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ABSTRACT: Composite constructions are used widely in civil engineering
structures. The steel and concrete act together to resist the loads. Composite
columns are a significant application of composite construction, and the Concrete-
Filled Steel Tube (CFST) columns are the most common type of composite
columns. The CFST columns have been increasingly used all over the world due to
their inherent advantages, and in particular because of their favorable behavior
under seismic loads. The steel tube effectively confines the concrete core,
providing a highly ductile response under compression and a high energy
absorption capacity. This type of composite column has been used primarily in
bridges, reservoirs, and tall buildings. Circular CFST column provides much more
effective confinement to the core concrete than other types of column sections
under axial load due to an enhancement of composite action between steel tube
and core concrete. Many design specifications used to predict the capacity of CFST
columns, the ANSI/ AISC 360 - 16 and the Eurocode 4 (EC4). The ANSI/AISC 360
- 16 is the specification for steel structures in the United States; the Eurocode 4 is
the European code for composite structure design, respectively. The objective of
this study is to investigate the differences between the AISC 360-16 and the EC4
approaches of circular CFST columns under axial load and to evaluate how well
they model the actual column behavior through a series of statistical comparisons.
Also, the parameters which are used in design specification calculations steps will
be assessed. The important parameters in calculations will also be specified to
underline the best way in the design field.

Key words: Composite columns, CFST column, Axial capacity, ANSI/AISC 360 -
16, EC4.
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INTRODUCTION

Composite structures term is widely used in civil engineering structures where the
steel and concrete formed together into an element. The aim is to achieve the best
level of performance than would have been case had the two materials functioned
separately.

Composite columns are very important part of composite structures; the term
"composite column" refers to any compression member which a steel element acts
compositely with the concrete element so that both elements resist compressive
forces. There is a wide variety of column types of various cross - section, but the
most commonly used are the concrete-encased composite columns, and the
concrete filled steel tube columns, Figure 1 (Giakoumelis and Lam, 2004; Liang,
2014).

Figure 1b. Concrete-Filled Composite Columns

Figure 1. Composite Columns (Giakoumelis and Lam, 2004)

CONCRETE - FILLED STEEL TUBE (CFST) COLUMNS

Concrete - Filled Steel Tube (CFST) Column offers features better than either pure
steel or reinforced concrete column due to the interaction between the external
steel tube and core concrete. The strength and ductility of CFST column are
increased under compression due to the effective confinement of the steel tube to
the core concrete. Also, the presence of the concrete prevents the inward buckling
of the steel tube and enhance the local buckling response. The steel tube acts as the
formwork, and this option gives a more economical and faster construction



The International Journal of Energy & Engineering Sciences

(Ekmekyapar and Al-Eliwi, 2016; Han et al., 2014; Li et al., 2015). Figure 2 shows
the typical cross-sections of CFST column.
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Figure 2. Typical cross - sections of CFST column (Han et al., 2014)

The increase in strength, stiffness, and ductility of CFST column are provided by
the confinement of steel tube to concrete core. In the early stage of loading,
Poisson's ratio of concrete is lower than that of steel tube, and no confinement at
this stage. When the load is increased, the Poisson's ratio of concrete increased and
reach that of steel tube, core concrete expands and interacts with a steel tube to
develop the passive confinement. At greater load levels, the core concrete expands
laterally more than steel tube, and hence a radial pressure is developed at the
interface between concrete and steel. At this stage, confinement of the concrete
core is achieved, and core concrete is stressed triaxially and the steel tube biaxially
(de Oliveira et al., 2009; Johansson, 2002; Shanmugam and Lakshmi, 2001).

The confinement index is a parameter has been adopted to specify the
confinement capability of the CFST column roughly (Han et al., 2014; Han et al.,
2005).

Asfy

§ = At (1)
cJc

where A and A, are the cross-sectional areas of the steel tube and core concrete,
respectively, f. is the compressive strength of concrete, and f, is the steel yield
strength.
The studies proved that the circular steel tube could provide more effective
confinement to the core concrete than other types of steel tube sections. Large
experimental studies focused on the performance of circular CFST column under
axial load were carried out over the last decades. In addition to experimental
works, several design specifications have been published to enhance the
applications and design of the CFST columns.
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PAST RESEARCH ON CFST COLUMNS UNDER AXIAL LOADING

Many research on circular CFST columns under axial loading has been carried out.
The main parameters effect on the circular CFST column are: section slenderness
ratio (diameter - to - thickness (D/t) ratio), column slenderness ratio (length - to -
diameter (L/D) ratio), and materials properties which presented by concrete
compressive strength f, and steel yield strength f,.

Schneider (1998) studied the behavior of short concrete-filled steel tube columns
under axial load experimentally. Fourteen specimens were tested to investigate
the effect of the tube shape and steel tube thickness on the capacity of the columns.
It was concluded that circular steel tubes offer much more post-yield axial
ductility than square and rectangular tube sections.

Giakoumelis and Lam (2004) studied the effect of the steel tube thickness, the
bond strength between the steel and concrete, and the confinement on the
behavior of circular CFST columns with various concrete strengths under axial
loading and compared the results with the predictions of the design specifications.
Han et al. (2005) studied experimentally the behavior of self-consolidating concrete
tilled steel tube stub columns under axial load. The main parameters varied in the
study are section type, steel yielding strength, D/t ratio. The theoretical model
was used to study the influence of parameters on the ultimate strength of CFST
columns. And making comparisons between the experimental results and the
existing codes.

de Oliveira et al. (2009) studied the effect of L/D ratio and concrete strength on the
confinement factor. The columns length was short and long and concrete strength
normal and high strength. The capacity decreased when L/D increased, the load
capacity increased for high strength concrete but the confinement improved in
normal concrete strength and compared the results with some design codes.

An et al. (2012) investigated the behavior of very slender CFST columns. The
results showed that the very slender column reaches the ultimate capacity with no
confinement exist and predict the ultimate strength by design specifications.

Abed et al. (2013) studied the effect of D/t ratio and concrete strength of short
CFST columns. The results showed the D/t ratio had a greater effect than others.
when, D/t ratio increased the stiffness and axial capacity of the columns decreased
due to decrease in the confinement. Also, the results compared with the current
codes.

Aslani et al. (2015) Investigated the suitability of the several codes to predict the
axial load capacity of high strength concrete filled steel tube columns under the
axial load. According to the statistical results, simplified relationships are
developed to predict the section and ultimate buckling capacities of normal and
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high-strength short and slender rectangular and circular CFSTCs subjected to axial
loading.

Ekmekyapar and Al-Eliwi (2016) examined the capacity and the confinement of
CFST columns with three L/D ratios, two D/t ratios, three concrete compressive
strength levels and two steel qualities. The results showed that the L/D ratio is
very important parameter has direct impact column capacity, and D/t and
confinement factor does not have a direct impact on the performance of CFST
column.

AIM OF THIS STUDY

Many design specifications have been proposed to predict the axial capacity of
CFST columns; the common codes are AISC360-16 (2016) and EC4 (2004) where
the AISC 360 - 16 is the specification for steel structures in the United States; the
EC4 is the European code for composite structure design. The aim of this study is
to confirm the applicability and prediction of AISC 360 - 16 and EC4 codes for
circular CFST columns under axial loading and compare them.

STRENGTH PREDICTION OF CIRCULAR CFST COLUMNS

The AISC 360 - 16 and EC4 codes depend on different functions to estimate the
axial load capacity of CFST columns. These codes have some limitations on
geometrical properties of the steel tube, and materials properties of steel and
concrete and these limitations are different according to the code. Table 1 shows
the limitations of these design specifications.

Table 1. Limitations of Design Specifications

Parameter AISC 360 - 16 EC4

fy (MPa) fy <525 235 < f, <460
f. of NW (MPa) 21, <70 20<f, <60
D/t < 0.31(Es/fy) <90 (235/f,)
Steel amount > 1% of gross area 02<46<09
Slenderness KL/r <200 A2

Where E; refers the elastic modulus of the steel tube, K is the effective length
factor based on end boundary conditions of the column, 1 refers the relative
slenderness and, 6 is the steel contribution ratio defined in EC4:

Asfy

5=
Ny ra

(2)

Elastic modulus of the concrete, E, is calculated in each specification as presented
in Table 2.
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Table 2. Elastic Modulus of the Concrete

Specificatio g mpa) Details
_ 15 w,: Concrete density
AISC 360-16 0.043w; >/ f: (1500 < w, < 2500 kg /m?).
EC4 22000 ((f. + 8)/10)°3
AISC 360 - 16

The nominal strength of composite sections shall be determined by the plastic
stress distribution method, where the steel tube reaches the yield stress f, when
the core concrete strength about 0.95f,. The CFST sections are classified as
compact, noncompact or slender. This classification accordance to the cross-section
slenderness (D/t) ratio. The section is compact if the D/t ratio does not exceed
A, = 0.15E/f,, noncompact if the D/t ratio exceed A, but does not exceed
A = 0.19E/f,, and slender if the D/t ratio exceeds A,.. For all cases, the maximum
D/t ratio does not exceed 0.31E/f,,.

The nominal compressive strength of doubly symmetric axially loaded CFST shall
be determined for the limit state of flexural buckling based on member
slenderness as follows:

Pro Buo
PAISC = PTLO 0658 Pe ? S 225 (3)

e

_ Po
Pysc = 0.877P, - >2.25 (4)

e

Where, P,, is the nominal strength of the composite section and P, is the Euler
critical load, which is calculated using effective stiffness (EI),:

(El)e = Egls + GE I,

6
*(ED),
= kD)2 ©)
K=1

C; is the coefficient of effective rigidity of the CFST column:
As
=0. <0.
Cs 045+3(A A)_09 7)

S c
For compact section, the nominal axial capacity is calculated as:

Py =P, 8)
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Pp = Asfy + C A f. (9)
Where, P, is the plastic strength of the section, C, = 0.95, a circular section.
AISC 360 - 16 adopts the confinement effect of circular section by the coefficient of

C, of 0.95, which gives an 11% constant improvement due to confinement.

For non - compact section; the nominal axial capacity is evaluated as:

B,—P 2
Pno=Pp—p—yz(/1—/1p) (10)
(Ar - )lp)
P, = Asfy + 0.7A.f. (11)

Where, P, is the yield strength of the composite section.

For slender section, the nominal axial capacity is given by:

B = Asfcr + 0-7Acfc (12)

0.72f,
0.2 13
(®%) )

for is the critical local buckling stress of the filled circular section.

cr

EC4

EC4 code adopts simplified method to predict the capacity of CFST columns. This
code gives details to estimate the confinement effect, and the confinement effect is
considered if the relative slenderness (1) is lower than 0.5. The plastic resistance of
the CFST section (Ny;rq) is calculated by adding the resistance of the steel and

concrete. The plastic compressive capacity of circular CFST column as:

NEC4 = 77aAsfy + Acfc (1 + nc%%) (14)

Where, 1, is the steel reduction factor, where the yield stress decreased due to the
hoop stress. And 7. is the concrete enhancement factor, where, the concrete
strength increased under triaxial stress state.

when eccentricity is smaller than 10% of the outer diameter of the steel tube D, the
steel reduction and the concrete enhancement factors are evaluated as follows:

Na =025(3+21) < 1.0 (15)
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Ne =49—1851+ 171> = 0 (16)

A: the relative slenderness ratio; the confinement effect is considered, if the value
of A does not exceed 0.5.

1= |24 —~ o5 (17)

Where, Ny, g4 is the plastic resistance of column, and N, is the Euler critical load:

Npl.Rd = Asfy + Acfe
(18)
n?(EI),
cr = W (19)

Where, (EI), is the effective stiffness of the member which is given by:
(ED), = E I, + K,E.I, (20)

Where, Eg; E. are the elastic modulus of steel and concrete, respectively. Table 2
defines the modulus of elasticity of concrete. I;; I. are the moment of inertia of
steel tube section and concrete section, respectively. Finally, K, is a correction
factor equal to 0.6.

EC4 considered the effect of imperfections that might be caused second order
moments by multiplying the column plastic resistance by a reduction factor y:

1
X_¢+(¢2_A_2)

o5 = 1.0 (21)

The reduction factor y is calculated using European column curves and the
parameter ¢ is calculated as:

¢ =0.5[1+ a(1-2) + 2?] (22)

Where, a is an imperfection factor, equal to 0.21 for circular CFST columns.

PARAMETRIC STUDY OF CIRCULAR CFST COLUMNS

This study aims to investigate the appropriateness of AISC 360 - 16 and EC4 of
practice for predicting the capacity of circular CFST columns under axial loading,
where the data will be within and behind the limitations of these codes and
analyze the results, where the variation of geometrical and material properties
covered in this study. A total of 81 specimens, where various structural
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parameters were varied to investigate their combined effect: concrete compressive
strength f. taken as 20, 60, and 100 MPa to cover normal and high strength
concrete, steel tube yield strength f,, taken as 235, 435, and 600 MPa to cover mild
and high tensile strength steel, D/t ratio taken as 20, 60, and 100, and L/D ratio
taken as 3, 6, and 9 to cover short and long columns.

In definition of short and long CFST columns the AISC 360 - 16 and EC4 codes are
completely different, therefore, the term "short column" and "long column" are
classified according to L/D ratio, where the "short column" is defined as specimen
with L/D ratio less than or equal 4, while, "long column" is defined as specimen
with L/D ratio more than 4 (Han et al., 2014; Le Hoang and Fehling, 2017; Li et al.,
2015). The modulus of elasticity of steel tube is 200 GPa, and modulus of elasticity
of concrete is determined according to the corresponding codes.

The effect of parameters on axial capacity of CFST columns

To study the behavior of the CFST columns, there are materials and geometrical
parameters are effect on the axial capacity of column, (1) concrete compressive
strength f., (2) steel tube yield strength f,, (3) diameter - to - thickness D/t ratio,
and (4) length - to - diameter L/D ratio.

To investigate which parameter has more effect on the axial capacity of the CFST
column, the results of analysis of variance by using Minitab software showed that
the D/t ratio and concrete compressive strength have the more effects than other
parameters and the maximum interaction is between D/t ratio and f;, for both
AISC 360 - 16 and EC4.

The results show that the CFST column of (D/t =20, L/D =3, f. =100 MPa, and f,
= 600 MPa) gives the maximum axial capacity of 7.501 MN, and 9.063 MN for both
AISC 360 - 16 and EC4 respectively by difference about 20.8% where the EC4 takes
the confinement effect on its consideration. While the CFST column of (D/t = 100,
L/D =9, fc =20 MPa, and f,, = 235 MPa) gives the minimum axial capacity of
1.034 MN, and 1.117 MN for both AISC 360 - 16 and EC4 respectively by
difference about 8%.

Figure 4 and Figure 5 present the interaction plots for both AISC 360 - 16 and EC4.
Use an interaction plots to show how the relationship between one parameter and
the mean of the axial capacity depends on the value of the second parameter.
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Effect of concrete compressive strength f .

The effect of concrete compressive strength f. is shown in Figure 6 for both AISC
360 - 16 and EC4, where the axial capacity increase when f, increases.

6

®AISC
e EC4
54 D/t=20-100
L/D=3-9
a{ fy=235-600Mmpa

Mean of axial capacity (MN)

0 T T T T T
0 20 40 60 80 100 120
Concrete compressive strength (f'c) (MPa)

Figure 6. Effect of f, on Axial Capacity of CFST Columns

This increasing in axial capacity of the CFST columns is due to the effects of
confining tube in increasing the infill concrete compressive strength f.. As shown
in Figures 4 and 5, the maximum axial capacity gives when f, = 100 MPa with D/t
= 20 compared with others parameters.

Effect of steel yield strength f,

Figure 7 shows the influence of f,, for both AISC 360 - 16 and EC4 the axial
capacity of the CFST column increase when increase in f, increases. Figures 4 and
5 present the maximum axial capacity gives when f, = 600 MPa with D/t = 20
compared with others parameters.
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D/t=20-100
L/D=3-9

4 A f'c=20-100 MPa

| s

Mean of axial capacity (MN)

0 T
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Steel tube yiled strength (fy) (MPa)

Figure 7. Effect of f, on Axial Capacity of CFST Columns

Effect of diameter - to - thickness D/t ratio

D/t ratio also defines as cross-section slenderness ratio also this ratio effect on
local buckling of the CFST columns, however, the for AISC 360 - 16 the local
buckling accounted according to the classification of cross-section as compact,
noncompact and slender. While the EC4 the local buckling occurs when this ratio
passed the maximum value. Furthermore, this parameter effect on the
confinement as shown in Equation 1. For both AISC 360 - 16 and EC4 the axial
capacity of the CFST column decrease when D/t increases due to the reduction in
confinement provided by small thickness. Figure 8 shows the influence of D/t
ratios on the axial capacity of the CFST columns. However, the D/t = 20 gives the
maximum effect with compared with other values (D/t = 60, 100).

6

5 4

| eAIsC
@EC4
L/D=3-9
f'c=20-100 MPa
fy =235 - 600 MPa
0 T T T T T
0 20 40 60 80 100 120
Diameter - to - thickness (D/t) ratio

Mean of axial capacity (MN)
w

Figure 8. Mean Effect Plot of D/t Ratio
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Effect of length - to - diameter L/D ratio

The L/D ratio affects the axial capacity and the confinement effect of the CFST
columns, where, both decrease when L/D ratio increased (de Oliveira et al., 2009;
Ekmekyapar and Al-Eliwi, 2016). Figure 9 shows the mean effect of L/D ratio on
the axial capacity of the CFST columns for both AISC 360 - 16 and EC4. Where the
axial capacity of short columns (L/D = 3) greater than long columns (L/D =6 and
9). Also from Figures 4 and 5 the L/D = 3 with D/t ratio = 20 gives the maximum
axial capacity in compared with other parameters.

6

(%))
1

ESY
1

.:t\.\.

#AISC

| eECa

D/t =20 - 100
f'c=20-100 MPa
fy = 235 - 600 MPa

N

(=Y

Mean of axial capacity (MN)
w

o

2 4 6 8 10
Length - to - diameter (L/D) ratio

o

Figure 9. Mean Effect Plot of L/D Ratio

The strength index (SI) and the confinement index ()

For the design of the CFST columns, most codes recognize the effect of the
"composite action" especially for members with the circular cross - section.
Therefore, the strength of the composite member is enhanced. Strength index SI
and the confinement index ¢ are very useful measures for composite action and
confinement assessments in CFST columns. where ¢ is defined in equation 1 and
SI is defined as follows and (Ekmekyapar and Al-Eliwi, 2016; Han et al., 2014;
Portolés et al., 2011; Yang et al., 2008; Yu et al., 2008):

R,
SI = — (23)
P’LLO
Where, P, is the axial capacity of a CFST column predicted by AISC 360 - 16 and

EC4 codes. And P, is the sectional capacity or sqush load:
Py = Asfy+0.85A.fc (24)

The following Figures 10 to 13 show the effect of parameters of the parametric
study on the strength index. For AISC 360 - 16 SI ranges from 0.747 to 1.088 and
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for EC4 ranges from 0.937 to 1.403 by increasing in mean about 18%, this in
difference is due to the EC4 code take the confinement effect in its consideration.
Figures 10 and 11 show that SI for normal strength concrete (f. = 20 MPa) greater
than high strength concrete (60 and 100 MPa) and for mild steel strength (f,, = 235
MPa) gretaer than higher strength steel strength (400 and 600 MPa) because the
squash load of the CFST column depends on cross - section and the materials
properties f. and f,,.

1.6
OAISC

OEC4
1.4 4

1.2 4

0.8 A

Strength index (Sl)
=
OCROINNEEIBOCOI OmdO
CADO OCENERNCD oD
OO IDNINmD @O

0.6

0 20 40 60 80 100 120
Concrete compressive strength (fc) (MPa)

Figure 10. Effect of f, on the Strength Index SI

1.6

O AISC

O EC4
1.4 -

1.2

0.8 A

Strength index (SI)
[y
CEEEEDD @ED OO O
OGN GEENEPOCIIO 000
QR0 @D

0.6 T T T T T T
0 100 200 300 400 500 600 700
Steel tube yield strength (fy) (MPa)

Figure 11. Effect of f, on the Strength Index SI

Figure 12 shows the effect of D/t ratio on the strength index for both AISC 360 -
16 and EC4 codes. The strength index decreased when the D/t ratio increases this
means the thicker tube provides confinement more than, the thinner tube. The
column's ductility decreases as the concrete compressive strength increases for
higher D/t ratios, but for smaller D/t ratios the opposite is true (Abed et al., 2013).
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Strength index (SI)
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Diameter - to - thickness (D/t) ratio

Figure 12. Effect of D/t Ratio on the Strength Index SI

As shown in Figure 9, the L/D ratio has a direct impact on the axial capacity of the
CFST column. The short columns have an axial capacity greater than long columns
for both AISC 360 - 16 and EC4. This also clear in Figure 13 where the short
columns have strength index more than unity particularly for EC4 due to the effect
of the L/D ratio on the confinement index, where the confinement decrease when
L/D ratio increases. For a column with small L/D ratio, the failure is recognized
by material yielding while for high L/D ratio the failure is characterized by global
instability with small deformation before the facing the confinement (de Oliveira
et al., 2009).

1.6

O AISC
OEC4

1.4 -

1.2

Strength index (SI)
(=Y
apO XEEP d@EDCOaO
QDO COCOMEDO

0.6 T T T T T
0 2 4 6 8 10 12
Length - to - diameter (L/D) ratio

Figure 13. Effect of L/D ratio on the Strength Index SI

The confinement index ¢ is a function of D/t ratio, as well as the material
properties f; and f,, for this parametric study the confinement index ranges from
0.097 to 7.037. Figures 14 - 16 show the relation between the D/t ratios and the
confinement index ¢ with different values of f. and f,. It is observed that the
samples of D/t ratios = 20 with f, = 20 MPa and f,, = 600 MPa are more affected
on the confinement index.
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As a summary of this parametric study, Table 3 shows the difference in
predictions between AISC 360 - 16 and EC4, where, the percentage of the
difference of the axial capacity for total columns specimens is 16.53%, this
difference due to the confinement effect and the variation between the limitations
of codes for materials and geometrical properties, when classify the columns
specimens according to length, the difference is 26.24% this exactly due due to the
confinement where EC4 takes in its consideration the confinement effect for short
column while for long columns the difference decreased to 11.39% because no
confinement effect for long column in EC4 calculations.

Also for the same reasons the same result is clear to observe for strength index
calculations for short and long columns where the difference is 27.83% and 12.95%
respectively. For normal strength concrete (NSC) and high-strength concrete
(HSC), also the variation is clear for prediction of axial capacity between two
codes, generally, the confinement is more effective when the infilled concrete is
NSC due to its higher deformation capacity in comparison with the HSC (de
Oliveira et al., 2009), this result is obvious in mean of Slgcs between NSC and HSC
due to confinement effect while it is slight difference in SIasc because no big effect
of confinement in this code.

The same conclusion observed when comparisons between the mean of the
confinement index ¢ between NSC and HSC. While there is no effect of length on
the mean of ¢ because the equation 1 do not take the length in calculations.
conversely for steel tube strength, where, the mild steel strength (MSS) (f, < 460
MPa) gives lower confinement than high tensile steel strength (HSS) (f, > 460
MPa).
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Table 3. Summary of the Results

Mean of lglf[ean Pecy/Pai Mean Mean  Slgcy/SIA Mean
Paisc Prca sC of of ISC of
(MN) MN) (%) Slasc  Slecs (%) 3
Total 3.321 3.870 1653 0964 1139  18.09 1213
columns
Short 3.447 4351 2624 0999 1276  27.83 1213
columns
Long 3.258 3630 1139 0947 1070 12.95 1213
columns
NSC 2211 3010 3609 0994 1354 3620 2.374
HSC 4.064 5022 2356  1.001 1238 23.67 0.633
MSS 3.051 3.498 14639 0993 1151 1594 0.936
HSS 3.861 4.615 19518 0908 1115 22.79 1.768
CONCLUSIONS

The present study is an attempt to compare between the prediction of AISC 360 -
16 and EC4 of composite columns, with the rapid growth of research and
application of concrete-filled steel tube in the world, the circular concrete-filled
steel tube column under axial loading is considered as a parametric study. On the
basis of this study, the following conclusions can be drawn:

The variation of geometrical and material properties of specimens suggested
covering the practical cases in this field.

These specimens were within and behind the limitations of the AISC 360 - 16 and
EC4 codes.

The AISC 360 - 16 and EC4 codes depend on different functions to estimate the
axial load capacity of CFST columns. Therefore, there is the difference in results
between them.

The EC4 takes the confinement effect within its consideration that represents by

the term (1 + 1, %;—y) as shown in equation 14, while for AISC 360 - 16 is constant

as shown in equation 9.

The parameters of geometrical and material properties of specimens are the effect
on the predictions of both codes with different percentages.

The analysis of variance showed that the D/t ratios and f, have the more effective
parameters than others and the maximum interaction occurred for D/t ratio and
.

The CFST column of (D/t =20, L/D = 3, f,= 100 MPa, and f,, = 600 MPa) gives the
maximum axial capacity for AISC 360 - 16 and EC4 respectively by difference
about 20.8% where the EC4 takes the confinement effect on its consideration.
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While the CFST column of (D/t = 100, L/D =9, f. = 20 MPa, and f,, = 235 MPa)
gives the minimum axial capacity for AISC 360 - 16 and EC4 respectively by
difference about 8%.

The axial capacity increased when f. and f, increase, while decreased when D/t
ratio and L /D ratio increase.

Strength index SI and confinement index ¢ are very useful measures for composite
action and confinement assessments in CFST columns. SI for NSC and short
column is greater than HSC and long column, while the HSS gives confinement
index more than MSS.
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ABSTRACT: In the paper, we have presented development of power strip for
management of home power to reduce standby power consumption. The
developed power strip integrates many hardware components as AC power
socket, XBee module have been used to make communications between central
control unit and power strip. Raspberry pi card configured to play the role as a
web server and coordinator to switch ON/OFF strip power and measure power
consumption of plugged home appliances that collected from power sensor using
XBee module. Also, software has been developed using HTML, PHP, Javascript
and Phyton to design web page as platform compatible with any internet browser
in any smart phone or personal computer. However, our development requires
static IP number. We have evaluated in our design under different conditions. We
have found the results are satisfactory.

Key words: power strip, Xbee, Rapberry Pi, web server.

INTRODUCTION

Technology has become an integrated part of people’s lives and the internet has
become a common interface that many devices use for simplify the daily life of
people (Pavithra & Balakrishnan, 2015). Access to the Internet is very easy through
smart phones and tablets. Smart power strip developed to provide technical
solution to meet the comfort needs and energy management (HAN, LEE, & PARK,
2009).

Remote controllable and energy saving room architecture for periodically monitor
the power consumption via ZigBee controller with IR code learning functionality,
user can control the power outlet and the dimming light. With the advent of
mobile phones containing techniques including Bluetooth as well Short Message
Service (SMS), Allow to implement home power management, and develop
controllable power socket based on microcontroller (LIEN, BAI, & LIN, 2007).
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In the same context it was developed platform of smart homes to customize java-
based application development platform (JADP) in mobile phone as a result it
could be more flexible remote debugger and easy to develop (Chen & Chen, 2008).

Energy management system (EMU) developed based on Wireless Sensor Network
(WSN) using XBee-pro ZigBee, Arduino Uno microcontroller and current sensor
(ACS712) for control energy consumption and monitor the system in real-time
using NILABVEW software, ThingSpeak Website used as Cloud for storing and
display sensor data (Abo-Zahhad & Ali, 2015).

The main contribution of this paper is to implement an electronic card which can
control household equipment such as television, light and etc., through the
internet under any operating system environment. The platform consists of
develop programs that allow communication between a remote user and
household network.

User can remotely unplug household devices when they are not being used.
Wherefore we have developed Remote controllable power strip based on XBee
wireless module and minicomputer (Raspberry pi) to allow homeowners to
control and monitor power usage of home appliances.

System Architecture

Generally smart power strip architecture consists of three main components
(Lamine & Abid, 2014): Central Control Unit, power socket and Communication
protocol.

Central Control Unit is the gateway between user and power strip, our
development based on Raspberry Pi3 card. The power socket provides the
interface between the developed home energy management and the non-smart
load appliances in real time. The power socket is designed to provide remote
control of non-smart loads thus providing a practical solution to interface the
loads with the developed system and schedule on/ off status of selected loads. The
power socket is responsible for collecting data about the environment around it
and sending that data to processor in the network which is measure the power
consumption of the different loads and transfer it to the Central Control Unit.
Communication protocol; there are many Smart Home Communication
Technologies in the market most popular is (X10, Z-Wave, ZigBee, INSTONE,
EnOccean) (Withanage & Otto, 2014). The most relevant communication
technologies used in smart home systems ZigBee protocol.

Raspberry pi
We used Raspberry Pi3 shown in figure 1. that contains built in 802.11n Wireless

LAN that get more flexible and movable anywhere user want to put it, In our
development Raspberry Pi will be mediator between user and power strip that
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connect to home appliances, the Raspberry Pi is used as the gateway which
communicates to personal computer or smartphone using http protocol.

q,.JDl.uscE)

Figure 1: Central Control Unit using Raspberry Pi-3

Web server

Raspberry Pi can be connected to the Router and Internet through wireless LAN
and Rj45. One of its configuration Features is to work as a web-server. There are
many alternative web servers that may be installing on the raspberry Pi, like
Apache and NGINX (raspberrypi, 2017). Apache is a popular web server
application the user can install on the Raspberry Pi to allow it to serve web pages.
Apache can serve HTML files over HTTP and with additional modules can serve
dynamic web pages using scripting languages such as PHP.

There are a new breed tools that reach programming languages like python,
JavaScript and Cascading Style Sheets (CSS) to make web server dynamically
generate the hypertext markup language. Web page consists of three main
components: First is buttons for turn ON/OFF that programmed using JavaScript
that call PHP code for calling python script that send digital signals over ZigBee
technology to the node. The second component is label text. It is also developed
based on Java-PHP which is able to get data stream without any reload page from
the database. The Chart is the third component the in web page, Interactive
JavaScript charts (highcharts) provides many types of charts and has many
advantages, dynamic chart (Spline updating each second) has been used, fetching
sensor data that stored in the database with date and time at the moment of
reading.
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Database

Install MySQL-server database and then the php5-mysql install adds the MySQL
libraries to allow PHP to access the MySQL database.
The database that we created include one table and five Columns:

Id: AUTO_INCREMENT attribute can be used to generate a unique identity for
New rows.

Current date: date and time at the sensing moment.

Current data: sensing value after making mathematical processing to get Electric
current.

Power data: Electric power in Watt.

Status: There are four status cases, status column It contain one of these values
(0,1,2,3) as below:

Status = 0: ZigBee Not connected.

Status = 1: No data or Power strip if off.

Status = 2: error data received.

Status = 3: Power strip is ON.

XBee module

The advantages of this module is too small size as a coin and with low power
usage. The XBee module communication concepts have either point-to-point or
star communication concept. [11]

In addition, it is compatible with many minicomputers and boards, Since a USB
port feasible with XBee, there are 11 digital I/O pins and 4 analog input pins in
ZigBee. The XBee is linked to Raspberry Pi via USB working in coordinator mode
and the other XBee is the End point mode. The pin-20- (DIOO) is set as digital
output to control relay to turn ON/OFF, Pin-19- (ADO) is set to work as analog to
digital converter which is connected to current sensor (ASC712) and convert the
voltage (analog data) coming from V-out of sensor and send it to coordinator as a
stream of digital data every 0.5 second.

Power strip hardware

The most important features of the power outlet development is to be simple and
uncomplicated. It affects the cost, power consumption and easy to understand.
The transformer steps down the main voltage from 220 V AC to 5 V DC to provide
voltage to the electromechanical relay and current sensor. The 5 V to 3.3 V is to
provide XBee wireless module with power.

Additionally, the current sensor signal output is connected to the XBee pin-19-
(AD1). The analog to digital converter (ADC) of each XBee module has a
resolution conversion of 10 bit.
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Hall-Effect-Based Linear Current Sensor type ACS712 £5 A is used and the output
is connected to an operational amplifier (op-amp) based signal conditioning circuit
so as to read the required analog values to the pins of the analog input of the XBee
module (sparkfun, 2017). The (op-amp) IC circuit is used for the conversion from
AC to root mean square (RMS) signal and to shift ACS712 sensor zero current
from 2.5 V to 0 V . Since the XBee has a built in 10-bits analog-to-digital converter
ADCGC; therefore 10 bits = 1024 steps (0-1023). So the step size using XBee s1 Vref =
(3.3 V) then the equation will be (3.3V/1024 = 3.223 mV/step) (Ahmed & Alj,
2017).

ACS712 £5 A 185 mV/ A output sensitivity, 100 mV /A for +20 A, and 66 mV/A
for £30 A, sensor Vout data range between 1.5-3.5 V as the datasheet.
So the form of the equation will be: Current = (((3.3 / 1024) * (Vout)) / (0.185*2)).

Hardware implementation and experiment

The implementation of this work starts with selecting the operating system that
we prefer. In this project we have selected raspbian operating system. Now, we
have to boot the operating system that we have selected with the necessary
configurations. The various configurations which can be done are such as
changing the password for default user, the configuration settings are done
according to the users need.

After the configuration settings are done, the python program is to be typed in the
leaf pad. Leaf pad is created by file manager->right click->create->blank file-
>enter a file name.py- > click ok.

Next the program is saved. A web page is designed and PHP Script written in leaf
pad also and saved as index.php. The first ZigBee configured to work as
coordinator linked with Raspberry Pi, The second XBee configured to work as
Endnode. The (op-amp) IC circuit connected to current sensor and the output of
circuit connected to XBee shown in figure 2. Raspberry Pi is connected to the
internet through the Router, and Router configured to forward port 80 to
Raspberry Pi to work as web server. We accessed to main web page of power strip
through Smart phone shown in figure 3. Using IP address. The various devices
like Lights ON/OFF can be controlled shown in figure 4. 70 W and 40 W bulbs are
plug in power strip separately. Directly power data appear in web page.
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Figfe 4: Controlling the bulb by using tablet

CONCLUSION AND FUTURE APPLICATIONS

In this paper, we have presented our development for wireless power strip to
remote control and current sensing in order to manage home appliances. We
developed the power strip along with a cost effective using minicomputer
(raspberry pi) and ZigBee communication protocol. The raspberry Pi is configured
to work as web-server and different Languages used to design a web-page as a
platform for monitoring and controlling. The main advantage of our proposed
work is to make the home owners able to manage home appliances remotely
anywhere and anytime over the internet. It had been developed to be scalable to
add more nodes and can add different sensors as required.

So that, a part of our future work is to develop the system to adapt with different
places hospitals, hotels, banks, etc.
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ABSTRACT: Engineering Cementitious Composite (ECC) materials with
PolyVinyl Alcohol (PVA) fibers are employed to investigate the effect of the
ductile matrix on the behavior of flat plate-column connection. Totally four slabs
are cast and tested, three of PVA-ECC slabs are compared to control slab of
normal concrete. The thickness of the slabs used was variable (50, 60 and 80 mm)
in order to investigate the effect of the size, and keeping the other size is constant
(500 x 500 mm). All four slabs are reinforced with same conventional
reinforcement ratio. The results showed that in the ductility of the slabs made
from PVA-ECC are significantly enhanced compared with the normal concrete
slab, this ductility improvement decrease with increasing the slab thickness, and
more over the shear stress in the specific location is reducing with increasing the
slab thickness.

INTRODUCTION

Flat plate-column assembly is one of most important connection members in
structural system, especially when the height of the story is preferable. This
connection is however governed by brittle punching shear failure. Many attempts
and had been conducted to decrease the effect of the brittleness of the punching
shear behavior, such as, using special shear reinforcement. Recently, the
researchers seek to increases the ductility with keeping the same amount of the
flexural reinforcements. However, the effect of slab thickness is still of the matrix
aggravated the brittleness problem. Many researchers had been observed that
increasing in the thickness of the slabs will rapidly decrease the shear stress
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resistance (Bazant & Cao, Brickle & Dilger and Mutton & Schwartz) however, not
all codes of practice are considered the size effect, such as ACI318 (ACI318-14).
Some codes are considered this effect but with deferent forms. Eurocode 2
(EN1992-1-1) and DIN1045 (DIN1045-2) represent the size effect (§) as § = 1+
200/d. Brickle and Dilger (Brickle & Dilger) observed that when using ACI318's
equation, only 89 % of nominal shear resistance was reached for the slab of 300mm
thickness, this percentage decrease to be 64 % for the slab of 500 mm (Guandalini
et al).

Many researchers had been proposed different factor to capture the size effect on
the punching shear strength. Broms (Broms) proposed his size effect factor based
on assumption that the initiation of the cracks at the compression zone in the early
hydration stage has an important role, his factor is produced in term of
compression depth (xpu) as § = (0.15/xpu)1/3, which in turns proportional with
rebar ratio, the cubic root in term of effective depth ( = (500/d)1/3) is proposed
by Shehata (Shehata). Regan (Regan) shows that the fourth root is best introducing
the size factor in term of effective depth § = (1/d)1/4.

In the current work, slabs of different thickness made from PVA-ECC are cast and
tested in order to investigate the effect of the size, on the punching shear strength.
Authors of the current work demonstrate that the effect of size importantly needs
further researches.

EXPERIMENTAL PROGRAM
Slab Geometry and Materials

The experimental program included casting and tested four flat plates of square
shape that most convenient to fabricate, the length of the sides are 500 x 500 mm.
Three slabs coded as (V5, V6, and V8) of PVA-ECC matrix reinforced by steel
reinforcement bars in addition to 2 % by volume PVA fibers, the properties of the
physical of PVA fibers are summarized in Table 1. The three slabs are compared to
control slab of normal reinforced concrete. The main parameter is the effect of slab
thickness (h), where the three slabs thicknesses were 50, 60, and 80 mm, and the
control specimen is of 50 mm thickness. The column stub size (c) is constant for all
slab thickness that is of 55x 55 mm steel plate.

The flat plates are designed as its corresponding conventional reinforced concrete
slab, which fail due to punching shear effect; therefore all tested slabs were
reinforced by one layer of convenient flexural reinforcement by ¢$5.3 mm deformed
bars, with 400 MPa yield strength. The ends of reinforcement bars are bent by 90
deg, one additional bar in each direction of the free ends are added. The concrete
cover was 15 mm at all slabs. The reinforcement ratio (p = 1.2 %) was constant for
all slabs, so there are different spacing bars, Figure 1. shows the slabs
reinforcements details.
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Table 1. Physical Properties of Polyvinyl Alcohol (PVA)

Density I Dy ly/Dy Tensile Elastic
strength modulus
kg/m?3 mm mm mm/mm MPa GPa
1260 6 0.015 400 1600 34
S500mm 500mm 500mm
| @ 53 @ 67mm | | @ 5.3 (@ 47mm | | @ 5.3 (@ 31mm
B —
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Figurel. Slab Geometry and Reinforcement Bars Details.

All slabs with PVA-ECC are cast in one batch, and the normal reinforced concrete
slab is cast in a different batch. The materials used for the PVA-ECC slabs are
summarized in Table 2. Portland cement of type CEM II/ A-LL 42.5 R for both
ECC and normal concrete are used. The dense concrete is planned to use in the
production of the normal concrete. The same mix proportion of Bazant and Cao
(Bazant & Cao) recent work which is given in Table 2 are used for normal concrete
where the fine aggregate content represents 63% of the total aggregate with 9.5
mm maximum size of aggregate, while the PVA-ECC does not include coarse
aggregates. Therefore it can be regarded as fiber reinforced mortar. Dense nature
of the two mixes is favourable to increase both concrete strengths (tensile and
compressive), and increasing the interactions between the matrix and the fibers,
and also to maximize the ductility by developing micro cracks.

The designed 28-days compressive strength (f 'c) of the standard cylinders (100 x
200 mm size) for the two mixes were 45 MPa, the actual compressive strength of
the normal concrete and the PVA-ECC were 43.2 and 38.6 MPa, respectively. For
the normal concrete mix, the dry materials are mixed for 10 minutes and then the
water added with increasing the vertical mixer speed. For ECC, the dry binder
materials (cement + fly ash) and the silica sand are mixed for three minutes at
slow speed, after which the specified water is added with increasing the mixer
speed to 30 minutes, in this stage the Superplasticizer is added for 2 minutes and
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then the PVA fibers are interspersed by hand during the mixing. After mixing is
complete the matrix is molded and externally consolidated for ECC, internally
vibrated for normal concrete slabs, and rodded for standard cylinders. In order to
overcome the errors, three standard cylinders were cast for each standard test,
where the compressive and tensile strength are evaluated in this work. The slabs
and the standard cylinders were kept for 24 hours in laboratory condition, and
then cast specimens are mold and cured for 28 days in the water tank.

Table 2. Mix for the PVA-ECC and Normal Concrete

. Fly Silica Crashing Silica Super
mix. Fiber Water Cement ash Fume Sand stone sand  plasticizer
code % It Kg/m3 Kg/m? Kg/m3 Kg/m3 Kg/m?3 Kg/m3 Kg/m?3
P 0 216 465 - 35 1170 680 - 6.6
\Y% 2 352 551.4 662 - - - 44112 7.33

Test Setup and Instrumentation

The test setup is followed the authors' recently work (Abo Altemen et al), where
the slabs are supported on eight steel half balls, in order to represent the line of the
contra flexure, the balls symmetrically distributed in a cycle of 400 mm diameter,
the central angles were 11 / 4 as shown in Figure 2. The yield line analysis is based
on Equation 1, that produced by (Guandalini et al.)

b 4 mg xb2—(bxc)—(c2/4)
flex = rq(cos(n/8)+sin(n/8)) -C b —-c

Equation 1

Where, b, ¢, 11, and rq are depicted in Figure 2, the section moment capacity my are
obtained as follows (Guandalini et al).

f
mg = f, x p ¥ d*x <1 —0.5p x f_}']) Equation 2
where d is the average effective depth of the section equal to (d1 + d2)/2, f . and £,

are the concrete compressive strength and bars' yield strength, respectively, and p
is the reinforcement ratio taken as a sort of averaging as follows,

p=mﬁ+%ﬁ

¥ Equation 3

In addition to the jack displacement of a test machine, the deflection at the centre
of the slab is measured using Linear Variable Differential Transformers (LVDT)
located at the centre of the bottom face. The monotonic increasing load is applied
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through steel plate located at the centre of the slab; the load was applied in
displacement control rate of 0.4 mm/min.

Figure 2. Test Setup and Supporting Details

EXPERIMENTAL RESULTS AND DISCUSSION
Punching Shear Strength

Table 3. summarized the test results. In spite of that f “c of the normal concrete is
higher than f “c of the ECC, but the splitting strength (fsp) of the ECC were higher,
it is shown that the correlation between the (fsp)to the square root of the f ‘c was
0.59 which is close to correlation of the ACI318 [4] (0.556), while the correlation is
increased 110 % for the ECC. This is not surprising because the ECC tends to form
multi micro cracks between the first crack strain and the 1 % strain (Li, V.C.). The
load required to initiate the cracks (Pcr) compared to ultimate load resistance (Pu)
are increases with increasing the slab depth, the cracking load in ECC slabs are
ranging between 7 and 14 % of the ultimate load, whereas the Pcr is initiated at 19
% of Pu for the specimen P (of normal concrete).

From the Table 3, it is shown that the slabs' strength increases with increasing the
slab thickness, however, the flexural capacity are decreases (Figure 3a), that is lead
to reduction in shear stress with increasing the slab thickness (see Figure 3b), this
is agreed with Birkle and Dilger (Brikle & Dilger) finding. Comparing the ultimate
strength with the nominal strength of the ACI318 (ACI318-14) and Eurocode 2
(EN1992-1-1) shows that these codes are conservative moreover; theses codes don't
capture the effect of thickness on PVA-ECC. There are no differences between the
two codes in prediction the punching shear for the V5, while the differences are
increases with increasing the slab thickness. However, the proposed nominal
strength by Birkle and Dilger (Brikle & Dilger) was not conservative and
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overestimated the ultimate resistance (see Figure 3c), but the latter is best
considered the size effect than the codes' equation.

Table 3. Summary of the Test Results

Spce. Age Density d fop f'e fsp Po B« Pu Bu Por Prex Py
Code \/ﬁ Py Pflex
Day Kg/m® mm MPa MPa kN mm kN mm mm
P 45 2330 29.7 3.85 4320 059 9.89 0.86 5131 552 019 38.29 1.34
V5 49 1987 29.7 768 3866 124 9.65 051 61.02 6.15 016 38.29 1.59
Vo6 48 1979 39.7 768 3866 124 1190 075 69.27 396 017 70.26 0.99
V8 40 2013 59.7 768 3866 124 1287 187 13553 381 0.09 15397 0.88
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Figure 3. Effect Of Slab Thickness On (a) Flexural Capacity (b) Shear Stress (c)
With Other Proposed Nominal Equations (ACI318-14, EN1992-1-1, Brikle &
Dilger).
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Load -Deflection Relationship

Figure 4. shows the deflection response under increasing monotonic loading, The
loads are applied to the tested specimens up to failure, however, the curves show
the response up to 50 % of the Pu, this is based on the authors experience, where
the effect of tensile membrane action are included at this level, the deflections in
Figure 4 are recorded from the LVDT placed at the center of slabs. It is shown that
AP/AS of the PVA-ECC slabs are more than the slab of the normal concrete,
moreover, AP/A0 are decreases with decreasing the slab thickness. At the failure
zone (beyond 6u) It is showing that the load of the slabs of 60 and 80 mm (V6 and
V8) are decreased sharply, this behavior also shows in specimen P (slab of normal
concrete), whereas the slab V5 the load is gradually decreasing in the failure zone.
Based on these premises, the ductility of the slabs is decreased significantly with
increasing the slab thickness. Table 4 summarized the ductility of the tested slabs,
the ductility refers to the efficiency of the materials to sustain the deformation
before a collapse, the ductility quantified here in as a ratio of the deflection
corresponding to 50 % of ultimate load to the deflection at first crack. From Table
4, it is clear that the ECC slabs show high ductility index than the slab of normal
concrete, where the ductility index for V5 is more than that for P by 308 %,
however, increasing the thickness of slab from 50 mm to 80 mm is reduced the
ductility index by 25 %.
200 1
180 - —_°
w4 V6
140 1 2 — —Vs
120 1 N
100 Ve
B0 A e TN
60 1 // e T,
40 s .
wl / ~Z

Applied Load (KN)

Deflection at slabcenter {mm)

Figure 4. Load-Deflection Curves for ECC Reinforced Slabs

Table 4. Ductility And Failure Mode

Spec. Code d Py It R Failure Type
mm kN mm

P 29.7 51.31 2.5d 25 P+F

V5 29.7 61.02 2.7d 10.4 P+F

V6 39.7 69.27 1.9d 6.9 P

V8 59.7 135.53 1.4d 7.8 P

t lor is the distance from the column face to the punching shear crack in term of
effective depth d
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Cracks Pattern

The slabs designed to fail due to punching shear, the design applied to normal
reinforced concrete in order to compare the effect of using high tensile and
ductility materials. All slabs show the punching cone in deferent load levels. The
important finding is that increasing the thickness is decreases the distance (lcr)
from the column face to the punching circular crack. Icr is represented in term of
d, where Icr is equal to 2.7 d in V5 this distance is reduced to 1.4 d in V8 with
reduction of 48 % (see Table 4). That is means that the variation of the thicknesses
is significantly affected the deformation.

Figure 5 shows the cracks patterns, where the failure of the ECC slabs are ranging
between the uncompleted circle and completed circle, however, the slabs of 50 mm
thickness of ECC and normal concrete shows radial cracks extended to edges of
the slabs. Table 4 shows the type of failures. Moreover, it is recognised that the
thicker slab shows more cracks than that thinner; this is because of the brittle
behaviour of the thicker slab in addition to the congestion of the reinforcement
bars.

CONCLUSIONS

Tests on slabs made from PVA-ECC materials, and with 50, 60, and 80 mm
thickness, the control slab of normal concrete is designed due to in punching
shear. The important conclusions driven from the current work can be
summarized as follows,

Increasing the slab thickness was increased the ultimate punching shear strength,
moreover, reducing a flexural capacity of the section and the shear stress at
distance of d/2.

The total deformations are reduced with increasing the slab thickness, and the
thicker slabs tend to fail due to punching shear.

The proposed codes equations [4] [5] of the nominal punching shear strength are
significantly under estimated the tested slab, and not captured the effect of slab
size.

Using PVA-ECC materials are significantly enhanced the ductility of the slabs
compare to the normal concrete slabs.
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Specimen V5 Specimen V6 Specimen V8
Pu= 61.02 kN flo= Pu=69.27kN f'c= Pu=13553 kN  f'c=
38.66 MPa 38.66 MPa 38.66 MPa
d =50 mm d =60 mm d =80 mm

Specimen P

Pu=51.31 kN f'c =43.20 MPa
d =50 mm

Figure 5. Cracks patterns of panels
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ABSTRACT: The influence of atmospheric steam curing by solar energy on the
mechanical strength for precast concrete elements was investigated. An
experimental program was carried out to study in parallel the effect of
water/cement ratio (0.4, 0.5 and 0.6), the influence of cement type and the
influence of curing methods (four methods of curing were used: water curing, air
curing, steam curing at 29°C and steam curing at 45°C) on the compressive and
flexural strength of samples concrete. Six similar formulations of workability are
made from ordinary Portland cement (CEM I 42.5) and a compound cement (CEM
I1/B 42.5), three of each type are studied. The results obtained flow highlight the
beneficial effect of a steam curing procedure to achieve high compressive and
flexural strength, especially in the earlier ages of curing. However, after 28 days of
steam curing, a strength reduction was observed in all samples.

Key words: concrete, mechanical strength, steam curing, solar energy, precast
elements.

INTRODUCTION

Atmospheric steam curing is a heat treatment which has been used for many years
to accelerate the strength development of precast concrete products. Because of the
hydration rate of cement increases with the increase in temperature, the gain of
strength can be speeded up by curing concrete in steam. When steam is generated
in atmospheric pressure, the temperature is below 100 °C; the process can be
regarded as a special case of moist curing in which the vapour-saturated
atmospheres ensures a supply of water (Hanson J.A.1963 and Neville A.M.1981).

It is confirmed that the steam curing at low pressure could improve the quality of
high performance concrete incorporating mineral admixtures, comparing with
standard curing (Maltais Y et al. 1997).

The curing temperature will be a compromise between rate of strength gain and
ultimate strength, because of the higher, the curing temperature, the lower and the
ultimate strength (Mindess et al. 1981).
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The primary factors determining the behavior of cements subjected to heat
treatment are fineness and composition of cements, the type and amount of
additives used in blended cements and curing cycle parameters. For compressive
strength development of concrete, duration of steam curing is also an important
parameter as well as temperature (Oztekin E. 1984).

Erdem et al. (2003) concluded that in the delay in the commencement of steam
curing operation by a period equal to the initial setting time of cement, higher
strengths were obtained when the delay period was equal to the setting time.
However, it is clear that the effect of the humidity during curing is a major
consideration that cannot be ignored. Steam curing continues until the minimum
is reached strength deemed essential to the performance of the element after
demolding (Vénuat M. 1989), this minimum would be difficult to determine a
priori because it depends on the shape more or less massive parts, and depends on
the nature of the stresses to which they submitted after release. To fix ideas, we
may admit that in the absence of any external load, the minimum strength to
compressive should be located around 50 to 60% of the required strength (at 28
days under natural conditions) is 10 MPa (ACI 517.2R-87. 1992), which can
transport and store the parts in concrete rooms for a natural hardening to
ambient air in the realization of business without breaking.

The required objective is to evaluate through experiments the influence of
atmospheric steam curing on the mechanical strength of concrete.

Experimental Program
In this section we present the materials used, formulation of concrete and the
preparation of specimens.

Materials

Cement

The cement that was used is composed Portland cement CEM II/B 42.5 (Biskra -
Algeria). Fineness = 3300 cm?/g, apparent density = 1215 kg/m?3 and specific
density = 3150 kg/m3.

Water

The water is drinking water and having a temperature of 20 + 1°C. Its quality
conforms to the requirements of standard NFP 18-404.

Sand

The sand used is from the region of Biskra (Algeria). The grading curve of sand
is given in fig.1. Apparent density = 1630 kg/m3. Specific density = 2650 kg/m3,
Fineness modulus = 2.82
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Figure 1. Grading Curve Of Sand And Crushed Stone
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Crushed stone

We used crushed stone (CS) fraction 3/8, 8/15 and 15/25 mm of the region Batna
in Algeria. The grading curve of crushed stone is given in figure 1, Apparent
density = 1340 kg/m3, Specific density = 2610 kg/m3.

Study of the temperature in the steam curing chamber and at ambient air

Our study is first to raise the temperatures in the open air using a thermometer
and within the confines of conservation (Figure 2) by other thermometers hourly
and daily same time of 07 h to 21 h for 12 months of the year, the average of these
monthly records are illustrated in figure 3.

Figure 2. Steam Curing Chamber
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Figure 3. Monthly Exchange In Outdoor Temperatures And The Steam Curing
Chamber

Formulation of concrete

Optimizing the formulation of concrete based on several criteria that are often a
compromise between them: consistency, strength, durability and economy. Before
the multiplicity of methods used to determine the composition of concrete was
used that gives accurate results and seems to be the least known. This is the
method of B. Scramtaiv. Whose consistency is such that its cone slump of 7 cm. In
all tests the w/c =0.4, A = 0.6, Dmax = 25 mm and S/CS = 0.33. The composition of
concrete is reported in table 1.

Table 1. Composition of Concrete (kg/m?3)

Crushed stone Crushed stone
Cement Sand (7/15) (15/25) Water

512 407 432 802 205

From the graphs of the temperature variation with time of 12 months, we can say
that for six months from April to September, the average temperature coefficient
(K1 = 1.70), and October to March, the average temperature coefficient is: (K2 =
1.40). With: T° is the temperature in °c and K: the average temperature coefficient
(K = 1.55). Based on the findings deduced from the variation curves of
temperature versus time inside the chamber, we select the six months which
corresponds to the seasons: spring and summer as shown in Table 2.

Table 2. Steaming Cycles And Maximum Temperatures In The Room (Spring-
Summer)

Month Apr May Jun Jul Aug Sept

Cycles 3x8x3 3x8x3 3x8x3 3x9x%3 3x9%3 3x8x%3

Max. T° 38 43 44 46 48 43
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We opt for steam curing cycle 1: (3x8x3) with a maximum temperature bearing 45
°c. We do the same for the other six (06) months representing the fall and winter
and the pattern of the cycle.

Table 3. Steaming Cycles And Maximum Temperatures In The Room (Autumn -
Winter)

Month Oct Nov Dec Jan Feb Mar
Cycles 3x8x3 3x7%3 3x7x%3 3x7%3 3x7%3 3x8x%3
Max. T°® 34 32 30 28 23 34

We opt for steam curing cyclez: (3x7x3) with a maximum temperature bearing
29°c.

Preparation of specimens

The strength is expressed by the power of concrete to resist destruction under the
action of stresses due to different compressive loads and flexural.

Specimens of cubic (100x100x100 mm) were produced to determine the
compressive strength, other form of prismatic (100x100%400 mm) to determine the
flexural strength.

The concretes studied: a control concrete stored in water at an ambient
temperature of 20 + 1°c, concrete cured outdoors without irrigation, and concretes
subjected to two cycles of steam curing.

The steam curing cycle must include four phases: delay period; temperature rises;
maximum temperature and cooling.

After mixing the concrete, the specimens are preserved in plastic to prevent
evaporation of water from the concrete, after demolding, the specimens are
introduced into the steam curing chamber by solar energy with the rise of the
temperature in the chamber, the thermometer was placed outside of the chamber
can adjust the temperature level selected at 45°c in the chamber for the warm
period of the year.

(6 months from October to March) and 29°c for the cold period (6 months from
April to September), for durations of steam curing 1, 2, 3 and 7 days hardening in
open air without spraying of 3 and 7 days.

RESULTS AND DISCUSSIONS

Consistency

It is important to know the properties of concrete in fresh state before setting and
hardening. Among these properties, consistency can be defined as the ease of
implementation of concrete.

The slump test to Abrams cone NF P 18-451 is currently in use worldwide.
Depending slump obtained, class consistency of different concrete is plastic
(slump varies from 6 to 8 cm).
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Compressive and flexural strength

The strengths are estimated at 1, 2, 3 and 7 days of steam curing, 28 days in wet
and dry.

The results of compressive and flexural strength of concrete in water, the open air
and concretes having undergone a steam curing are given in figure 4 (a, b, c and
d), 5 and 6 respectively.
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Figure 4. Effects Of Curing Methods, Cement Type And W/C Ratio On The
Compressive Strength Development Of Samples
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Figure 5. Effects of Curing Methods, Cement Type And W/C Ratio On The
Compressive Strength Ratio Of Samples
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(d) steam curing 29°c
CEM 11/B 425

I 1 day
[ 2 days
3d
CEM | 42.5 (w/c = 0.6) E 7 dg:
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CEM I11/B 425
CEM 1425 (w/c=0.5)
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CEM 1425 (wic=0.4)
I T T T " T ' J ' !
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Figure 6. Effects Of Curing Methods, Cement Type And W/C Ratio On The
Flexural Strength Development Of Samples
Extension of hardening of concrete in the open air
One day of steam curing at 45°c and hardening of 3 and 7 days

The strengths estimated from (1d steam curing and air 3d) and (1d steam curing
and air 7d) for steam curing at 45°c are shown in table 4.

Table 4. Compressive And Flexural Strength Of Concrete (1d Steam Curing At
45°C + Air 3 And 7d)

Strength 1d steam curing + (%) 1d steam curing + (%)
(MPa) air 3d harden  air7d harden
Compressive 40 99 43 105
Flexural 1.80 82 2.00 90

The period (spring - summer) at 45°c, the months of April-September results show
that treatment with steam curing in the chamber ensures a rapid increase in
compressive strength for: 1, 2, 3 and 7 d of steam curing at 45°c, are: 30.7, 33.7, 35.5
and 37.0 MPa, which are: 75, 83, 87 and 91% of the strength of hardened concrete
even under natural conditions to 28 days respectively.

- Compressive strength of one day steam curing at 45°c (08 h of oven) and in air 3
and 7 d under natural conditions, which are: 40.3 and 43 MPa, are: 99 and 105% of
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the strength of the hardened concrete even under ambient conditions at 28 days
respectively.

- An increase in compressive strength and flexural strength versus time, which
ensures demolding of the molds only 3 days in air.

One day of steam curing at 29°c and hardening of 3 and 7 days

The strengths estimated after (1d of steam curing and air of 3d) and (1d of steam
curing and air 7 d) for steam curing at 29°c are shown in Table 5.

Table 5. Compressive And Flexural Strength Of Concrete (1d Of Steam Curing At

29°C + Air 3 And 7d)
Strength 1d . steaIEn 1 .d stearp
(MPa) curing + air (%) harden curing + air (%) harden
3d 7d
Compressive  39.30 96.50 41 100
Flexural 1.43 64.70 1.62 73.30

The period (autumn - winter) at 29°c, for the months of October to March:

- One day of steam curing at 29°c: 23.6 MPa, which shows: 58% of the strength of
hardened concrete even under natural conditions to 28 days.

- One day steam curing concrete at 29°c (08 h of steam curing) and in air 3 d under
natural conditions, which presents: 39.3 MPa, or 96.5% of the strength of hardened
concrete even under natural conditions to 28 days.

- One day steam curing concrete at 29°c and 7 days of hardening under natural
conditions, which presents: 41.0 MPa, 100% of the strength of hardened concrete
even under natural conditions to 28 days.

- An increase in compressive and flexural strength as a function of time, which
ensures demolding of the molds only in 3 days in air.

Mass loss in the steam curing chamber at 45°c and 29°c

The quantification of the wastewater between the demoulding and the sample
removal in the stoving chamber was carried out using a balance with a capacity of
10 kg and an accuracy of 0.01 g used for the determination of The mass of the
specimens before and after the two cycles of hardening and curing in ambient air.
The results presented in Tables 6 and 7 indicate that the mass losses during
stoving at 45 °C and 29 °C. between the demoulding and the test time for different
ages of 3 and 7 of curing caused by the creation of very fine cracks By the
expansion of the air bubbles in the cement and the evaporation of the water of the
capillaries.
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Table 6. Mass Loss In (gr) Of The Cubes And Prisms At 45°C

Steam curing

Specimens  air 28 d

1d 2d 3d 7d
Cubes 35 24 46 68 149
Prisms 110 90 130 185 240
Specimens 1d steam curing + air 3d 1d steam curing + air 7d
Cubes 30 45
Prisms 102 120

Table 7. Mass Loss In (gr) Of The Cubes And Prisms At 29°C

Steam curing

Specimens  air 28 d

1d 2d 3d 7d
Cubes 35 20 40 60 128
Prisms 110 80 120 175 220
Specimens 1d steam curing + air 3d 1d steam curing + air 7d
Cubes 27 40
Prisms 93 111

CONCLUSION

Add conclusions here. Add conclusions here. Add conclusions here. Add
conclusions here. Add conclusions - The technique of steam curing is an effective
technique for portlands cements for accelerated hardening of concrete.

- The demolding is assured after all steam curing at 45 or 29°c, since we met
exceeds the minimum strength to compressive which is approximately 10 MPa
after one day of steam curing, which ensures high productivity molds.

- We reached the 28 days strength after one day and 3 days of hardening in open
air, for 2 types of steam curing, which has a gain of time and shorter
manufacturing lead times.

- The plastic concrete works to heat treatment, for a temperature of 45°c in steam
with 8 hours of heat treatment with a pre made, the strength reach 75% of the
control concrete strength of 28 days of normal hardening, also the fall of
mechanical strength at the age of 28 days of a concrete treated compared to
concrete o f control is around 10%.

- This hardening technique in Algeria which is rich in solar energy and the use of
this renewable energy in the heat treatment of concrete parts in areas with high
radiation concentration and long periods, which reduces the cost of Concrete
parts, resulting in a remarkable economy for production companies, as well as
productivity changes for the concrete industry.
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ABSTRACT: Forced convective heat transfer in a solar water collector channel
with three metal-foam blocks attached on the inside wall, is studied numerically.
Darcy equation with the Brinkman and Forchheimer terms is used to analyze the
flow in the porous section; and Local thermal equilibrium (LTE) is considered
between the working fluid and the porous region. The fluid flow in the channel
and the thermal behavior of the system are analyzed considering various
parameters such as Darcy number, thermal conductivity ratio, porosity and
Reynolds number. The results prevail that the generated recirculation zones
between blocks will significantly improve the heat transfer rate from the heated
surface; and metallic porous material can perform as effective heat exchangers in
thermal applications such as electronic cooling and solar heat collectors.

Keywords: solar collector, metal foam, electronic cooling.

Nomenclature

A aspect ratio, A=H/H,, temperature [K]
C inertia coefficient

¢,  specific heat [J/kg-K]
Da Darcy number

D, hydraulic diameter [m]
d, fiber diameter [m]

d mean pore diameter [m]

dimensionless axial velocity

axial velocity [m/s]
dimensionless transverse velocity
transverse Velocity [m/s]

width [m]

dimensionless axial coordinate
axial coordinate [m]

©

F  Forchheimer coefficient

G  shape function

H  channel height [m]

local heat transfer coefficient
W/ m?K]

permeability of the porous blocks
[m?]

dimensionless transverse coordinate
transverse coordinate [m]

<< xXx x £ < < e CH

=

Greek symbols
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k fluid thermal conductivity [W/mK] P porosity
L total length [m] u  dynamic viscosity [Pa-s]
L length of absorber plate under ) dimensionless
" solar energy [m] temperature
Nu  Nusselt number ¢  porosity
p  dimensionless pressure p  density [kg/m®]
p  pressure [N/m’]
pr Prandtl number Subscripts
q" solar heat flux [W/m?] e outlet conditions
R, thermal conductivity ratio eff  effective
Re Reynolds number f fluid
R, lengthratio, R =W, /W, +S,) m  metal foam
R, heightratio, R, =H_ /H o inlet conditions
S spacing [m] s solid
* Corresponding author (Address all correspondence to:

ahaghighi@email.ucr.edu)

INTRODUCTION

Thermal efficiency enhancement of heat exchanger has received significant
attention by the researchers in order to meet the increasing demand to design and
implement compact heat exchangers. Different techniques are utilized by the
researchers presented in (Albojamal and Vafai, 2017, Wang and Chen, 2002;
Chabane, 2014 and Lee and Vafai, 1999) for heat transfer enhancement. Some of
them increase the overall thermal conductivity of the working fluid by dispersing
small colloidal solid particles, 1-100 nm in diameter. While others worked on
altering the surface geometry by using special channel wall shapes such as wavy
or corrugated walls.

Direct solar radiation is one of the promising sources of renewable energy. Solar
thermal collectors are a special type of heat exchangers that absorb the incoming
solar radiation energy, and transfer it to the internal transport medium (Kalogirou,
2004). Flat-plate collectors are the most common type used in residential
structures, space heating, and commercial or industrial applications where the
demand for hot water has a large impact on energy costs (Kudish, 2002). There is a
lot of effort focused on optimizing the flat-plate solar collector by means of
reducing their size and increasing the fluid temperature at the outlet. With this
goal, various different techniques has been introduced (Bashria et al., 2007;
Chabane, 2014; Reddy and Satyanarayana, 2008). Despite the attractive thermal
performance of these techniques, heat transfer in flat plate solar collectors still
needs further development to reach higher heat transfer rates between heated
surface and the fluid.
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Metallic porous material has emerged over the past decade as a promising new
technology for a wide range of applications, such as in compact heat sinks in
electronic devices, chemical reformers, combustors and solar thermal collectors.
This is due to the attractive thermo-mechanical features of metal-foams including
high solid thermal conductivity, lightweight with high strength and rigidity,
enhanced flow mixing capabilities of porous matrix and large surface area per unit
volume (Lu et al., 1998; Banhart, 2001 and Zhao, 2012). Numerous studies have
been carried out on forced convection with steady state flow through a channel
partially or fully filled with a metal foam (Qu et al., 2012 and Lu et al., 2017).
Angirasa (2002) presented a numerical study for heat transfer in a channel
completely filled with rigid metallic materials with high porosity. Lu et al. (2006)
analytically investigated the open-cell metal foam fully filled heat exchanger
pipes. Their results confirmed that the use of metal-foam can dramatically enhance
the heat transfer, but at the expense of a significant increase in the pressure drop.
They showed that the pressure loss is three to four times higher than that of an
empty channel. This situation impairs the application of metal foams for most
engineering cases requiring low pressure drop. Also, for fully filled channel LTNE
model is more accurate and should be used for the flow analysis according to Lee
and Vafai (1999). While for partially filled duct, due to the relatively low velocity
in the foam region, the temperature difference between solid and fluid phases is
minimal and the LTE model may be employed (Xu et al., 2015).

Present study aims to numerically investigate the characteristics of fluid flow and
heat transfer through a parallel flat-plate channel solar water collector with
multiple metal-foam blocks mounted on the inside wall and by considering Local
Thermal Equilibrium (LTE) in the solid-fluid interface. The essential heat and flow
interaction between the metal-foam porous block and the working fluid, as well as
the methodology of improving the rate of heat transfer near the heated surface
and reduced the pressure drop are analyzed and discussed in this work. Our
results were compared and validated with the numerical work of (Chikh et al.
1998).

MATHEMATICAL FORMULATION

The schematic for flat-plate solar collector for forced convection water flow is
shown in figure 1 for current study. The water flow through a horizontal parallel-
plate channel with three separate metal-foam porous blocks with height H;,, and
width Wi,.. The channel height is H and the total length is L. Constant heat flux g4”
is imposed along the length of the absorber plate of length L;. The remaining
walls are insulated. The height (Ry) and length (Rx) ratios of the channel are set
equal to 0.5 and 0.25 respectively. While the block width (W) and the spacing
between them (Su) set equal to each other. Furthermore, the fluid enters the
channel with uniform inlet temperature T, and parabolic fully developed velocity
profile. A two-dimensional, laminar, incompressible and steady flow with
constant thermophysical properties for both the fluid and metal-foam are
considered. The buoyancy and radiation effects are neglected. Also, the porous
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metals are considered as homogenous and isotropic. The area after the last block is
chosen to be long enough to ensure fully developed conditions at the channel exit.

—— Absorber plate

e Metal-foam blocks

m———  Insulated plat
nsulated plate Solar Energy

- 1 K} Lu 'y j_/u X ‘—Le—’l
s 1

l
1]

Figure 1. Configuration Under Current Study.

L =!

The momentum equations includes both Brinkman and Forchheimer terms to
incorporate the viscous and inertial effects in the porous matrix, while Navier-
Stokes is the governing equation in the fluid domain. For simplification, the angle
brackets representing volume-averaged variables are dropped in equation
pertaining to the porous domain, for example u in the porous region is equivalent
toduii. Continuity in the fluid region:

67u+@20 (1)
ox oy
Continuity in the porous region:
67u+@20 (2)
ox oy
Momentum equation in the Fluid region:
ou, ou op o’u  o°u
p( ax ayJ_ ax “[axz ayz] ©)
v, ov)_ ap, (v o
earg)5 ) ®
Momentum equation in the Porous region:
pl ou,  ou|_ Op p(0u, ou) u pFe
gz(uaxwayj_ x e [ax Gyzj K \FMU ©)
plov, v _ dp u(dv ov) u  pFe
82[uax+vayj— 6y+ (ax ayzj e F|u|v (6)

where [0 = Ju? +V?
The properties of porous matrix of metal foam, K and F, for momentum equation
are taken from Calmidi, (1998). These empirical correlations are shown as follows:

d -1.63
F =0.00212(1-)™"* (d—f] (7)

p
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K

d -111
47 = 0.00073(1- g) " (d—f] 8)
p

p

where d, /d,is also given as a function of the porosity:

gL )

where G is the shape function:
G =1_g (o) (10)

It should be noted that different values of ¢ were chosen in this study which
correspond to d, and d, values as shown in Table 1. F and K values which were
calculated from equations (7) and (8) respectively which also are presented in
Table 1. Corresponding fluid flow boundary conditions:

inlet at x=0: u=u,6(y/H)4- (y/H) v=0 (fully developed flow)
(11a)
lower plate at y=o0: u=0 v=0 (no-slip condition)
(11b)
upper plate at y=H u=0 v=0 (no-slip  condition)
(11c)
exit at x=L: (Zu =0 , v=0 (fully  developed flow)
X
(11d)

Matching conditions are applied at the fluid-porous interface, (i.e. the continuity
of velocity components and stresses are invoked). The governing energy equations
are written for the metal-foam and fluid phase based on the local thermal
equilibrium between them:
Energy equation in the fluid region:
2 2

o T K [OT o1 (12)

OX oy pc,\ox" oy
Energy equation porous region:

k 2 2
T T e [OT O (13)
OX oy  pec, \OX" oy
where k, = ek, + (1- €)k,. Corresponding energy boundary conditions:
inlet (x=0): T=T

(14a)
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oT
lower plate (y=0): —| =0
¥ lyo
(14b)
0 insulated walls
oT q" . .
upper plate (y=H): —|  =9-—— horizontal walls adjecent to blocks
ay y=H keff
—% horizontal walls adjecent to fluid
(14c)
. oT
exit (x=1L): —=0
OX
(14d)

Continuity of temperatures and heat flux are also invoked at fluid-porous
interface regions.

Nondimensional Form

The governing equations and closure conditions are normalized, utilizing the
following parameters:

X:l,Y:l

H H

T-T

UZEIV:l, P:pgngez

u. u. q(H/keff)

I(eff K pu.H uc
R =—,Da=_—,, C=F-¢, Re= , Pr="2"F
c k H u k

Again, for simplification, the angle brackets representing volume-averaged
variables are dropped in equation pertaining to the porous domain. Therefore, the
normalized governing equations are as follows, continuity:

oJU oV
4+ =0
oX oY (1 5)

Equations (2-5) may be combined in a single form for both fluid and porous
domains and then written in a dimensionless form as:

Momentum:

1(,,6U , 8U P 1 (U U 1 C 4

UV =+ + - uU- uU|u 16
52( oX av) oX e.Re(axz ayzl DaRe ﬁ| | (16)
1(, &V &V P 1 (Vv 8V 1 C

US4V | ==+ 4 |- V-~ UV 17
32( X av) oY g~Re(6X2 ayzj DaRe ﬁ” (17)
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In fluid region, the porosity & and the Darcy number Da are respectively set equal
to unity and infinity. Boundary conditions are:

inlet  at X=0: U=6(Y)- Y] V=0
(18a)
lower  plate at  Y=o0: U=0 V=0
(18b)
upper plate at Y=1/2: U=0 V=0
(18¢)
exit at X=L/D,: Y _g V=0
oX
(18d)

Similar to the flow field, the governing Egs. (11) and (12) for the thermal field are
combined into a single equation as follows:

2 2
LB R (F0 T 19)
oX oY RePr{oX® oY

where R, is set to unity in the fluid region. Non-dimensional boundary conditions

are:
inlet at X=0: 0=0
(20a)
lower plate at Y=0: P o
Y |y o
(20b)
0 insulation walls
upper plate at Y =1/2: %? —J- 1 horizontal walls adjesent to blocks (20c)
y=1/2 C
-1  horizontal walls adjesent to fluid
exit at X=L/D,: @ _
oX
(20d)
NUMERICAL METHOD

The governing equations and the boundary conditions are numerically solved
using the commercial software COMSOL Multiphysics 5.2a which utilizes finite
element method (FEM). The temperature, fluid velocity and the heat flux at the
solid-fluid interface were coupled using multiphysics module. Triangular
elements with minimum size of 4x10# are considered for meshing. Furthermore,
highly packed mesh near the metal foam blocks and walls are utilized to capture
the interface condition, wall temperature and heat flux.
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RESULTS AND DISCUSSION

Results from our computational model were first compared with the numerical
data from Chikh et al. (1998) for validation purposes. They studied an electronic
cooling system using three regular, not metallic, porous blocks mounted on the
lower plate of channel which is also heated through the lower plate (Figure 2).
Comparison of streamlines with their work for Re = 500, A = 4, R,=0.25, R,=0.5, H
=05, ¢ =0.6, Pr = 0.7 and two Darcy numbers are presented in Figure 2. As the
permeability of the porous medium increases (i.e.Da =10-3) more fluid penetrates
into the blocks. Additionally, the flow rate that goes into the first block is bigger
compared to the flow rate passing through the other ones leading to enhancement
of heat transfer as shown in figure 2(a). However, for low Darcy number (Da < 10-
%), the higher pressure of the flow in the area closer to the center of the channel
compared to the area between the blocks results in recirculation of the fluid in
these zones as shown in figure 2 (b). The resulting vortices prevents the fluid from
flowing through the next porous block and as a result from the second block
onwards, the metal foams tend to act relatively as solid non-permeable slabs.

050 — 0.50

Vo 0.25

050 0.50

' P 0.25 =~

Figure 2. Streamlines Validation with Chikh et al. (1998) Results for The Same
Stream Function Values at Re = 500, R = 0.5 and A= 4: (a) Da = 103, (b) Da=10-.

Figure 3 (a) shows the comparison of the dimensionless wall temperature profile
for Re = 500 and A = 4 with Chikh et al. (1998) for thermal conductivity ratios as
high as Rc = 100. It is clearly shown that the presence of the porous blocks will
reduce the wall temperature as the Da increases compared to the pure fluid case.
For example, when Da = 103 and Da = 10 the average decrement in the wall
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temperature was found to be 56% and 18% respectively compared to the case
without any blocks.

0.16 - T T T 0.08 T T
pure fluid, present study pure fluid
0141} o pure Iluid. Chikh et al. (1998) Pr=0.7| Pr=7 e Da—10¢
I Da=10", R.=100, present study —memem Da—10"
012k a T);rl()’ij{jlm't(‘hikh etal. (1998) 0.06 -
S = Da=10", R =100, present study
o.10k o Da=10", R,~100, Chikh et al. (1998)
= o004}
0.02 -
0.00
0
X
160 T T T T T T
purc fluid
140 F N Da=10% | |
. —ameames - Da-10°*
120 | E
100 [ i
=1
= SD - -
60 F E
40
20 E
Pr=0.7
0 1 L 1 L 1 |
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
X
100 T T T T T T
A = pure fluid
‘\ —emeemee = Da=10"%, R =100
—————— Da=10", R =100
80+ b1 LR .
L
60 E
=)
=z
40 + .y E
0 1 1 1 1 1 1
0.0 0.5 1.0 18 2.0 2:5 3.0 35

(©) (d)

Figure 3. (a) Comparison of Dimensionless Wall Temperature with Those of Chikh
et al. (1998) Results, (b) Dimensionless Wall Temperature Profile for Water Flow,
(c and d) Local Nusselt Number Along The Axial Direction for Re=500 and A=4.
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We increased Prandlt number from 0.7 (air) to 7 (water) (Figure 3 (b)); which leads
to increase in the thermal entrance length and substantially decreases the wall
temperature; which ultimately increases the Nusselt number, particularly in the
tirst block as shown in figures 3 (c and d). When air is used, the average rate of
heat transfer enhancement through the first block (compared to the case without
porous blocks) is found to be 278% and 135%, for Da = 103 and Da = 105
respectively. Since using multiple blocks results in a considerable pressure drop
penalty, it restricts their implementation for practical purposes. In other words,
applying one porous block seems to be desirable for further energy efficiency in
certain thermal applications with limitations on the pumping power, such as
electronic cooling. Nevertheless our results are in very good agreement with
Chikh et al. (1998) numerical results, which establishes our computational model
as robust and reliable to study the setting at hand.

The aluminum foam heat sinks are employed in the present study as shown in
figure 1. The solid materials are made of aluminum-alloy and its corresponding
properties are shown in table 1. Water is used as the working fluid (p=998.2 kg/m3
and k=0.6 W/m K). The effect of some important parameters such as porosity
(0.855¢ <0.95), Darcy number (1.72x10-° < Da < 4.58x10%) and Reynolds number
(250 < Re < 1000) on the hydrodynamic and thermal behavior of the model is
explored. Furthermore, the fluid enters the channel with uniform temperature and
parabolic velocity profile representing fully developed conditions. To illustrate the
effect of the aforementioned physical parameters, results (Nu and the flow) are
only presented in the area with the blocks and the heat source as well as their
vicinity.

Table 1. Properties of Metal-Foams for Various Porosities. Calmidi et al. (2000)

metal-foam & o (mm)  dy (mm) Da F p (kg/m®) K (W/mK)
aluminum-alloy 0.85 04 2.62 1.72E-05 0.058
T6201 0.90 04 3.02 2.92E-05 0.078 2690 218
0.95 04 3.32 4.58E-05 0.099

Figure 4 shows the local Nusselt number along the heated wall for aluminum-
alloy T6201. As Darcy number increases the heat exchange rate between the solid
and the fluid phases inside the porous metal-foam region becomes more
considerable. It can be seen from figure 4 that the Darcy number has a significant
impact on the local Nusselt number distribution, especially inside the first metal-
foam block. As porosity increases to 0.95 and subsequently Da increases to
4.58x105, the average rate of increment in the Nusselt number was found to be
13%. Therefore, it can be concluded that Darcy number plays a prominent role in
heat transfer enhancement of the porous metal foam compared to lower porosity
cases.

Figure 4 (b) shows the local Nusselt number for £=0.95 and Da=4.58x10- at
different Reynolds numbers. It is clear that the Nusselt number is directly
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proportional to the Re. The maximum enhancement (Nu re=1000/ Nu Re=250) in this
study was found to be 301% at ¢ =0.95.

50 T

T T T

£=0.85, Da=1.72E-5, F=0.058
————— £-0.90, Da=2.92E-5, F=0.078
) it e oy £=0.95, Da=4.58E-5, '=0.099
40 1,

30

Nu

20

10

Re=250
S B Re=500
L Re=750 | |
—cremecmes Re=1000

Figure 4. Local Nusselt Number Along The Channel Axis for Aluminum-Alloy
T6201 at: (a) Re=250 and Different Porosities, (b) ¢ =0.95, Da=4.58x10-3, F=0.099
and Different Reynolds Number.

Figure 5 shows the streamlines and dimensionless temperature contours for
different Reynolds numbers. At high Reynolds numbers (i.e. Re=1000), the size of
recirculation zones between the blocks increases and their center is pushed
towards channel central region. From the isotherm contours, highest values of
isothermal lines are localized near the heated wall and gradually fading towards
the core region, due to the fact that the conduction heat transfer is more dominant

in this part. As such, the temperature gradient and isothermal density near the
wall increases when Reynolds number increases.
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Figure 5. Streamlines and Dimensionless Temperature Contours Respectively for
£=0.95, Da=4.58x10 and F=0.099 at: (a) Re=250, (b) Re=1000.

CONCLUSION

Heat transfer in a parallel-plate solar water channel with integrated aluminum-
alloy metal foam blocks has been studied numerically. For the porous region, the
Brinkman-Forchheimer extension of the Darcy law was applied while Local
thermal equilibrium was assumed between water, as the working fluid and the
metallic porous section. Our results show that Darcy number plays a significant
role in heat transfer enhancement compared to parameters such as porosity or the
inertial coefficient of the blocks. Moreover, it is observed that most of the
enhancement is resulted from the interactions between the fluid and the first
porous block. Therefore, one block would be a better choice in certain applications
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with pumping power limitations. The maximum thermal enhancement for the
studied configurations shows 3 times increase in Nusselt number compared to the
case with no blocks. Based on the results, metal foam heat exchangers can be
considered as a promising solution to increase heat transfer enhancement in
applications such as solar collectors and electronic cooling applications.

RECOMMENDATIONS

Nanofluids flow such as Al,Os3 can be considered as an extra type of heat transfer
enhancement coupled with metal-foam blocks.
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