed curvature radius under static loading and presented analytical
solutions of the circular beam compared the results of ANSYS analysis.
Curved beams also have been used for energy harvesting.
Nahid Hasid researched a THUNDER, which is a curved
piezoelectric energy generator by finite element methods
(Hasan, 2018). Curved beams have vast application areas,
due to some unique advantages. One of which is the characteristic of keeping the elastic property while deformed to
specific values. Tennis rackets, the arms of a robot, and
stiffeners in aircraft parts are the examples of this kind of
curved beam. A study presented the analytical solution of
laminated curved beams and compared the finite element
analysis with the ANSYS (Lin & Lin, 2011). The curved
beam has also been made of a composite material, as used
in aircraft manufacturing. Ismail (2014) assessed layered
composite material curved beams in theoretical and experimental methodologies by computing the maximums stress
and deflection of layer by layer and detecting the effect of
curvature radius and shape of the curve of twelve cases.

Methods
For this current study, one specific material was used for
calculation and analysis. Table 1 shows the material and
chemical composition of structural steels (ASTM International, 2019); Calderón, Bohórquez, Rojas, & Pertuz, 2021).
For the SOM analysis, three types of curved beams were
considered in calculating the ratio of tangential stress,
square, rectangular, and circular. The authors assumed that
the outer radius was three times the inner radius. Tangential
or circumferential stress (σθ) in a curved beam can be written as Equation 1 (Boresi, Schmidt, & Sidebottom, 1985):

 

N M O  A  rAm 

A Ar  RAm  A 

where,
N = normal traction
M O = applied moment

(1)

R = the distance from the center of curvature of the curved
beam to the centroid of the beam cross-section
r = location of the element
A = the cross-sectional area of the curved beam
Am  

dA
represents dimensions of length
r

Table 1. Material and chemical composition of structural steels.

Property
Density
T ensile Yield Strength
Compressive Yield Strength
T ensile Ultimate Strength
Compressive Ultimate Strength
Chemical Composition (%, ≤)
C
Si
Mn
0.26
0.40
-

Value
7850.00
250.00
250.00
460.00
0.00
P
0.04

Unit
Kg m -3
MPa
MPa
MPa
Pa

S
0.05

Cu
0.20

Assuming, N = 0, tangential stress can be written as
Equation 2:
M  A  rAm 
(2)
  O
Ar  RAm  A 
Assuming that b is the outer radius and a is the inner radius, A, R, and Am can be written as follows (Boresi et al.,
1985):
A = (b-a) (b-a)
R = (a+b) /2
Am = (b-a) ln (b/a)

Now, from Equation 2, tangential stress can be written as
Equation 3:


2
 b 
M O   b  a   r   b  a  ln    
 a 


 
 ab
2
2 
b
 b  a  r  
  b  a  ln     b  a  
a
 2 


 b 
M O  b  a  r ln   
 a 

 
 ab  b 

2
 b  a  r  
 ln    b  a 
2
a







 

M O  2a  r ln 3
4a 2 r  2a ln 3  2a 

 

M O  2a  r ln 3
8a 3 r  ln 3  1

(3)

 when b  3a 
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When r = a, Equation 3 can be written as Equation 4:

 

R = 2a

M O  2a  a ln 3
8a 3 a  ln 3  1

A = πa 2
(4)

 

M O  2  ln 3
8a 3  ln 3  1

When r = b =3a, Equation 3 can be written as Equation 5:
 

M O  2a  3a ln 3
8a 3 3a  ln 3  1

(5)
 

M O  2  3ln 3
24a 3  ln 3  1

The ratio of the tangential stress at r = b and r = a is
defined as γ in Equation 6:



   r  b
   r  a

M O  2  3ln 3
24a 3  ln 3  1

 from Equations 4 & 5
M O  2  ln 3
8a 3  ln 3  1





Am  2 2a 

 

 4a




 b 
M O  b  a  r ln   
 a 

 

2  a  b 
b
0.5  b  a  r  
 ln    b  a 
 4   a 

M  2a  r ln 3
   2O
 when b  3a 
2a r  a ln 3  2a 

M O  2a  a ln 3 M O  2  ln 3
 3
2a 3a  ln 3  2 
2a  ln 3  2 

(8)

M O  2a  3a ln 3 M O  2  3ln 3

2a 3 3a  ln 3  1
6a 3  ln 3  2 

(9)

 

 

     0.479


   r  b
   r  a

M O  2  3ln 3
6a 3  ln 3  2 

M O  2  ln 3
2a 3  ln 3  2 



(7)

M O  2a  r ln 3
2a 3 r  ln 3  2 

2  3ln 3
6  3ln 3

Now, from Equation 2, stress can be derived as Equation
7. When r = a, Equation 7 can be written as Equation 8.
When r = b = 3a, Equation 7 can be written as Equation 9.
The ratio of the tangential stress at r = b and r = a is defined
as γ in Equation 10. For circular cross-sections, A, R, and
Am can be written as follows, where a is equal to b (Boresi
et al., 1985).



M O  A  rAm 
Ar  RAm  A 

(6)

A = 0.5 (b-a) (b-a)
R = (a+b)/2= (3b+b)/2b
Am = 0.5 (b-a) ln (b/a)



 a 2   2 a 2  3



2
 b 
M O  0.5  b  a   r  0.5  b  a  ln    
 a 


 
2  a  b 
2
b
0.5  b  a  r  
 0.5  b  a  ln    0.5  b  a  
a
 2 


 

For rectangular cross-sections, A, R, and Am were different. Given that the width of the rectangular cross-section
was double the height, the height was parallel to the calculation axis, and the height of the rectangular cross-section was
half of the width (Boresi et al., 1985):

2

 from Equations 8 & 9 

(10)

2  3ln 3
6  3ln 3

     0.479
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Now, from Equation 2, stress can be derived as Equation
11:

The ratio of the tangential stress at r = b and r = a is
defined as γ in Equation 14:

 

M O  A  rAm 
Ar  RAm  A 



   r  b
   r  a

 

 

 a r  2a 2 a  2  3    a 




 / M  3  2 3   from Equations 12 & 13
 a  21  12 3   a  7  4 3 



M O  a 2  r 2 a 2  3
2

2

 


 a r  2a 2  2  3    a 



M O  a  r 2 2  3

 

 

 

  
 a r  2a 2  2  3   a 
MO a  r2 2  3

3

(14)

 11  6 3  7  4 3 
 21  12 3  3  2 3 


 
 a r  a 8  4 3   a 

Function 1:
Assume a solution to the biharmonic equation,

2

 

MO a  r 4  2 3



 a3r 7  4 3







  2 1  1  2   2 1  1  2 
 4   2 




  0
r r r 2  2  r 2 r r r 2  2 
 r



  M  3  2 3 
3
 a 7  4 3 

MO a  a 4  2 3



 a3a 7  4

O

3





M O a  3a 4  2 3



M 1  3  4  2 3  

 a 37  4 3 
M 1  12  6 3 

 a  21  12 3 
M  11  6 3 

 a  21  12 3 

where, Φ is an airy function, as in Equation 15 (Den Hartog,
1987):
   a 1 r 3  a 2 r  a 3 r log e r  a 4 r 1  a 24  sin 

(12)

When r = b = 3a, from Equation 11, tangential stress can be
derived as Equation 13:
 

     0.436

For the elasticity analysis, two airy functions were taken
in order to calculate the tangential ratio.

MO a  r 4  2 3

 



O

Elasticity Analysis

2

When r = a, Equation 11 can be derived as Equation 12:



3

2

(11)



M O 11  6 3



 a 3a 7  4 3
3

(15)

Assuming a 24 = 0, Equation 15 can be written as Equation
16:
   a 1 r 3 sin   a 2 r sin   a 3 r log e r sin   a 4 r 1 sin   (16)

Now, radial (σr) tangential (σθ), and shear stress (σre ), can
be written as Equations 17-19:

r 

1  1  2

r r r 2  2

(17)

 2
r 2

(18)

1  2 1 

r r r 2 

(19)

O

3

 

(13)

O

3

O

 r 

3
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a 2  9a 2 9a 2 a 2 


2
a
sin

3
a

 3 
  r  a

1
a
a 


Using MATLAB and putting the value of Φ from
Equation 16 into Equations 17-19, radial, tangential, and
shear stress can be written as Equations 20-22:

 r  sin    2a1r 4  a3r 2  2a4  / r 3

(26)

When r = b, (b = 3a and using the values of a 4 and a 3),


  r b  2a1 sin   9a 

a 2  9a 2 9a 2 a 2 


3a
27a 3 

(27)

 r  sin    2a1r  a3 / r  2a4 / r 3 

(20)

   sin    6a1r  a3 / r  2a4 / r 3 

(21)

The ratio of the tangential stress at r = b and r = a is
defined as γ in Equation 28:

 r  cos    2a1r  a3 / r  2a4 / r 3 

(22)



the boundary conditions for which are,
 r  a,    r  a,   0
 r  b,    r  b,   0

Applying the boundary conditions from Equations 20 and
22, and given that sin (θ) and cos (θ) cannot be zero, where
θ (degrees) is the angle, the ratio of a3 and a 1 can be derived
as Equations 23 and 24:
When r = a,

2a1a  a3 / a  2a4 / a 3  0
2a  a3 / a1a  2a4 / a1a  0
(23)

When r = b,

a4 / a1  a 2b 2 (from Equation 23)

(24)

From Equation 21, tangential stress can be written as
Equations 25-27:

   sin    6a1r  a3 / r  2a4 / r 3 
(25)



a 2  b 2 a 2b 2 
 3 
r
r 

When r = a (b = 3a and using the values of a 4 and a 3),

(28)

 16a 


3 
 
16a

Function 2:
In this case, the airy function is given as shown in Equation
29 (Budynas, 1977:
(29)

Using MATLAB and inserting the value of Φ into Equations 17-19, radial, tangential, and shear stress can be written as Equations 30-32, respectively:

2b  a3 / a1b  2a4 / a1b3  0

   2a1 sin   3r 


a 2  9a 2 9a 2 a 2 
9
a




3a
27a 3 
 
 from Equations 26 & 27 
2
2
2 2

a  9a 9a a 
 3 
 3a 
a
a 


   c 1 c 2 ln r  c 3 r 2  c 4 r 2 ln r 

2a1b  a3 / b  2a4 / b3  0

a3 / a1  2a 2  2b 2

   r  b
   r  a

     0.330

3

a3 / a1  2a4 / a1a 2  2a 2



r 

  

c2
 2c 3 2c 4 ln r  c 4
r2

(30)

c2
 2c 3 2c 4 ln r  3c 4
r2

(31)

 r  0

(32)

the boundary conditions for which are,

 r  a,    r  a,   0
 r  b,    r  b,   0
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Applying these boundary conditions into Equations 30
and 31, coefficients c2 and c3 can be written as follows:
c 2

c 3

c

2a b ln  b / a 
b  a 
2 2

4

2

c

2

a 1  2 ln a   b 1  2 ln b 
2 b  a 
2

4

2

2

2

28, and 33. The elasticity approach results were slightly
different for the curved beam with a square cross-section
than for the SOM and FE analyses. In this current study, the
authors took two airy functions from the other resources, so
the results may vary slightly depending on the airy function.
For the rectangular cross-section, the tangential stress ratios
were -0.479, -0.490, and -0.426, respectively, for the SOM,
EA, and FE analyses. However, the results for the SOM and
FE showed only minor differences for all types of crosssections.

Now, from Equation 31, and using these two coefficients,
the ratio of the tangential stress at r = b and r = a is defined
as γ can be derived as Equation 33:




  , r  b 
  , r  a 

 2a
 2b

2
2

ln b  2a 2 ln a  a 2  b 2 

ln b  2b 2 ln a  a 2  b 2 

 2a ln  3a   2a
2





2

 18a ln  3a   18a
2

[as b  3a]

ln a  a 2  9a 2 
2

(33)

Figure 3. Mesh model of the rectangular cross-section.

ln a  a 2  9a 2 

  ln  3a   ln a  4 

 9 ln  3a   9 ln a  4 

     0.490

Numerical Analysis
A solid model was created with the Design Modeler of
ANSYS to analyze the curved beam numerically then
meshed and analyzed in ANSYS Mechanical as an application of ANSYS Workbench (Chavan, & Zhou, 2016). Figures 3-5 show the rectangular, square, and circular crosssection mesh models, respectively. FE analysis results of the
rectangular, square, and circular cross-section can be visualized from Figures 6-8, respectively. As the moments were
the same from both ends, symmetry analysis was considered
by keeping the mid-plane fixed. Meshed and analysis were
done for all cases and cross-sections in ANSYS Mechanical
Workbench.

Figure 4. Mesh model of the square cross-section.

Results and Discussion
Tangential stresses were calculated at r = a and r = b.
Figure 1 shows the definitions of radii a and b. Table 2
shows the results of the ratio of tangential stress at r = b and
tangential stress at r = a, defined as γ in Equations 6, 10, 14,
Figure 5. Mesh model of the circular cross-section.
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Conclusions
In this study, the authors compared three ways of calculating the inner and outer surface tangential stress ratios
using SOM, EA, and FEA. SOM showed a similar ratio,
irrespective of the cross-section, validated by the ANSYS
numerical analysis, which showed roughly the same ratio
for all the cross-sections—rectangular, square, and circular.
However, the EA approach differed slightly for the square
cross-section, as it depended on the airy function (Equations
15 and 29). In conclusion, the study showed that the ratio of
the tangential stress was similar among approaches and irrespective of the cross-sections of the curved beams. Part of
this research was presented at a conference as a poster. As
for the material chosen, only one material was considered.
In the future, the tangential stress ratio comparison will be
compared with new machine learning and image processing
(Garfo, Muktadir, & Yi, 2020; Muktadir & Yi, 2021). Also,
studies will be done by varying the cross-sections, increasing the inner and outer radius ratios, and increasing the
number of mesh for the FE analysis.

Figure 6. FE ana lysis results (recta ngula r).
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Study of Atmospheric Plasma Spraying
of Fe-based Materials for Obtaining
Wear-Resistance Coatings
——————————————————————————————————————————————–————
Duong Vu, Duy T an University, Vietnam

Abstract

Table 1. Applications of APS in different industries.
N

Area of industry Application

1

Construction

Construction materials
(Thirumalaikumarasamy, Shanmugam, &
Balasubramanian, 2014)

2

Energy

Gas turbine & airframe components
(Emine & Robert, 2017)

3

Aerospace

Aerospace system (Koutsomichalis,
Vaxevanidis, Petropoulos, Xatzaki,
Mourlas, & Antoniou, 2009)

4

Automotive

Light-weight engine blocks (Vencl, 2011)

5

Biomedical

Cancer treatment (Alisa, Dayun,
Qihui, Andrea, Khyati, Jonathan, &
Michael, 2020)

6

Pulp, paper
machinery

Center press roll, Yankee dryer roll, cutting equipment (Mitchell & Atin, 2013)

7 extile industry
T

Cleaning, roller, tread guides (Andrea,
Fernando, & Antonio, 2014)

8

Renewable
energy

Incineration boiler, wind turbine
(Samantha, 2015)

Introduction

9

Oil & gas
industry

Compressor, pipe, valve (Canan &
Yuk-Chiu, 2013)

The atmospheric plasma spray (APS) process has been
used since the beginning of the 1960s (Fauchais, Vardelle,
& Goutier, 2017). The APS is performed under atmospheric
conditions in a spray booth with an exhaust system to avoid
emissions (Kogelschatz, 2004; Clair, Christelle, Pascal,
Jean, & Philippe, 2006; Jinheng, Na, Ya-Zhe, Chaoping, &
Yongnan, 2019). Spray material must be powdery and flow
easily. APS has advantages over other alternatives, due to
its good mechanical properties and wear resistance. Table 1
shows the wide range of industrial applications of APS. Febased coatings by APS are getting attention, owing to their
attractive mechanical, chemical, and thermal properties.
Therefore, there have been many recent studies on this
theme. In relation to Fe-based coating by APS concerning
the effect of arc power on the wear resistance, it was found
that as arc power increased, the percentage of porosity decreased (Jinheng et al., 2019). However, the range of power
in this current study was limited to 30, 35, and 40 kW. The
porosity of the coatings for the corresponding powers were
7.96%, 6.13%, and 5.75%, respectively. Fe-based coatings
by high velocity oxygen fuel (HVOF) was investigated for
automotive application (Priyan & Hariharan, 2014).

10

Shipbuilding
(marine)

T ransition duct, rotary airfoil, combustor
(Canan & Yuk-Chiu, 2013)

Among all of the plasma spray processes, atmospheric
plasma spraying (APS) is one of the most progressive, due
to its compatibility with a wide range of coating materials
and the reasonable cost of consumable gases. Interest in this
process is increasing with the substitution of expensive materials by Fe-based materials (blend) and the substitution of
inert plasma generation gas by air. Some publications have
underlined the importance of correct spraying parameters,
such as spray distance, plasma gun power, particle size,
particle velocity, substrate roughness, gas flow rate, gas
mixture ratio, and so on. But the main shortcoming of these
studies was that they did not show the simultaneous correlation between all important spraying parameters, especially
the bilateral influence of the process on tribological properties that limited practical application. The aim of this current work was to study the influence of the most critical
parameters that determine the quality of the antifriction
coating in terms of Fe-based materials. The results of the
study are presented in empirical formulas, including all
main spraying parameters and the evaluation of the tribological properties in comparison with traditional materials.

7

The Fe-based coating for the tribo-corrosion application
has been studied in depth (Muhammad, Cheng, Wei, ZhiWei, & Lin, 2016; Koga, Schulz, Savoie, Nascimento, Bolfarini, Kiminami, & Botta, 2017), but the spraying can also
be done by the HVOF system. Fe-based amorphous coatings
are attractive materials for wear-resistance applications in
oil and gas and marine and ship industries (Ma et al,. 2016).
However, there is a need for more investigation on Fe-based
coatings by APS in a range of powers exceeding 40kW,
especially when plasma generation gas is the air. There are
many macroscopic parameters that have an influence on the
quality of the plasma spray coating. Spray-coating characteristics are dependent on feedstock powder properties, substrate surface state, and spray parameters. Many researchers
consider that the adhesion bond strength primarily determines the quality of a coating, while the cohesion bond
strength influences the life of the coating (Ekrem & Fatih,
2012; Ajit & Mishra, 2012; Jiri, Monika, Radek, Pavel, &
Jakub, 2013; Abdul, Nor, Salmiah, & Juri, 2012).
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Given the influence the spraying parameters have on coating quality, it is useful to discuss them in more detail. In a
study by Mohamed, Soha, Madiha, and Khalid (2012), the
authors considered that the most common control parameters were: chemical composition, phase structure and size of
the powder input, substrate temperature, plasma gas, plasma
torch, powder feeder rate, spray angle, and spray distance.
But there is a lack of investigation on analysis of the influence of the main parameters on the adhesion bond strength.
The important information to take from this work is that the
plasma current plays a very important role in increasing the
particle velocity as well as the particle surface temperature.
Once again, Biswajit et al. (2018) reported a similar result:
main plasma spraying operating parameters have a great
influence on the deposition. They concluded that the plasma
gun power plays a significant role in plasma current. In a
more recent study, Odhiambo, Li, Zhao, Li, and Li (2020)
found that samples sprayed under higher current had better
adhesive bond strength and erosion wear resistance. They
also had the lowest wear loss and percentage of porosity.
Additionally, hardness of the base materials was improved almost 10 times in comparison to the lower current
samples. It would be better if they had a formula to show
their quantitative relation. Jeehoon, Byoungchul, and
Sunghak (2005) suggested four types of spraying materials
to improve wear resistance, but obviously they are expensive ones. Jinheng et al. (2019) showed some innovation
with experiments in which Fe-based amorphous powder was
used as the spraying feedstock, and atmospheric plasma
spraying (APS) system was used to deposit the Fe-based
alloy coating. The microstructure, wear behavior, and hightemperature oxidation resistances of Fe-based amorphous
coatings were investigated with samples deposited under
different arc powers. In their experiments, the spraying
power was varied while keeping all remaining parameters
constant. In this current study, the author focused on the
simultaneous correlation between all important spraying
parameters, in case of Fe-based powder and plasma generation gas is the air, especially the bilateral influence of the
process on tribological properties that limited the practical
application. The results of the study are presented here in
empirical formulas, including all main spraying parameters
and the evaluation of the tribological properties in comparison with the traditional materials.

Experiments
APS was utilized in the current experiment (SG-100
TAFA-Praxair, US). The primary gas was air and the carrier
gas was nitrogen. The author assumed that the velocity of
the particles and the temperature would have a strong influence on the coating quality, as recent publications indicated
(Once, 2015; Tejero-Martin, Rezvani Rad, McDonald, &
Hussain, 2019; Lima, Trevixan, 1999). To measure the
velocity of spraying particles, a special high-speed camera,
Shimadzu HPV-1, was used (Buchmann, Cierpka, Kahler,
& Soria, 2014). The average mass temperature of a plasma
jet was evaluated indirectly by enthalpy. The wear
resistance was evaluated via the pin-on-disk test, using
UMT- CETR (US) equipment, according to ASTM G133
standard (with the load on pin of 5MPa), the average speed
of the disk was 420 rpm, the duration of the test was five
hours, and the lubrication mode dropped. All test data were
calculated using the least squares method. Particle size of
the powder was analyzed by a Cilas-1090 device. The substrate was 1020 steel. The phase’s composition analysis of
powder and spaying coating was conducted on a diffractometer by X-ray diffraction (XRD, X-RAY D 5005/SIEMENS,
Germany) at a temperature of 25⁰C with Cu-Kα radiation,
2θ angle scanning from 10⁰ to 70⁰. The surface morphology
of the coating and the topography of the metallic particles
was analyzed using an SEM coupled with energy dispersive
spectroscopy (SM-6510 LV, Japan). The content of oxygen
in the coating was also investigated using a high-end melt
extraction analyzer (G8 Galileo, Germany). The chemical
composition of some Fe-based powders was analyzed by
energy dispersive spectroscopy with an SEM, SM-6510 LV,
Japan. Table 2 shows the experimental data. The composite
powders were mechanically mixed for 10 hours in order to
obtain a uniform composite powder blend. Table 3 shows
the fraction composition of the powders.
Table 2. Chemical composition of powder, % by weight. Note that
the content of Fe in blends is the balance.
Code

C

H-4

0.11

H-10

Cr

B

32.9 0.10

Mo

Ni

Mn

Si

Nb

V

W

3.30

5.0

1.05

0.70

-

-

-

-

-

0.06 35.3 0.40 3.50 10.5 1.05 0.91

-

B-5

0.41

12.5

-

0.70

-

0.54

0.66

0.73

0.35 6.10

X-5

0.73

5.0

0.25

4.20

-

1.25

0.84

0.54

1.20

-

Table 3. Distribution of article upon size.
Code

Mean diameter
µm

Content of articles upon size fraction, %
16
24
32
48
24
32
48
64
24.9

H-4

53.9

0
1
7.7

1
1.5
18.9

1.5
2
14.1

12
16
-

H-10

69.2

-

10.4

16.5

-

-

-

B-5

66.4

-

14.0

21.5

-

-

X-5

72.5

0.9

0.2

0.6

0.5

-

64
96
24.7

96
128
3.2

128
192
6.1

-

16.3

40.8

3.1

12.6

-

-

11.6

35.5

4.0

13.1

-

14.5

4.5

43.4

5.0

13.8
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Results and Discussion

Table 4. Coating hardness before and after heat treatment.

Case study I:
Plasma generation gas wasair. The range of powder size
was 40-100 µm. There were two versions:
1. Current I = 120 A, voltage U = 200 V, flow rate of air
G = 1.19 g/s
2. Current I = 180 A, voltage U = 190 V, flow rate of air
G = 1.25 g/s.

Code

In both modes of spraying, the spraying distance was kept
at L = 120 mm. Table 4 presents the hardness of the
spraying coating before and after heat treatment of the
coatings, measured in accordance with ISO 6507-2 using
FM-100 hardness measuring device (Japan). It can be seen
that the hardness after heat treatment was higher than before
heat treatment.The reason was that the amorphous phase
was partially transformed into a nanocrystalline structure
that could disperse in the coating in order to strengthen it.
Another reason could be that, when the annealing
temperature was 650⁰C, the rich-Cr, Mo phase formed in the
coating, which played the role of solid solution
strenthening. Due to fact that the spraying was done in air, it
was useful to analyze the content of the oxygen of the
powder (before spraying) and coating (after spraying).
Table 5 shows these results.
As can be seen from Table 5, the content of oxygen in the
coating increased but, for the wear resistance, this had a
bilateral effect. In comparison with HVOF spraying, the
content of the oxygen in the coatings by APS was 3-4 times
higher (Koga et al., 2017), due to the fact that the plasma
generation gas was air and the particle velocity in APS was
less than in HVOF deposition. But on the other side, the
presence of oxide of iron in the coating decreased the hardness and helped to improve the wear resistance of this coating. From four types of powders, two (H-10 and X-5) were
selected to evaluate the mechanical property. Table 6 shows
the relative wear resistance. From Table 6, in a similar deposition’s conditions, hardness of blend H-10 was less than
that of blend X-5. Thus, the wear resistance of the X-5
blend was better.

H-4

Version

Hardness before
the heat treatment, H R C

Heat
treatment

Hardness after
the heat treatment, H R C

1

42-43

-

-

2

33-35

4 hours
800⁰C

53-56

1

28-30

4 hours
540⁰C

37-45

2

29-31

4 hours
540⁰C

37-48

1

39-41

4 hours
800⁰C

40-45

2

40-43

4 hours
800⁰C

46-49

1

40-42

4 hours
800⁰C

43-45

2

41-45

4 hours
800⁰C

54-56

B-5

H-10

X-5

Table 5. Content of oxygen in powder and in coating.

Content of the oxygen (%)
Code

H-4

B-5
H-10
X-5

Version

in powder
before spraying

in coating
after spraying

1

0.19

1.70

2

0.19

1.14

1

0.30

1.33

2

0.30

0.07

1

0.18

1.24

2

0.18

0.90

1

0.14

2.15

2

0.14

1.60

Table 6. Modes of spraying and results of wear resistance.
Code

Current
(A)

Voltage
(V)

Distance
(mm)

Hardness
(H R C)

Wear resistance in relative units
Volume of wear

Volume of cavity indention

H-10

120

220

120

40-45

Out of scale

Out of scale

H-10

220

240

120

38-45

Out of scale

Out of scale

H-10

200

200

120

40-42

Out of scale

Out of scale

X-5

120

200

120

48-54

738

116.4

X-5

220

248

120

50-54

752

123.4

X-5

200

200

120

45-49

731

112.9
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Table 7. Results from wea r resista nce tests on some compositions
of materials.
Material of friction couple
coating-substrate (Disk)

Average
coefficient
of friction

Character of working
surface in sample and
disk

(NiAl) + (NiCrBSi)
/Al alloy

0.026

Uniform wear
on whole surface

X-5 / Al alloy

0.075

Uniform wear
on whole surface

X-5 +15% wear resistance
alloy/ Al alloy

0.086

Linear wear 0.1 mm

X-5 + 30% wear resistance
alloy/ Al alloy

0.064

Linear wear 0.1 mm

X-5 + 15% soft alloy
/ Al alloy

0.032

10% surface wear

X-5 + 30% soft alloy
/ Al alloy

0.048

55% surface wear

Cast iron / Al alloy

0.073

Linear wear 0.4 mm

Cast iron + 15% wear
resistance alloy/ Al alloy

0.032

N/A

X-5 + 10% graphite
/ Al alloy

0.032

Linear wear 0.3 mm

X-5 +20% carbon / Al alloy

0.031

N/A

Thus, as observed from Table 6, the higher the plasma
power, the higher the wear resistance of the coating. The
reason for this is that an increase in power affects the acceleration of particles (powder) and the temperature of the jet.
Finally, the density of the coating and the adhesion was
increased. But up to threshold number 5, the wear resistance
began to go down, which caused the content of the oxide in
the coating to increase. From one hand, this content had a
positive effect on the hardness; on the other hand, it decreased the wear resistance. For comparison, a set of depositions was done with powder X-5 and other powders. Table 7
shows the data of the coefficient of friction and the character of surface. Adding about 10-15% soft alloy or graphite
to blend with the X-5 powder helped to reduce the coefficient of friction on the same order as traditional antifriction
material (Ni Al / self-flux alloy).
Case study II:
Influence of the main parameters on the velocity of the particles. Code of powder: X-5; size of particle: 40-100 µm;
variation of plasma power:
1)
2)
3)
4)
5)

x - current I = 120 A
o - current I = 150 A
Δ- current I = 180 A
□- current I = 200 A
⧫ - current I = 220 A

where, I is the current and G is the flow rate of the air.

Figure 1 shows the influence of air flow and current on
particle velocity. The velocity of the particles increased as
the current and flow increased. The velocity of the particles
can be determined using the empirical formula of Equation
1. This formula is derived from the processing data using
the least squares method and computer software. Almost the
same range of spaying parameters was used for the other
blend, 85% Ni + 25% Al, but it is recommended that Equation 2 be used to determine the velocity of the particles:

Figure 1. Influence of air flow in variation of plasma power on
velocity.

V  11.I 0.3 .G 0.9

(1)

V  27.I 0.1.G 0.7

(2)

The difference between the coefficients and exponents is
likely due to the different physical properties of the feedstock powders. Particle velocity is one of the main parameters for obtaining adhesion strength, thus it is useful to note
that for the preliminary design of the Fe-based coatings,
these formulas can be applied, in correlation of the current
and the flow rate of the air. It will appear in the formula of
calculating the adhesion strength in case study IV.
Case study III:
Code of powder: X-5; size of particle: 40 -100 µm; power
of plasma was doubled to about 80 kW.

Table 8 shows the results of the measurement of velocity
and spraying parameters, while Figure 2 demonstrates that
the intensive mode strongly affects particle velocity, due to
an increase in plasma power (see case study II). The maxi-
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mum velocity could be reached at approximately 180 m/s.
The higher the power, the higher the particle velocity. The
particle velocity contributed to kinetic energy in impact
(collision) on the substrate and increased the adhesion bond.
Its contribution will be specified in case study IV. The reason of choosing only powder X-5 was due to the fact that
the content of the Fe reached a maximum value of 85%,
which exceeded that from any other commercial brand (Ma
et al., 2016).

Case study V:
The adhesion bond of the coatings on the steel substrate
was determined by using the universal compression testing
machine (Model HT- 2101 A-300, Taiwan), according to
the ASTM C 633 standard. The feedstock powder brand
was X-5. Figure 4 shows the results of measuring the
adhesion bond and particle velocity.

Table 8. Intensive mode of spa ying of powder X-5 and velocity of
the particles.
Current
(A)

Voltage
(V)

Flow of air
(g/s)

Velocity of
particle
(m/s)

240

260

1.94

117

240

294

2.52

144

240

310

2.75

142

240

315

2.85

153

240

325

3.25

166

240

330

3.28

177

Figure 3. Influence of power a nd flow ra te on the entha lpy

Figure 4. Rela tionship between adhesion bond a nd pa rticle
velocity in variation of feedstock power (powder X-5).
Figure 2. The intensive mode illustration of Table 8.

Case study IV:
Influence of plasma power and the flow rate of the air on
the enthalpy (ΔH) in Figure 3. The interval of the variation
of the flow rate was 0.5 g/s in the range of 0.5 ÷ 3 g/s. Powder X-5:
1) x – current I = 120 A
2) ⧫ - current I =180 A
3) ○ – current I =220 A

The increase of the flow rate of air increased the enthalpy
just until the defined value, since, after this limit, the particle was less heated and the results indicated a decrease of
the enthalpy.

Figure 4 shows that there was a small difference in adhesion bonds for the range of low velocities (less than 40 m/s);
above this range, however, stronger adhesion bonds slowed
down (in the case of I = 120 A). This value of adhesion
bond was a softer slope (in the case of I = 240 A). However,
in this intensive case, the adhesion bond approached a value
of 80 MPa, which exceeded the maximum limit noted in
recent publications (Ville, Heli, Andrea, & Petri, 2015). The
second tendency in changes in adhesion bonding was that,
along with the plasma power increasing, their maximums
(pick) were shifting toward higher velocities. As a result of
analyzing the data, the author is able to present the empirical formula—Equation 3—for representing the simultaneous influence of the three main factors (velocity, temperature, and power via a current) on adhesion strength:
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1
x3
x1
x2
V  H  I  x4  V x5  H x6  I x7  X 8

(3)

where, x 1 = -1.454, x 2 = 0.926, x 3= -0.398, x 4 = 0.003,
x 5 = 0.836, x 6 = - 1.182, x 7 = - 0.9, x 8 = 3598, and where
velocity is in V [m/s], enthalpy is in Δ H [J/g], and adhesion
bond is in MPa.

A more simplified formula for calculation of the adhesion
bond is shown as Equation 4:

  V  H  I  x4
x1

x2

x3

(4)

where, x 1 = 0.023, x 2 = 0.97, x 3 = 0.089, and x4 = 0.003.
Obviously, in practice, it would better to use Equation 5,
as it shows the relationship between the adhesion bond and
the current and the flow of air:

  I x  G x  exp  x3 / G   x4
1

2

(5)

where, σ is the adhesion bond [MPa], I is current [A], G is
flow rate of air [g/s]; also, the values of x are x 1 = 0.6362,
x 2 = -1.9692, x 3 = -1.8503, and x 4 = 11.5676.

Equation 5 is well-suited for applications in the range of
currents between 120 and 220A. By varying the current and
the flow rate of the air, it can be expected to reach a good
adhesion bond, which is one of the main qualities for the
criteria of the coating.

Conclusions
1. One can apply the APS using air as the plasma generation gas to deposit Fe-based powder with optimal
parameters in order to restrain the minimum content of
oxide, which saves costs during deposition.
2. For the spraying material, Fe-based is the favorable
substitution for the more expensive traditional materials. It also provides reasonable wear resistance.
3. When velocities reach 200 m/s, which is the case for
almost all arc plasma jets, the authors developed empirical formulas for evaluating the adhesion bond (see
again Equations 3-5). These formulas help in the design
of the plasma torch and prediction of the adhesion
bond, given the technological parameters of the spraying process.
4. In the future, the development of coatings will be
successfully applied in a high-wear resistance environment, making them good candidates for the integration
of self- lubrication.
5. In practice, by choosing an optimal set of spraying
parameters, one can obtain both wear resistance and
adhesion bond strength in the APS coatings from
Fe-based materials, especially in an environment of air.
6. In the future, it will be useful to continue the study of
the evaluation of partial contribution of the temperature

and the velocity of the particle in adhesion bonding and
cohesion strength in the coating. Particle velocity can
be increased by the innovative construction of plasma
torch in terms of a supersonic jet. At the same time,
these main parameters can be increased by changing the
diameter and the length of the torch channel to increase
the power of the plasma jet. The author expects to be
able to present results in this direction in future publications.
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Abstract
Accelerated life tests performed on heavy duty air filters
for internal combustion engines are difficult, time consuming, and expensive. In these tests, air filters experience dust
loading, which leads to an increased pressure drop across
the filter element. In previous work, a method was developed by which to predict the final pressure drop across filter
elements, based on limited data sets using polynomial curve
fitting techniques. The polynomials employed in the previous study were continuous over the entire time interval of
the accelerated filter life test. From this current study, the
authors present here an improved method for predicting the
outcome of accelerated filter life tests, based on limited data
sets. This method used a first-order (linear) curve fit to
model pressure drop across the filter element during the first
two stages of filter dust loading, and a second-order
polynomial to model pressure drop during the final phase of
the life of the filter. The methods introduced here resulted in
a 4% improvement in final pressure drop prediction, and a
43% reduction in testing time and expense, when compared
to previously developed techniques.

For filter design and quality control purposes, accelerated
life tests are often performed. For heavy duty air filters,
these tests are performed in accordance with the ISO
5011:2020 Inlet Air Cleaning Equipment for Internal Combustion Engines and Compressors - Performance Testing
Standard (International Organization for Standardization,
2020). In this test, months of service life are simulated in a
short period of time. The ISO 5011 standard mandates that
the filter be subjected to cyclic volume flow rates, typically
with ranges between 100% and 20% of the maximum
volume flow rate of the filter being tested. In a typical testing cycle, the air filter being tested might be exposed to
100% of maximum volume flow rate for some period of
time, followed by 60%, 20%, 80%, 60%, and finally 40% of
maximum volume flow rate, each for equal time intervals.
Upon completion of the cycle, a new cycle is begun. Figure
1 depicts one filter testing volume flow rate cycle.

Introduction
Air filters employed for internal combustion vehicle and
equipment engines are classified as light duty or heavy duty.
Light duty air filters are employed on relatively small
engines, which are capable of low output power. These filters typically operate in relatively clean environments with
low levels of dust or other particulate matter in the engine
intake air. In addition, the volume flow rate of air passing
through the filter is relatively small. Heavy duty filters are
employed on larger engines, which produce higher levels of
output power. These filters often operate in “dirty,” often
off-road environments with larger levels of dust and particulate matter present in the air being filtered. The volume flow
rate of air passing through these types of filters is large.
When filters are initially placed in use, the restriction
(pressure drop across the filter element) is small. As the
filter is exposed to particulate matter over time, however,
the pressure drop across the filter element increases. When
the pressure drop across the filter element reaches some
maximum value specified by the original equipment manufacturer (OEM), the filter is considered to have reached the
end of its useful service life. Typical in-service filter lives
are measured in terms of months.

Figure 1. Heavy duty air filter volume flow rate test profile.

During each cycle, standard test dust of known composition and particle size distribution is fed into the air stream
upstream of the filter being tested. This test dust is fed at a
mass rate that is proportional to the volume flow rate of air
passing through the filter element. During the test procedure, the pressure drop across the filter element is monitored. The test is ended when the filter element exhibits
some maximum allowable pressure drop, or when some
maximum amount of testing time has been reached. The
maximum allowable pressure drop is specified by the OEM,
and is often set at some value between 20 and 30in. H2O
(0.7225 psi to 1.084 psi, or 4.982 kpa to 7.473 kpa). The
maximum testing time is also specified by the OEM, and is
typically on the order of 20 hours. Even though the maximum testing time is often on the order of 20 hours, heavy
duty air filter tests typically require days or even weeks to
perform.
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The ISO 5011:2020 standard specifies that ambient temperature must remain between 70°F and 90°F (21.2°C to
32.2°C) and ambient relative humidity must remain between
30% and 65%. When these ambient conditions are not met,
testing must be halted. The test equipment places a severe
load on the climate control systems in the testing facility,
particularly in terms of temperature. Volume flow rates
across heavy duty air filters are often on the order of 500 ft 3/
min (standard cubic feet per minute, scfm), adjusted to
standard sea level conditions (14.7 psia (760 mm Hg) barometric pressure; 80°F (27°C) temperature; standard density
of air 0.002268 slug/ft 3 (1.17 kg/m 3) (International Organization for Standardization, 2020). As a result, the blowers
employed in these tests are large and generate large amounts
of heat, and the ambient temperature in the testing facility is
often exceeded. In addition, noise levels in the testing facility are high, leading to test operator fatigue. Each of these
factors necessitates that heavy duty air filter tests be
performed in numerous small time intervals. As a result,
testing costs are high, often on the order of $15,000.

final test results. Test results were predicted with an error
(difference between the predicted and measured values) of
1.9692 in. H2O. These results were achieved with a 28%
reduction in data collection. From this study, the authors
present here an improved method for the prediction of the
results of heavy duty air filter accelerated life tests based on
limited data sets.

Heavy duty air filter testing is employed to perform quality assurance activities using methods, such as statistical
process control, to satisfy OEM requirements, and to
perform new filter design or existing filter design modification activities. When testing is performed to fulfill OEM
requirements, the test is known as a first-article test. Firstarticle tests must be carried out fully, ending only when the
pressure drop across the filter element has exceeded the
allowable value, or when the maximum testing time has
been achieved. When tests are performed for quality assurance, new filter design, or existing filter design modification
purposes, however, testing time reductions and, therefore,
cost reductions may be achieved if the results of the heavy
duty air filter test may be predicted based on a limited data
set obtained by conducting only a portion of the entire test.
For the collection of statistical process control data, the
actual value of the final pressure drop at the end of the final
test cycle is of less importance than the detection of variations in that value.

The Pf and PC terms may be expanded, as in Equations
2-4:

Filter design parameters having an effect on pressure drop
performance include the filter medium composition, the
number, size, and distribution of pores in the filter medium,
the thickness of the medium, and the geometry (root-to-peak
height and peak-to-peak/root-to-root spacing) of the pleats
(Joubert, Laborde, Bouilloux, Chazelet, & Thomas, 2011).
For new filter design or existing filter design modification
efforts, the comparative results between competing designs
are of importance in determining the effects of design
changes. As a result, a method by which to predict the final
result of a heavy duty air filter pressure drop test based on
limited data sets is desirable. Previous work has been published with regard to the use of curve-fitting techniques by
which the final pressure drop resulting from a heavy duty
air filter test may be predicted (Hubbard, Buyurgan, &
Jones, 2017). In this current study, the authors employed
second- and third-order polynomials for the prediction of

Factors Affecting Air Filter Pressure Drop
Darcy’s Law is commonly employed to model the pressure drop across filtration media (Cheng & Tsai, 1998).
Darcy’s Law is embodied in Equation 1:

(1)

P  Pf  Pc

where, P is the total pressure drop across the filter medium
and dust cake, Pf is the pressure drop across the clean filter
medium, and PC is the pressure drop across the dust cake.

Pf  K1Vf
Pc  K 2 Vf

(2)

M
A

P  K1Vf K 2 Vf

(3)
M
A

(4)

where, K1 is the filter resistance coefficient, K2 is the dust
cake resistance coefficient, Vf is the face velocity of air at
the point of filter medium entry, M is the mass of dust
deposited on the filter medium, and A is the area of filter
medium exposed to air flow.
The filter resistance coefficient (K1) is a function of filter
medium physical characteristics, including pore size and
distribution, medium material, and medium thickness. The
dust cake resistance coefficient (K2) is a function of the
packing efficiency of the dust cake, and dust particle size
and distribution. Endo, Chen, and Pui (1998) formulated
Equation 5:
Pc  18 μVf T

(1 - α){ν(α)}
α

2

κ
2
2 4ln  g

d vg e

(5)

where, T is the thickness of the dust cake, μ is the dynamic
viscosity of the gas being filtered, () is the void function,
 is the dynamic shape factor for the dust particles,  is the
average porosity of the dust cake layer, d vg is the volume
equivalent diameter of the dust particles, and σg is the standard deviation of the particle equivalent diameter of the dust
particles. The dynamic shape factor  was set to unity for
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spherically shaped particles. The void function ()
accounts for dust cake agglomeration, and acts as a modifier
on the dynamic viscosity μ of the gas being filtered.
Employing the formulation of Endo et al. (1998), Darcy’s
Law may be restated as Equations 6-8:
ν(α) 

10(1 - α)
α

(6)

M
ρTA

(7)

α 1-

P  K1Vf  180 μVf T

(1 - α) 2
κ
3
4ln 2 g
α
d vg 2 e

and the dust feeder) and downstream of the filter being tested (between the filter housing and the absolute filter housing). These pressure sensors were employed in order to
measure the pressure drop across the filter media during
testing. Pressure drop across the filter element was also
monitored using a water-type U-tube manometer. Ambient
conditions were monitored using digital instruments during
the test procedure in order to assure compliance with the
ISO 5011:2020 standard, and to obtain data with which to
convert all measured values to standard sea-level temperature and barometric pressure conditions. Ambient data, as
well as pressure and flow rate data were collected and
stored using an analog PC-based data acquisition card.

(8)

where,  is the density of the individual dust particles.
In Equation 4, if face velocity is held constant, then the
mass of the dust cake (M) is the only variable affecting the
pressure drop across the dust-loaded filter medium. In Equations 7 and 8, mass is also the only variable affecting the
pressure drop across the filter media and dust cake, if face
velocity across the filter medium and temperature are held
constant. Note that temperature affects the dynamic viscosity () of the fluid passing through the filter medium. The
temperature range at which accelerated filter life testing was
performed, however, was allowed to vary only to a small
extent. If the rate at which dust is fed into the airstream impinging on the filter is known, then the pressure drop across
the filter medium may be transformed into a function of
time. It is difficult in practice, however, to establish values
for many of the factors in Equations 4-8. From this current
study, the authors present here a simplified technique for
predicting pressure drop as a function of time.

Experimental Design and Testing
Figure 2 schematically depicts the testing apparatus employed in this study. When the blower was in operation, air
entered the system through the ideal flow nozzle. This nozzle provided a gradual, rather than abrupt transition through
which air could enter the system, thereby promoting laminar
flow. Dust was fed into the air stream by the dust feeder.
The dust-carrying air stream entered the filter housing,
which contained the filter undergoing testing. After exiting
the test filter, the air stream passed through the absolute
filter housing. This housing contained an absolute filter media, which collected any test dust that had passed through
the test filter. This filter media would be weighed both before and after testing in order to assess the efficiency of the
test filter. Flow-rate measuring and control devices were
located downstream of the absolute filter housing. Pressure
sensors connected to piezometer rings were located upstream of the filter being tested (between the filter housing

Figure 2. Testing apparatus schematic (Hubbard et al., 2017).

The test dust employed was coarse grade, and was fed at a
rate of 0.025 grams per cubic foot of volumetric air flow.
The volumetric flow rate of air passing through the system,
as well as the dust feed rate, were varied in accordance with
the schedule specified in the ISO5011:2020 standard. Each
volumetric flow rate was held constant for intervals of
10 minutes, and each complete cycle exhibited a duration of
one hour. The test filters described here had a maximum
volumetric flow rating of 420 sfcm. Table 1 details the volume flow rate and dust feed rate employed during each
10-minute interval.

Analysis and Results
In previous studies, a single polynomial regression was
employed in order to predict the pressure drop across the
filter element at the maximum testing time (Hubbard et al.,
2017). However, pleated filters, such as the type of filter
analyzed in this study, experience three dust loading stages:
depth filtration, cake filtration, and a final dust cake build-
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up stage (Joubert et al., 2011). In-depth filtration, dust particles impinge on the clean filter medium and penetrate into
the pores of that medium. This phase of dust loading occurs
in a relatively short time interval. Cake filtration occurs
once the pores of the medium have been loaded with dust.
During the cake filtration stage of dust loading, a dust cake
develops on the surface of the medium. Once the surface of
the medium has developed a thin dust cake, the final dust
cake build-up stage of dust loading begins. During this
stage, newly impinging dust particles cling to previously
deposited dust particles (rather than to the medium itself),
and the thickness of the dust cake increases with time.

A point of intersection exists in the time-versus-pressuredrop curve at the point in time that marks the end of the
cake filtration stage of dust loading and the beginning of the
final dust cake-build up stage. The point of intersection of
two curves described by different functions is known as a
“knot” (Coopersmith, 1983). For times less than the time at
the point of intersection, the time-versus-pressure-drop
curve was essentially linear, and for times greater than the
time at the point of intersection the curve was non-linear in
nature. An examination of the curves depicted in Figure 3,
however, reveals that the location of the knot in each curve
is subject to interpretation.

Table 1. Volume flow rate of air and dust feed rates.

Stress-strain curves obtained from tensile tests of many
metallic materials exhibited similar behavior. In the elastic
deformation region, these curves were essentially linear,
while in the plastic deformation region, these curves became
exponential in nature. When the point of transition from
elastic to plastic behavior is ambiguous, the offset yield
strength is often employed in order to remove ambiguity.
This type of method, though, is somewhat arbitrary.
Arbitrary methods were initially employed in this study, as
well. The results (in terms of the error between the predicted
pressure drop value and the actual, measured pressure drop
at the end of the test) varied significantly from one filter to
another. A less arbitrary method for determining the time
and pressure drop value associated with the knot exhibited
by the time-versus-pressure-drop curves was developed and
is embodied in Equations 9-11:

T ime Period
(minutes)

Volumetric flow rate
(cubic feet per minute)

Dust feed rate
(grams per minute)

0

420

10.5

10

252

6.3

20

84

2.1

30

336

8.4

40

252

6.3

50

168

4.2

During the depth filtration and cake filtration stages of
dust loading, pressure drop across the filter medium tends to
exhibit a linear relationship with respect to time (Joubert et
al., 2011). During the final dust cake build-up stage of dust
loading, this relationship tends to become non-linear. Since
the depth filtration stage of dust loading is brief, the timeversus-pressure-drop function during the depth filtration and
cake filtration stages of dust loading was modeled using a
single first-order (linear) polynomial. Data was collected
from full first-article tests for eight heavy duty air filters
using the testing profile depicted in Figure 1 and detailed
numerically in Table 1. Figure 3 graphically depicts the
filter restriction data collected during the testing of these
eight filters. Note that data for the maximum rated flow rate
were collected once per hour, and the test was terminated
upon reaching 20 hours of testing time. As a result, data
exists for hours 0-19.

Figure 3. Time versus pressure drop for eight test filters.

n

m avg =

  P
i 1

i

- Pi 1 

(9)

n

mi = Pi - Pi 1

(10)

d = m avg - mi

(11)

where, m avg is the average slope of the time-versus-pressuredrop curve from time zero until the time at which the
current data point is being evaluated, i is the time (hr)
associated with the data point at which the curve is being
evaluated, Pi is the pressure drop value (in. H 2O) measured
at the current time i, Pi-1 is the pressure drop value associated with the previous data point, m i is the instantaneous
slope of the time-versus-pressure-drop curve at time i, and d
is a value known as the discriminant. The discriminant is the
difference between the average slope of the time-versuspressure-drop curve from time zero until the current time
and the slope of the curve between the point being evaluated
and the previous data point.
The data depicted in Figure 3 were collected using analog
voltage output pressure transducers, and recorded using a
12-bit analog PC-based data acquisition card. Some electrical and/or radio frequency noise may be expected to be pre-
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sent in the signal. The calculation of average slope (m avg)
was employed in order to reduce the level of noise present
in the signal. Averaging is a commonly employed technique
for noise rejection in signals (Janajreh, Sajjad, & Janajreh,
2021). This technique is analogous to the use of a low-pass
noise filter in signal processing applications (Weyori &
Boateng, 2013). As the time-versus-pressure-drop data transition from the linear region into the higher-order polynomial region, the slope of the curve, which was constant in the
depth filtration and cake filtration regions, became variable
and increased. The discriminant was employed in order to
detect this transition. The use of the discriminant is analogous to the use of a high-pass filter. The discriminant was
employed in order to reject minor variations between the
instantaneous and average slopes of the time-versuspressure-drop curve, and “pass” large variations between
these two values. When the discriminant had achieved a
negative value, and one that possessed an absolute value
larger than some threshold value, the filter was considered
to have entered the final dust cake build-up phase of dust
loading. Collectively, the use of averaging for noise rejection in conjunction with the discriminant is analogous to the
creation of a bandpass filter in digital signal processing.
Table 2. Time-versus-pressure -drop data, slope, and discriminant
results (Filter 1).
T ime (hr)

P
(in. H2 O)

0

4.1

1

4.4

0.3

2

4.7

0.3

0.300

4.4410-16

3

4.8

0.1

0.233

0.133

4

5.1

0.3

0.250

5

5.3

0.2

6

5.4

7

mi

m avg

d

A threshold value of the discriminant of d<0 was initially
employed to determine the transition from the depth/cake
filtration phases to the final dust cake buildup phase. This
threshold value, however, provided poor results, since some
noise remained present in the signal even after averaging
techniques for noise reduction were employed. Varying the
threshold value of the discriminant had an effect on the error between the predicted and measured values of final pressure drop. For the type of heavy duty air filter evaluated in
this study, a threshold discriminant value of -0.1 provided
acceptable (small) error values.
As an example, Table 2 details time-versus-pressure-drop
data for Filter 1, as well as m avg, mi, and d results for each
data point. The discriminant value was less than -0.1 at
12 hrs. The knot was placed one time interval prior to that
time. As a result, the time at which the knot was encountered was set at a time of 11 hrs. Using this method, the time
associated with the knot was evaluated for each of the filters
for which test data were analyzed. Table 3 details these results. At times less than or equal to the time associated with
the knot, a first-order curve fit was applied to the timeversus-pressure-drop data. Figure 4 depicts the time-versuspressure-drop curve for a time less than the time associated
with the knot for each filter.
Table 3. Filter knot times.
Filter

T ime at knot (hr)

1

11

2

11

3

12

4

11

-0.050

5

12

0.240

0.040

6

12

0.1

0.217

0.117

7

11

5.6

0.2

0.214

0.0143

8

10

8

5.8

0.2

0.213

0.0125

9

6

0.2

0.211

0.0111

10

6.2

0.2

0.210

0.0100

11

6.4

0.2

0.209

0.009

12

6.8

0.4

0.225

-0.175

13

7.3

0.5

0.246

-0.254

14

7.7

0.4

0.257

-0.143

15

8.2

0.5

0.273

-0.227

16

8.6

0.4

0.281

-0.119

17

9.4

0.8

0.312

-0.488

18

9.9

0.5

0.322

-0.178

19

10.8

0.9

0.353

-0.547

Figure 4. Depth filtration and cake filtration at time-versuspressure drop.
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The first-order curve fit equation has the form of
Equation 12:

The second-order curve fit equation has the form of
Equation 13:
P2 = K 0 + K1 t + K 2 t 2

(12)

ΔP1 = C0 + C1t

(13)

where, C 0 and C1 are constant coefficients, t is time
expressed in hours, and P1 is pressure drop expressed in
in. H 2O.

where, K0, K1, and K2 are constant coefficients, t is time
expressed in hours, and P2 is pressure drop expressed in
in. H 2O.

Table 4 details the coefficient of determination (r2) values
and coefficient values obtained from first-order curve fits of
data taken at times prior to the time associated with the
knots for Filters 1 through 8.

Table 5 details the coefficient of determination (r2) values
and coefficient values obtained from second-order curve fits
applied to data taken at times greater than or equal to the
time associated with the knots for Filters 1 through 8.

Table 4. First-order curve parameters, depth/cake filtration.

Table 5. Second-order curve parameters, final dust cake build-up.

Filter

r2

C0

C1

Filter

r2

K0

K1

K2

1

0.993631

4.017

0.200

1

0.997044

5.968

-0.239

0.0258

2

0.986673

4.478

0.255

2

0.999398

7.377

-0.351

0.0315

3

0.994258

4.512

0.239

3

0.995648

6.918

-0.254

0.0256

4

0.993622

4.014

0.235

4

0.998348

6.873

-0.357

0.0306

5

0.992442

4.512

0.266

5

0.998383

8.347

-0.459

0.0344

6

0.991625

4.640

0.274

6

0.999080

13.021

-1.105

0.0577

7

0.985907

4.279

0.260

7

0.998676

8.013

-0.475

0.0376

8

0.989731

3.932

0.257

8

0.998910

6.003

-0.225

0.0269

At times greater than the time associated with the knot,
second- and third-order curve fits were applied to the data
set associated with each filter. Second-order curves exhibited high coefficient-of-determination values. An increase in
the order of the curve fit to each data set resulted in only
marginal improvement in the r2 value. As a result, secondorder curves were employed to model the data. Figure 5
depicts the second-order curves applied to the data for each
filter at times greater than or equal to the time associated
with the knot.
Figure 5. Fina l dust ca ke build-up time-versus-pressure drop
(Filter 1).

Using the general expression for second-order curves
embodied in Equation 13, it is possible to derive expressions for the coefficients K0, K1, and K2 in terms of data
collected at t<tknot if one additional boundary condition is
applied. As a result, the final value for pressure drop across
the filter element may be estimated using data collected
only during the depth filtration and cake filtration stages of
dust loading in conjunction with one additional boundary
condition. As a matching condition, the slope of the depth
filtration/cake filtration first-order curve was set equal to the
slope of the final dust cake build-up second-order curve at
the knot, as in Equation 14:
dP1
dt

=
t = t knot

dP2
dt

(14)
t = t knot

where, P1 is the first-order P function associated with the
depth filtration and cake filtration stages of dust loading,
P2 is the second-order P function associated with the final dust cake build-up stage of dust loading, t is time expressed in hours, and tknot is the time at which the cake filtration stage of dust loading ends and the final dust cake buildup stage of dust loading begins.
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The first derivatives of the P1 and P2 functions are
presented in Equations 15 and 16, respectively:
dP1
dt
dP2
dt

Substituting Equation 24 into Equation 23 results in
Equation 25:
2
2
C1 +K 2 t knot
+  C1 -2K 2 t knot  t final +K 2 t final
=C0 +C1t knot +r

= C1

(15)

= K1 + 2K 2 t knot

(16)

t = t knot

Solving Equation 25 for the constant K2 results in
Equation 26:
K2 =

t = t knot

Setting the right-hand terms in Equations 15 and 16
equal, and solving for K1, results in Equation 17:
K1 = C1 - 2K 2 t knot

P1 t = t

knot

= P2

C0 + C1t knot = K 0 + K1 t knot + K 2 t knot

(19)

A boundary condition is given by Equation 20:
t = t knot

+r

(20)

where, P2 final is the differential pressure drop across the
filter element at test termination, and r is the rise in pressure
drop across the filter element between tknot and test termination. Substituting Equation 13 into Equation 20 results in
Equation 21:
2
K 0 + K1t final + K 2 t final
= P2

t = t knot

+r

(21)

Substituting Equation 17 into Equation 19 results in
Equation 22:

2
C0 + C1t knot = K 0 +  C1 - 2K 2 t knot  t knot + K 2 t knot
2
K 0 = C0 + K 2 t knot

C1 +K t

+  C1 -2K 2 t knot  t final +K t

2
2 final

= P2

(22)

t = t knot

+r

(23)

Employing the matching condition embodied in Equation
18 in conjunction with Equation 12 results in Equation 24:
P2 t = t

knot

= P1 t = t

knot

(22)

= C0 + C1t knot

P1 t = t

knot

- P1 t = 0

(27)

t knot

C0 = P1 t = 0

(28)

The constant coefficients K0 and K1 depend only on the
time at which the knot occurs, the slope of the linear region
of the time-versus-pressure-drop curve associated with the
depth filtration and cake filtration stages of dust loading
(C1), and the constant coefficient K2. The constant coefficient K2 depends on the time at which the knot occurs (tknot),
the time at which the test is to be terminated (tfinal, which is
a known quantity), the slope of the linear region of the timeversus-pressure-drop curve, and the rise in differential pressure across the filter element, which occurs between t knot and
t final.
Table 6 details the values of differential pressure rise (r)
values for each of the eight filters for which data were
collected in this study.
Table 6. Filter rise (r) va lues.

Substituting Equations 22 and 17 into Equation 21 results
in Equation 23:
2
2 knot

2
K 0 = C0 + K 2 t knot

The slope and intercept of the first-order curve associated
with the depth filtration and cake filtration stages of dust
loading are provided in Equations 27 and 28:

Equating Equations 12 and 13 at t = tknot results in
Equation 19:

P2 final = P2

(17)

C1 =

2

(26)

K1 = C1 - 2K 2 t knot

(18)

t = t knot

C  t knot - t final  + r
2
t
- 2t knot t final + t final
1
2
knot

Equations 17 and 22 are repeated here for convenience:

(17)

A second matching condition may be obtained through
the observation that the piecewise function described by P1
and P2 is continuous at t = tknot. This boundary condition is
embodied in Equation 18:

(25)

(24)

Filter

r (in. H2 O)

1

4.4

2

4.4

3

3.9

4

4.6

5

4.3

6

4.9

7

5.3

8

5.1
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The Shapiro-Wilk test performed on these data results in
a P value of 0.862, where P is the probability of finding the
observed or larger deviation from normality in the sample if
the distribution is exactly normal in the population. Typically, P values resulting from this test and having values larger
than 0.05 indicate that there is reason to believe that the data
are normally distributed. The standard deviation of these
data was 0.461 in. H 2O. The data detailed in Table 6 exhibits a mean value of 4.6 in. H 2O and a range of 1.4 in. H 2O.
Since the rise-value data can be assumed to be normally
distributed, 99.73% of all values in the population of rise
values for this filter were expected to lie within ±3 of the
mean, where  is the standard deviation of the normal distribution of data. The largest rise value to be expected in the
population was (4.6 + 3(0.461)) in. H 2O = 5.98 in. H 2O, and
the smallest rise value to be expected in the population was
(4.6 - 3(0.461)) in. H 2O = 3.22 in. H 2O. Table 7 details the
greatest and least errors in predicted final pressure drop
using these extreme values, as well as those obtained using
the mean rise value of 4.60 in. H 2O. Table 7 also details the
error bandwidth between predicted and measured final pressure drop values for each rise value, where error bandwidth
was the difference between the greatest and least error
obtained by evaluating the predicted and measured final
pressure drop values for each of the eight filters for which
data were available. Note that a positive error represented
an over prediction of final pressure drop, and a negative
error value represented an under prediction.
Table 7. Errors and error bandwidths between predicted and
measured final pressure drops.
Rise
value (r)
(in. H2 O)

Greatest error
between predicted and measured
values (in. H2O)

Least error between predicted
and measured
value (in. H2O)

Error
bandwidth
(in. H2 O)

5.98

1.58

-2.42

4.00

4.60

0.70

-3.10

3.80

3.22

-1.18

-5.18

4.00

Figure 6 depicts measured and predicted results using
r = 5.98 in H2O, r = 4.60 H2O, and r = 3.22 H2O for
Filter 1.
In the previous study, continuous second- and third-order
polynomials were employed to predict final pressure drop
values (Hubbard et al., 2017). These polynomials were continuous over the interval t = 0 to t = tfinal. No reduction in
data collection was apparent from the results of the analyses
in that study, when pressure drop was measured at the maximum-rated air flow of the filter, third-order polynomials
were employed, and a test uncertainty ratio of 4:1 was
imposed. When second-order curves were employed to
model the time-versus-pressure-drop curve at the maximum
rated air flow, error bandwidths of 4.17 in. H 2O were
obtained using 14 hours of data-collection time.

Figure 6. Measured and predicted final pressure drop results.

Employing the methods described here, an error bandwidth improvement of approximately 4% was realized using
11.375 hours of data-collection time, on average. This 4%
reduction in error bandwidth was associated with a reduction in data-collection time (and, therefore, testing expense)
of 43%, when compared to the previous method (Hubbard
et al., 2017). The method developed in this study is acceptable for use in statistical process control analyses. Commonly
employed heuristics for use with X-Bar control charts,
which monitor the centering of the distribution of data
collected from the process, and R-Bar control charts, monitor the dispersion of data (Suman & Prajapati, 2018;
Montgomery, 2020).
If error exists between the predicted value of final pressure drop and the “true” value of final pressure drop, these
(and other) heuristics employed in statistical process control
are not affected. The method described here is suitable for
existing filter design optimization and new filter design.
After the completion of one entire first-article test, the rise
value measured during that test may be employed as modifications are made to the original filter geometry. Since all
analyses performed in filter design optimization are comparative, the method described in this paper is valid.

Conclusions
In this paper, the authors presented an improved method
for the prediction of the results of accelerated filter life tests
using limited data sets. The methods described here resulted
in significant time and cost savings in the performance of
these types of tests, as well as an improvement of test prediction results of 4%, when compared to previously developed techniques. In addition, the methods described here
resulted in a data-collection savings of 43%, as compared to
previously developed methods. Previously developed methods employed polynomial curve fits applied in a continuous
manner over the entire testing period. In this current work, a
first-order polynomial was employed to model pressure
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drop across the filter element during the depth filtration and
cake filtration phases of dust loading, and a second-order
polynomial was employed to model pressure drop during
the final dust cake build-up stage of dust loading. Techniques with which to identify the time at which the cake
filtration phase ends, and the final dust cake build-up phase
begins were described in this paper. In addition, techniques
by which to determine the coefficients that characterize the
second-order polynomial employed to model the final dust
cake build-up stage of dust loading were developed.
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