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PRELIMINARY DESIGN OF A DIAGRID TALL BUILDING
——————————————————————————————————————————————–———–
Mohammad T Bhuiyan, West Virginia State University; Roberto Leon, Virginia Tech

Abstract
A triangulated exoskeleton structural system, or diagrid,
has emerged as a structurally efficient and architecturally
valid solution for tall buildings. The diagrid creates a highly
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. The objective of this paper is to present
the preliminary design methodology for a diagrid structural
system for tall buildings. Three buildings with different
heights (82, 64, and 38 stories with heights of 287m, 224m,
and 133m, respectively) and footprints (with plan dimensions of 48m x 48m, 52m x 35.5m, and 33m x 33m, respectively) were selected for this study. The preliminary design
and optimization follows an iterative approach by satisfying
drift and acceleration limits, while reducing section sizes
and changing the structural system geometry. Equations
derived in the study were used to obtain the preliminary
member sizes of the buildings. These preliminary member
sizes were checked for suitability under earthquake and
wind loads at the preliminary design stage. After a few iterations, preliminary structures were obtained.

angle refers to the inclination of the diagonal member with
respect to the horizontal plane (see Figure 1). As a real
structure needs to resist both shear force and bending moment, it is expected that the optimal angle of the diagonal
members of a diagrid structure will fall between these two
angles. Short buildings with a low aspect ratio (height/
width) behave like shear beams, and tall buildings with a
high aspect ratio tend to behave like bending beams. Thus,
it is expected that as the building height-to-base width increases, the optimal angle also increases. Studies of 60-story
structures, shown in Figure 1 with different diagonal angles
(34°, 53°, 63°, 69°, 76°, 82°, and 90°), reveal that the buildings with a diagonal angle of 69° produce the minimum
horizontal displacement at the top story [2]. Figure 1 used a
constant inclination of braces along the entire height of the
structure. In contrast, other studies showed that better performance for a diagrid structure with high aspect ratio can
be achieved through a change in diagonal angles along the
height of the structure.

Introduction
“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 design” [1]. 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. At
the conceptual design stage, for a very tall building design,
several structural systems are examined using approximate
or simplified analyses to come up with a preliminary structural system for the building. The objective of this paper is
to present the preliminary design methodology for a diagrid
structural system for tall buildings.

Optimal Angle of Diagrid Members
With some approximate calculations, Moon et al. [2] found
that: a) the optimal angle of the diagonals necessary to
achieve maximum shear rigidity for a diagrid system is
about 35° and b) the optimal angle of the diagonals necessary to achieve maximum bending rigidity is 90°. Here,

Figure 1. Sixty-Story Structures with Various Diagonal Angles
for Finding the Optimal Angle
Note. From “Diagrid Structural systems for tall buildings:
Characteristics and methodology for preliminary design,” by
Moon et al. (2007), The Structural design of tall and Special
buildings, 16, 205-230. Reprinted with permission.

Shear Stiffness and Bending Stiffness of a
Diagrid Structure Module
The working principle of a diagrid system is to convert
global building moment, shear and torsion into “axial action” in the diagonal brace elements. This may be visualized
as in Figure 2, where an eight-story diagrid structure mod-

——————————————————————————————————————————————————
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ule is shown. Note in this figure the definition of flange and
web planes, as they relate to the direction of loading. A
stiffness-based approach [3] was followed in this section to
study the shear and bending stiffness of a diagrid module.
The building was modeled as a column, and subdivided
longitudinally into modules, according to the repetitive diagrid pattern selected. Each module was defined by a single
set of diagrids that extend over n stories. Figure 2 illustrates
the case of an eight-story module. For this approach, diagonal braces are predominantly undergoing axial action; the
contributions of bending and torsional forces to deformations are not significant. Therefore, it was assumed that
axial deformation of braces would be the primary contributor to the total building deformation and, consequently,
bending, shear and torsional deformation of braces were
neglected in this preliminary analysis.

(a) Shear Deformation of the Module (see Figure 2):
A Portion of the Web Plane is Shown

m2
v
ß

B
(b) Bending Deformation of the Module (see Figure 2):
A Portion of the Flange Plane is Shown
Figure 3. Deformation of the Module under Different Loads

Total module shear, V , can be determined using Equations (2) and (3) (see also Figure 2):

Figure 2. Eight-Story Diagrid Structure Module

Shear Stiffness
Figure 3(a) shows only two diagonal braces from the
module shown in Figure 2: a shearing force of v 2 contributes
to a horizontal displacement of Δu. This can easily be
shown by Equation (1):

AE

v2  2  d d cos2   u
 Ld


(1)

where, θ is the inclination of the diagonal; A d is the crosssectional area of diagonals; Ed is Young’s modulus of the
diagonal material; and L d is the length of the diagonal.

A E

V  2 N w  d ,w d cos 2   u
 Ld


(2)

V  KT  u

(3)

where, N w is the number of diagonals in one web plane of a
module and the equivalent shear stiffness, K T, can be determined using Equation (4):

A E

KT  2 N w  d ,w d cos 2  
 Ld


(4)

——————————————————————————————————————————————–————
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The relationship between K T and the equivalent average
module transverse shearing strain, γ, is can be found using
Equation (5):

 

u
V

h
KT h

(5)

Bending Stiffness

the preliminary studies. At the beginning, this study utilized
the strain distribution in Figure 4(a) for preliminary sizing
of the lateral load resisting system. However, studies discussed on the later parts of this paper reveal that a preliminary design based on a triangular bending and uniform shear
strain distribution [see Figure 4(b)], combined with a variation of diagonal angles along the height of the structure,
yields much better performance.

Figure 3(b) shows only two diagonal braces from each
flange plane of the module shown in Figure 2. The bending
moment of m 2 that contributes to a rotation of Δβ to the
overall deformation of the module can be found using Equation (6):

 B 2 Ad Ed

m2  2 
sin 2   
 2 Ld


(6)

The total moment of the module, M, can be determined
using Equations (7) and (8):

 B 2 Ad , f Ed

M  Nf 
sin 2   
 2 Ld

M = KB∙ Δβ

(7)
(a) Uniform Curvature and Shear Strain Distribution

(8)

where, N f is the number of diagonals in one flange plane of
the module (see again Figure 2).
Bending stiffness, K B, can be found from Equation (9):

 B 2 Ad , f Ed

KB  N f 
sin 2  
 2 Ld


(9)

If bending strain is constant over the height of the mod

ule, then   h is the contribution of bending strain to the
overall deformation.

Specifying the Shear and Bending
Deformation
Moon et al. [2] stated that optimal design from a motion
perspective corresponds to a state of uniform shear and
bending strain (deformation) along the height of the structure under the design loading. Such a distribution is possible
as the bending and shear stiffness of the module correspond
to those of a truss, where such a distribution is made possible by artful distribution of member sizes. They applied the
principle of uniform shear and bending deformation along
the height of the structure, as shown in Figure 4(a), for all of

(b) Triangular Curvature Distribution and Uniform Shear
Strain Distribution
Figure 4. Shear and Bending Strain Distribution along the
Height of the Structure

Uniform Bending and Shear Strain
Distribution
If the members of the lateral load resisting system are
proportioned to achieve a uniform bending and shear strain
distribution along the height of the building [see Figure 4

——————————————————————————————————————————————————–
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(a)], and assuming the diagrid structure is modeled as a cantilever beam, the deflection at the roof level of the structure
is given by Equation (10):

u ( H )  H 

H 2
2

(10)

where, γH is the contribution from shear deformation;
H 2

is the contribution from bending; γ is the uniform
2
shear strain; and, χ is the uniform bending strain (curvature)
along the height of the structure.
In order to specify the relative contribution of shear versus bending deformation, a dimensionless factor S is introduced, which is equal to the ratio of the displacement at the
top of the structure, due to bending and the displacement
due to shear, and which can be determined from Equation
(11):
H 2
(11)
H
s 2

H
2
The maximum allowable displacement is usually expressed as a fraction of the total building height, u(H)=H/α,
where typical values range from H/500 to H/400. Combining Equation (10) and (11), this allowable displacement can
be found using Equations (12)-(14):

u ( H )  (1  s )H  H / 




1
(1  s )

2s
H (1  s )

(12)
(13)
(14)

From these, a parametric study can be carried out to find
the optimum value of S. Equations (13) and (14), then, will
yield the design values for γ, and the rotation (Δβ) at the top
of each module [see Figure 3(b)] can be obtained by summing the curvature along the height of the module. If χ is
the uniform curvature then, Δβ=χ.h is the rotation at the top
of the module.
Inputting the value of γ into Equations (4) and (5), and the
Δβ value into equation (7), the member sizes (crosssectional area) of the module can be computed from Equations (15) and (16):

Ad ,w 

VLd
2 N w Eh cos 2 

(15)

Ad , f 

2 MLd
N f B Eh sin 2 

(16)

2

where, A d,w is the required cross-sectional area of the diagonal members of the web plane (see Figure 2) to resist the
module shear force of V ; and A d,f is the required crosssectional area of the diagonal members in the flange plane
(see Figure 2) to resist the module bending moment of M.

Triangular Bending and Uniform Shear
Strain Distribution
If the members of the lateral load resisting system are
proportioned to achieve a triangular bending and uniform
shear strain distribution along the height of the building, as
shown in Figure 4(b), and assuming the diagrid structure is
modelled as a cantilever beam, the deflection at the roof
level of the structure can be given by Equation (17):
1
u ( H )  H  H 2
3

(17)

where, γH is the contribution from shear deformation;
1
H 2 is the contribution from bending; γ is the uniform
3
shear strain; and, ϕ is the bending strain (curvature) at the
base of the structure—whereas curvature at the top of the
structure is zero, as shown in Figure 4(b).
In order to specify the relative contribution of shear versus bending deformation, a dimensionless factor, s ' , is
introduced, which is equal to the ratio of the displacement at
the top of the structure, due to bending and the displacement
due to shear. The value of s ' can be found using Equation
(18):

1
H 2
s'  3

H
 H  3

(18)

Assuming an allowable displacement, and combining
Equations (17) and (18), the deflection at the roof level of
the structure is given by Equations (19)-(21):

u( H )  (1  s ') H  H / 

(19)



1
(1  s ')

(20)



3s '
H (1  s ')

(21)

Again, a parametric study was carried out to find an optimum value of s ' , at which point Equations (20) and (21)
will yield γ and χ, respectively. Inputting the value of γ into
Equations (4) and (5) and the value of Δβ into Equation (7),
the member sizes (cross-sectional area) for this strain distribution can be computed using Equations (22) and (23):

——————————————————————————————————————————————–————
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VLd
2 N w Eh cos 2 

(22)

2 MLd
N f B E    sin 2 

(23)

Ad ,w 

Ad , f 

2

Preliminary Design Studies for the
64-Story Building
The methodology presented in the previous sections was
are applied to the 64-story diagrid structure. Several iterations were carried out to determine the optimal preliminary
member sizes and configuration of the diagrid structure so
that it could resist both earthquake and wind action efficiently. Although several iterations were carried out, only
two iteration steps are presented here.

Iteration 1
The design assumptions used for this iteration are: (i)
uniform bending and shear strain distribution along the
height of the structure [see Figure 4(a)]; (ii) constant inclination of braces along the entire height of the structure (see
Figure 1); and, (iii) member sizes are proportioned in such a
way that a wind drift of H/500 is achieved. The first step is
to divide the structure into appropriate structural modules.
As indicated earlier, an inclination of about 69° was suitable
the selected eight-story module (see again Figure 2). The
inclination of the diagonals on the long face (LF) of the
module was 64.9°, and for the short face (SF) was 67.4°,
which are well within optimal limits. Eight 8-story modules,
then, produce the 64-story structure.
The shear forces and bending moments for each module
were calculated based on equivalent static wind loads [4].
Following the calculation steps presented earlier, the member sizes of all the stories were calculated in order to satisfy
both shear and bending requirements [4]. Table 1 presents
the preliminary choices of pipe sections for all of the diagonals of the building. The structure having the preliminary
design of Table 1 was analysed with SAP2000 for modal
properties. Figure 5(a) shows the mode shapes in the two
translational directions. It is evident from the figure that the
mode shape lines are not smooth enough, especially in the
upper part of the structure. The fundamental periods in the
two translational directions were T 1Z = 4.76 sec and
T1X = 3.61 sec and, in the torsional direction, T 1Y = 1.42 sec.
The inter-story drift plot [see Figure 6(a)] due to wind
shows that the lower part of the structure is extremely stiff
and the upper part of the structure is very soft and overall
the response of the structure is not satisfactory.

For a quick and very crude estimate of the structure’s
response to earthquake loads, a non-linear model of this
preliminary structure was developed in SAP2000 using an
axial link element. The axial link element used can have non
-linear hysteretic deformation in the axial direction of the
diagonal braces. A bi-linear force-deformation relationship
was used for all of the braces. The Kobe earthquake motion
at Takarazu station was used to perform a 3D nonlinear time
history analysis. Figure 7(a) shows the inter-story drift of
the structure; it is evident that the overall response of the
structure was not satisfactory, as the top part of the structure
was again very flexible when compared to the bottom part
of the structure.
Table 1. Preliminary Member Sizes for the 64-Story Diagrid
Structure (Iteration 1)
Story

Pipe section for long
face members

Pipe section for short
face members

1st – 8th

900mm dia, 100mm
thickness

750mm dia, 60mm
thickness

9th – 16th

830mm dia, 90mm
thickness

750mm dia, 57.5mm
thickness

17th – 24th

750mm dia, 75mm
thickness

750mm dia, 55mm
thickness

25th – 32nd

750mm dia, 55mm
thickness

750mm dia, 50mm
thickness

33rd – 40th

650mm dia, 45mm
thickness

700mm dia, 50mm
thickness

41st – 48th

550mm dia, 35mm
thickness

650mm dia, 42.5mm
thickness

49th – 56nd

500mm dia, 25mm
thickness

600mm dia, 35mm
thickness

57th – 64th

500mm dia, 15mm
thickness

550mm dia, 25mm
thickness

Iteration 2
The design assumptions used for this iteration were: (i) a
triangular bending and uniform shear strain distribution
along the height of the structure [see Figure 4(b)]; (ii) a variation of angle of inclination of the braces along the height
of the structure [see Figure 8(a)]; and, (iii) the member sizes
were proportioned in such a way that a wind drift of H/450
was achieved. Five 8-story modules (see again Figure 2),
two 6-story modules and three 4-story modules were used to
construct the 64-story structure shown in Figure 8(a). Thus,
the inclination of the diagonals was decreased along the
height of the structure. Table 2 presents the preliminary
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choices of pipe sections for all of the diagonals of the building. Figure 5(b) shows the mode shape in the two translational directions. The mode shapes indicate better behaviour
of the building. The fundamental periods in the two translational directions were T 1Z = 5.2 sec and T 1X = 3.8 sec and, in
the torsional direction, T 1Y = 1.41 sec. A plot of inter-story
drifts due to wind is shown in Figure 6(b). Inspection of the
figure shows that the response of the structure appears satisfactory. The maximum acceleration at the roof level was
found to be 22.7 milli-g and the RMS acceleration was
6.1 milli-g; both were below the acceptable limits.
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Figure 5. Mode Shape of the 64-Story Preliminary Structure

Figure 6. Inter-Story Drift of the 64-Story Structure due to
Wind
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Similar to Iteration 1, The Kobe earthquake motion at
Takarazu station was used to perform a 3D nonlinear time
history analysis. Figure 7(b) shows the inter-story drift of
the structure; it is evident that overall response of the structure was much better compared to the building of Iteration
1.

60

50

Drift-Z
2.5 % drift

Table 2. Preliminary Member Sizes for the 64-Story Diagrid
Structure (Iteration 2)

Drift-X

40
z

Story

x

Pipe section for long
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face members

1st – 8th

750mm dia, 70mm
thickness
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thickness
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thickness

750mm dia, 50mm
thickness

17th – 24th

750mm dia, 65mm
thickness
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thickness
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750mm dia, 57.5mm
thickness

700mm dia, 47.5mm
thickness

33rd – 40th

750mm dia, 50mm
thickness

700mm dia, 40mm
thickness

41st – 48th

700mm dia, 45mm
thickness

650mm dia, 35mm
thickness

49th – 56nd

700mm dia, 45mm
thickness

650mm dia, 35mm
thickness
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650mm dia, 40mm
thickness

600mm dia, 30mm
thickness
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Preliminary Design Studies for the
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Figure 7. Inter-Story Drift of the 64-Story Structure due to
Kobe Earthquake

Similar to the 64-story structure, the same methodology
was applied to the 82-story diagrid structure [see Figure
8(b)]. As the earlier design assumptions yielded better performance for the 64-story structure, the same were used for
this 82-story structure. The first step was to divide the structure into appropriate structural modules. Six 8-story modules (see again Figure 2), three 6-story modules and four
4-story modules were used to construct the 82-story structure shown in Figure 8(b). Thus, the inclination of the diagonals was decreased along the height of the structure. Table
3 presents the preliminary choices of pipe sections for all of
the diagonals of the building.
Figure 9(a) shows the mode shape in the translational
direction. The mode shapes indicate that the behaviour of
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the building was acceptable. The fundamental periods in the
two translational directions were T 1Z = 5.567 sec and
T1X = 5.567 sec and, in the torsional direction,
T1Y = 1.558 sec. A plot of deflection of the structure due to
wind is shown in Figure 9(b). The roof displacement was
found to be 0.534m in the cross-wind direction and 0.471m
in the along-wind direction, which was a little less than
H/450. The maximum acceleration at the roof level was
found to be 31.9 milli-g and 21.9 milli-g in the cross-wind
and along-wind directions, respectively; the RMS acceleration was 8.6 milli-g and 6 milli-g in the cross-wind and
along-wind directions, respectively. It is important to note
that the cross-wind displacement and acceleration dominated the design, as was the case with a typical tall building.
The limit for maximum acceleration was 25 milli-g and that
for RMS acceleration was 9 milli-g. As can be seen, controlling the acceleration and displacement for wind was the
main concern during the preliminary design stage of this
structure.

(a) 64-Story

Preliminary Design Studies for the
38-Story Building
Similar to the other two structures, the methodology was
applied to the 38-story diagrid structure [see Figure 8(c)].
Previous design assumptions were used for this 38-story
structure. Five 6-story modules and two 4-story modules
were used to construct the 38-story structure as shown in
Figure 8(c). Thus, the inclination of the diagonals was decreased along the height of the structure. Table 4 shows
preliminary member sizes. Figure 10 shows the mode shape
in the translational direction. The mode shapes indicate that
the behaviour of the building was acceptable. The roof displacement was found to be 0.144m, which was less than
H/450, and the maximum acceleration at roof level was
15.5 milli-g due to wind. Behaviour of the structure due to
seismic action was given much consideration, while selecting the preliminary member sizes.

(b) 82-Story

(c) 38-Story

Figure 8. 3D View of the Diagrid Structure
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Table 3. Preliminary Member Sizes for the 82-Story Diagrid
Structure
Story

Pipe section

1st – 8th

800mm dia, 80mm thickness

9th – 16th

800mm dia, 80mm thickness

17th – 24th

800mm dia, 75mm thickness

25th – 32nd

750mm dia, 75mm thickness

33rd – 40th

750mm dia, 70mm thickness

41st – 48th

750mm dia, 65mm thickness

49th – 54th

750mm dia, 65mm thickness

55th – 60th

700mm dia, 60mm thickness

61st – 66th

700mm dia, 55mm thickness

67th – 70th

700mm dia, 55mm thickness

71st – 74th

650mm dia, 55mm thickness

75th – 78th

650mm dia, 50mm thickness

85

57th – 64th

650mm dia, 40mm thickness

75

(a) 1st and 2nd Translational Mode

65

Table 4. Preliminary Member Sizes for the 38-Story Diagrid
Structure

55
Cross w ind displacement

Pipe section

1st – 6th

450mm dia, 30mm thickness

7th – 12th

450mm dia, 30mm thickness

45
Story

Story

X - direction
Y - Direction

35

H/450

25

13th – 18th

z

500mm dia, 30mm thickness
15

19th – 24nd

475mm dia, 30mm thickness

25rd – 30th

450mm dia, 30mm thickness

31st – 34th

425mm dia, 25mm thickness

35th – 38th

425mm dia, 25mm thickness

x

5

-5 0

100

200

300

400

500

600

700

Deflection , mm
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Figure 9. Performance of 82-Story Preliminary Structure
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Figure 10. 1st and 2nd Translational Mode of the 38-Story
Building

Conclusion
Preliminary design and optimization for a diagrid structural system was presented in this paper. Case studies of
three buildings with different heights (82, 64, and 38 stories) and footprint are presented. Following the methodology presented here, the preliminary structure of all of the
buildings satisfied the requirements: (a) H/450 limit on top
floor displacement; (b) h/350 inter-story drift limit for wind;
(c) 9 milli-g RMS acceleration limit, etc. The study showed
that better dynamic behaviour of a tall diagrid structure can
be obtained by changing the diagonals’ angle of inclination
along the building height and by assuming a philosophy of
constant shear strain distribution combined with a triangular
flexural strain distribution along building height. This more
effectively forces most of the nonlinearity to occur in the
lower portion of the structure during an earthquake and resulted in a better inter-story drift distribution along the
height of the building for a wind event.
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Abstract
In the near future, our ability to meet the world’s the electricity demand becomes more challenging, as the share of
wind generation would be increased. Gas-fired power plants
as a link between gas and electricity networks could manage
the variable nature of wind. Thus, these networks would be
more interdependent in the future. In this study, the authors
investigated the value of electricity storage in order to address the challenges of balancing our energy resources. An
operational model of gas and electricity networks as a coupled multi-vector energy system was used to minimize the
operational costs of both networks simultaneously. A further set of case studies on Great Britain’s gas and electricity
networks in 2030 was derived to evaluate the performance
of electricity storage. The results of this study validate the
performance of electrical storage in the presence of significant amounts of wind in improving the operation of gas and
electricity networks. It was shown that up to £23.1M could
be achieved when electricity storage facilities are employed
in the system.

Introduction
The variable nature of wind could cause important operational challenges, as the share of wind in Great Britain (GB)
will be increased in the near future [1]. Due to zero operational costs, as well as environmentally friendly features of
wind, so using wind in order to meet the electricity demand
has been given priority. In order to compensate for the variability of wind and other types of generation technologies
such as nuclear, carbon and capture storage (CCS) equipped
coal, and gas-fired power plants (gas plants) should be employed. Gas plants link electricity and gas networks. In the
electricity network, gas plants supply electricity, while, in
the gas network, these plants are gas-demand, as they consume gas for electricity generation. Hence, wind variability
is reflected as variable gas-demand in the gas network. The
role of flexible options for dealing with energy-balancing
challenges of power systems in the presence of renewable
energy sources (RES) has been presented in several studies
[2-4]. Flexibility is defined as the ability of a system to deal

with generation and demand variability, given that an acceptable reliability is maintained [2]. In a study by Ma et al.
[3], the authors illustrated that in order to supply 80% of the
electricity from variable RES in an isolated power system
such as ERCOT, in Texas, there is a need to enhance generation flexibility and virtually eliminate minimum generation
constraints imposed through must-run baseload generators.
In this current study, then, the author proposed replacing
conventional regulation and spinning reserves with a combination of demand-side response, energy storage, and use of
curtailed variable generations. Pudjianto et al. [4] studied
the value of electrical storage in terms of costs and duration
work in GB’s electricity system. The proposed model optimizes the investment side by taking into account the security and reserve constraints. The results demonstrated the role
of electricity storage in the reduction of the required investment in system reinforcement as well as transmission congestion management [4]. In the mentioned research, the gas
supply constraints were not considered.
Few studies looked at the impact of wind generation on
gas network operation in detail [5-8]. Therefore, in this current study, the value of electricity storage as a flexible option in order to address the balancing challenges of supply
and demand in the operation of electricity network as well
as gas network is studied. Electricity storage could facilitate
the accommodation of RES into the system. In order to validate the role of electricity storage, a set of case studies on
the GB gas and electricity networks in 2030 was derived.
The objective was to minimize the operational costs of the
gas and electricity networks simultaneously.

Modeling Methodology
The updated version of the combined gas and electricity
networks (CGEN) model [5] as an optimization tool for
detailed analysis of operation of coupled gas and electricity
networks was used. The model was able to minimize the
operational costs of both networks simultaneously. The
costs of power generation, gas supplies, electrical and gas
load shedding, emission penalties, storage operations, and
negative changes in line-pack were considered, and are given in Equations (1)-(3). The objective function was to mini-
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mize the operational costs of both network, simultaneously.
It is worth mentioning that line-pack is the amount of gas
stored in the pipelines in order to deal with fast demand
changes in the gas network.
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In the electricity network, the following constraints for
each time step were taken into account: power balance between supply and demand; the physical limitations of the
generators; transmission line capacity; generator characteristics, such as minimum up/down time; and, available spinning reserve. The electricity storage at each busbar of the
electricity network and each time step can be modeled using
Equations (4)-(7):
stor
ab
in
Etstor
,b  Et 1,b  Et ,b *   Et ,b

abmax
Pt ab
,b  Pb

ab

was implemented using the FICO Xpress optimization tool.
The Xpress-mmxnlp solver for MINLP (Mixed Integer Non
-Linear Programming) was applied in order to minimize the
objective function over the studied time.

Great Britain’s coupled gas and electricity system operation was modeled out to 2030. Performance of electricity
storage with a 5-GW output power capacity, 15-GWh energy capacity (5-GW case), and 10-GW/30-GWh capacity
(10-GW case) was modeled in order to evaluate and compare electricity balancing challenges with the reference case
(Ref). In the Ref case, no special flexibility was considered
for mitigating the consequences of integration of a large
capacity of wind generation onto the grid. The impact of
employing electricity storage with different capacities on
the operation of the gas network (i.e., compressor power)
was also investigated. Table 1 presents the generation mix
used in this study.
Table 1. Power Generation Mix in 2030 [1]
Generation Technology

Capacity (GW)

Wind

52

Gas

33

Interconnector

11.5

(4)

Nuclear

9

Coal with CCS

4.5

(5)

Pumped storage

2.7

Other

2.3

Pt in,b  Pbinmax

(6)

stormax
Etstor
,b  Eb

(7)

in

where, Et , b and Et , b are limited by the rated output power
capacity of the storage.
Moreover, the energy capacity of the storage restricts

Etstor
, b . A round-trip efficacy of 70%, and six hours of work

[4], were assumed for the electricity storage. The gas flow
through the pipelines was calculated by the Panhandle A
equation, introduced by Osiadacz [9]. Constraints of the gas
network include gas flow balance, pressure constraints, gas
terminal and storage facility limitations, and gas compressor
operation limits. All constraints of the gas and electricity
network have to be met simultaneously. Constraints of the
gas and electricity networks operation can be found in the
studies by Qadrdan et al. [7] and Ameli et al. [8]. The model

Figure 1 shows the GB gas national transmission system
(NTS) as well as 29-Busbar electricity transmission networks layout. The electricity demand and the gas demand
data are elaborated from published data [1] and a study by
Osiadacz [10].

Numerical Results
Unit Commitment of Thermal Generating
Plants
Figure 2 shows that a number of committed gas plants
store less in comparison to the Ref case. The reason is that,
in storage cases, the need for gas generation to meet demand
is decreased as storage is part of energy balancing. Therefore, these plants operate less frequently. In a comparison of
the 5-GW and 10-GW cases, as more storage is available, so
is there less of a need for gas plants and, therefore, the num-
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ber of committed gas plant units to the electricity network is
reduced.
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Different Cases
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In Figure 3, changes in the electricity generated by different types of technologies with respect to the Ref case are
presented. Electricity generated by nuclear changes slightly
in different cases. In the 5-GW case, electricity generated
through gas plants over the week was reduced by over
110 GWh. This reduction is compensated mainly by an increase in electricity generated by wind. In the 10-GW case,
because of more available storage capacity, absorption of
more wind generation reduces the output from gas plants
(130 GWh). In addition, importing electricity through interconnectors is approximately 30 GWh less in storage cases.
Through the electricity storage option, it can be shown that
the need for gas plants to deal with wind generation has
been decreased. Consequently, less variable gas demand for
electricity generation in the gas network is required.
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Figure 3. Changes in Electricity Generation from Various
Types of Technologies, Compared to the Ref Case

Figure 1. GB 29-busbar Electricity Transmission System—GB
Gas National Transmission System [8]

——————————————————————————————————————————————————–
THE VALUE OF ELECTRICITY STORAGE IN THE PRESENCE OF RENEWABLE ENERGY SOURCES IN THE OPERATION OF
17
MULTI-VECTOR ENERGY SYSTEMS

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

Wind Curtailment
Figure 4 shows curtailed wind over the modeling time
horizon for different cases. It can be seen that employment
of electricity storage reduced the curtailed wind as part of
the excess wind power absorbed by electricity storage. Electricity storage reduced the wind curtailment by almost 33%
and 42% (compared with the Ref case) in the 5-GW and
10-GW cases, respectively. Nevertheless, at some periods
the total electricity generated through wind and must-run
technologies is more than demand and, due to the limitation
of electricity storage capacity, a portion of wind generation
is curtailed. In these cases, about 255 GWh and 210 GWh of
wind was curtailed, especially during high-wind periods.

of different electricity storage capacities. The lowest operational cost was achieved through the 10-GW case, due to the
fact that more storage capacity is available for injecting and
absorbing the required power to the network. The operational cost of electricity storage is assumed to be zero. A significant cost reduction in the electricity network is related to the
fact that in the economic dispatch of power generation, storage as a cheaper option is employed more than the gas
plants and interconnectors. As a result, the gas consumption
for power generation is decreased, and so the gas network
operational cost has been reduced as well. The considerable
cost savings (£22.12M and £23.08M) over the week in electricity storage cases indicates the value of this flexible option.
Table 3. Gas and Electricity Networks Operational Costs over
the Week in £M

Figure 4. Wind Curtailment in Different Case Studies

Gas Compressor Operation
Gas pressure will be lost in the gas network, due to the
friction of the pipelines. So, the installation of compressors
was considered [9]. The role of the compressor is to maintain the gas flow pressure in an acceptable range. Table 2
presents the compressor consumption power for the different cases. It can be concluded that, in storage cases, the gas
pressure in the pipelines is higher, as the prime mover consumption power of the compressors in order to increase the
pressure is lower than the Ref case.
Table 2. Compressor Power Consumption (MWh)
Case Study

Power Consumption

Ref

1538.2

5 GW

1415.7

10 GW

1386.8

Operational Costs
Table 3 shows the operational costs of the gas and electricity networks over a typical winter week in the presence

Case Study

Electricity
Network

Gas
Network

Total

Ref case

69.80

801.13

870.93

5 GW case

53.56

795.24

848.81

10 GW case

53.37

794.47

847.84

Conclusions
An optimization model for operation of the Great Britain
(GB) coupled gas and electricity system was implemented
in order to address the supply and demand balancing challenges of renewable energy sources (RES) integration onto
the network. That is, the performance of employing different capacities of electricity storage in the presence of wind
were studied. Also, the impacts of this flexibility option on
operation of the GB gas network, such as compressor consumption power, were analyzed. Utilizing electricity storage
indicated the reduction of wind curtailment from 33% in the
case of 5-GW/15-GWh storage capacity to 42% in the case
of 10-GW/30-GWh storage capacity. Better management of
gas network operation was presented through power consumption of the gas compressors.
In addition, electricity storage contributed to a considerable decrease in the operational cost of the GB gas and electricity supply systems. The reason for this performance of
electricity storage is due to the fast reaction of storage in the
storing and injecting of electricity, acceptable efficiency,
and zero-operational cost feature of this device. For the next
step of this research, the investment perspectives of employing electricity storage should be taken into account.
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Abstract
In this study, the authors developed a new foam model
based on both dry-foam and wet-foam rheological properties across a wide range of gas and liquid velocities. The
first is referred to as a high-quality regime, where the steady
-state pressure drop decreases with increasing gas velocity,
due to reduced bubble stability; the second is referred to as a
low-quality regime, where the steady-state pressure drop
increases with increasing gas velocity near the finest foam
texture. Both regimes involved fixed liquid-velocity experiments. Further developing the previous foam model prototype, this new model with nine model parameters captures
two distinct flow regimes independently with a smooth transition in between. When the model was applied to a foamassisted drilling process, it clearly showed advantages over
the existing models in the literature, in terms of predicting
bottom hole pressure, foam quality, flow velocity, and foam
density. This study also showed how to obtain other key
variables and parameters for the analysis of foam flow, such
as foam viscosity, liquid film thickness, friction factor, and
Reynolds number in a wide range of gas and liquid velocities, using the format of contour plots.

Introduction
Foams are two-phase mixtures in which gas bubbles (the
internal phase) are separated by interconnecting thin films
of liquid (the external phase). Surface-active agents
(surfactants, or commonly called foaming agents) are designed to trap the gas phase for a desired period of time. Gas
fraction in the entire foam mixture, referred to as foam quality, defines how much foam is dry or wet. With a sufficient
amount of liquid, wet foams tend to have spherical bubbles
with relatively large Plateau borders (the liquidaccumulated areas between gas bubbles) at low capillary
pressure, while dry foams have polyhedral bubbles with
very thin foam films and tiny Plateau borders at high capillary pressure. Foam quality affects bubble size and shape
and, thus, the resulting interactions between individual bubbles, between bubbles and pipe wall, and between bubbles
and the surrounding liquid. Bubble size distribution in a
foam mixture is defined as foam texture; if the mixture is
dominated by a large population of well-developed tiny
bubbles, it is called fine-textured foam, otherwise it is called
coarse-textured foam.

Foam flow in pipe has been regarded as a challenging
topic, due to its complex structure and stability issues [1-3].
Although foam has been widely used in numerous applications, such as improved and enhanced oil recovery (I/EOR),
drilling, cementing, liquid and solid removal, fracturing, and
so on, there is still much room to improve the modeling,
simulation, and analysis of relevant applications.

Foam Rheology Fundamentals
Experimental investigation of foam rheology can be classified into three main categories: using capillaries, rotational
viscometers, and pipes. Although foam consists of two
phases, some of the simple early-day approaches often considered it a homogeneous mixture with pre-specified density
and viscosity based on experimental data. Foam viscosity
slowly increases with foam quality, when foam quality increases up to roughly 70% (i.e., more bubbles means a higher possibility of bubble-to-bubble and bubble-to-wall interactions to increase foam viscosity). For foam quality roughly between 70% and 85%, foam viscosity dramatically increases with foam quality (i.e., not much space is available
to avoid interactions any longer). For foam quality higher
than a certain threshold value, around 86-92%, foam viscosity dramatically decreases with foam quality. Of course,
these intervals are case- and material-specific, depending on
pipe inclination, pipe diameter, roughness, injection pressure or flow rate, fluid properties, and so on [4, 5], but the
general trend still seems valid. An accurate modeling of
foams allows the reliable prediction of pressure drops,
which is essential to proper facilities and pipeline design.
A good number of experimental studies show that foam
can be modeled as a power-law fluid reasonably well, if the
rheology at low shear rates is not of interest. For example,
Sanghani and Ikoku [6] conducted foam flow experiments
in the annulus with drill pipe (OD 1.5 in.) and casing
(ID 4.5 in.), both about 28.5 ft long. The range of foam
quality tested was from 0.65 to 0.95, and the shear rates
ranged from 150 to 1000 sec-1. The calculated foam effective viscosity was in the range of 60 to 500 cp. They formulated empirical equations for the effective foam viscosity as
a function of foam quality by using a power-law model with
parameters K and n. Foam flow characteristics also strongly
depend on pipe diameter and the interaction between the
pipe wall and flowing foam mixture. By conducting experiments in small pipes and capillary tubes, Mooney [7] found
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that the presence of a wall significantly influences the flow
behavior and, as a result, such a wall effect should not be
neglected. Furthermore, they observed that a thin liquid
layer forming at the pipe wall acts as a lubricant such that a
relatively uniform foam core can slide on the liquid layer at
the wall. This results in a lower-than-expected shear stress
at a given shear rate, which, in turn, yields a lower-thanexpected foam viscosity, due to wall slippage. Deshpande
and Barigou [1] showed that the wall slip effect is more
pronounced in small-diameter pipes/capillaries, where bubble size is comparable to the conduit diameter, and diminishes with pipe diameter. Sherif et al. [8] performed experiments in three 4-m parallel transparent pipe sections to investigate oil-based foam rheology with varying foam quality
from 34%-68%. The base liquid was prepared by mixing
mineral oil with diesel. Their results confirmed that the lubricating effect observed in aqueous foams was found to be
consistent with oil-based foams.

Figure 1. Experimental Data from Surfactant Foam Flow
(0.5 wt% Stepanform and Nitrogen) Showing Two Flow
Regimes Based on Pressure Drop Contours [10]

Recent Approach with Two Flow Regimes
Recent experiments by Bogdanovic et al. [9] were conducted with two different pipe sizes (0.36 in. and 0.957 in.
inner diameters, and lengths of about 12 ft) with nitrogen
and various surfactants commonly used in drilling and completion. The pressure measurements along the pipe showed
two different foam flow behaviors at fixed liquid velocity—
a low-quality regime in which the pressure drop increases
with increasing gas velocity, and a high-quality regime in
which the pressure drop decreases with increasing gas velocity. Figure 1 shows similar experimental results obtained
by Edrisi and Kam [10], where the threshold value of foam
quality necessary to separate the two flow regimes was defined as f g*. Gajbhiye and Kam [11, 12] further extended
the experiments with visual cells in horizontal and inclined
directions (i.e., 0o, 45o, and 90o, both upward and downward). In addition to the size of bubbles in flowing foams,
they visualized that the high-quality regime would show a
slug flow pattern (i.e., repetition of free gas and finetextured foams), and the low-quality regime shows plug
flow pattern with homogeneous foam mixtures.

(a) Pressure Contours on the Original Data

Edrisi et al. [13] conducted similar experiments to investigate the effects of oil and polymers. Although foam stability
in the presence of oil and polymers added more complexity
to the analysis, the presence of two distinct flow regimes
was consistently confirmed. The threshold value of foam
quality, f g*, was shown to go down by adding oils, due to
lower foam stability, and go up in the presence of polymers,
due to higher water density and improved foam stability.
Following those experimental studies that showed two dis(b) Pressure Contour Map Reconstructed from the Model
tinct flow regimes, Edrisi and Kam [10] proposed a foam
rheological model to capture the trend in the high-quality
Figure 2. Model Fit to Experimental Data [10]
and low-quality regimes, as shown in Figures 2(a) and 2(b).
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As a first step, the model employed the power-law model
along the f g* line that required the consistency index, K, and
power-law exponent, n, which can be determined based on
the gap between pressure contours. The two representative
slopes of the pressure contours in both regimes then defined
how sensitive the pressure drop was to the liquid and gas
velocities. These two families of parallel lines intersected at
the f g* line and, as a result the pressure contour map was
approximated.

Motivation and Objectives
Although the previous modeling effort [10] captured the
trend of pressure contours in both regimes, it left some significant shortcomings, as shown in Figure 3(a): (i) by defining foam rheology along the f g* line, the model has essentially one type of foam rheology that is shared by both highquality and low-quality regimes; (ii) for those pressure contours with relatively low values of pressure drops (for example, 2 psi), the model may crash with negative velocity values near the f g* line; and (iii) the modeled pressure contours
did not mimic the smooth transition between the two regimes, which is typically shown in the lab data.
The objective of this study was to develop a new foam
model by improving the previous foam model of Edrisi and
Kam [10] such that: (i) the model would have the ability to
exhibit two different types of foam rheology independently
in both regimes, and (ii) the model could handle a wide
range of pressure and velocity conditions. The schematic of
Figure 3(b) shows how these goals were achieved by introducing a reference point (uwRef, ugRef) in the pressure contour
plot such that: (i) two types of foam rheology were defined
separately along each of the lines (uwRef = 0 and ugRef = 0),
and (ii) the smooth transition was made by interpolation to
connect the contours of the two flow regimes. After showing the procedure for model fit, the authors also present how
to extract other valuable properties during foam flow, such
as foam viscosity, liquid-layer thickness at the wall, and
friction factor to determine the frictional pressure loss during foam flow. As a final step, the robustness of this model
is demonstrated from an example of a foam-assisted drilling
process.

(a) Shortcomings of the Previous Work

(b) Improved Model Introduced in This Study
Figure 3. Schematic Figures Comparing the Previous Model
[10] and the New Model

Pt  Ph  Pa  Pf

(1)

where, ∆Pt is the total pressure loss; ∆Ph is the hydrostatic
pressure loss; ∆Pa is the pressure loss due to acceleration;
and ∆Pf is the frictional pressure loss.
The pressure drop due to acceleration is often neglected
unless the cross-sectional area changes dramatically or the
fluid is reactive. The hydrostatic pressure loss, ∆Ph (psi), can
be expressed using Equation (2).

Ph  0.052  m

(2)

Methodology

where, ρm is the density of mixture (i.e., foams) [ppg].

Fundamentals of Foam Flow in Pipes

The mixture density is commonly calculated using Equations (3) and (4):

For a two-phase flow of water and gas (including foam),
the total pressure drop, ∆Pt, consisted of three major components, as given in Equation (1):

Q 





Q
g
   L  L    g  f g    L  f L  (3)
 m   g 
 Qt 
 Qt 
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Qt  Q g  Q L

(4)

where, ρg , ρL are gas and liquid densities (ppg); f g and fL are
gas and liquid flowing fractions; Qt is the total flow rate
(gpm); and Qg and QL represent gas and liquid flow rates
(gpm), respectively.
Unlike liquid density, the density of a highly compressible gas phase is a strong function of pressure and temperature, as shown by Equation (5):

where, τw is the wall shear stress [lbf/ft2] and  w is wall
shear rate (s-1).
By using the hold-up of each of the phases (Hg and HL for
gas and liquid hold-up, respectively), the mean fluid velocity (v m [ft/sec]) for flow in a pipe, which is simply total superficial velocity (ut [ft/sec]), is expressed by Equation (12):
vm  ut  uw  u g 

Qt
2.448d 2

(12)

(5)

where, ug and uw are superficial gas and liquid velocities
(ft/s) and ut is the total superficial velocity (ft/s).

where, P and T are pressure (psia) and temperature (R);
M is the molecular weight (g/mol); R is the universal gas
constant (J/mol.K); and Z is the compressibility factor.

Note that the wall shear stress, τw (lbf/ft2), and wall shear
rate,  w (s-1), on the conduit walls can be expressed by
Equations (13) and (14), respectively:

g 

PM
ZRT

The compressibility factor, Z, is also a function of pressure, temperature, and composition. The expression for the
frictional pressure loss, ∆Pf, depends on flow rheology [14].
For Newtonian fluid in two-phase flow, Equation (6) is used
if it is laminar flow, and Equation (7) if it is turbulent flow:

Pf 

 m vm
1,500d

2

(6)

f m v m
(7)
25.8d
where, ρm and µm are mixture density (ppg) and viscosity
(cp), respectively; d is pipe internal diameter (inches); νm is
the mean flow velocity (ft/sec); and f is dimensionless Fanning friction factor.
2

Pf 

Note that for laminar flow, the Fanning friction factor is
given by Equation (8):
16
f 
(8)
Re
For turbulent flow (smooth pipe), empirical Equations (9)
and (10) can be used:

f 
Re 

0.0791
Re 0.25

928  mvm d

m

(9)
(10)

where, Re is the dimensionless Reynolds number.

w
 w

 w 

Pt
L

(11)

(13)

96u t
d

(14)

where, L is the conduit length (ft).
Flow can be modeled by the power-law model, which was
the case for this study; thus, the previous equations can be
written as shown in Equations (15)-(17) (all units are the
same as defined previously):

Pf 

 w  K wn

(15)

 app  K wn 1

(16)

Kvmn
 3  1/ n 


144000d 1 n  0.0416 

n

(17)

where, K is the consistency index and n is the power-law
exponent.
Note that both K and n should be identified from experimental data. Fine-textured foam flowing in a pipe can be
approximated by plug flow; that is, a foam core located at
the center of the pipe and sliding on a lubricating thin liquid
layer at the wall. Briceno and Joseph [2] suggested a simplified method for analyzing the system—as shown in Equation (18), from force balance in SI units:
PA   wL LS

Note that the mixture viscosity, µm (cp) can be replaced
by apparent foam viscosity, µapp (cp) for non-Newtonian
fluid, as shown in Equation (11):

 app  47900

 w  3d

(18)

where, ∆P is the pressure loss term; τwL is the shear stress
within the liquid film; A is the cross-sectional area of the
pipe; L is the length of the pipe (or, segment of interest);
S is the perimeter of cylindrical foam core (that is concentric to the pipe); and LS represents the surface area of foam
core over the length of L.

——————————————————————————————————————————————–————
24
INTERNATIONAL JOURNAL OF MODERN ENGINEERING | VOLUME 18, NUMBER 1, FALL/WINTER 2017

——————————————————————————————————————————————–————
If the thickness of the liquid layer at the wall (δL) is very
thin then the velocity gradient, dv/dy, or the equivalent
shear rate,  , can be approximated by Newtonian flow using Equation (19):
 ut


(19)
y  L

quality and low-quality regimes, f g*, is simply determined
by other model parameters (i.e., f g* = ugRef/(uwRef+ugRef).

where, ∆v is velocity at the foam-liquid interface (i.e., velocity at the wall); ∆y is distance to the foam-liquid interface, (i.e. distance to the wall); ut is the velocity of foam
core; and δL is the thickness of water film at the wall.
The shear stress in the liquid film (τwL) can be expressed
by Equation (20):
u
 wL   L t
(20)

L

where, µL is the liquid viscosity.

Figure 4. A Schematic Figure Showing Nine Parameters in
This New Model (uwReg, ugRef, ∆PRef, mH, mL, KH, nH, KL, nL)

The liquid layer thickness, δL, can be written as shown in
Equation (21):
S Lut
L 
(21)
 P 
A 

 L 

For the friction factor of foam flow in a pipe, Equations
(22)-(23) are used:
w
f 
(22)
1
 Lut2
2

w 

AP
LS

(23)

Note that the friction factor, f, is dimensionless, which
later can be related to a dimensionless Reynolds number, as
given in Equation (24):

Re 

 L ut A
LS

(24)

New Foam Model Proposed in This Study
Figure 4 shows the new foam model in this study has nine
model parameters for capturing the flow behavior presented
in the pressure contours constructed from laboratory flow
tests in a wide range of gas and liquid velocities. There are
three parameters for defining the reference point (i.e., uwRef,
ugRef, ∆PRef), two parameters for capturing the trend of the
linear slopes in the pressure contour lines in both highquality and low-quality regimes (m H and m L), and two power-law model parameters for each of the two flow regimes
(KH, nH; KL, nL). Note that the boundary between the high-

Suppose a series of laboratory flow tests are plotted in a
form of pressure contours [see Figure 3(b)]. As a first step, a
reference point, (uwRef, ugRef), is selected such that: (i) the
rectangular area connecting (0, 0), (uwRef, 0), (0, ugRef), and
(uwRef, ugRef) covers the range of the pressure contour map
that needs to be treated by a smooth transition (this transition is named Domain 3 in Figure 4); and (ii) the point sits
on the boundary between the two flow regimes [i.e.,
fg* = ugRef/(ugRef+uwRef)]. Note that the pressure contour corresponding to (uwRef, ugRef) is given by ∆PRef. The second step
is to capture the trend of the linear pressure contours outside
of Domain 3 in the high-quality regime (Domain 1 in Figure
4) and in the low-quality regime (Domain 2 in Figure 4).
The pressure contours based on the original data [see Figure
3(b)] can be captured by a series of straight lines with average slopes; that is, m H and m L, the average slopes in the
high-quality regime and low-quality regimes, respectively.
Note that m H is much larger than mL, meaning that the pressure drop is sensitive to both gas and liquid velocities in the
high-quality regime, while sensitive only to gas velocity in
the low-quality regime.
The final step is to determine the foam rheology in each
regime by using the power-law rheology model, which in
some sense defines how a family of pressure contours are
separated graphically in the contour plot; for example, if
they are equally spaced, it implies that the rheology is nearNewtonian with an n value of around 1, while if the gaps
between pressure contours grow or diminish with total velocity, ut, the rheology is shear-thickening with an n greater
than 1, or shear-thinning with an n less than 1, respectively.
Among various possible options, this study used the horizontal line from (0, ugRef) to (uwRef, ugRef) to determine the
foam rheology in the high-quality regime [i.e., K H and nH
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from Equation (15)], and the vertical line from (uwRef, 0) to
(uwRef, ugRef) to determine the foam rheology in the lowquality regime [i.e., K L and nL from Equation (15)]. The
selection of these lines was somewhat arbitrary, but the use
of the aforementioned lines helped maintain a small number
of model parameters. It should be noted that, outside Domain 3, the boundary between the two regimes is primarily
determined by nH and nL values—if they are the same, the
line separating the two flow regimes tends to be straight;
however, if one is greater than the other, the line is curved
towards that domain.

The curve fit for the low-quality regime shows the following:
dyne  s1.2074
K L  0.0027
cm 2
and
nL  1.2074

As a result, this new model captured three domains
(Domain 1, Domain 2, and Domain 3 for the high-quality
regime, low-quality regime, and transition between the two,
respectively) with a total of nine model parameters (uwRef,
ugRef, ∆PRef, mH, mL, KH, nH, KL, and nL).

Model Fit to Pressure Contour Map
In order to demonstrate the procedure required for model
fit, this study used experimental data from Edrisi and Kam
[10]—see Figure 2(a) as an example—in which nitrogen
and 0.5 wt% Stepanform surfactant solutions were injected
into 0.38’’ ID and 8.5 ft long stainless steel horizontal pipe.
Figure 4 shows a schematic drawing to define and extract
all nine model parameters.
First, the reference point (uwRef, ugRef) = (0.034 ft/sec,
0.93 ft/sec), and providing f g* = 96.5%, was selected at
∆PRef = 14 psi, which allowed the rectangular box for Domain 3 to be determined. Then, a series of parallel pressure
contours in both the high-quality and low-quality regimes
were drawn from ∆P = 2 to 14 psi with the interval of 4 psi.
The average slopes of these straight pressure contours were
determined to be 90.0 and 7.0 for m H and m L, respectively.
One may choose different pressure contours with different
intervals, but it does not for this holistic approach. Figure 5
shows the results up to this point. As a next step, the powerlaw model parameters can be calculated from the relationship between the pressure drop and total velocity [K H and
nH in Figure 6(a) for the high-quality regime along (0, ugRef)
to (uwRef, ugRef); KL and nL in Figure 6(b) for the low-quality
regime along (uwRef, 0) to (uwRef, ugRef)].

Figure 5. Schematic Showing the Model Parameters for the
Reference Point, and the Average Slopes in the High-Quality
and Low-Quality Regimes (1 ft/sec = 0.3048 m/s, 1 psi = 6894.7
Pa)

(a) KH and nH in the High-Quality Regime

The curve fit for the high-quality regime shows the following:
K H  0.1349
and
nH  1.2202

dyne  s1.2202
cm 2

(b) KL and nL in the Low-Quality Regime
Figure 6. Rheograms Showing the Relationship between Shear
Stress, τ, and Shear Rate,  (1 lbf/ft2 = 47.88 Pa)
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Finally, Figure 7 shows Domain 3, where the transition
can be completed by connecting pressure contours exhibiting the same values from both regimes. The figure also
shows the boundary between the two flow regimes and one
pressure contour beyond the reference point (∆P = 18 psi).
Table 1 shows a summary of all nine model parameters.

Figure 7. Schematic of a Complete Pressure Contour Map
Showing Two Flow Regimes and a Transition Between Them
(1 ft/sec = 0.3048 m/s, 1 psi = 6894.7 Pa)
Table 1. Summary of Nine Foam Model Parameters
Determined in this Study to Fit Existing Laboratory Flow Test
Data of Edrisi and Kam [10] (1 ft/sec = 0.3048 m/sec, 1 dyne/
cm2 = 0.1 Pa)
Parameters

Units

uwRef

Superficial liquid velocity
at the reference point

0.034

ft/sec

ugRef

Superficial gas velocity
at the reference point

0.93

ft/sec

ΔPRef

Pressure drop at the
reference point

14

Dimensionless

mH

Average slope in the
high-quality regime

90

Dimensionless

mL

Average slope in the
low-quality regime

7

Dimensionless

KH

Consistency index in the
high-quality regime

0.1349

dyne  s1.2202
cm 2

nH

Power-Law Exponent in
the high-quality regime

1.2202

Dimensionless

KL

Consistency index in
the low-quality regime

0.0027

dyne  s1.2074
cm 2

nL

Power-Law Exponent in
the low-quality regime

1.2074

Dimensionless

Implication of the Model for Other Flow
Characteristics
Although this study first constructed pressure contours as
a function of gas and liquid velocities, and then turned them
into foam rheology using rheograms, some previous studies
in the literature preferred using apparent foam viscosity for
more practical purposes. By using Equations (12)-(16), one
can plot apparent viscosity contours calculated by the power
-law model, the results of which are shown in Figure 8. The
filled square symbols represent the points at which actual
pressure measurements are collected from the experiments
and apparent foam viscosities are calculated. The position of
the reference point is also shown by the filled circle.
Once the viscosity contours, ranging from 200 to 2200 cp,
are constructed over a wide range of gas and liquid velocities of interest (see Figure 8), one may apply the map in
order to estimate how foam viscosity varies during certain
applications. For example, in foam drilling applications the
process has relatively constant liquid velocities with gas
velocities varying significantly due to compressibility. For
three superficial liquid velocities in such an application (as
shown by the vertical dotted lines for uw = 0.02, 0.035, and
0.05 ft/sec in Figure 8), Figure 9 shows the apparent foam
viscosities as a function of foam quality (i.e., varying ug at
fixed uw). One may notice that the results from viscosity
contours resemble the trend reported by previous studies—
the foam mixture becomes more viscous with ug for relatively wet foams, while less viscous with ug for relatively
dry foams. For foam stability, adding more gas to an already
stable wet foam increases viscosity due to increasing bubble
-to-bubble interactions during shear flow, while adding
more gas to unstable dry foams decreases viscosity due to
more active bubble coalescence.
For foams in the low-quality regime, the flow of a relatively homogeneous foam mixture allows the thickness of
the liquid film at the wall to be determined using Equation
(21) under the influence of a lubricating effect. In order to
analyze how liquid-film thickness changes, 12 data points in
the low-quality regime were selected, as shown in the contour map of Figure 10: four ug values (ug = 0.184, 0.46,
0.70, and 0.93 ft/sec) at each of three uw values
(uw = 0.0341, 0.045, and 0.06 ft/sec), and with the reference
point being point 1. Figure 11 shows how the liquid layer
thickness corresponding to each point in Figure 10 is calculated by Equation (21). As expected, (i) at a fixed liquid
velocity (uw), the thickness of the liquid layer at the wall
(L) becomes thicker, as gas velocity decreases (or, as foam
becomes wetter), and (ii) at a fixed gas velocity (ug), the
thickness of the liquid layer becomes thicker, as liquid velocity increases (or, as foam becomes wetter). It is interest-
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ing to note that the reference point (point 1 in Figure 10) has
the minimum L, and the change in L can be significant as
foam becomes wetter (for example, L increases from
0.001319 to 0.426 inches, an increase of almost 320 times,
comparing point 1 to point 12).

age flow velocity, which are often grouped into a dimensionless Reynolds number [see Equations (22)-(24)]. For the
10 points from Figure 10 (excluding points 1 and 12), the
frictional factor, f, for foams in the low-quality regime is
plotted as a function of Reynolds number, Re, as shown in
Figure 12. More specifically, the best-fit straight line equation in the log-log plot shows a relationship, determined by
Equation (25):
0.1408
f 
(25)
Re0L.584
where, f is the foam friction factor and ReL is the Reynolds
number for low-quality foam.

Figure 8. Conversion of Pressure Contours into Apparent
Foam Viscosity Contours in cp as a Function of Gas and
Liquid Velocities (1 ft/sec = 0.3048 m/s, 1 cp = 0.001 Pa s)

Figure 10. Schematic Showing 12 Data Points of Interest in the
Low-Quality Regime at Three Fixed Liquid Flow Rates of
0.0341 ft/sec, 0.045 ft/sec, and 0.06 ft/sec (1 ft/sec = 0.3048 m/s,
1 psi =6894.7 Pa)

Figure 9. Apparent Foam Viscosity in cp Obtained at Fixed
Superficial Liquid Rates with a Wide Range of Foam Qualities
from 0.88 to 0.98, Following Figure. 8. (1 ft/sec = 0.3048 m/s, 1
cp = 0.001 Pa s)

In addition to pressure drop and apparent viscosity, the
use of friction factor is sometimes handy for quantifying the
flow of non-Newtonian fluids. The frictional pressure loss
through the pipe depends on a number of parameters such as
pipe diameter, density of fluid, viscosity of fluid, and aver-

Figure 11. Liquid Layer Thickness at Three Different Liquid
Injection Rates, 0.0341 ft/sec, 0.045 ft/sec, 0.06 ft/sec, and also
Gas Injection Rates are 0.18 ft/sec, 0.46 ft/sec, 0.7 ft/sec, and
0.93 ft/sec, respectively (1 ft/sec = 0.3048 m/s; 1 in = 0.0254m)
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pipe pressure (i.e., the pressure at the 1 st node) that would
satisfy the specified backpressure (i.e., the pressure at the
2Nth node, or 100 psia) at the given gas and liquid circulation rates (Qg = 1300 scfm and QL = 40 gpm). The basic
procedure is described as follows:
1.

2.

Figure 12. Relationship between Friction Factor and Reynolds
Number for the Low-Quality-Regime Foams, Following Figure
10

It is interesting to note that the exponent is 0.584 [data
points all in the laminar flow regime (ReL < 2400), due to
the high-viscosity foam mixture], which can be contrasted
with 0.25 and 1 for turbulent and laminar flow of Newtonian fluid, respectively [see Equations (8)-(9)]. This deviation
from the Newtonian fluid indirectly describes the complexity of foam flow behavior.

Application to the Foam Drilling Process

3.
4.
5.

Pbit 

The direction of calculation is from the wellhead downward to the bottom hole for drill pipe flow, and then upward
from the bottom hole to the top of the annulus for annulus
flow. For calculation purposes, the wall roughness was assumed to be negligible, the surface temperature 80°F, the
wellbore and fluid temperatures the same as the formation
temperature (which had a gradient of 1.5°F/100 ft), the liquid-phase water, and the gas-phase nitrogen. The overall
iterative calculations were carried out assuming a drilling

8.311  10 5  m Qt2
(0.95 A) 2

(26)

where, m is the mixture density (ppg); Qt is the total flow
rate (gpm); A is the total nozzle area (in2); and, ∆Pbit is the
pressure drop through nozzles (psig).
6.

As an example application of this new model, a hydraulic
foam drilling simulator was developed for this study. In the
literature, there exist a few underbalanced hydraulic drilling
simulators developed from steady-state to transient simulators. For comparison, this study used correlations from
Chen et al. [15-16], who developed homogeneous foam
rheology for polymer-stabilized foams, for the low-qualityregime foams, and it used correlations from Edrisi and Kam
[17] for the high-quality-regime foams. Figure 13 shows a
schematic of the drilling process with a U-tube concept for a
10,000 ft vertical well (i.e., drill string in the left-hand column and annulus in the right-hand column, both connected
through bit nozzles at the bottom). The wellbore diameter
was 8.5" (0.2159m), and the drill string outer diameter was
5" (0.127m). At the bottom hole, the bit was assembled using three nozzles with a diameter of 0.375" (0.009525m).

Figure 13 shows the construction of the computational U-tube domain for 2N cells for the drill string and
annulus, with each node representing the center of
each cell.
Specify the boundary conditions—the outlet pressure
as well as gas and liquid rates.
Assume an inlet pressure at the 1st node.
For each cell in the drilling string, compute ∆Pa, ∆Ph,
and ∆Pf, and then the total pressure drop, ∆Pt, in order
to determine the pressure at the next node.
Between the N th and (N+1)th nodes, there was a pressure drop through the drill bit, which is given by
Equation (26):

7.

Similarly, continue the calculations upwards along
the annulus for each node until the last node, 2N th, is
reached at the outlet.
Evaluate if the calculated pressure at the last node is
close enough to the pre-specified backpressure. If
not, go to step 3 with a new assumed value of inlet
pressure and repeat the calculations; otherwise, accept it as a final solution.

Figure 13. Schematic of the Foam Drilling Process Using the
U-Tube Concept
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Figure 14 shows the results of the foam drilling simulations in terms of pressure profile, foam quality, foam density, and total velocity for three different methods of modeling. First of all, it should be noted that Edrisi and Kam’s
model [10] cannot be used for low-circulation rates (see the
discussion in Figure 3), due to the absence of a smooth transition. This is why relatively high Qg and QL values were
used for this simulation. Second, in all three methods, the
pressure profile [see Figure 14(a)] shows the same backpressure values of 100 psia (as an input) that corresponds to
0.97 of foam quality at the surface in the foam-quality profile [see Figure 14(b)], which determines foam density and
total velocity along the hole [see Figures 14(c) and 14(d)].

(a) Pressure

(c) Foam Density

Third, the results are in general consistent as expected. For
example, foam quality decreases as pressure increases; foam
density increases as depth increases; total velocity decreases
as depth increases; etc. These results are primarily due to
the compressibility of the gas.
Figure 14 reveals that: (i) the model based only on the
low-quality-regime foams (referred to as “Chen et al.” in
dashed green lines) deviates significantly by missing unstable foam flow characteristics for dry foams, and (ii) even
the model with two flow regimes (referred to as “Edrisi and
Kam” in solid orange lines) shows the level of error that
cannot be neglected by not incorporating the transition

(b) Foam Quality

(d) Total Velocity

Figure 14. Steady-State Simulation Results for Foam Circulation without Formation Fluid Influx: (a) Pressure, (b) Foam Quality,
(c) Foam Density, and (d) Total Velocity (The Portion with Dotted Lines on the Top of Circles Represents the Data Points Falling in
Domain 3 (Transition)) (1 ft = 0.3048 m, 1 psi = 6894.7 Pa, 1 ppg = 119.8 kg/m3)
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(500 versus 400 psia at the inlet, 1.4 vs. 1.05 ppg foam density, and so on). Note that the results from the new model in
this study are referred to as “This study” and represented by
circles (i.e., open circles for f g>fg* and filled circles for
fg<fg*) and the dotted red lines on the top represent the portion of the graph in the transition (Domain 3). Table 2 summarizes the comparison of three different methods in terms
of bottom hole pressure (BHP), bottom hole foam quality,
bottom hole density, bottom hole total velocity, and injection pressure. The relative errors are shown as well.
Table 2. Comparison of Three Different Foam Simulation
Methods (Chen et al. Only with Low-Quality-Regime Foams,
Edrisi and Kam with Both Regimes but with no Transition,
and This Model with Two Regimes as well as the Transition)

how apparent foam viscosity can be mapped out in a wide
range of gas and liquid velocities, how the thickness of water film at the wall (as an origin of lubricating effect) varies
with changes in gas and liquid contents, and how the dimensionless friction factor, required for frictional pressure-loss
calculations, can be calculated as a function of experimental
conditions (which can be grouped into a Reynolds number).
This new model was applied to foam drilling applications
and compared with two other models from the literature—
one was only based on low-quality regime foams, while the
other was based on both high-quality and low-quality regime foams. The error analysis shows that there is a unique
benefit of using the model presented in this study in predicting responses such as pressure, foam quality, foam densities, and total velocity. A more detailed analysis in a wide
range of drilling scenarios remains as a future study.

This model

Chen et al.

Edrisi and Kam

BHP
(psi)

996

1341 (26%)

973 (2%)
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Abstract
Accelerated filter life tests are expensive and time consuming. The goal of this study was to predict the results of
these tests based on fewer data points. Pressure-drop data
during accelerated life testing was collected on eight heavy
duty engine air filters. The results of accelerated filter life
tests may be predicted with sufficient certainty using thirdorder polynomials upon the collection of approximately
48% of the data required to perform the entire test at the
maximum rated volumetric flow, when a test uncertainty
ratio of 10:1 is required. If a test uncertainty ratio of 4:1 is
required, a reduction of approximately 28% of data collection time may be achieved using third-order polynomials at
the filter’s maximum rated volumetric flow. The primary
utility of the prediction method described in this paper lies
in the area of new filter design.

Introduction
Engine air filters are classified as light duty or heavy duty. Light duty engine air filters are designed for use on internal combustion engines that produce low brake power (i.e.,
engine output power measured at the crankshaft). These
filters experience a relatively low volumetric flow rate of air
at the engine intake manifold, operate in relatively clean
(i.e., on-road) environments, and are exposed to relatively
fine dust contaminant particles. Heavy duty engine air filters
are designed for use on engines that produce high brake
power. These filters experience a relatively high volumetric
flow rate of intake air and operate in relatively contaminated
(i.e., off-road) environments in which they are exposed to
coarse dust contaminant particles. Engine air filters are determined to have reached the end of their useful life when
the pressure drop across the filter element exceeds some
maximum value, as specified by the engine original equipment manufacturer (OEM). The period over which this occurs in service is typically measured in months of calendar
time or hundreds of engine operation hours. For design and
quality assurance purposes, the life of the filter is determined using an accelerated life test. These tests are conducted in accordance with the ISO 5011 standard: Inlet Air
Cleaning for Internal Combustion Engines and Compressors—Performance Testing [1].

Accelerated life tests simulate the conditions experienced
by the filter in service. Air flow, as measured by volumetric
flow rate, is cycled at several levels between the maximum
rated value and some minimum value, which is typically on
the order of 20% of the rated air flow. As the air flow is
varied, test dust is fed into the air upstream of the filter element. The rate at which the dust is fed is varied in order to
maintain a constant dust contaminant concentration in the
air stream [1]. The test dust is required to be in conformance
with the ISO 5011 standard in terms of chemical composition and particle size distribution. At intervals during the
test, the static pressure in the moving air stream is measured
both upstream and downstream of the filter element being
tested. The difference between the upstream and downstream static pressure measurements is known as “pressure
drop.” As dust is embedded in the filter medium and accumulates/agglomerates on the exterior surface of the filter
medium, a “dust cake” is formed. As the mass of this dust
cake increases, the pressure drop across the filter increases
as well [2].
Accelerated filter life tests are expensive and time consuming. It is not uncommon to incur a cost of more than
$10,000 per test. Testing times (to the end of filter life) are
specified by the OEM and are often 20 to 30 hours or more.
The calendar time consumed in conducting a 20-hour test,
however, may be on the order of one week. The noise levels
in the testing area are extremely high, resulting in operator
fatigue. In addition, testing must be halted when temperature levels, relative humidity levels, or ambient barometric
pressure levels become too high [1]. Temperature levels
often increase in the testing area due to the operation of the
equipment required to conduct the test. Design factors that
influence the life of filters include the composition of the
medium from which the filter is fabricated, the number,
size, and distribution of pores in the filter medium, thickness of the medium, and geometry (height and spacing) of
the pleats [3]. During initial filter design, the time required
to vary one or more of these factors, produce a new prototype filter, and conduct an accelerated life test to determine
the viability of the new design may be months.
Because of these considerations, large time and cost reductions may be achieved if the results of an accelerated
filter life test can be predicted after a shorter period of test-
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ing time. In this paper, the authors present a method for
predicting the results of an accelerated filter life test using a
limited data set.

Pressure Drop as a Function of Time
Since pressure drop is the criterion for filter life, it is useful to understand how it changes as a function of time. Darcy’s law [2] is given in Equation (1):

P  Pf  Pc

(1)

where, ΔP is the total pressure drop across the filter medium and dust cake; ΔPf is the pressure drop across the clean
filter medium; and, ΔPc is the pressure drop across the dust
cake.
Darcy’s law, which is valid for both flat and pleated filters, may be written as Equations (2)-(4):
(2)

Pf  K1Vf

Pc  K 2 Vf

M
A

(3)

M
(4)
A
where, K 1 is the filter resistance coefficient; K 2 is the dust
cake resistance coefficient; V f if 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.
P  K1Vf K 2 Vf

The filter resistance coefficient depends on the physical
characteristics of the filter medium, such as pore size, pore
distribution, medium material, and medium thickness. The
dust cake resistance coefficient depends on the packing efficiency of the dust cake, and dust particle size and distribution. Endo et al. [4] stated 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; dvg 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, , is set to unity for particles
that are spherical in shape. The void function, (), accounts for dust cake agglomeration and acts as a modifier
on the dynamic viscosity, μ, of the gas being filtered. Endo
et al. [4] modified Darcy’s law as Equations (6)-(8):

ν(α) 

10(1 - α)
α

P  K1Vf  180 μVf T

α 1-

(1 - α) 2
κ
3
4ln 2 g
2
α
d vg e

M
ρTA

(6)

(7)

(8)

where,  is the density of the individual dust particles.
In the formulation of Equation (4), mass is the only variable quantity if face velocity is held constant. In addition,
mass is the only variable quantity in the formulation embodied by Equations (7) and (8). Thus, in either of the two formulations presented here, the total pressure drop across a
filter that is loaded with dust is directly related to the mass
of dust embedded in and agglomerated on the filter medium.
It has been shown [3] that pleated filters typically exhibit
three dust loading stages: depth filtration, in which dust
particles lodge within the filter medium; cake filtration, in
which a dust cake develops on the surface of the filter medium; and, a final dust cake build-up stage. As a result, the
curve that depicts pressure drop as a function of time exhibits a discontinuity. The curve that corresponds to the first
two dust loading stages tends to be linear while the curve
that corresponds to the final dust loading stage tends to be
exponential in form.

Experimental Design and Testing
Figure 1 shows a schematic of the test setup. Air enters
the system through an ideal flow nozzle that promotes laminar flow. The air stream passes by a dust feeder, which dispenses dust at a metered rate into the air stream. The dust
employed for the tests described here conformed to the ISO
5011 standard requirements for accelerated life testing.
Pipes having an inside diameter of 4.500 inches were attached to the inlet and exit of the filter housing. Piezometer
rings were incorporated into these pipes both upstream and
downstream from the filter housing. Pressure sensors were
attached to these piezometer rings, and the difference in
reading between the upstream and downstream piezometer
rings results in the pressure drop across the filter being tested. In addition, the pressure drop across the filter being tested was also monitored using a water-type U-tube manometer. The air stream velocity was measured using a fan-style
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averaging anemometer as well as hot-wire anemometers.
Ambient pressure, temperature, and relative humidity were
also monitored using digital instruments. Data acquisition
hardware and software was used to obtain data from the
digital instruments.
Ideal
Flow
Nozzle

Filter
Housing

Absolute
Filter
Housing

Flow
Rate
Control
System

Dust
Feeder

Flow
Rate
Measuring
System

Blower

Data Analysis and Results
Data on eight heavy duty engine air filters with 100%
cellulosic media were collected. These filters were pleated
with an average pleat depth of 1.700 inches, and a 12-inch
longitudinal height. Each filter incorporated 250 pleats, resulting in a face area of 72.2 ft2. Twenty pressure drop readings (one reading per hour) were recorded for each volumetric flow rate. The 252 cfm volumetric flow rate was repeated twice each hour; however, each replication was considered separately. Eight filters were evaluated to statistically
verify that those filters belonged to the same population.
The behavior of each filter was analyzed individually and
that behavior was compared with each of the other filters to
confirm that all filters behaved similarly at each volumetric
flow rate. Figure 2 depicts the pressure-drop versus time
curves for all of the filters tested at a volumetric flow rate of
420 cfm. The pressure-drop curve exhibited by each of the
filters was very similar to that of each of the other filters;
however, random variations in filter media, pleat geometry,
screen mesh geometry, changing ambient environmental
conditions, and other random physical factors resulted in a
varying initial pressure drop from one filter to the next.

Figure 1. Schematic of the Filter Accelerated Test Setup

Coarse grade test dust was used to conduct the dust capacity tests. Coarse dust was fed at a rate of 0.025 grams per
cubic foot of air. Volumetric flow rate, and therefore the
dust feed rate, were altered according to the schedule specified in the ISO 5011 standard. Test parameters were
changed at ten-minute intervals and were repeated once per
hour of elapsed test time. Table 1 details the volumetric
flow and dust feed rates during the dust capacity test.
Table 1. Volumetric Flow Rate Variation Cycle
Time 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

The volumetric flow rates detailed in Table 1 represent
100%, 60%, 20%, 80%, 60%, and 40% of the maximum
rated volumetric flow rate of the filter, as specified by the
ISO 5011 standard.

Figure 2. Pressure-Drop versus Time Curves for Filters at a
Volumetric Flow Rate of 420 cfm

To eliminate the effects of varying initial pressure drop,
the curves were translated so that the initial pressure drop
was set to an ideal value of zero. This was a hypothetical
case that represents perfect filter performance. Figure 3 represents the translated curves corresponding to those depicted
in Figure 2. The translated data obtained from each filter
were then compared with the data obtained from each of the
other filters using paired t-tests with 95% confidence intervals [5]. In general, confidence intervals vary depending on
specific applications [6, 7]. A total of 28 pairwise comparisons were conducted. The comparison results indicated that
there were no statistical differences between filter performances at different volumetric flow rates, except for the
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84 cfm volumetric flow rate, which was the lowest rate in
the experiment. Based on the analysis, the hypothesis of
pressure drops for filters having the same means could not
be rejected for higher volumetric flow rates. However, the
results were inconclusive for the lowest volumetric flow
rate. The reason for varying results at 84 cfm was that the
data for all tests were collected using electronic equipment.
It was likely that some electromagnetic noise was present in
the ambient environment during testing, which resulted in a
small signal-to-noise ratio, due to the fact that the pressure
drop at this very low volumetric flow rate was exceedingly
small. Data collected at the larger flow rates were not susceptible to this electromagnetic noise. According to the ISO
5011 standard, all final reported pressure-drop determinations used to determine the end of filter life must be made at
the maximum rated volumetric flow rate. As a result, the
results of these initial analysis were considered acceptable.

tem resolution was calculated as range/2n, where n is the
number of bits of memory dedicated to the DAC, and range
is the range of measurement of the sensor. The pressure
sensor had a range of 15 psia with an output of 0-5 VDC.
The DAC allowed only bipolar ranges (in this case -5 VDC
to +5 VDC). As a result, the resolution of the measuring
instrument was (15 psia × 2)/212 = 0.0073 psia.
Supported by the ANSI/NCSL Z540-1 standard, the 10:1
and 4:1 ratios are two test uncertainty ratios (TUR) commonly adopted and used in industry [9]. Therefore, these
two ratios were used to calculate measurement uncertainty.
According to the TUR rules, collective measurement uncertainty should not exceed 10% and 25% of the acceptable
tolerance, respectively. These rules can be formulated as
shown in Equation (9) [10]:
TUR 

Acceptable Tolerance Rate
2  Measurement Uncertainty 

(9)

where, TUR = 10 for 10:1 and TUR = 4 for 4:1 ratios.

Figure 3. Pressure-Drop versus Time Curves after Translation

A polynomial regression analysis was performed using
pressure-drop data for each filter [8]. Second- and thirdorder polynomial curves were formulated using the first i
data points at each volumetric flow rate, where i = 1…20.
The independent variable was time and the dependent variable was the pressure drop measured in inches of water (in
H2O). Pressure-drop equations, as functions of time at each
volumetric flow rate for each filter, were generated. The
final data point (at a time of 19 hours) was predicted using
the polynomial curves, and prediction errors were calculated. After this process, the earliest data were determined
where the error rate was smaller than an acceptable tolerance.
When determining an acceptable tolerance, the prediction
needed be no more accurate than the measurement uncertainty. In this case, the measurement uncertainty is essentially the resolution of the measurement instrument. An analog pressure transducer was employed and the signal from
this electronic pressure transducer was monitored using a
PC-based data acquisition card (DAC). The measuring sys-

Acceptable tolerances were calculated for each TUR using the resolution of the measurement instrument as measurement uncertainty. For 10:1 TUR it was (10)(2)(0.0073)
psia = 0.146 psia or 4.06 in H20, and for 4:1 TUR it was
(4)(2)(0.0073) psia = 0.0584 psia or 1.62 in H 2O. For example, the second-order polynomial curves for filter 1 at
420 cfm, using the first 14 data points, was determined to be
p = -0.0038t2 + 0.1682t + 4.2457, where t represents time
expressed in hours and p represents pressure drop (in
H2O).
The end of test prediction (at 19 hours) was -0.0038(192)
+ 0.1682(19) + 4.2457 = 8.8308 in H 2O. The actual recorded data at 19 hours was 10.8 in H2O; therefore, the error in
the prediction was (10.8-8.8308) = 1.9692 in H2O. This
error is acceptable, based on 10:1 TUR (1.9692 < 4.0587)
but not acceptable for 4:1 TUR (1.9692 > 1.6235). As a
result, if a second-order polynomial curve, which is formulated using pressure-drop data recorded during the first
14 hours of testing, is employed to predict the pressure drop
at 19 hours, the prediction will be acceptable for 10:1 TUR;
therefore, testing can be stopped and predicted values can
be used. This provides savings of six test hours. However,
for 4:1 TUR, the test should be continued. It is clear that the
prediction errors decrease as the number of data points used
to generate the polynomial curves increase. However, the
goal was to find the least number of data points that would
result in an acceptable prediction. Additionally, third-order
polynomial curves provided lower prediction errors. Figures
4 and 5 present the average number of saved test hours at
each volumetric flow rate using second- and third-order
polynomial curves for 10:1 TUR and 4:1 TUR.
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test uncertainty ratio of 4:1 is required, a reduction of approximately 28% of data collection time may be achieved
using third-order polynomials at the filter’s maximum rated
volumetric flow. The primary utility of the prediction method described in this paper lies in the area of new filter design. When performing process testing for production quality control purposes, it is likely that entire tests must be performed. When designing new filters, however, the primary
goal is to ascertain whether one new design shows more
promise than another. For these types of comparative purposes, the method described in this paper may be employed.
Figure 4. Average Number of Saved Hours for 10:1 TUR

Figure 5. Average Number of Saved Hours for 4:1 TUR

As seen in these figures, and regardless of 10:1 TUR or
4:1 TUR, the number of saved test hours decreased as the
volumetric flow rate increased, when second-order polynomial curves were used for flow prediction. These savings
were as high as 13 hours, which is more than half of the test
time at 84 cfm for 10:1 TUR. There is no apparent correlation between time savings and volumetric flow rate when
third-order curves are used.

The method for modeling pressure drop as a function of
time and dust loading rate, which has been presented in this
paper, was validated using experimental data collected from
heavy duty engine air filters. The method shows promise,
however, with regard to other filtration applications, including high-efficiency particulate (HEPA) air filters such as
those used in medical applications [3], which also dealt with
the modeling of pressure drop as a function of time. There is
evidence that the pressure-drop versus time function exhibits a discontinuity. At earlier data collection times, the curve
tended to be linear, while at later data collection times, the
curve tended to exhibit a polynomial relationship. Future
research should be conducted that focuses on modeling the
pressure-drop versus time curve at times later than the time
at which the discontinuity occurs.

References
[1]

[2]

Conclusions
In this paper, the authors presented a method by which
the results of accelerated air filter life tests can be predicted,
based on a limited data set. Accelerated filter life tests are
expensive and time consuming. Using the method described
in this paper, the expense incurred to conduct these tests
may be significantly reduced. In addition, the development
cycle for new filter designs may be reduced as well. The
major utility of the method presented here is for filter design
testing, rather than for the testing of filters in production.
The results of accelerated filter life tests may be predicted
with sufficient certainty using third-order polynomials upon
the collection of approximately 48% of the data required to
perform the entire test at the maximum rated volumetric
flow, when a test uncertainty ratio of 10:1 is required. If a

[3]

[4]

[5]
[6]

International Organization for Standardization. Inlet
air cleaning equipment for internal combustion engines and compressors -- Performance testing. (ISO
5011:2014). Retrieved from https://www.iso.org/
standard/64762.html
Cheng, Y. H., & Tsai, C. J. (1998). Factors influencing pressure drop through a dust cake during filtration. Aerosol Science and Technology, 29(4), 315328.
Joubert, A., Laborde, J. C., Bouilloux, L., Chazelet,
S., & Thomas, D. (2011). Modelling the Pressure
Drop across HEPA Filters during Cake Filtration in
the Presence of Humidity. Chemical Engineering
Journal, 166(2), 616-623.
Endo, Y., Chen, D.-R., & Pui, D. Y. H. (1998). Effects of particle polydispersity and shape Factor during dust cake loading on air filters. Powder Technology, 98(3), 241–249.
Montgomery, D.C., & Runger, G. C. (2014). Applied
Statistics and Probability for Engineers. Hoboken,
NJ. Wiley and Sons.
Mahfouz, T., & Jones, J. (2013). An ordered probability framework for assessing markup values for the

——————————————————————————————————————————————————–
A METHOD FOR PREDICTING THE RESULTS OF ACCELERATED ENGINE AIR FILTER TESTS
37
BASED ON LIMITED DATA SETS

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

[7]

[8]
[9]

[10]

construction industry. International Journal of Engineering Research and Innovation, 5(1), 53-61.
Thamma, R. (2010). Comparison of regression models to study the effect of turning parameters on surface roughness. International Journal of Engineering
Research and Innovation, 2(2), 80-86.
Montgomery, D.C., & Runger, G.C. (2014). Applied
Statistics and Probability for Engineers. Hoboken,
NJ. Wiley and Sons.
Bennett, K., & Zion, H. (2005). Metrology concepts:
understanding test uncertainty ratio (TUR), White
paper for Transcat Calibration and Repair, Inc. Retrieved from http://www.transcat.com/media/pdf/
TUR.pdf
Hogan, R. (2014). How to calculate test uncertainty
Ratio. Retrieved from http://www.isobudgets.com/
calculate-test-uncertainty-ratio/

interests include scanner technology, nondestructive evaluation, manufacturing processes, and quality assurance. Dr.
Jones may be reached at MartinJones@MissouriState.edu

Biographies
KEVIN M. HUBBARD is an assistant pr ofessor of
technology and construction management at Missouri State
University. He earned his BS degree (Aerospace Engineering, 1991) from the University of Missouri–Rolla; MS
(Engineering Management, 1993) from the University of
Missouri–Rolla; and PhD from the University of Missouri–
Rolla (Engineering Management, 1996). Dr. Hubbard is
currently teaching at Missouri State University. His research
interests include automation and device control, manufacturing systems, device design, and process optimization. Dr.
Hubbard may be reached at KHubbard@MissouriState.edu
NEBIL BUYURGAN is an associate pr ofessor of technology and construction management at Missouri State University.
He earned his BS degree (Industrial Engineering,
1998) from Istanbul Technical University, Turkey; MS
(Engineering Management, 2000) from the University of
Missouri–Rolla; and PhD from the University of Missouri–
Rolla (Engineering Management, 2004). Dr. Buyurgan is
currently teaching at Missouri State University. His research
interests include optimization of logistics operations in manufacturing, healthcare, military and retail, and supply chain
management. Dr. Buyurgan may be reached at NebilBuyurgan@MissouriState.edu
MARTIN P. JONES is an associate pr ofessor of technology and construction management at Missouri State University.
He earned his BS degree (Physics, 1981) from the
University of Maryland, Baltimore County; MS (Materials
Science and Engineering, 1984) from the Johns Hopkins
University; and PhD (Materials Science and Engineering,
1987) from the Johns Hopkins University. Dr. Jones is currently teaching at Missouri State University. His research
——————————————————————————————————————————————–————
38
INTERNATIONAL JOURNAL OF MODERN ENGINEERING | VOLUME 18, NUMBER 1, FALL/WINTER 2017

IDENTIFICATION AND CONTROL OF HIV DRUG
THERAPY USING FUZZY SYSTEMS
——————————————————————————————————————————————–————
Samir Talssi, University Hassan II; Noura Yousfi, University Hassan II

Abstract

The Fuzzy System

In this paper, the authors present a tool for decision support based on fuzzy logic that can provide effective decision support in HIV infection treatment. The approach relies on modeling the changes of viral load and CD4+ T-cell
counts during treatment in a fuzzy system. The obtained
fuzzy system is used in treatment control. The therapy state
can be presented by four parameters: uninfected cells (x),
infected cells (y), infectious virus (vi), and noninfectious
virus (vni). Two drugs are used in the HIV infection therapy: drug 1 is used to block new infections of CD4+ T-cells,
while drug 2 is used to inhibit viral production. If u1 and u2
are, respectively, the quantities of drug 1 and drug 2 used, a
question that summarizes the purpose and motivates the
work presented in this paper is, How can the parameters u1
and u2 be adjusted in order to reduce the viral load for a
given state (x, y, vi, and vni)? Practicing doctors use their
expertise to answer that question. In this paper, the design
of a fuzzy system and fuzzy identification of an HIV infection therapy is introduced. A clustering method was used to
determine the basic parameters of the fuzzy system. The
results of the simulation are also presented.

The HIV infection therapy can be presented by a MIMO
6
system with six inputs, X  U  , and four outputs,
4
Y V 
, where X = (x, y, vi, vni, u1, and u2) and Y =
(x, y, vi, and vni). This MIMO system is described by a set of
measured input/output data collected during treatment.
Fuzzy modeling and identification from measured data are
effective tools for approximating uncertain non-linear systems. Babuska et al. [2] identified the multiple-input, multiple-output (MIMO) systems by means of product-space
fuzzy clustering with adaptive distance measures (the Gustafson-Kessel algorithm). The MIMO model is represented
as a set of coupled input/output MISO models of the Takagi
-Sugeno type. Usually, a fuzzy system, S, can be defined
using Equation (1):

 S  :U 
where, U is a compact in

n

n



m

(1)

.

Introduction
In an antiviral drug treatment of HIV infection, the CD4+
T-cell count and viral load can be used as an indicator of
success or failure of treatment. With regular monitoring of
viral load, doctors can detect resistance to treatment and
adapt the treatment protocol. The errors or accuracy in
screening tests play a precious role in improving treatment
protocols. Recently, automated screening tests have been
created to monitor viral load in real time. Screening tests
are able to detect a very low viral load in patients infected
with AIDS, offer one of the highest degrees of sensitivity,
and allow doctors to use their experience and expertise to
make the right treatment decision. The current question is,
How to make the exploitation of the massive information
flow more effective? One solution is to introduce a calculation tool that takes into account the data processing and the
doctor’s knowledge. Fuzzy logic has much to offer in the
realm of uncertainty and imprecision [1]. The therapy can
by identified using a fuzzy system, and the obtained fuzzy
system can be used to control the therapy with the control
parameters u1 and u2.

Figure 1. Basic Configuration of the Fuzzy System

Figure 1 presents a basic configuration of the fuzzy system. A fuzzy system typically consists of four elements:
fuzzification interface, fuzzy rule base, fuzzy interface machine, and defuzzification interface. A fuzzification interface plant from an entries space, U  n , is a fuzzy subsets
space defined on U. Note that a fuzzy set A is defined on
U  n by the membership function of Equation (2):

 A : U  0,1

(2)

The fuzzy rule base is a set of fuzzy rules R j of type
IF-THEN. The fuzzy IF-THEN rule is a conditional statement expressed by Equation (3):
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R j : IF x1 is A1j and x2 is A2j and . . . and xn is Anj then
j
1

j
2

j
m

y1 is B and y2 is B and . . . and ym is B

y μ Bj  X 

l

(3)

where, j = 1, 2, …, m, and x i (i = 1, 2, …, n) is the ith component of the fuzzy system input vector; y i (i = 1, 2, …, m)
is the ith component of the fuzzy system output vector; and,
Aij and Bij and are fuzzy subsets characterized by the membership functions  A and B , respectively.
j
i


f X  


j
i

A fuzzy interface machine is the core of a fuzzy system,
which combines the information obtained from the fuzzification interface with the rule base and conducts the fuzzy
reasoning process. In the defuzzification interface, the output of the fuzzy system (a numerical decision) is computed
[3].

yi 

In this paper, a clustering strategy is used to determine
fuzzy system parameters. The most commonly used fuzzy
clustering methods include: fuzzy C—means method, Gustafson and Kessel algorithm [8], mountain clustering [9],
and subtractive clustering [10]. The methods based on clustering are considered to be data-driven methods. The main
idea of these methods is to identify structures (clusters)
among the data according to their distribution in space and
assimilate each cluster into a multidimensional fuzzy set
representing a rule. The subtractive clustering method is an
extension of the mountain clustering method that was introduced by Yager and Filev [9]. In the subtractive clustering
method, there is no need to determine the number of clusters
at the beginning.
Note that the input data are defined on U  n , and the
output data are defined on m , as in Equation (1). Two steps
were used here to construct a fuzzy system: The data were
normalized and grouped using the subtractive clustering
method. The fuzzy system explicit expression for a data
couple (X ,Y) is the weighted mean, as shown in Equation
(4):

i

μ j X 
j 0 B

i  1, 2, , m

(4)

i

j

j
where, yi is the center of the group Bi related to the values of variable Y i (these groups were generated in the first
step) and the integer l represents the number of rules.

The membership function,  B of Bij , is defined by Equations (5) and (6):
j
i



 B ( X )  max A ( X )
j
i

i 1n

j
i


(5)

 A  X    i 0 e
i n

2

 X  X i

j
i

Design of a Fuzzy System Using Data
Construction of fuzzy models involves selecting several
parameters: the position, shape, and distribution of the
membership functions; building the rules basis; selection of
logical operations; and, the consequences of the rules. These
may be estimated from data using different strategies, where
the goal is to minimize the approximation error between the
output values and the computed values using the fuzzy model. Several strategies have been proposed in the literature for
designing a fuzzy system using data: Table Lookup Scheme
[4], Gradient Descent [4, 5], Clustering method [6], and
Evolutionary Strategies [7].

j
j 0 i
l

X j   x1j , x2j , , xnj 
j

(6)

j

where, xi is the center of the group Ai (i = 1, 2, … , n)
related to the values of X (these groups were generated in
the first step using the subtractive clustering method); the
integer l is the number of groups A j; and, the constant α is
defined in the subtractive clustering method [10].
According to Oviedo et al. [11], the fuzzy systems of
Equation (4) can approximate any function in a compact
domain. The accuracy of the approximation depends on the
maximum slope of the function and the distance between
the centers of the fuzzy sets. Lee [12, 13] demonstrated that
the fuzzy system presented in step 2 is a universal control
tool.

Fuzzy Identification of HIV Infection
Therapy
The HIV infection drug therapy can be described by an
iterative MIMO system; the entries of this system at time k
are the variables cited previously (x k, yk, vik, vnik, u1k, and
u2k)and the outputs are (x k+1, yk+1, vik+1, and vnik+1). A mathematical model using the same variables was presented by
Hattaf and Yousfi [14]. In that model, a semi-implicit finite
difference method was used to reach the solutions. A fuzzy
system describing this therapy can be defined using Equation (7):

F : Xi 

6

Yi 

4

(7)

where, X i = (xi, yi, vii, vnii, u1i, and u2i) and Y i = F(Xi) =
Xi+1
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Because of the unavailability of real data, the inputoutput data, or the couples (X i,Yi), needed to determine the
fuzzy system parameters were generated using a semiimplicit finite difference method introduced by Hattaf and
Yousfi [14]. Figure 2 shows a fuzzy system that can be
used as an inverse fuzzy controller. It takes the next desired
state (x i+1, yi+1, vii+1, and vnii+1) as an input and calculates
the decision (u1i, u2i) which allows for this state. In other
words, given the current state of the infection (x i, yi, vii, and
vnii), the doctor’s concern is to determine the values of u1i,
and u2i, that lead to the next desired state (x i+1, yi+1, vii+1,
and vnii+1). The simulation results presented in the next
section give more information about the construction of the
fuzzy system and illustrate its applications.
Figure 3. Changes in the Number of Non-infected Cells during
Therapy

Figure 2. Fuzzy Inverse Controller

Simulation
In the first step, the semi-implicit finite difference method
(SIFDM) [14] was implemented in order to generate a set of
one hundred couples of data (Xi,Yi). The data represent the
behavior of the therapy presented by these data. The data
were normalized using Equation (8) [15], which allows values between HI (= 0.9) and LO (=0.1).

x    x  min  /  max  min   *  HI  LO   LO

Figure 4. Changes in the Number of Infected Cells during
Therapy

(8)

In the second step, the normalized data were grouped using the subtractive clustering method. The clustering method resulted in the generation of 18 groups. Finally, the fuzzy
system, described in Equation (4), was built according to the
centers of these groups. Figures 3-11 represent a comparison between the results of the semi-implicit finite difference
method and those of the obtained fuzzy system. It is clear
from these figures that the fuzzy system reproduces the
same behavior as that of SIFDM. Introducing a control parameter and using the least-squares method to remove the
acceptable error that appears in these results will help increase the accuracy of results.

Figure 5. Changes in the Infectious Viral Load during Therapy
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Figure 6. Changes in the Non-infectious Viral Load during
Therapy

Figure 9. Changes in Infectious Viral Load during Therapy

Figure 10. Changes in the Drug Quantity u1 during Therapy
Figure 7. Changes in the Drug Quantity of u1 during Therapy

Figure 8. Changes in the Drug Quantity of u2 during Therapy

Figure 11. Changes in the Drug Quantity u2 during Therapy
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Figure 9 shows a comparison between the controlled behavior of v i and the one given by the SIFDM. The obtained
control parameters are presented in Figures 10 and 11.

[9]
[10]

Conclusions
The introduction of new clinical decision support in the
area of drug treatment of viral infections is currently is a
requested feature. Fuzzy logic offers an outstanding method
to intuitively manage complex systems. The input-output
data collected during the treatment of this type of infection
encapsulate the expertise of the doctor and behavior of the
virus. The doctors’ expertise is the set of decisions that were
taken during treatment in different situations. From these
data, a fuzzy system can identify the behavior of the virus
infection against the drug treatment and, at the same time,
identify the infection behavior related to the doctors’ expertise. The simulation results motivate researchers to test this
tool on real data processing different viral infections, and
verify its applicability in real life.
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Abstract
Road sign maintenance is a critical job, typically executed
by the state department of transportation. In the state of
Texas alone the estimated economic loss of all motor vehicles between 2003 and 2015 amounts to $24.6 billion. Although not all motor accidents are related to road signs, their
importance in maintaining traffic safety is not arguable. The
maintenance of these signs is a manual- and labor-intensive
task and is error prone. There is extensive use of radio frequency identification (RFID) technology in toll collection
systems on highways. In a typical RFID system, the tags or
transponders are mobile, and the reader is stationary. There
are a few successful applications in the literature that use a
portable reader and a fixed tag. In this current study, a system that assists the operator in checking the road signs was
developed. The system uses GPS to predict the incoming
road sign, and combined with RFID detection, verify the
presence of a road sign at a particular geo-location. This
work leverages the concept of the Internet of things to provide an all-around connected system of individual components working harmoniously to achieve a goal.

Reader
Reader

Tag

Introduction
The concept of RFID has been around for several decades
[1]. Highway toll collection, ID cards, asset tracking in retail and departmental stores, and countless other applications have this technology at their core. With new technological paradigms like ubiquitous computing, the Internet of
things, and cloud computing, this technology is evolving to
generate better and better-connected new applications to
make our lives easier.
The foundational premise of RFID is communication using reflected power or modulated backscatter. The RFID
reader transmits an unmodulated radio signal from the connected antenna; this signal powers up the transponder or tag
circuitry and sends back a radio signal modulated with the
information stored in its memory. Figure 1 shows a typical
setup with two parts to an RFID system. One part is the
RFID reader connected to a power source along with a processor and an antenna. The other part is a radio frequency
transponder, also known as a tag, which serves as the information source.

Figure 1. A Typical RFID System

Modern manufacturing techniques have reduced the size
of RFID tags considerably, resulting in a significant drop in
production costs. And, as the jacket around the circuitry can
be designed to suit the environment, its operational life is
extended substantially. One of the most useful aspects of an
RFID system is that it requires little to no maintenance, as
the tags themselves are passive, meaning that they do not
require a power source. In most RFID systems, the reader is
stationary, but there are studies in the literature that explore
a portable reader and stationary transponder design. Lee et
al. [2] showed the design considerations of installing an
omnidirectional antenna on a moving vehicle. They demonstrated that the tags could be detected well above highway
speeds. Ning et al. [3] used an RFID system with the reader
on a vehicle to locate the vehicle in real-time by integrating
RFID, GPS, and GPRS technologies. This work also used a
system in which the tags or transponders were stationary,
and the reader was in motion inside a vehicle.
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The intended use of this current study was to outfit road
maintenance vehicles with an intelligent system that would
automatically track, monitor, and log the condition of road
signs, as the support car drives along, through the use of an
RFID-based system. The system also utilizes GPS to verify
and predict incoming signs. The system continuously
checks for road signs in a circular area centered at the realtime coordinate of the vehicle. Using the present and some
past coordinates of the vehicle, the system evaluates the
orientation of the vehicle and predicts an incoming sign. As
the vehicle approaches a given sign, the RFID system detects the tag attached to the sign and gives the operator confirmation if the tag was successfully read. If the system does
not detect the RFID tag attached to the sign, at the particular
coordinate, the system prompts the user about the missing
or damaged sign in real-time. The software logs a list of
tags that were successfully read, as well as missing or damaged ones, into a report at the end of a maintenance run.
This allows the maintenance worker to drive along the road
without having to manually record any data or stop and get
out of the vehicle, considerably reducing the time required
to complete a job. The reports are synchronized into the
cloud to allow tracing of the maintenance cycles and perform analytics for optimization.

Road Signs and Maintenance
Motor vehicle safety is of paramount importance. In a
recent report by the World Health Organization [4], road
injuries killed 1.3 million people in 2015. In the state of
Texas alone, the average estimated economic loss of all
motor vehicle crashes between 2003 and 2015 is $24.6 billion [5]. According to the 2015 annual report by the Texas
Department of Transportation [6], there is a fatality every
2 hours and 29 minutes; an injury every 2 minutes and
8 seconds; and a reportable crash occurring every 61 seconds, due to motor vehicle accidents. These staggering
numbers clearly show the critical nature of road safety to
human lives.
Road signs are located at specific locations to maintain
smooth traffic flow without bottlenecks or mishaps. Although not all motor accidents are related to road signs, their
importance in the maintenance of road safety is not arguable. There are different types of road signs, which vary depending on their significance, shape, and size. All road
signs have to legally adhere to regulations published by the
department of transportation. These regulations proscribe
the relative placement of the signs on the road, taking into
account factors like size and occlusion of other signs. The
objective of such rules is to ensure visibility of signs from a
distance. It would make sense to have larger signs near the
road, as they would be visible from the farthest point, but

making them too large would be impractical and probably
distracting as well. Normally, signs are less than 30 feet
from the edge of the road and roughly a uniform height
(~15 feet) from the ground to maintain consistent visibility.
The state department of transportation executes several
maintenance activities to ensure road safety. Among these,
traffic sign maintenance is probably one of the most critical.
An incorrectly located sign or an absent or not visually accessible sign can lead to catastrophes on any road, especially on major highways. Although a lot of effort goes into
designing and installing such signs, they are not immune to
damage. There are several factors that contribute to the loss
or diminishing utility of a road sign—like traffic accidents,
weather, mechanical failure, etc. The aggregation of these
factors over time can make the sign entirely useless.
In a traditional maintenance run for road signs, the operator uses a logbook and manually checks all of the signs following the logbook. There are two significant limitations to
this approach. First, the operator must follow a pre-planned
route; otherwise, the sequence of signs will not follow the
logbook. And, there is a possibility that the path from the
logbook may not be accessible at any given time. Second,
the operator has to inspect the sign and verify its location
manually. Manually matching qualitative descriptions such
as an address to a particular geo-spatial location is difficult
and prone to errors, and demands a high degree of familiarity with the geography of the region. A challenging aspect of
maintenance of road signs is their sheer number. A six-mile
stretch of an interstate highway (I-47) has just over 110 road
signs; and with over 600,000 miles of road in the state of
Texas, this leads to over a million road signs. With the problems mentioned above, this becomes a very labor-intensive,
error-prone, and monotonic task for the maintenance operators. This current study, then, attempts to address these
problems and make the maintenance of road signs more
efficient and robust.

Methodology
A divide-and-conquer approach was used to address the
two problems mentioned above. Individual solutions were
implemented that later were integrated into a viable solution. A road-sign prediction system eliminates the first issue
of following a logbook, which defines the maintenance
route that the operator has to take in the maintenance run.
This prediction system uses the real-time GPS coordinate of
the vehicle to locate the road signs in an adjustable circular
area centered on the real-time location of the vehicle. It also
uses the last two coordinates to estimate the direction of the
vehicle. Combining the location and the direction of the
maintenance vehicle, the system predicts the incoming road
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signs with a high degree of certainty. As the system knows
which sign to look for at any given location, the maintenance operator does not have to follow a pre-defined route,
as long as the entire area is covered. The problem of matching the road sign to a GPS coordinate is a simple step of
recording the GPS coordinates of the vehicle simultaneously
with the detection of the RFID tag attached to the road sign,
and then matching the recorded coordinate of the vehicle to
the pre-recorded coordinate sign. If the recorded coordinates
match, the road sign is marked as verified, otherwise the
display prompts the user about a missing sign.

Hardware
As the objective was to implement a practical and costeffective solution to serve as a proof-of-concept for the idea,
open source and easily accessible hardware with open
source libraries were used to accelerate the prototyping. The
entire setup is mounted in the vehicle and powered by the
vehicle’s battery. Figure 2 shows the high-level connections
and communication protocols. The hardware configuration
can be divided into six major components, as follows:







Processing unit: Raspberry Pi 3 Model-B
RFID reader: Impinj Speedway Reader
Antenna: Linearly polarized Yagi antenna
GPS: GPS module for relaying GPS information
(frequency 10Hz)
RFID Transponder or Tag: Tags’ max pause time of
62.5 ms
Interface: 7-inch capacitive touch with 800x480 fullcolor output and digital serial interface (DSI) port to
connect to the Raspberry Pi 3

er, and onboard Wi-Fi module. One of the main reasons for
choosing the Raspberry Pi 3 model B was the built-in networking features. Most commercial RFID readers, including
the one used in this study, communicate using LLRP (lowlevel reader protocol) via Ethernet. With the Raspberry Pi’s
networking modules, which include an Ethernet adapter, it
is convenient to interface the reader. Another advantage of
using the Raspberry Pi is the easily configurable interface.
The Raspberry Pi Foundation released a 7-inch display for
the Raspberry Pi processors that uses a DSI port to interface
and does not occupy the USB ports. Although this setup has
a display unit, the software design is such that it is not mandatory. One of the design goals was that the system should
be able to use any accessible display for its purposes; for
example, a cell phone display or a tablet. This feature helps
in adjusting the readability at the hardware level and also
allows multiple operators to work with the system at the
same time. The RFID reader had a USB output to power the
Raspberry Pi 3 unit with 5 volts.

RFID Reader
There are several types of RFID readers available on the
market. The most important design parameter in choosing
an RFID reader is the operating frequency. The operating
frequency of an RFID system affects the range of detection
and the cost of the RFID transponders. As this system was
intended to be used on a highway with RFID tags mechanically attached to every sign, the cost of individual transponders had to be as low as possible for commercial viability.
Apart from the technical constraints, using certain frequencies is not permitted by some governments, which also
needs to be taken into consideration. These restrictions
make ultra-high frequency (UHF) the only practical choice.
The system uses the Impinj Speedway R420 reader [8], and
operates in the UHF frequency range with a read rate of
1100 tags/second. It provides four antenna ports with a
maximum sensitivity of -84 dBm and transmits power between +10 and +30 dBm, consuming 15W at +30 dBm. The
reader also has an Ethernet port connected to the Raspberry
Pi.

Antenna
Figure 2. The Hardware Setup of the System on the Vehicle

Processing Unit

The antenna in an RFID system is the most sensitive design factor. It determines the range of detection and the
overall reliability of the scheme. Depending on their polarization, there are several types of antennas available, with
the two most common being linear- and circular-polarized.
The polarization of the antenna determines the radiation
pattern and effective read range. Linear-polarized antennas

The Raspberry Pi 3 [7] board is a credit-card-sized computer with networking adapters. It houses a quad-core
ARMv8 processor operating at 1.24 GHz with 1 GB of
RAM, 40 general purpose I/O (GPIO) pins, Ethernet adapt——————————————————————————————————————————————–————
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[9] radiating linear electric fields have long ranges and high
levels of power that enable their signals to penetrate through
different materials to read tags. Conversely, circularpolarized antennas radiate circular fields. One disadvantage
of using linear-polarized antennas is that they are sensitive
to tag orientation, unlike the circular-polarized antennas.
For the system in this study, the desired read range was
between 5 and 30 feet; hence, a linear-polarized antenna and
a five-element Yagi-Uda antenna was used. Yagi-Uda antennas are directional antennas and widely used as high-gain
antennas in the UHF frequency band [10]. Figure 3(a)
shows the radiation pattern for a five-element Yagi-Uda
antenna—similar to the one used for the system in this
study; Figure 3(b) shows the representation of beam width
on a horizontal plane [11].

As seen in the diagram, this antenna has higher read range
in a particular direction. The YA9-9 Yagi antenna [12, 13]
used in the system has an operational frequency of 860-960
MHz and a beam width of 53 degrees. To increase the reliability of the system, two such antennas were mounted on the
vehicle. Two antennas cover more area, which improves the
chance of detection at high speeds. Both antennas are connected to the RFID reader and operate simultaneously.

GPS Module
The GPS module feeds real-time GPS information about
the vehicle to the Raspberry Pi. The frequency of operation
of the GPS module is set at 10Hz. At a highway speed of 70
mph (or 31.29 m/s), the maximum error in the GPS information is approximately ±3.5 meters. This error margin is
used as an adjustment when the recorded GPS coordinate is
matched to the preset GPS coordinate of the sign in the database.

RFID Transponder
The RFID transponders, or tags, are attached to the road
signs and have unique serial numbers, or electronic product
codes (EPC), electronically stored in them. Every tag is
associated with a unique sign. The selection of the tags was
made based on the following factors:

(a) Antenna Beam Width—Horizontal Plane

1.
2.
3.
4.
5.
6.

Memory size or EPC length
Operational frequency
Read range
Read time
Jacket
Cost

Over the years, the EPC length of commercially available
RFID tags has grown from a single bit to 96 bits. An EPC
length of 96 bits allows encoding of 296 signs, which is more
than sufficient for the current application. Highway road
signs are typically 5-30 feet from the shoulder of the road.
Lee et al. [2] shows the calculation of the read rate for a
circular polarized antenna. A similar methodology is used to
calculate the required read rate of the tags using the beam
width of the linear polarized antenna. Assuming that the
antenna is at the same height as the tag on the sign, and the
highway speed is 70 mph, the minimum read area would be
when the sign is closest to the road sign (i.e., 5 feet).
(b) Representation of Beam Width

Speed of the vehicle: s = 70 mph or 103 fps
Distance from the road: d = 5 feet
Beamwidth = 53 degrees

Figure 3. Yagi-Uda Antenna
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2π  beamwidth
×d = 4.7 feet
360
read distance
read time =
= 0.046 sec
s
read distance =

The tags chosen for this project housed an Alien Higgs 3
[14] integrated circuit. It is a single-chip UHF RFID tag that
conforms to EPCglobal [15] Class 1 Gen 2 specifications.
As mentioned previously, this tag works in the UHF range,
96 bits of EPC length, and a 10m read range and a read rate
of 30 times a second (i.e., read time = 0.033 sec). This circuit meets all of the aforementioned criteria with a higher
read range (10m > than 5–30 feet ~ 9.2m) and a lower read
time (0.03 sec) than the calculated read time of 0.046 sec.
The primary purpose of the jacket in an RFID tag is the
protection of the Higgs 3 integrated circuit. The solid waterproof form factor that can withstand temperature and humidity variations on the road is required. Commercially
available tags come with several kinds of jackets that operate in far harsher conditions than the one in consideration.
The tags used in this system were manufactured by Technologies ROI (www.troirfid.com). For an application that
intends to tag all existing road signs, the cost of an individual tag is important to consider. Several factors contribute to
the cost of a tag: frequency of operation the jacket; form
factor; and the scale of production. The cost of a single tag
is the aggregation of all these factors. Generating an approximate cost for tagging all signs in a given location has a lot
of other variables to consider and is beyond the scope of this
paper.

Software
From a software perspective, the bifurcation of the system
into two subsystems for prediction and detection is based on
their respective inputs. The input for the prediction system
is the data from the GPS module. The GPS module gives
positional data to the processing unit at a given frequency.
Using time-series positional data, the processor evaluates
the position and orientation of the vehicle and finally the
incoming road sign(s). The input for the detection system is
a combination of the signal from the RFID reader and GPS
module. Using this information, the system makes an assessment of the correctness of the asset (road sign + tag)
location and presence on the road.

The Prediction Subsystem
The main objective of the prediction system is to accurately predict the incoming road sign. In dynamic prediction, it is important for the system to be aware of the orientation of the vehicle on the road and the incoming sign,

along with the distance between the vehicle and the road
sign. The information from the GPS reader is read at a frequency of 10 Hz. The stream of data has the raw format for
latitude and longitudinal information. The GPS reader
thread keeps track of the two coordinate values—the present
and the previous value. It reads this information and passes
it to the controller, if there is a significant change in coordinates.
The controller thread generates the prediction in two
steps. First, the information from the GPS reader thread and
a user-defined GPS range is used to generate a query to the
database that returns all of the signs in the area defined by
the GPS range. The next phase is filtering the result from
the previous query based on orientation. Then the controller
calculates the angle between the line drawn by the present
and old coordinates and the current coordinate and the coordinates of the sign. From all of the angles, the one with the
shortest angle is sent to the view for display. To calculate
the distance between two spherical coordinates, the latitude
and longitude from the GPS module, the great circle distance expression of Equation (1) is used. The equation takes
the latitude and longitude information from the GPS module
as radial coordinates. First, the angle subtended by the two
points (α1, β1) and (α2, β2) on the surface, known as the haversine angle [16] from the law of spherical trigonometry, is
calculated and then the sine inverse of that angle multiplied
with the approximate radius of earth gives the distance.

  
2  
d  2r sin 1  sin 2 
  cos 1  cos  2  sin 

 2 
 2


  (1)
 


where, α is latitude and Δα is the difference between latitudes; β is longitude and Δβ is the difference between longitudes; d is the distance between the points; and, r is the approximate radius of the earth (≈6371 km).
The result of this calculation is not exact, as the shape of
the earth is not a sphere. But from experimental observation,
it was found that it gives a reasonable approximation. For
orientation of the car with respect to the incoming sign, the
bearing of the car was calculated and from the bearing between the car and signs at a certain distance. The sign with
the difference in bearing less than a threshold minimum and
the smallest among other signs is selected as the predicted
sign. To calculate the bearing of the maintenance vehicle,
the two latest GPS locations from the maintenance vehicle
are used in Equation (2). Equation (3) converts the output
from Equation (2) to a range between 0 and 2π. Assuming
that the maintenance vehicle is moving from point A (αa, βa)
to point B (αb, βb), then the bearing is calculated as follows:
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where, αx is latitude; βx is longitude; and, Δβ is the difference between longitudes ≡ βb – βa .

 = 2   for all   0

(3)

since, θ  (−Π, Π) and for the range to be (0, 2Π).

The Detection Subsystem
The input from the RFID reader to the controller thread
initiates the search of the detected EPC value for the predicted tags. If found, the present coordinate of the system is
logged with the report generator class and the view is updated to show that the sign has been detected. At the end of the
maintenance run, the operator saves the log and can print a
report detailing the correct and missing road signs. Figure 4
shows the sequence diagram of the information flow of the
detection subsystem.

Figure 4. The Sequence Diagram for the Sign Detection System

Experimental Results
The test vehicle was set up similarly to the depiction in
Figure 5, with a few changes for testing and diagnostic purposes. The primary objective of the experiment was to find
the relationship between the speed of the vehicle and the
placement of the tags for the number of tags read. The desired outcome would be for the system to read all tags at all
speeds and at all tag placements. The system was tested on a
series of roads that were set up in a similar fashion to a residential neighborhood, including intersections with multiple
signs attached to a single pole. The purpose of these experiments was to establish a relationship between the placement
of the tags, the speed of the vehicle, and the readability of
the tags. Additionally, these experiments also verified the
predictive functionality of the system.
All of the tests were done on-site at the Texas A&M Riverside campus, where 50 RFID tags were fixed to existing
signs around the campus. There are 25 established locations
and a total of 50 RFID tags; multiple tags were present at 15
of the locations. The database was prepared of those 50 tags
with the corresponding road sign information (latitude, longitude, and sign type). Figure 6 shows all of the tag locations for the test at the campus. The tests consisted of driving through the tagged areas of the test site at varying
speeds and distances from the signs, while monitoring the
user interface of the device. The main observation from the
experiment was the relationship between tag placement and
readability. With respect to different placements of the tags
on the signs, the location of the tag did significantly affect
readability.
Having a vertical orientation offers the best read rate, but
for the tag to be read effectively, the sign cannot stand between the Yagi antenna and the tag being read. This was

Figure 5. The Hardware Setup of the System on the Vehicle
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done by placing the tag on the side of a sign that is closest
to the intersection of the main road. In the left picture of
Figure 7, one can see, from the truck’s perspective, how the
sign being tracked will block the RFID tag being read. The
sign will cause interference for the Yagi antenna and the tag
will not be read. However, if you change the placement of
the tag so that it faces the intersection (see the image on the
right side of Figure 7), the tag will always be read by the
Yagi antenna, regardless of the direction of the vehicle.

Conclusion
The results from the experiments done on the Texas
A&M Riverside campus proved the utility of the system in a
full-fledged deployment. Key challenges in a full-scale deployment would be the correct placement of the tags; but
this would have to be done only once. The predictive system
assists the operator to quickly verify, visually, the presence
of a sign. The GPS system ensures the efficient, quick, and
precise location verification without manual intervention.
Cloud integration provides easy access to the reports and
inventory system as well.
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USING THE DESIGN OF EXPERIMENTS METHOD TO
ELUCIDATE THE ROLE OF MATERIAL THERMAL
DIFFUSIVITY IN THE WARPAGE OF
INJECTION-MOLDED PLASTIC PARTS
——————————————————————————————————————————————–————
Rex Kanu, Purdue Polytechnic Institute

Abstract
Injection molding is a versatile processing technique employed in the manufacture of plastic parts. The process consists of sequential steps, which, in their entirety, comprise
process cycle time. These steps include mold closing, injection of molten plastic into a closed mold, cooling of the
molten plastic, mold opening, and ejecting of molded parts.
Injection molding cycle time is a very important manufacturing variable, because it can be used to estimate the time it
would take to achieve a desired production quantity. Of
these processing steps, the cooling event makes up 75% of
the injection molding cycle time. For this reason, many
studies have been undertaken to illuminate the cooling event
with the goal of optimizing it and, consequently, the injection molding cycle time. To elucidate the influence of coolant flow regimes on the cooling event, the authors considered a thermal property of the plastics material—its thermal
diffusivity—which consists of the material’s specific heat
capacity, thermal conductivity, and density. The authors
chose this material’s property because it measures how fast
thermal energy travels through materials and, thus, affects
the rate of thermal energy (heat transfer) removal during the
cooling process.
Furthermore, it appears that the thermal diffusivity of a
plastic material may play a crucial role in the cooling process, given that the ratio of the thermal diffusivities of the
material generally involved in the cooling process is
1:1.6:50 (plastics: water: steel). This implies that the thermal diffusivity of plastic may be the controlling or limiting
variable in the cooling process. Therefore, by using the design of experiments (DOE) method, the author examined the
roles that processing and material variables play in the cooling process and in plastic part warpage. These variables
include plastic thermal diffusivity, coolant flow rates, cooling time, coolant temperature, and injection back pressure.

Introduction
Injection molding is a useful processing technique employed in the manufacture of plastic parts. The process con-

sists of sequential steps, which, in their entirety, comprise
process cycle time. These steps include mold closing, injection of molten plastic into a closed mold, cooling of the
molten plastic, mold opening, and ejecting of molded parts.
Of these steps, the cooling process seems to play a critical
role in a successful injection molding process, because it
alone generally accounts for about 75 percent of the cycle
time [1]. Furthermore, the cooling process has a large influence on plastic part quality [2]. In a previous study [3], one
of the authors examined the influence of coolant flow regimes on the cooling event. Rosato et al. [4] expressed the
overall heat-transfer coefficient, U, of the cooling process
by Equation (1):
1
1
1


(1)
U KS  D hi
where, U is the overall heat-transfer coefficient, W/m2-°C or
Btu/ft2-hr-°F; K is the thermal conductivity of mold material
(metal), W/m-°C or Btu/ft-hr-°F; S is the conduction shape
factor of the cooling channels; D is the diameter of the cooling channel, m or ft; and, hi is the inner (inside of cooling
channel) convective heat-transfer coefficient, W/m2-°C or
Btu/ft2-hr-°F.
As Equation (1) suggests, the cooling process is primarily
influenced by the mold material through its thermal conductivity, K, the cooling channel shape factor, S, and the inner
convective heat-transfer coefficient, hi. Equation (2) relates
hi to the coolant properties and coolant flow rate [5] and is
valid for a Reynolds number, N RE, greater than or equal to
6000. It is important to note that in another study [3], the
authors examined the influence of coolant flow regimes on
warpage of injection-molded plastic parts; however, the
study did not consider the thermal properties of plastic materials.
In this current study, then, it seemed appropriate to consider the thermal diffusivity of plastics among the variables
to be studied. This is because the thermal properties of the
plastic materials being injection molded are missing from
Equations (1) and (2), which are the primary equations that
describe the cooling process of the injection-molding process:
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where, cp is the specific heat capacity of the coolant at constant pressure, J/g-°C or Btu/lb-°F; D is the diameter, m or
ft; G is the mass velocity, kg/m2-s or lb/ft2 –s (G = Vρ); hi is
the inner (inside of cooling channel) convective heattransfer coefficient, W/m2-°C or Btu/ft2-hr-°F; k is the thermal conductivity of coolant, W/m-°C or Btu/ft-hr-°F; V is
the average velocity, m/s or ft/s; ρ is the density of coolant,
kg/m3 or lb/ft3; µ is the viscosity of coolant, kg/m-s or
lb/ft-s; and, µw is the viscosity of coolant at wall temperature.
As Figure 1 shows, the cooling process consists of a series of heat transfer processes from the plastic to the mold
and to the coolant. Several studies have examined different
aspects of this process and how it could impact plastics
parts warpage. For example, Zhil'tsova et al. [6], Song et al
[7], and Park and Ahn [8] studied the effects of processing
parameters on the quality of injection-molded parts. Other
researchers [9, 10] investigated the impact of mold properties on the quality of injection-molded parts, while others
[11-14] focused their efforts on elucidating the factors that
cause warpage in injection-molded parts. Huszar et al. [15]
studied the influence of flow and thermal properties on injection pressure and cooling time prediction. In this work,
the authors examined the influence of processing variables
and material property—namely, coolant flow rates, coolant
temperature, cooling time, back pressure, and thermal diffusivity—on warpage of injection-molded plastic parts using
DOE.
Cooling Channels

Mold

Plastic
Figure 1. Plastics in Mold with Cooling Channels

Thermal diffusivity, α, is defined as the rate at which thermal energy diffuses through a substance. It is expressed
using Equation (3):



k
cp

(3)

where, α is the thermal diffusivity, mm2/s or ft2/hr; k is the
thermal conductivity of plastics, W/m-°C or Btu/ft-hr-°F;
cp is the specific heat capacity of plastics at constant pressure, J/g-°C or Btu/lb-°F; and, ρ is the density of the plastic,
kg/m3 or lb/ft3.
The author acknowledges that thermal transfer properties
of plastics are a function of temperature [1], and Zhang and
Fujii [16] had shown that the thermal diffusivity for a polypropylene homopolymer decreased by 52% (5.58x10-3 ft2/hr
to 2.65x10-3 ft2/hr), as the temperature increased from 104ºF
to 482ºF. The effect of this change in thermal diffusivities
of the materials as a function of the process temperature is
captured in the experimental work of this current study, due
to the comparative aspect of the DOE method. Warpage is
defined as “a distortion where the surfaces of the molded
part do not follow the intended shape of the design. Part
warpage results from molded-in residual stresses, which, in
turn, is caused by differential shrinkage of material in the
molded part” [18].

Experimental Materials
Two grades of polypropylene (PP) materials, supplied by
the RTP company, were used in this study. These materials
were selected, because the ratio of their thermal diffusivities
was 1:3.8, while their physical and processing parameters
were similar, as shown in Table 1. Except for drying the
materials, they were used as received.

Equipment
A Sandretto 60-ton injection molding machine was used
to mold tensile test specimens, according to ASTM D-638.
A Conair Mold Temperature Controller (MTC), model TCIDI, was used to control coolant temperature and supply the
mold with coolant. The inlet and outlet temperatures of the
coolant (water) were measured with two CEN-TECH P3777
digital thermocouples, which were inserted into the hoses
carrying the coolant. These temperatures were used to determine the mold temperature and to determine steady state
conditions, which were achieved when the temperature
readings were constant. Two Omega flow meters, model FL
-2300ABR, and ball valves, shown in Figure 2, were used to
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control the coolant flow rate to the mold. A Thermolyne
digital pyrometer was used to measure the plastics’ melt
temperature. A Conair dehumidifying dryer, model CD-30,
was used for drying the materials.
Table 1. Polypropylene-Based Material Properties and
Processing Parameters
RTP Compounds
199 X 104849 A
(PP)
Thermally
Conductive

RTP Compounds
199 X 91020 A Z
(PP)
Thermally
Conductive

Density

1.50 g/cm3

2.00 g/cm3

Thermal
Conductivity
Specific Heat
Capacity
Calculated
Thermal
Diffusivity, α
Drying
Temperature

12 Btu-in/hr-ft2-°F

4.2 Btu-in/hr-ft2-°F

0.445 Btu/lb-°F

0.445 Btu/lb-°F

0.023 ft2/hr

0.006 ft2/hr

175 °F

175 °F

Drying Time

2.0 hr

2.0 hr

375 – 450 °F

375 – 450 °F

90 – 150 °F

90 – 150 °F

10000 – 15000 psi

10000 – 15000 psi

Property
Feature

Processing (melt)
Temperature
Mold
Temperature
Injection
Pressure
Back Pressure

50 – 100 psi

50 – 100 psi

Fill Speed

2 – 3 in/s

2 – 3 in/s

Screw Speed

60 – 90 rpm

60 – 90 rpm

Procedure
Two sets of experiments were conducted in this study.
The first, shown in Table 2, was a 24 factorial design with
two replicates, resulting in 32 experimental runs. For each
run, about ten specimens were produced after state steady
conditions were attained. The specimens were allowed to
equilibrate to room temperature (~72–74°F) for 48 hours;
part warpage was then measured using a bench steel block
from the Smith Tool and Engineering Company and a
spring gage on five randomly selected test specimens produced for each run, as shown in Figure 3. The run order was
randomly generated using Minitab. Minitab is a statistical
application software. The variables considered in this set of
experiments were coolant flow rate, mold temperature, cooling time, and PP thermal diffusivity.

Figure 3. Tensile Test Specimen Being Examined for Warpage
on a Steel Block

In Table 2, the mold temperature is in °F; cooling time is
in seconds; coolant flow rate is in gallons per minute (gpm);
and thermal diffusivity, alpha (α), high = 0.023 ft2/hr and
low = 0.006 ft2/hr. The second set of experiments, shown in
Table 3, was a 22 factorial design with two replicates, resulting in eight experimental runs. The experimental procedure
was similar to the first set of experiments, but the variables
for these experiments were PP thermal diffusivity and injection molding back pressure. In Table 3, injection back pressure is in lb/in2 (psi). Table 4 contains processing variables
that were kept constant during the second set of experiments.

Results

Figure 2. Omega Flow Meters

Figure 4 shows that, for the first set of experiments, the
variable that was found statistically significant to influence
part warpage was PP thermal diffusivity. The same results
are represented numerically in Table 5. Figure 5 shows the
relative effects of the variables on part warpage. For mold
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Table 2. 24 Factorial Design with 2 Replicates
Standard order

Run order

Center point

Blocks

Mold temp (ºF)

Coolant flow
rate (gpm)

Thermal
diffusivity (α)

Cooling time
(sec)

32
30
28
11
2
27
4
25
24
20
14
15
26
6
12
21
16
18
31
10
8
1
5
23
29
13
22
19
9
17
3
7

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

160
160
160
80
160
80
160
80
160
160
160
80
160
160
160
80
160
160
80
160
160
80
80
80
80
80
160
80
80
80
80
80

1.4
0.5
1.4
1.4
0.5
1.4
1.4
0.5
1.4
1.4
0.5
1.4
0.5
0.5
1.4
0.5
1.4
0.5
1.4
0.5
1.4
0.5
0.5
1.4
0.5
0.5
0.5
1.4
0.5
0.5
1.4
1.4

High
High
Low
Low
Low
Low
Low
Low
High
Low
High
High
Low
High
Low
High
High
Low
High
Low
High
Low
High
High
High
High
High
Low
Low
Low
White
Black

40
40
40
40
10
40
10
40
10
10
40
40
40
10
40
10
40
10
40
40
10
10
10
10
40
40
10
10
40
10
10
10

Table 3. 22 Factorial Design with 2 Replicates
Standard Order

Run Order

Center Point

Blocks

Thermal Diffusivity (α)

Back Pressure (psi)

2

1

1

1

High

75

8

2

1

1

High

150

5

3

1

1

Low

75

3

4

1

1

Low

150

1

5

1

1

Low

75

7

6

1

1

Low

150

4

7

1

1

High

150

6

8

1

1

High

75
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Table 4. Injection Molding Processing Parameters
Processing Parameter

Values used during the experiment

Injection Speed

1.4 in/s

Screw Speed

75 rpm

Materials’ Drying Temperature

175 °F

Drying Time

2 hours

Nozzle temperature

450 °F

Front barrel temperature

450 °F

Middle barrel temperature

430 °F

Rear barrel temperature

400 °F

Estimated melt temperature

423 – 445 °F

nd

Mold temperature for 2 experiments

120 °F

Injection pressure

1500 psi

Packing pressure

400 psi

Holding pressure

200 psi
nd

Coolant flow rate for 2 experiment

Pareto Chart of the Standardized Effects
(response is Warpage, Alpha = 0.05)
2.120
F actor
A
B
C
D

C
BC
ABD
ABC

Name
M old Temp
C oolant F low
A lpha
C ooling Time

AC
CD

Term

temperature, Figure 5 shows that it (mold temperature) had
some influence on part warpage, even though it was statistically insignificant. However, it shows that part warpage
increased slightly with increases in mold temperatures. For
coolant flow rate and cooling time, it shows that both variables slightly reduced part warpage as these variables were
increased. For thermal diffusivity (alpha, α), its impact on
part warpage was significantly higher than other variables.
Statistically, its p-value of 0.014 was less than 0.05. Of all
the variables considered in this study, it was the only variable whose p-value was less than 0.05 in the first set of experiments shown in Table 2.

1.4 gpm

BD
BCD
AD
ACD
A
AB
D
B
ABCD

In the second set of experiments, the variables considered
were PP thermal diffusivity and back pressure, since cooling
time, coolant flow rate, and mold temperature were found to
be statistically insignificant in influencing part warpage. For
this set of experiments, Figure 6 shows that PP thermal diffusivity and back pressure were statistically significant in
affecting part warpage, while the interaction effects of both
variables on part warpage were not significant. The same
results are presented in Table 6. The results in Figure 6 and
Table 5 suggest that, although both variables had significant
impacts on part warpage, the effect of thermal diffusivity
(p-value = 0.005) was slightly higher than that of injection
back pressure (p-value = 0.009), indicating the importance
of the plastic materials’ thermal diffusivity in controlling
warpage in injection-molded plastics parts.

0.0

0.5

1.0
1.5
2.0
Standardized Effect

2.5

3.0

Figure 4. Alpha (α) is Statistically Significant in Affecting
Part Warpage

Figure 7 shows the relative effects of PP thermal diffusivity and injection molding back pressure on part warpage. It
shows that high values of PP thermal diffusivity (alpha, α)
had the least effect on part warpage, while low back pressures had the least effect on part warpage. For these variables, these results suggest a preference for selecting a material with comparatively higher thermal diffusivity and processing the material at the lowest possible back pressure to
minimize the occurrences of part warpage.
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Table 5. Factorial Fit: Warpage versus Mold Temp, Coolant Flow, Cooling Time, Thermal Diffusivity
Estimated Effects and Coefficients for Warpage
Effect

Coefficient

SE Coefficient

T

0.000375
-0.000125
-0.004000
-0.000250
0.000375
0.001750
0.000500
-0.002000
-0.001250
0.001375
-0.001750
-0.002000
0.000375
-0.001125

0.007938
0.000188
-0.000063
-0.002000
-0.000125
0.000187
0.000875
0.000250
-0.001000
-0.000625
0.000688
-0.000875
-0.001000
0.000188
-0.000563

0.000725
0.000725
0.000725
0.000725
0.000725
0.000725
0.000725
0.000725
0.000725
0.000725
0.000725
0.000725
0.000725
0.000725
0.000725

10.95
0.26
-0.09
-2.76
-0.17
0.26
1.21
0.34
-1.38
-0.86
0.95
-1.21
-1.38
0.26
-0.78

P-value
(significant if
< 0.05)
0.000
0.799
0.932
0.014 (significant)
0.865
0.799
0.245
0.735
0.187
0.401
0.357
0.245
0.187
0.799
0.499

-0.000125

-0.000062

0.000725

-0.09

0.932

Variable
Constant
Mold Temperature
Coolant Flow
Thermal Diffusivity (α)
Cooling Time
Mold Temp*Coolant Flow
Mold Temp*Thermal Diffusivity (α)
Mold Temp*Cooling Time
Coolant Flow*Thermal Diffusivity (α)
Coolant Flow*Cooling Time
Thermal Diffusivity, α*Cooling Time
Mold Temp*Coolant*Thermal Diffusivity (α)
Mold Temp*Coolant Flow*Cooling Time
Mold Temp*Thermal Diffusivity, α*Cooling Time
Coolant Flow*Thermal Diffusivity, α*Cooling Time
Mold Temp*Coolant Flow*Thermal Diffusivity,
α*Cooling Time

Main Effects Plot for Warpage

Pareto Chart of the Standardized Effects

Data Means

Mold Temp

0.010

(response is Warpage, Alpha = 0.05)
2.776

Coolant Flow

F actor
A
B

0.009

N ame
A lpha
Back P ressure

A

0.008

0.006
80

160

0.5

Alpha

0.010

Term

Mean

0.007

1.4
Cooling Time

0.009

B

AB

0.008
0.007
0.006

0
Low

High

10

1

40

Figure 5. The Relative Effects of the Variables on Part
Warpage

2
3
4
Standardized Effect

5

6

Figure 6. Alpha and Back Pressure are Statistically Significant
in Affecting Part Warpage

Table 6. Factorial Fit: Warpage versus Alpha, Back Pressure
Estimated Effects and Coefficients for Warpage
Variable
Constant
Thermal Diffusivity (α)
Back Pressure
Thermal Diffusivity, α*Back Pressure

Effect

Coefficient

-0.006000
0.005000
-0.001500

0.008750
-0.003000
0.002500
-0.000750

Standard Error
(SE) Coefficient
0,000530
0.000530
0.000530
0.000530

T

P-Value (significant if < 0.05)

16.50
-5.66
4.71
-1.41

0.000
0.005 Significant
0.009 Significant
0.230
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Abstract
Robots in manufacturing applications often go through
kinematic transformations, due to the adaption of manufacturing tools. Motion planning and control of such a system
requires the ability for fast reconfiguration of the kinematic
model in an automated manufacturing environment. The
computational complexity and lack of flexibility of methods
for modeling a changing geometric configuration present a
challenge for the online usage of these models. A modified
Eulerian angle-based scheme for kinematic modeling of a
robotic system is presented here. To reduce computational
burden, instead of using the traditional single-degree-offreedom kinematic links, this method represents a physical
system utilizing multi-degree-of-freedom kinematic linkages. The scheme was applied to generate a kinematic model
and simulate the motion of a PUMA 560 laboratory robot
and a Fanuc S110 industrial robot, resulting in a significant
reduction of computation. The model was applied in motion
planning of a four-link redundant system by solving the
inverse kinematic problem. The generalized nature and reduced computation makes this scheme suitable for tasks
requiring frequent reconfiguration of the mathematical models.

Introduction
Beyond traditional pick-and-place operations, modern
industrial robots are used to perform a variety of tasks in
manufacturing industries. For performing these tasks, the
integration of tools to the robot end effector changes the
kinematics and dynamics of the system significantly. Simulating robot motion along with additional tools is essential
in order to ensure flawless execution of a planned task. The
high level cognitive function for reasoning, action, and perceived changes in an unknown environment requires both
qualitative and quantitative models [1, 2] of a geometrybased system. Lin and Lewis [3] used a qualitative approach
for representation of planar robot kinematics. Lin and Lewis [4] also generated kinematic equations qualitative geometry primitives. The development of a general approach for a
qualitative representation of the system is still an open problem. While qualitative models are necessary in high-level
decision-making processes involving external data, quantitative models are suitable for localized functions (e.g., path

planning, motion analysis, design, and control of the robotic
system). Combined models utilizing both qualitative and
quantitative behavior of a system may serve as a basis for
general application of a complex system. Steinbaur and
Wotawa [5] proposed the use of a combined framework of
both quantitative and qualitative models for the fault detection of a mobile robotic system.
For a quantitative model, various methods of kinematic
and dynamics modeling of open-chain mechanical systems
have been proposed. Among them, most notably, Denavit
and Hartenberg [6] utilized one-degree-of-freedom
(translation or rotation) links for modeling a serial chain as
interconnected rigid bodies with lower pair joints. Paul [7]
and Whitney and Lozinski [8] adapted this notation for
modeling and simulation of early robotic system. The basis
of this method was a 4x4 homogeneous transformation matrix for each link. In an automated manufacturing environment, switching the end-effector tools requires one to incorporate time-consuming steps in the model. Wang et al. [9]
used topological diagrams for representing serial and parallel manipulators. Their goal was efficient synthesis of kinematic structures, based on specific joint constraints. Valsamos et al. [10] proposed pseudo joints in metamorphic links
of different classes of mechanisms. Though this treatment
addresses the specific kinematic requirement of a serial manipulator, the general motion problem remains to be addressed.
In this paper, the authors propose the use of pseudo linkages for a quantitative kinematic scheme of serial manipulators with lower pair joints. A Eulerian angle-based formulation is utilized in which the system parameters can be manipulated to generate the mathematical model. Use of a
Modified Eulerian Angle [11, 12] allows for degrees of
freedom of each kinematic link up to the maximum possible
six parameters. The kinematics of each link is defined by
three translational and three rotational parameters. The resulting model is suitable for solving both forward and inverse kinematic problems (i.e., to predict the overall motion
of a system and the end-effector based on the input motion
of the actuators and vice versa). Generally, there is no
unique solution to the inverse kinematic problem of a redundant robotic system. Therefore a solution method requires
that appropriate constraints be imposed on the system prior
to optimizing an objective function.
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Kinematic Model
The kinematic model of an n-degree-of-freedom robot
with only rotational motion, based on the modified Eulerian
angle is presented below. It is assumed that the robot links
are perfectly rigid and there is no mechanical compliance at
the joints. The system consists of m links with 6m independent parameters, out of which n parameters are timedependent generalized coordinates. The rest are physical
constants defining the kinematic structure of the system.
Figure 1 shows a representation of such a generalized system.

Based on these transformation matrices, the position of
the ith joint with respect to the fixed reference frame (XYZ)
at the base of the robot is given by Equations (3) and (4):

X i Yi Zi T

i



 A L
j

xj

L yj Lzj

T

A j   T jT

Using elements of the transformation matrices in Equation (3), the orientation of the ith link with respect to the
fixed inertial reference frame at the base of the robot is derived using Equations (5)-(8):

If

(1)

where, T i is a 3x3 orthogonal matrix representing the transformation from the (i-1)th reference frame to the ith reference.
Ti, then, is given by Equation (2):
C1C 2 C 2 3  S 2 S 2 3

Ti  C1C 2 S 2 3  S 2 C 2 3
 S1C 2

C1 S 2 C 2 3  C 2 S 2 3

- S1C 2 3 

C1 S 2 S 2 3  C 2 C 2 3 - S1 S 2 3  (2)

S1 S 2
- C1

where, C1 = cos ( i), S2 = sin

), C2-3 = cos

i),

etc.

i







(5)

 ( A ( 3 ,2 ) 
 Ai ( 2 ,3 ) 
i  tan 1  i
  A tan 

 Ai ( 3 ,1 ) 
 Ai ( 1,3 ) 

(6)

 ( A ( 3 ,2 ) 
 i  tan 1  i

 Ai ( 3 ,1 ) 

(7)

= 0 or

then the foregoing reduces to Equation (8):
 ( A ( 1,2 ) 
 i  tan 1  i

 Ai ( 1,1 ) 

In general, the ith link between the ith and (i+1)th joints is
represented by the Cartesian joint coordinates L xi, Lyi, and
Lzi. The modified Eulerian angles i, i, and i (nutation,
precession, and spin angles) of the ith reference frame with
respect to the (i-1)th reference frame represent the orientation of the link. Mathematically, a vector, ei , corresponding
to the ith reference frame is related to that of the (i-1)th reference frame by Equation (1):

ei  Ti ei 1

(4)

j 1,i

1

2
2 2

(
A
(
1
,
3
)

A
(
2
,
3
)
)
i
i  tan 1  i
Ai ( 3 ,3 )



Figure 1. Generalized Representation of an Open-Chain
Mechanism

(3)

j 1

(8)

Using i=m in the foregoing equations, the position and
orientation of a robot end-effector or tool tip with a total of
m links is determined. The linear velocity and acceleration
of a joint are obtained using Equations (9) and (10):
i

X i Yi Zi T    A j Lxj L yj Lzj T  A j Lxj Lyj Lzj T 

(9)

j 1

i

Xi Yi Zi T    A j Lxj Lyj Lzj T  A j Lxj Lyj Lzj T
j 1



 2 A j L xj L yj L zj



T

(10)





After identifying the pseudo linkage parameters, an industrial robot with the end-effector tool can be modeled using
this method. The defining parameters of the system are L xi,
Lyi, Lzi, i, i, and i of each link that remains constant. In
industrial applications, as the robot adds an end-effector
tool, the mathematical model also needs to include all parameters of the tool. In the kinematic model of most indus-
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trial robots, some of the pseudo link parameters are not utilized and specified as zero. An end-effector tool can be incorporated into the mathematical model either by redefining
the unused parameters of the last pseudo link or by adding a
new link with all of the tool parameters. Addition of a new
link will subsequently increase the number of mathematical
operations.

The corresponding end-effector position is given by
Equation (11):

Kinematics of a PUMA 560 Robot

where, C1= cos(q1), S23= sin (q2+ q3), etc.


 X    S2a2  C23d 4  S23a3
Y   C C a  S d  C S d  C C a 
1 3
1 23 4
1 23 3 
   1 2 2
 Z   S1C2a2  C1d 3  S1S23d 4  S1C23a3 

(11)

Based on the equations developed thus far, an industrial
robot model can be quickly configured and used for task
planning. A variety of robotic systems were simulated,
based on this technique. For the PUMA 560 robot (see Figure 2), the kinematic model can be represented by four
pseudo kinematic links (see Figure 3) with six independent
joint angles. The geometric parameters of the system are
identified as:
θ1 = -q1

φ1 = π/2

ψ1 = q2

Lx1 = 0

Ly1 = a2

Lz1 = d3

θ2 = -0

φ2 = 0

ψ2 = q3

Lx2 = -d4

Ly2 = -a3

Lz2 = 0

θ3 = -q4

φ3 = π/2

ψ3 = 0

Lx3 = 0

Ly3 = 0

Lz3 = 0

θ4 = -q5

φ4 = π

ψ4 = q6

Lx4 = 0

Ly4 = 0

Lz4 = 0

Figure 3. Pseudo Link Representation of the PUMA 560 Robot

Figure 2. Geometric Parameters of the PUMA 560 Robot Arm

Accordingly, the position of the robot end-effector is generated by a two-link system using only two transformation
matrices:

 C3
T2  S3

0

-S3
C3
0

0
C2

0 and T1  C1S2


S1S2
1 

-S2
C1C2
S1C2

0 
-S1 

C1 

The number of multiplications and additions required in
the forgoing development was only 45 and 48, respectively.
The same position may be obtained by using the homogeneous transformation matrices of a six-degree-of-freedom serial chain with six links, using the Denavit-Hartenberg notation. This would require 128 additions and 128 multiplications to achieve the same end-effector equation. This
amounts to a 63% reduction in computation, when the multi
-degree-of-freedom pseudo links are used to represent the
same system. Therefore, the procedure would allow for a
faster robot response, when such a model is generated
online in an automated industrial system.

Kinematics of a Six-Axis Robot
Next, the kinematics of a six-axis industrial robot
(FANUC S110) is considered using Equations (1)-(8). After
identifying the kinematic parameters of the system, the robot model is represented by four kinematic links with six
independent joint angles. The parameters are:
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θ1 = -q1

φ1 = π/2

ψ1 = q2

Lx1 = 0

Ly1 = 750 Lz1 = 0

θ=0

φ2 = 0

ψ2 = q3

Lx2 = -0

Ly2 = 90

Lz2 = 0

θ3 = q 4

φ3 = π/2

ψ3 = q5

Lx3 = 0

Ly3 = 0

Lz3 = 0

θ4 = π/2

φ4 = 0

ψ4 = q6

Lx4 = 0

Ly4 = 10

Lz4 =100

In this case, the rotational parameters in radians and translational parameters are in mm. Figures 4 and 5 show the
physical system and its pseudo link representation, respectively.

Using the parameters in Equation (2), the transformation
matrices of the links are:
 C2
T1   S2

 0
 C3
T2   S3

 0
 C3
T3   S3

 0

S1S2 
S1C 2 

C1 

C1S2
C1C 2
 S1

0
0

1 

S3
C3
0

C1S3  C1C3
C1C3
S4

 S1S3 
 S1C3 

C 4 

and
0
T4   0

1

 C5
S5
0

 S3 
 C3 

0 

Here, the six-degree-of-freedom system is represented by
the four pseudo links. The number of multiplications and
additions required for a single set of forward kinematic
computations in this system is 117 and 126, respectively.
Compared to the solution based on the Denavit-Hartenberg
notation of the same problem, it would be a 62% reduction
in computation for the robot end-effector position. In robot
control, during multiplication of sparsely populated matrices, only the nonzero elements of the matrices are considered. Even under such circumstances, the computation requirement in this method is 45% less than the method using
4x4 homogeneous transformation matrices. Therefore, this
kinematic scheme would allow for efficient computation
and faster robot response, when such a model is used online
in an automated manufacturing environment.
Figure 4. Six-Axis Industrial Robot Arm (FANUC S110)

Figure 5. Pseudo Link Representation of the Six-Axis Robot

Simulation of Motion
For path planning and motion control of a robotic system,
it is imperative that the mathematical model be utilized for
the solution of both forward and inverse kinematic problems. In the case of nonlinear mathematical models, the
convergence of numerical solutions to generate a smooth
continual motion path can be challenging. The linearization
of a nonlinear model is a common approach for the approximate solution of the problem. In the following, the kinematic notation is utilized for a solution of the forward and inverse kinematic problem of a system with four-link and
twelve-degree-of-freedom system. For a unique solution of
the inverse kinematic problem of a redundant system, the
optimization of an objective function may be used, as
shown by Equation (12). Here, the objective function is
defined as the weighted sum of the joint displacements and
joint angles.
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m

f ( q1 ,q2 ,...,qn ) 

n

 w S  v q
i

i 1

i

j j

(12)

j 1

where, w i and v i are the weighting functions for joint displacement Si and joint variable qi, respectively.
For an industrial robotic system, the user needs to identify
the kinematic constraint and weighting functions prior to a
motion planning or simulation task. Table 1 presents the
XYZ coordinates and nutation, precession, and spin angles
[11] of the end-effector and defines its path as a continuous
trajectory. Corresponding joint angles are determined by
solving the inverse kinematic problem and presented in Table 2. The goal state of the four-link twelve-degree-offreedom system in Table 1 was recalculated using the joint
angles presented in Table 2. Absolute error in the endeffector position and orientation compared to the numerical
solution of the inverse kinematics problem is less than
0.0001%. In spite of the nonlinear nature of the kinematic
scheme, a numerical solution produces a continuously variable smooth trajectory for the given end-effector position and
orientation. The method can also be used to generate a kinematic model of an existing system and solve the inverse
kinematic problem for path planning or motion control.
Similarly, the method can be adapted to generate a kinematic model of a more complex mechanical chain with constraints between the joints of the chain.

Conclusions
The kinematic model of an industrial robotic system was
developed by using multi-degree-of-freedom pseudo kinematic linkages and modified Eulerian angle parameters. A
solution of the forward kinematic problem based on this
notation is computationally more efficient compared to existing methods. In a manufacturing environment, where the
kinematic structure of a robot may change frequently, due to
the adoption of different types of end-effector tools, this
method will reduce the computational burden of the system
and allow for faster motion planning, simulation, analysis,
and control. To demonstrate the versatility of this method,
the inverse kinematic problem of a redundant system was
also solved. Using the kinematic model, an optimization
process solves the inverse kinematic problem and generates
a smooth trajectory of a joint and end-effector motion path.
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IN A 132KV INJECTION SUBSTATION USING AN
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Abstract
Inconsistency in the delivery of electrical energy is at a
critical stage in Nigeria, which could be as a result of many
factors, including the electrical energy management scheme
employed by the utility supplier. An electronic-based demand-side management scheme is a better alternative to the
current management scheme. In this paper, the authors focus on managing the electrical energy supplied to consumers on six 33kV feeders in a 132kV injection substation. The
intelligent system integrates the bulk power (50MVA) from
the national control center with the six feeder links in the
injection substation, while allocating electrical power to the
feeders with respect to energy demand by the consumer.
The study reshaped the load and energy demand curve by
cycling customer loads, while prioritizing customer preferences. Data from power utilities were gathered and analyzed
using tools to generate waveform patterns for energy consumption. This energy management scheme was executed in
the Simulink environment with the implementation of a
genetic algorithm as the optimization tool.

Introduction
The instability of the supply of electrical energy to consumers in Nigeria is increasing geometrically with respect
to technological and societal development. The effects of
societal and technological growth diversity have had a great
impact on electrical energy supply, due to an increase in
demand. Economically, the present load demand on the Nigerian power supply system could be attributed to power
shortages and, thus, account for higher costs. These factors
could contribute to the inconsistency in power delivery.
Although, the lack of knowledge of electric load management by the end users (customers) could also be a contributing factor in power supply efficiency, as a result of increasing the energy demand. To evaluate the power system,
there is a need to study the efficiency of the national grid
(transmission and distribution). To do so, one must take into
cognisance the estimated total generating capacity of the
Nigerian electrical energy generating stations, the total distributed energy to the consumers, and energy loss on transmission lines. The efficiency parameter serves as a guide for

effective management of energy indices of consumption
with varying loads, which could be a major factor in the
overall energy loss at the distribution end [1]. The ability to
efficiently coordinate available electrical energy generated
in order to meet standard requirements from the demand
side is referred to as Demand Side Management. Demand
side management is a technical move to reduce utility consumption by modifying the energy pattern, such as interruptible load rescheduling [1]. Load management is the process of scheduling the loads to reduce electric energy consumption and/or maximum demand [2]. Controllable loads
are often isolated during peak periods on respective feeders
in order to clip the peak periods, while the uncontrollable
loads remains on to fill the valley periods.

Knowledge Management Transformation
Technology
The direct load control management technique is a program designed to interrupt consumer loads during peak
hours by directly controlling consumers’ individual appliances [3]. And while it is highly economical from a supply
side point of view by saving generating capacity, its effect
on the demand side is manifested in occasional blackouts,
without preference to the consumers’ needs. The blackouts
are often attributed to feeder failures as a result of feeder
overloading on consumer premises. Direct load control is
implemented using two approaches: interruptible load control and time-of-use tariff.
Both approaches are characterized by intermittent switching-off of feeders by the utility supplier, which is reflected
as a blackout on the consumer premises, unlike demand-side
management, as introduced in this study, which is implemented by turning off only scheduled loads on consumer
premises, thus eliminating blackouts. Embedded system
technology is introduced as a control interface on the loads
using PID controllers for data acquisition and command
execution on consumer premises, while serving to support
monitoring and command issuance at the utility with the
implementation of a genetic algorithm. The microcontroller
was coded with MATLAB and simulated on Simulink. A
radio frequency transceiver was incorporated onto the em-
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bedded controller switch to receive commands from the
control unit and also to send acquired data to the main control unit for appropriate instructions.

33kV Injection Substation
Figure 2 shows the load profile for individual feeders
acquired from previous data recorded at the substation were
fed into the embedded system on the 33kV feeders in the
injection substation to analyze the behavioral characteristics
of the feeders in reaction to the load demand. A three-phase
measuring device was implemented to measure instantaneous V-I at the substation using Equations (1)-(4):

Vbase V 

Vbase  Vnom Vrms   2

I base 

1
T

is the

33/11kV
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Injection
Station
33/11kV
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33/11kV
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33/11kV
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Subsidiary
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Subsidiary
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Subsidiary
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Subsidiary
Distribution Station
Subsidiary
Distribution Station
Subsidiary
Distribution Station
Subsidiary
Distribution Station
Subsidiary
Distribution Station
Subsidiary
Distribution Station
Subsidiary
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(1)

Figure 1. Block Diagram of Simulink Implementation of
Interruptible Direct Load Scheme

(2)

Appendix 1 shows that the commands from the injection
station were executed by the implementation of a genetic
algorithm on the PID controller.

I abc  A
I base  A

(3)

Pbase
2

Vnom
3

(4)

I abc  pu  

(5)

Subsidiary
Distribution Station

Due to a lack of proper implementation of an electrical
energy management scheme for Nigeria’s power system end
users, the authors of this study designed an intelligent system that comparatively samples energy consumption wave
patterns of different areas on a feeder (intra-feeder supply)
or consumption rate on different feeders (inter-feeder supply) with respect to allocated power on the substation. An
embedded control unit was sited at the substation to monitor
the quantity of energy demand by consumers on the feeders,
in comparison with available energy from the substation by
the national control center. A subsidiary embedded control
device was implemented on the consumer side to control the
ON and OFF timing of the controllable loads, as agreed
upon by the end users. Communications between the embedded systems were established with radio frequency signals. Figure 1 shows the block diagram of the simulation.

V phase to phase V 

1
y2t 

T t T

where, y (t) is the function of the input signal and
fundamental frequency (50Hz).

Operating Principle and Knowledge
Creation

Vabc  pu  

t

rms, y t  

where, Vabc and Iabc are the phase-phase voltages and currents in pu, respectively.

Implementation of the Substation
Algorithm
The genetic algorithm schedules the controllable loads
filling the valley periods that often result from feeder collapse in response to feeder state. The algorithm executes
implementation beginning with a set of solutions [4] that is
represented as the data acquired from the feeders in the
form of a feeder load profile. Codes were generated from
the function parameters [5] that included optimization state
(ON), profiled power, input power, switch state, power de-

Computation of true root mean square values of input
signals from the 132kV substation was implemented using
an rms calculator by executing Equation (5) on the substation:
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mand (MVA), and allocated power (MVA). The initial population for the load profile was created using Equations (6)
and (7):

Generate load profile

S p  P 2  jQ 2

profiled MVA  P 2  jQ 2

diff .,  

(6)

 Po  P 
Po

(7)

optimization 'ON'  0

switches state output = switches state input
load switch  switches state output
old power output  profiled energy

P
profiled energy
Q
sin 
profiled energy

cos 

  t,
abs.    t ,

No

S p  Po  1  t 
Yes

Figure 2. Load Profile
No

Fitness parameters for differential reference power were
executed using Equations (8) and (9), such that if δ > t and
abs.(δ) > t then:

S p  Po 1  t 

(8)

  t,
abs.    t ,
S p  Po  1  t 

Yes

and if δ > t and abs.(δ) > t then:

S p  Po 1  t 

(9)

where, S p is the total power demand in MVA; P and Q are
profiled real and reactive power, respectively; Po is initial
profiled power; δ is the differential ratio of reference power;
and, t is the time constant (0.08).
Figure 3 shows the flowchart of the algorithm implemented by the centralized coordinator.

S p  0.96  Sa
S p  0.99  Sa

End
Figure 3. Flowchart of Central Coordinator Algorithm
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Consumer Load Control Units
Individual addresses are allocated to consumer loads with
respect to load addresses allocated to address identifiers
implemented on the embedded system at the injection substation. Commands from the injection substation are executed on the loads to isolate identified loads during peak periods in order to clip the peak and turn ON other loads during
valley periods in order to fill the valley of the load profile.
Appendix 2 describes the algorithm for the implementation
of consumer load control using the Simulink connections of
Figure 4. The active and reactive power of the three-phase
loads vary as a function of positive sequence voltage, on the
assumption that the load currents are even in an unbalanced
situation. Variations in the active and reactive power during
simulation were implemented using Equations (10) and
(11), when load impedance is constant at a lower voltage
value compared to the terminal voltage:
n

p
 V  1  T p1 s
P s   Po   
 Vo  1  Tp 2 s

n

q
 V  1  Tq1s
Q s   Qo   
 Vo  1  Tq 2 s

(10)
(11)

where, V o is the initial positive sequence voltage; Po and Qo
are the initial active and reactive powers, respectively, at the
initial voltage, V o; V is the positive sequence voltage; np and
nq are exponents (ranging between 1 and 3) controlling the
nature of the load; T p1 and T p2 are time constants controlling
the dynamics of the active power, P; and, T q1 and T q2 are
time constants controlling the dynamics of the reactive power.

Implementation of the Load Control
Algorithm
Figure 5 shows the individual load profiles of each feeder
as they are updated at each iteration implemented by the
algorithm with respect to the control signal broadcast by the
centralized coordinator. Although direct load control instructions are executed by algorithms implemented on consumer premises [6-9], the centralized algorithm primarily
coordinates the decisions of the feeders [10-13]. Equations
(12) and (13) determine the commands broadcast to loads at
the consumer premises.
For a schedulable load to be ON:
S p  0.99  Sa

(12)

Figure 4. Consumer Load Control Unit
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Conclusions

For a schedulable load to be OFF:
S p  0.96  Sa

(13)

where, S a is feeder allocated power in MVA.
Command from substation

Consumer load address, mask
command

Address = load
address

No

Yes
Command = new
command

Command = old
command

End

A load management scheme that catered to consumers
was established, while ensuring high-power quality by the
total eradication of blackouts as shown from the data. The
system can be implemented on any substation regardless of
the energy supply or demand on the substation. The maximum tolerable voltage and minimum expected voltage for
each feeder would be factored into the system parameters.
From the results of this project, it was established that one
major cause of the unstable power supply in Nigeria can be
attributed to poor or ineffective electrical energy management schemes, among other factors. Implementation of the
system developed in this study will reduce the epileptic
electric power supply to a minimum. This strategy has been
proposed to balance the power use over time, while technically adjusting the cost of energy so that both the utility
company and the end user may benefit. Inefficiency in the
electrical energy supply and waste can best be minimized
through energy diversification and an effective approach to
load management [15]. The idea that electrical energy instability experienced in Nigeria is due to poor management is
not a far-fetched concept. So, considering the advantages of
the technology presented here, the overall power system and
its adaptability can be optimized.

Figure 5. Flowchart of the Load Control Algorithm
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Appendix 1
Implementation of a genetic algorithm on an embedded PID
controller.

function[Comand,Old_Power_OUT, Switches_State_out]=fcn
(Optimizatn_ON,Profiled_power,Old_Power_IN,Switches_State_in,Power
_Demand_in_MVA,allocated_Power_in_MVA;
%#codegen
Comand = zeros(3,1, 'double');
CONSUMER_ADDRESS = uint16(65280);
%0xFF00%Broadcast Address
Profiled_MVA=sqrt(Profiled_power(1,1)^2 + Profiled_power(2,1)
^2);
if(Optimizatn_ON~=0
if(Profiled_MVA==0)
S=Old_Power_IN(11;
P=Old_Power_IN(2,1);
Q=sqrt(S^2-P^2);
Profiled_power(1,1)=P; Profiled_power(2,1)=Q;
Profiled_MVA=S;
end
end
if(Optimizatn_ON=0)Switches_State_out=Switches_State_in;
Appliances_to_Switch=unit16(Switches_State_out);
Cmd=uint16(bitor
(CONSUMER_ADDRESS,Appliances_to_Switch));
Cmd=double(Cmd);
Comand=[Profiled_power;Cmd];
cosPhi=0.8;
% not really needed.
Old_Power_OUT=[Profiled_MVA;Profiled_MVA*cosPhi];
return;
end
if (Profiled_MVA ~= 0)
cosPhi=Profiled_power(1,1)/Profiled_MVA;
sinPhi=Profiled_power(2,1)/Profiled_MVA;
else
cosPhi=1.0;
sinPhi=1.0;
end
tol=0.08;
old_P=Old_Power_IN(1,1);
if (old_P~=0)
diff=(old_P-Profiled_MVA)/old_P;
if ((diff > tol)&(abs(diff)>tol))
Profiled_MVA=old_P*(1-tol);
elseif((diff<tol)&(abs(diff)>tol))Profiled_MVA = old_P*(1 + tol);
end
end
if((Profiled_MVA>0.96*allocated_Power_in_MVA)&
(Profiled_MVA<0.99*allocated_Power_in_MVA))
Switches_State_out = uint8(255);
%Switches_State_out=Switches_State_in;
Appliances_to_Switch=unit16(Switches_State_out);

Cmd=unit16(bitor
(CONSUMER_ADDRESS,Appliances_to_Switch));
Cmd=double(Cmd);
Comand=[Profiled_power;Cmd];
Old_Power_OUT=[Profiled_MVA;Profiled_MVA*cosPhi];
return
end
%end
%x>1
%Switches_State_out=Switches_State_in;
%Appliances_to_Switch=unit16(Switches_State_out);
%x=unit16(bitor
(CONSUMER_ADDRESS,Appliances_to_Switch));
%unit16
%Comand(1:3,:)=[0;1;2]; %Profiled_power;
%[Profiled_power;y];
%Comand(3,:)=y;
%Old_Power_OUT=45;
%Profiled_MVA;
%Cmd=unit16(bitor(CONSUMER_ADDRESS,uint16
(Appliances_to_Switch)));
%Cmd=double(Cmd);
%Comand=[Profiled_power;Cmd];
%return;
Power_Demand_in_MVA=Profiled_MVA;
%Implement Binary Genetic Algorithm Control Here
%step 1 Setup the GA
%fit_func=@Select_Switch_Genetically; %objective function
fit_func='Select_Switch_Genetically'; %objective function
npar=1;
%number of optimization variables
%step 2 Stopping criteria
maxit=20;
%max number of iterations
mincost=0.0000;
%minimum cost
%step 3 GA parameters
population_size=16;
%set population size
mutation_rate=.15;
%set mutation rate
selection=0.5;
%fraction of population kept
nbits=8;
%number of bits in each
%parameter
Nt=nbits*npar;
%total number of bits in a chormosome
keep=floor(selection*population_size);
%#population members that survive
%variable declaration
temporary_Pop=zeros(population_size, 'double');
minc=zeros(maxit, 'double');
meanc=zeros(maxit, 'double');
cost=zeros(population_size,1,'double');
%step 4 Create the initial population
iga=0;
%generation counter initialized
population=round(rand(population_size,Nt));
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%random population of 1s and 0s
%cost=feval
(fit_func,population,Power_Demand_in_MVA,allocated_Power_i
n_MVA);
%calculates population cost using fit_func
cost=Select_Switch_Genetically
(population,Power_Demand_in_MVA,allocated_Power_in_MVA);
%calculates population cost using fit_func
[cost,ind]=sort(cost);
% min cost in element 1
%par=par(ind,:);
temporary_Pop = ind;
%populatn = population(ind,:);
population= population(temporary_Pop,:);
% sorts population with lowest cost first
minc(1)=min(cost);
% minc contains min of population
meanc(1)=mean(cost);
% meanc contains mean of population
% step 5 Iterate through generations
while iga<maxit
iga=iga+1;
% increments generation counter
% Pair and mate
M=ceil((population_size-keep)/2);
% number of matings
prob=flipud([1:keep]'/sum([1:keep]));
% weights chromosomes based upon position in list
odds=[0 cumsum(prob(1:keep))'];
% probability distribution function
pick1=rand(1,M);
% mate #1
pick2=rand(1,M);
% mate #2
%mama and papa contain the indicies of the chromosomes that
will mate
ic=1;
%ma = zeros(M);
pa = zeros(M);
mama = zeros(1, M, 'double');
papa = zeros(1, M, 'double');
while ic<=M
for id=2:keep+1
if pick1(ic)<=odds(id) && pick1(ic)>odds(id-1)
mama(ic)=id-1;
end
% if
if pick2(ic)<=odds(id) && pick2(ic)>odds(id-1)
papa(ic)=id-1;
end
% if
end
% id
ic=ic+1;
end
% while
% Performs mating using single point crossover
ix=1:2:keep;

% index of mate #1
xp=ceil(rand(1,M)*(Nt-1));
% crossover point
sub_pop = size(mama, 2);
% no of cols
allele = xp(1);
% first element determines
mama_genes = zeros(sub_pop,allele,'double');
papa_genes2 = zeros(sub_pop,allele,'double');
papa_genes = zeros(sub_pop,Nt-allele,'double');
mama_genes2 = zeros(sub_pop,Nt-allele,'double');
for indexp = 1:allele
mama_genes(:,indexp) = population(mama,indexp);
papa_genes2(:,indexp) = population(papa,indexp);
end
indexm = 1;
for indexp = (allele+1):Nt
papa_genes(:,indexm) = population(papa,indexp);
mama_genes2(:,indexm) = population(mama,indexp);
indexm = indexm + 1;
end
population(keep+ix,:)=[mama_genes papa_genes];
% first offspring
population(keep+ix+1,:)=[papa_genes2 mama_genes2]; % second
offspring
%population(keep+ix,:)=[population(mama,1:xp) population
(papa,xp+1:Nt)]; % first offspring
%population(keep+ix+1,:)=[population(papa,1:xp) population
(mama,xp+1:Nt)]; % second offspring
% Mutate the population
nmut=ceil((population_size-1)*Nt*mutation_rate);
% total number of mutations
mrow=ceil(rand(1,nmut)*(population_size-1))+1;
% row to mutate
mcol=ceil(rand(1,nmut)*Nt);
% column to mutate
for ii=1:nmut
population(mrow(ii),mcol(ii))=abs(population(mrow(ii),mcol(ii))1);
% toggles bits
end
% ii
% The population is being re-evaluated for cost
cost(2:population_size,1)=...Select_Switch_Genetically(population
(2:population_size,:),Power_Demand_in_MVA,allocated_Power_i
n_MVA);
% Sort the costs and associated parameters
[cost,ind]=sort(cost);
population=population(ind,:);
%perform statistics for a single nonaveraging run
minc(iga+1)=min(cost);
meanc(iga+1)=mean(cost);
%Stopping criteria
if iga>maxit || cost(1)<mincost
break
end
[iga cost(1)];
end
%iga
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%step 6 Get Switches_State_out from binary value of population
(1) with minimum cost
selected_state = population(1,:);
Switch_Values=selected_state(1)*2^7+selected_state(2)
*2^6+selected_state(3)*2^5+selected_state(4)
*2^4+...+selected_state(5)*2^3+selected_state(6)
*2^2+selected_state(7)*2^1 + selected_state(8)*2^0;
Switches_State_out = uint8(Switch_Values);
% bug
Appliances_to_Switch = Switches_State_out;
%-----------work here
k8 = 0.25; k7 = 0.18; k6 = 0.15; k5 = 0.12; k4 = 0.1; k3 = 0.1; k2 =
0.05; k1 = 0.05;
allowed_power_MVA=Power_Demand_in_MVA*(selected_state
(1)*k8+selected_state(2)*k7+selected_state(3)*k6+selected_state
(4)*k5+...selected_state(5)*k4+selected_state(6)
*k3+selected_state(7)*k2+selected_state(8)*k1);
Old_Power_OUT=
[allowed_power_MVA;allowed_power_MVA*cosPhi];
% decouple into P and Q
power = zeros(2,1, 'double');
power(1,1)=allowed_power_MVA * cosPhi;
power(2,1) = allowed_power_MVA * sinPhi;
Cmd=unit16(bitor(CONSUMER_ADDRESS,uint16
(Appliances_to_Switch)));
Cmd = double(Cmd);
Comand = [power; Cmd/1000];
if (isnan(power(1,1)) ||isnan(power(2,1)))x = 4;
end
function
cost=Select_Switch_Genetically
(Populatn,Demanded_MVA,Allocated_MVA)population_size=
size(Populatn, 1);
% no of rows
new_MVA = zeros(population_size,1);
k8 = 0.25; k7 = 0.18; k6 = 0.15; k5 = 0.12; k4 = 0.1; k3 = 0.1; k2 =
0.05; k1 = 0.05;
%new_MVA(:,1)= Demanded_MVA*(Populatn(:,8)*k8 +Populatn
(:,7)*k7 +Populatn(:,6)*k6 +Populatn(:,5)*k5 +...
%Populatn(:,4)*k4+Populatn(:,3)*k3+Populatn(:,2)*k2 +Populatn
(:,1)*k1);
new_MVA(:,1)=Demanded_MVA*(Populatn(:,1)*k8+Populatn
(:,2)*k7+Populatn(:,3)*k6+Populatn(:,4)*k5+..Populatn(:,5)
*k4+Populatn(:,6)*k3+Populatn(:,7)*k2+Populatn(:,8)*k1);
%new_MVA=sqrt(new_MVAr^2+Demanded_MWatt^2);
cost=double(abs(0.97*Allocated_MVA - new_MVA));
return;
end

Appendix 2
Load control algorithm on consumer premises.

function
[Ctrl_1,Ctrl_2,Ctrl_3,Ctrl_4,Ctrl_5,Ctrl_6,Ctrl_7,Ctrl_8,new_Cmd
] = fcn(Cmd_From_Substation, old_Cmd);
%#codegen

CONSUMER_ADDRESS = 65280;
% 0xFF00 % to be changed later
Mask = uint16(65280);
% 0xFF00
Command = uint16(Cmd_From_Substation*1000);
address = bitand(Command, Mask);
%Command = Command
% address = address
if (address ~= CONSUMER_ADDRESS)
% use the last command
Command = old_Cmd;
% read previous command from memory
else
%new_Cmd=Command;
%write new command to memory
end
new_Cmd=Command;
% write new command to memory
%interprete the command issued in Command_From_Substation
Ctrl_1=0; Ctrl_2 = 0; Ctrl_3 = 0; Ctrl_4 = 0; Ctrl_5 = 0;
Ctrl_6 = 0; Ctrl_7 = 0; Ctrl_8 = 0;
bit = bitget(Command,1);
if (bit = 1) Ctrl_1 = 1;
% at
end
bit = bitget(Command,2);
if (bit == 1) Ctrl_2 = 1;
% at
end
bit = bitget(Command,3);
if (bit == 1)
Ctrl_3 = 1;
% at
end
bit = bitget(Command,4);
if (bit == 1) Ctrl_4 = 1;
% at
end
bit = bitget(Command,5);
if (bit == 1) Ctrl_5 = 1;
% at
end
bit = bitget(Command,6);
if (bit = 1) Ctrl_6 = 1;
% at
end
bit = bitget(Command,7);
if (bit = 1) Ctrl_7 = 1;
% at
end
bit = bitget(Command,8);
if (bit == 1) Ctrl_8 = 1;
% at
end
%display=[Ctrl_1 Ctrl_2 Ctrl_3 Ctrl_4 Ctrl_5 Ctrl_6 Ctrl_7
Ctrl_8]
new_Cmd = unit16(new_Cmd);
%Command = Command % dislay it
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