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EFFECT OF DESIGN AND OPERATING
PARAMETERS ON MEASURED AND PREDICTED
PRESSURE DROP IN CYCLONE
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ABSTRACT

In this study, many design parameters in cyclone such as cone height (30,
50 and 70 cm), vortex finder length (0, 10, 20, 30 and 40 cm) and dipleg
length (25, 40 and 55 cm) were investigated under operating parameters
via inlet air velocity (14, 16, 18 and 20 m/s) to find out the pressure drop
(4P) of the cyclone empirically and predictively. The 4P between inlet
and outlet of the cyclone was measured experimentally by differential
inclined manometer, while some mathematical models were used to
predict AP of cyclone based on Shepherd and Lapple (1939), Barth
(1956), Casal and Martinez-Benet (1983), Dirgo (1988) and Coker
(1993). Some statistical indicators were used to compare and validate the
measured with predicted results. As a result of this experiment, the
maximum empirical AP were 161.3, 181.7 and 250.8 Pa recorded at inlet
air velocity of 20 m/s, cone heights of 30, 50 and 70 cm under vortex
finder lengths of 40, 40 and 0 cm and dipleg lengths of 55, 25 and 25 cm,
respectively. Meanwhile, the minimum AP were 60.2, 63,6 and 80.6 Pa
recorded at inlet air velocity of 14 m/s, cone heights of 30, 50 and 70 cm
under vortex finder lengths of 10, 30 and 40 cm and dipleg lengths of 25,
55 and 55 cm, respectively. Furthermore, the best models to predict the
pressure drop were Shepherd & Lapple, Coker and Dirgo, respectively.
The Shepherd & Lapple model was more validation with cone heights of
50, 30 and 70 cm, respectively. Meanwhile, the predicted model Coker
was more validation with cone heights of 30, 50 and 70 cm, respectively.
While, Dirgo model was more validation to experimental data at vortex
finder length of 20 cm then 30 and 10 cm, respectively.
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NOMENCLATURE

: cyclone inlet height, m.

: cross-sectional areas of the inlet, m’.

: cyclone inlet width, m.

: mass ratio of dust feeding the cyclone to the gas flow rate, dimensionless.
: cyclone vortex finder (exit pipe) diameter, m.

: cyclone cone-tip or dust outlet or dipleg diameter, m.

: cyclone body (cylindrical part) diameter, m.

: Euler number, dimensionless.

: friction factor (f = 0.05).

: gravity acceleration 9.81 m/ sec’.

: cyclone cylindrical part (body) height, m.

: cyclone conical part height, m.

: cyclone dust outlet (dipleg) length, m.

: height of the control surface extending from the bottom of the vortex finder to the

cyclone bottom or core length, as shown in Fig. (3), m.

: cyclone total height (total height), m.

- inlet velocity heads, m.

: cyclone pressure drop constant, dimensionless.
: The vortex finder entrance factor (K = 4.4).

: number of measurements (statistics).

: pressure at air inlet, Pascal.

: pressure at air outlet, Pascal.

: static pressure at inlet, N/m%

: static pressure in outlet, N/m?.

: gas volume flow rate, m%h or m?/s.

: term in Stairmands pressure drop model.

: cyclone radius (D¢/2), m.

: radial position of the center of the inlet for a slot inlet as shown in Fig (3), m.
: radius of vortex finder (D/2), m.

: cyclone vortex finder or gas outlet length, m.

: average air velocity at the cyclone inlet, m/sec.
: mean axial velocity in the vortex.

: tangential velocity at the control surface CS.

: experimental value.

: distance movement of liquid (water) in above inclined tube, m.
: distance movement of liquid (water) in below inclined tube, m.
: predicted value.

: vertical distance corresponding to x1, m.

: vertical distance corresponding to x2, m.

: pressure head (difference in water levels), m.

: manometer inclined angle, degree.

: pressure drop in the cyclone, N/m?.

 loss the pressure in the cyclone body, N/m?.

- pressure drop coefficient, dimensionless.

: gas density (air) 1.18, Kg/m®.

: density of water, 1000 kg/m”.

: constant, dimensionless.

: reference level.
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INTRODUCTION

he cyclone is one of the most important air purifiers and

separation of solids from the air stream and most common in

many agricultural processing industries and post-harvest
operations. It is simple to install, low manufacturing and maintenance
costs, no moving parts and the ability to operate under difficult operating
conditions such as high temperature and pressure. In spite of the
simplicity of install, the prediction of pressure drop inside the cyclone is
very complex due to the interaction between designs and operating
parameters. A great number of research projects have been dedicated to
investigation of these parameters for distinct cyclone shapes under
various operating conditions (Hoffmann et al., 1992).
It is desirable to operate at the lowest flow rate possible for which the
collection efficiency of the cyclone is acceptable in order to reduce
operating costs of the cyclone, which are a function of both inlet velocity
and pressure drop. Thereby, the optimal design and operating parameters
will be evaluated based on collection efficiency and pressure drop
(Faulkner and Shaw, 2006).
The pressure drop across the cyclone is directly related to the inlet air
velocity required to operate a cyclone device. Schnell and Brown (2002)
presented that, inlet air velocity is a prime factor affecting the pressure
drop and hence the cyclone efficiency. Efficiency increases with an
increase inlet velocity as centrifugal force increases, but this also
increases the pressure drop which is not favorable. While, Chuah et al.
(2003) concluded that pressure drop is a function of the square of inlet
velocity, so too high a velocity will cause excessive pressure drop. On the
other hand, too low a velocity would cause a low efficiency. A very high
inlet velocity would decrease the collection efficiency because of
increased turbulence and re-entrainment of particles. Generally, it was
found that the optimum operating velocity was around 18 m/s.
Furthermore, Abdel-Hadi (2014) reported that the optimum practicable
cyclone inlet velocity was 18.5 m/s.
Demir et al. (2016) used the nine modifications of Stairmand High-
Efficiency type cyclone (Stairmand HE) with various cylindrical and
conical heights to investigate their effects on pressure drop and flow field
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within cyclones. The experimental results indicated that, the designer
should be aware of that the body and conical heights have significant
effects on cyclone pressure drop. For a body height of less than 1.5D. and
a conical height of less than 2.5D¢, pressure drop is more sensitive to
conical height. On the other hand, body height is more effective on
pressure drop when conical height is less than 2.5D. and body height is
greater than 1.5D.. Therefore, increasing both body and conical heights
together leads to reduced pressure drops with higher costs of construction.
The pressure drop in a cyclone is the difference of static pressure between
the inlet and outlet, which can be written as follows according to (Chen
and Shi, 2007):

AP = P — P 1)

The static pressure at the inlet cross-section is uniformly distributed
because there is no swirling motion. It can be easily measured with a
pressure tapping on the wall. But the static pressure at the wall outlet is
quite different from its cross- sectional average due to the strong swirling
flow. The dynamic pressure stored in the swirling motion can be
significant. The determination of the static pressure downstream of a
cyclone, hence the pressure drop becomes more complicated and difficult.
There are two steps to calculate of cyclone pressure drop. The first step is
to calculate the pressure drop in the number of inlet velocity heads (H,)
then calculate the pressure drop (Shepherd & Lapple, 1939 and
Kanshio, 2015).

H, = k= @)

‘UZ

AP = H,py (3)

The main objective of this study was to investigate the effect of cyclone
design (cone height, cyclone total height, vortex finder length, dipleg
length) and operating parameter (inlet air velocity) on the pressure drop to
determine the appropriate design of the cyclone with inlet velocity.
Moreover, to assess the predictive validity of some literature correlations
in comparison with the measured pressure drop to the better use with the
existing theories.
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MATERIALS AND METHODS
Experimental Unit
The experimental unit was fabricated from galvanized steel sheet of 1.5
mm thickness; cutting and welding were by laser technology. The
dimension and specification of the experimental unit are tabulated in
Table (1) and the overview of cyclone annexed to the inclined water-
manometer for measuring experimental pressure drop shown in Fig. (1).

Table (1): Dimension and specification of the experimental unit.

Parameter Description Values Unit
D, Cyclone body diameter 30 cm
h; Cyclone cylindrical part height 50 cm
b Cyclone inlet width 7.2 cm
a Cyclone inlet height 7.2 cm
D Vortex finder diameter 9.2 cm
Dy Dipleg diameter 7.7 cm

Set of input dust. Cyclone conical part.

Air supply unit. Cyclone cylindrical part.

Inclined differential manometer. Cyclone air and dust inlet.

A W N -
o N o O

Dipleg (dust outlet). Vortex finder (air outlet).

Fig. (1): The overview of cyclone annexed to the inclined water-manometer.
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Table (2) explains the parameters under study to determine the suitable
cyclone design and inlet air velocity.

Table (2): The experimental parameters under study.

Parameter Description Values Unit
h, Cyclone conical part height 30,50 and 70 cm
hs Dipleg length 25, 40 and 55 cm
H, Cyclone total height 80, 100 and 120 cm
S Vortex finder length 0, 10, 20, 30 and 40 cm
Vi Inlet air velocity 14, 16, 18 and 20 m/s

Pressure Drop Measurements

The cyclone static pressure drop (AP) is usually calculated as the pressure
difference between the inlet and the pressure across the vortex finder exit
(Hoekstra, 2000). To get the best accuracy (resolution) the differential
inclined manometer was used for measurement the pressure drop. The
differential inclined manometer made from the silicone tube internal and
external diameter of 6.5 and 9.5 mm, respectively, and filled with gage
fluid (water). It was set at an angle 10° (o) to the horizontal and annexed
between the air inlet and outlet (vortex finder) as shown as in Fig. (1 and
2).

P ¥y

0.00 ¢

Fig. (2): The differential inclined manometer (Clifford et al., 2009).

The practically differential pressure (pressure drop, AP) between the inlet
and outlet corresponding to a vertical difference of levels y; and y, gives
move of the meniscus x;and x, along the slope. To calculate a vertical
difference of levels y; and y, used the following equations according to
(Clifford et al., 2009).
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y1 = X; Sina (@)
Yy, = X, sina (5)
L=y +Y> (6)
AP:Pl_PZZZXgX(pW_pg) (7)

Dewil et al. (2008) reported that, the static pressure drop (AP) between
the gas inlet and outlet of a cyclone is proportional to the square of the
flow rate (Q), with a proportionality resistance coefficient (&;) defined on
the basis of the inlet velocity (v; = Q/ab), thus:

AP = § &1 8)

2

Table (3) summarized the models equations which descripted the inlet
velocity heads (H,) or pressure drop coefficient (&) of empirical and
theoretical models according to (Cortés and Gil, 2007).

Table (3): The pressure drop coefficient (§) models according to
(Cortés and Gil, 2007).

Reference Equation Remarks
Empirical models

Shepherd & . (16A

Lapple (1939) o = Fu= (V) ©)

Coker (1993) & =Eu=947(3) (10)

Casal and A\?

Martinez-Benet % = Eu =11.3 (ﬁ) +3.33 (11)

(1983)
Theoretical model

. A S/D.

Dirgo (1989) . — bu = 20(i5) <(Ht/Dc)(h1/Dc)(Db/Dc))
Barth (1956) suggested another theoretical model of (&) based on the
equilibrium-orbit model and divided the pressure drop in the cyclone into
three consists:

1- Loss the pressure at the inlet (this loss could be avoided by good
design).

2- Loss the pressure in the cyclone body (APpoay), it can be estimated as
the following:

(12)
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APyoqy = ngch (v_x é f)z - (vs_):s)z (13)
Ygcs 05D
Where
%= g (14)
Vs = e (15)
Rin =R — 2 (16)
Ry =~ (17)
b 0.5
9 =1-04(3) (18)

3- Loss the pressure in the vortex finder (APy), can be estimated using
a semi- empirical approach as following:

AP, = [0.5pv2] [(”9“)2 + K(”e_)3l (19)

Vx Vx

Therefore the total pressure drop is calculated as:
AP = APyqy + APy (20)

Hoffmann & Stein (2008) explained the item the height of control
surface (Hcs) according to the equilibrium-orbit theory in the following

Fig. (3)

Particle

Control surface CS

Fig. (3): A- The control surface concept in the equilibrium-orbit
model and B- the inlet flow pattern for tangential inlet cyclone
(B) according to (Hoffmann and Stein, 2008).
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Statistical indicators for empirical models

The models validation parameters were used to assess the measured data
of pressure drop in comparison with predictive validity of some literature
correlations to put the data into better use with the existing theories. Four
general statistical indicators for empirical models were chosen to evaluate
the prediction ability of the pressure drop predicted models. These
indicators are mean relative deviation (MRD, %), a relative standard error
of prediction (RSEP, %), root mean square error (RMSE) and Pearson
correlation coefficient (r), respectively.

- Mean relative deviation (MRD, %) (Chen and Morey, 1989).
MRD(%) = [ZiL, 22| x =2 (21)

X

The mean relative deviation modulus (MRD, %) is widely adopted
throughout the literature with a minimum value indicative of a good fit
for predicting models (Van den Berg et al., 1981).
- Relative standard error of prediction (RSEP, %) (Ghasemi and Niazi,
2005).

it (x=y)?

n 2
j=1%

RSEP (%) = 100 x (22)
Model accuracy is considered excellent when (RSEP) < 10 %, good if 10
% < (RSEP) < 20 %, fair if 20 % < (RSEP) < 30 % and poor if (RSEP) >
30 % (Lietal., 2013).

- Root mean square error (RMSE) (Jachner et al., 2007).

n . 2
RMSE = M (23)
- Pearson correlation coefficient (r) according to (Spatz, 2008).
nQxy)-CxEy) (24)

r =
VnEx2-(Ex)?2/nYy2-(y)?

In general, maximum value of the Pearson correlation coefficient (r) is
indicating a better fit of the predicted model. In other hand the minimum
values of mean relative deviation (MRD, %), a relative standard error of
prediction (RSEP, %) and root mean square error (RMSE) selected as a
best fit model (Tantar et al., 2014).
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RESULTS AND DISCUSSION
Measured Pressure Drop
In general, in obtaining results the experimental AP increase with increase
inlet air velocity and cone height and the results were agree with (Chuah
et al., 2006 and Juengcharoensukying et al., 2017). Fig. (4) illustrated
the relationship between inlet air velocity and pressure drop under the
different cone heights, vortex finder lengths and dipleg lengths.

300

i2s0 { Dipleg length, 25 cm { 40cm 55 cm

Vortex finder, 0 cm

AP, Pa.

VAR
\
!

AP, Pa.

300 1 O Cone height, 30 cm

., 250 1 0 Cone height, 50 cm J
‘200 { O Cone height, 70 cm 1 /

AP, Pa

40 cm

.
S

18 20 m/sec 14 18 20 m/sec 14 18 20 m/sec

16 16 16
Air velocity Air velocity Air velocity

Fig. (4): Effect of inlet air velocity on measured pressure drop at
different cone heights, vortex finder lengths and dipleg
lengths.

The maximum AP were 161.3, 181.7 and 250.8 Pa recorded at inlet air
velocity of 20 m/s, cone heights of 30, 50 and 70 cm under vortex finder
lengths of 40, 40 and 0 cm and dipleg lengths of 55, 25 and 25 cm,
respectively. Meanwhile, the minimum AP were 60.2, 63,6 and 80.6 Pa
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recorded at inlet air velocity of 14 m/s, cone heights of 30, 50 and 70 cm
under vortex finder lengths of 10, 30 and 40 cm and dipleg lengths of 25,
55 and 55 cm, respectively. The results showed that the pressure drop was
increased with increasing the cyclone size according to (Azadi et al.,
2010). Also the observed results showed that, the effect of both vortex
finder length and dipleg length on AP was tiny effect and neglected, these
results agree with (Elsayed, 2011).
Predicted Pressure Drop
The accurate prediction of cyclone AP is very important because it relates
directly to operating costs and overall collection efficiency. The most
widely used models for the pressure drop coefficient (&) are Shepherd &
Lapple (1939); Barth (1956); Casal & Martinez-Benet (1983); Dirgo
(1988) and Coker (1993). These five theories above-mentioned were
applied in equation (8) to predict the AP according to (Dewil et al., 2008)
and validate them to the experimentally AP, which measured by the
inclined differential manometer. Table (4) showed some statistical
indicators to validate predicted with measured values of AP.
Table (4): Some statistical indicators to validate predicted with
measured values of pressure drop.

Shepherd Casal &

Statistics Experiment & Lapple Coker  Dirgo Barth Martinez
parameters

Mean 120.6 117.9 69.8 96.6 625.8 404.5
Std. deviation 46.4 30.6 18.1 59.3 162.5 105.0
R - 0.86260 0.86260 0.33538 0.86151  0.86259
MRD, % - 15.4 39.1 39.0 446.1 252.9
RSEP, % - 19.6 46.5 51.2 402.8 226.2
RMSE - 254 60.1 66.2 520.3 292.1

The Barth and Casal & Martinez-Benet models were given an extreme
result comparing with measured AP because it has lower values of the
Pearson correlation coefficient (r) and at the same time has the highest
values of (MRD, %), (RSEP, %) and (RMSE) as shown in Table (4)
according to (Tantar et al., 2014).

As shown in Table (4) bold values refer to the more accurately model
Shepherd & Lapple regarding particular indicator then Coker and
Dirgo, respectively. The Shepherd & Lapple model has the highest
value of (r) 0.86260 and the lowest value of MRD %, RSEP and RMSE,
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which were 15.4, 19.6 and 25.4, respectively. Figures (5, 6 and 7)
illustrate the comparison between the best three models and the
experimental results.

" Dipleg length, 25 cm 140 cm 55¢m

< i &
o = 4 .
B - o P e et
%‘ s :_.i’." sl e ‘__ { '--.:,‘. >
g s ey — iy G- . o
Vortex finder, 0 cm
> > - -
ES | -8 ] &
i =~ ) I a8
:F | | o
<= = ‘--_»— | "__--;’;/' -
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Fig. (5): The measured and predicted pressure drop at different
coefficient models (&) under the cone height of 30 cm at
different dipleg lengths and vortex finder lengths.
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In general the AP of cyclone under cone heights of 30, 50 and 70 cm were
increased with increasing the inlet air velocity. In Fig. (5) the measured
values were closer to the Shepherd & Lapple model while, the Dirgo
model was equal zero Pascal at vortex finder length zero cm because the
model including the effect of vortex finder length. Meanwhile, increasing
the vortex finder length lead to the increasing the predicted values of
Dirgo model corresponding on measured AP at vortex finder length of 10
cm and corresponding on Shepherd & Lapple model at vortex finder
length of 20 cm then rise above both measured AP and Shepherd &
Lapple model under vortex finder lengths of 30 and 40 cm.

Fig. (6) illustrate the AP of cyclone under cone height of 50 cm. The
experimental measured values were closer to the Shepherd & Lapple
model especially at inlet air velocity of 18 m/s. While, the Dirgo model
was equal zero Pascal at vortex finder length of zero cm and
corresponding on Shepherd & Lapple model at vortex finder length of
20 cm. Generally, the predicted value of Dirgo model increasing with
increase the vortex finder length.

Fig. (7) presented the AP of the cyclone under the cone height 70 cm. The
experimental measured values were higher than the predicted values of all
models and it was closer to Shepherd & Lapple model at inlet air
velocities of 14 and 16 m/s after that, by increasing inlet air velocity from
16 to 20 m/s increasing the gap between the measured and predicted
values. The values of Shepherd & Lapple model were closer to Dirgo
model at vortex finder lengths of 20 and 30 cm at all inlet air velocity.

To assess the effect of cone height on AP and put the data into better use;
the data were validated with predicted AP models. Table (5 and 6)
focused the comparison between the best predicted of AP models and
experiment results under different cone heights and dipleg length,
respectively.

Table (5) presented the correlation between the best predicted models and
experimental AP under the cone heights of 30, 50 and 70 cm; the
statistical values seem that the Shepherd & Lapple model was more
validation comparing with other models. At the same time, this model
was more validation with cone heights of 50, 30 and 70 cm, respectively.
Meanwhile, the predicted model Coker was more validation with cone
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heights of 30, 50 and 70 cm, respectively, due to the high value of (r) and
lowest value of (MRD, %), (RSEP, %) and (RMSE), respectively.
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Fig. (6): The measured and predicted pressure drop at
different coefficient models (§:) under the cone height of 50
cm at different dipleg lengths and vortex finder lengths.
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Fig. (7): The measured and predicted pressure drop at different
coefficient models (§) under the cone height of 70 cm at
different dipleg lengths and vortex finder lengths.
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Table (5): Correlation between the best predicted pressure drop
models and experimental results under different cone

heights.
Validation Cone height, cm
Models
parameters 30 50 70
Shepherd & Lapple  0.97807 0.98023 0.96987
R Coker 0.97807 0.98023 0.96987
Dirgo 0.48309 0.39186 0.41430
Shepherd & Lapple 18.8 9.9 175
MRD, % Coker 29.7 36.5 51.1
Dirgo 43.8 35.4 36.9
Shepherd & Lapple 16.8 9.3 24.6
RSEP, % Coker 32.9 39.9 54.6
Dirgo 51.9 48.9 52.2
Shepherd & Lapple 17.9 111 38.6
RMSE Coker 35.1 47.4 85.8
Dirgo 55.2 58.2 81.9

Table (6) displaied the correlation between the Shepherd & Lapple
model and experimental results under the best validation cone height of
50 cm as aforementioned at different dipleg lengths. The Shepherd &
Lapple model was more validation to experimental data at dipleg lengths
of 40, 25 and 55 cm, respectively, due to the high value of (r) and lowest
value of (MRD, %), (RSEP, %) and (RMSE) respectively. In other word,
the Shepherd & Lapple model was the best predicted model of AP
especially under cone height of 50 cm and dipleg length of 40 cm.
Table (6): Correlation between the Shepherd & Lapple model and
experimental results under different dipleg lengths at cone

height 50 cm.
vValidation Dipleg length, cm
parameters 25 40 55
R 0.98284 0.98870 0.97879
MRD, % 8.8 8.4 12.4
RSEP, % 8.8 8.0 11.1
RMSE 10.6 9.7 12.7

As observed from Table (5) the Dirgo model was less value of (r) and
highest value of (MRD, %), (RSEP, %) and (RMSE), but Figures (5, 6
and 7) display that, the vortex finder length effect on AP in Dirgo model,
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where AP was increased with increase vortex finder length. Thus to

determine the best correlation of Dirgo model under the vortex finder

length the statistics values were focused in Table (7).

Table (7): Correlation between the predicted pressure drop of Dirgo
model and experimental results under different vortex finder

lengths.
Validation Vortex finder length, cm
parameters 0 10 20 30 40
r - 0.00085 0.00094 0.00094 0.00090
MRD, % 100.0 20.8 17.9 25.2 31.2
RSEP, % 100.0 34.3 23.2 24.6 29.2
RMSE 128.9 43.8 30.2 31.5 38.1

Table (7) illustrated that, The Dirgo model was more validation to
experimental data at vortex finder lengths of 20, 30 and 10 cm,
respectively, due to it has the high value of (r) and lowest value of (MRD,
%), (RSEP, %) and (RMSE), respectively. While the vortex finder 40 and
zero cm were lowest validation to Dirgo model.

CONCLUSIONS

- The obtained results inducted that, the experimental pressure drop
increased with increase inlet air velocity and cone height.

- The maximum AP were 161.3, 181.7 and 250.8 Pa recorded at inlet air
velocity of 20 m/s, cone heights of 30, 50 and 70 cm under vortex
finder lengths of 40, 40 and 0 cm and dipleg lengths of 55, 25 and 25
cm, respectively. Meanwhile, the minimum AP were 60.2, 63,6 and
80.6 Pa recorded at inlet air velocity of 14 m/s, cone heights of 30, 50
and 70 cm under vortex finder lengths of 10, 30 and 40 cm and dipleg
lengths of 25, 55 and 55 cm, respectively.

- The observed results showed that, the effect of both vortex finder length
and dipleg length on AP was tiny effect and neglected.

- The Barth and Casal & Martinez-Benet models were given an extreme
result comparing with measured pressure drop.

- The best model to predict the pressure drop was Shepherd & Lapple,
Coker and Dirgo, respectively. The Shepherd & Lapple model has
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the highest value of (r) 0.86260 and lowest value of MRD, RSEP %
and RMSE which are 15.4, 19.6 and 25.4, respectively.

- Shepherd & Lapple model was more validation comparing with other
models. In the same time, the model was more validation with cone
heights of 50, 30 and 70 cm, respectively. Meanwhile, the predicted
model Coker was more validation with cone heights of 30, 50 and 70
cm, respectively.

- Dirgo model was more validation to experimental data at vortex finder
length of 20 cm then 30 and 10 cm, respectively.
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