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Porous media have a wide range of applications in production and life, as well as in science and technology. The
study of flow resistance in porous media has a great effect on industrial and agricultural production. The flow resistance
of fluid flow through a 20-mm glass sphere bed is studied experimentally. It is found that there is a significant deviation
between the Ergun equation and the experimental data. A staggered pore-throat model is established to investigate the flow
resistance in randomly packed porous media. A hypothesis is made that the particles are staggered in a regular triangle
arrangement. An analytical formulation of the flow resistance in random porous media is derived. There are no empirical
constants in the formulation and every parameter has a specific physical meaning. The formulation predictions are in good
agreement with the experimental data. The deviation is within the range of 25%. This shows that the staggered pore-throat
model is reasonable and is expected to be verified by more experiments and extended to other porous media.
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1. Introduction velocity, respectively,
i i i ive en- AP 1—¢)? l1—¢
. T?le study of fluid flow in porous media has extensive er% AP s 0( : 2) Hve+ 1750 pvg. )
gineering backgrounds!!! such as, groundwater seepage, oil L edy; edp

and gas exploitation, thermal insulation materials, pebble-bed . .
i il Ivtic f There are two empirical constants, A and B, in the Ergun
cooling reactors, filters, catalytic fixed bed reactors, absorbers, equation and the values obtained by Ergun are 150 and 1.75,

porous material drying, and biotechnology, among others. In- respectively. Researchers [7.10.13,19-23] 4erived different values

vestigations on porous media commonly have the perspective ¢ 4 .4 B, as shown in Table 1.14] There are no specific val-

of flow modelling, flow resistance characteristics, transport ues of A and B that can be suitable for all porous media; the

characteristics of flow, and wall effects. Studies of porous me-  onstants may have different values in different situations and
dia have a long history, going back to Darcy and Forchheimer,  the mechanisms need to be studied further.

and can be referred to extensively in literature.>~%! The Ergun In the available literature, most of the efforts are towards
equation is the most widely used correlation. Flow resistance  the determination of the validity ranges of the Ergun equation.
through porous media is the result of frictional loss and iner- ~ Some researchers proposed a different flow resistance formu-

tia, characterized by the linear and quadratic dependence on  lation, as shown in Table 2.

Table 1. Values of A and B in Ergun equation.

Source Forchheimer flow Turbulent flow
Ref. [7] A=150,B=1.75
Ref. [19] A=411d; — 145, B =2.8d; +0.00698
Ref. [20] A=160,B=1.35 A=193,B=1.22
Ref. [21] A=180,B=9.4 (3 < Rep <20) A =342, B=12.95 (Rep, > 30)
Ref. [10] A=182,B=1.92 (5 <Re, <80) A =225,B=1.61 (Re, > 120)
Ref. [22] A=180,B=0.6
Ref. [23] A=180,B=1.8
Ref. [13] A=141,B=1.63
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Table 2. Formulation of flow resistance.

Source Resistance formulation Range of validity
AP 2
Ref. [5] I = (1000Re, ! +60Re, O + 12)pdlp Rey, very large
AP 2
Ref. [6] < = (IOOORel;1 + 125Re;0'5 +14) % Re,, very large
AP (1—¢)? (1-¢) ,
Ref. [7] 5 =150 = uu+1.75 iy pu 1 < Re, <2000
AP 5 _ ~ pu?
Refs. [8] and [9] T = [E(l - 82)} (21Rey ! +6Re; 03 +o.28)X 0.1 < Re, <4000
_ 2
Ref. [25] AP (364 o 45)3U0=E)pe Re < 2000
L Rey &3d,
AP 1 42\ (1— 2
Ref. [11] AP _ (10 (A=elpw 0.35< € <0.88 10! <Rep < 10°
L Rep Rel/6 I3 dp
P
AP 1712 2
Ref. [12] T =5 {E—:(l 782):| (29.32Re;! +1.56Re;"+0.1)pdin:0.352+O‘1£+0.275£2 1 < Re, <105
p
AP 1—¢)? 1-
Ref. [13] 7= 21 (Sif)az 2u+0.098673ap (8738)”2 Laminar and turbulent flow
AP p*(1-¢)’d’
Ref. [14] AP _ W —e)a’T L 00121Re) Laminar and turbulent flow
L 2p¢€3 P
AP (1-e)t2 ., pu?
Ref. [15] 5 =08 Re o 500 < Rep, < 60000
AP 117.9 3(1—¢)pu?
Ref. [16] AT +0.63) 20 =8P Re < 800
L Rey &3d,
AP 25 6(1—¢)
Ref. [17 — =(Z-+40.292 2 Re < 1
ef. [17] i3 (Re+0 92) s u e < 10
AP 1—g\ ( D\ pu’
Ref. [2 —=al — | > 1000Re; ! Re; 0> +12]— 10 < Re, < 2 =0.061
ef. [26] T a( = )(dp> [1000Re, ! +60Re, > + ]dp 0 < Rep, < 2500 a = 0.06
AP (1—¢)? 3t /3 1 5\(1-¢) ,
Ref. [18 — =7 )
ef. [18] L g M T 7)) e,

Flow resistance through a 20-mm glass sphere bed is in-
vestigated. It is found that the experimentally observed flow
resistance data are much lower than the predictions of the Er-
gun equation. This indicates that the Ergun equation is not ap-
plicable to this situation. The staggered pore-throat model is
established considering the friction loss and local loss. More-
over, a flow resistance formulation is derived.

2. Experimental study of fluid resistance in
porous media

The experimental setup!?’! is shown in Fig. 1. The main
components of the experimental apparatus are the circulation
system, the measurement system, and the test section. The cir-
culation system includes a water tank, pump, flow meter, and
valves. The measurement system includes an electronic flow
meter and a differential pressure meter. The test section as
shown in Fig. 2 is a quartz glass tube with an outer diameter,
inner diameter, and height of 110, 100, and 250 mm, respec-
tively. The upper and lower ends of the quartz glass tube are
connected by flanges. The measurement points of the differ-
ential pressure meter are located in the flanges. Crystal glass
spheres with diameter of 20 mm are used as packing materi-

als. The glass spheres are dumped randomly in the quartz glass
tube. Flow networks are equipped in the upper and lower ends
of the glass tube in order to avoid the entrance and export ef-
fects, which also prevent the glass spheres from entering the
pipe below. The water tank is equipped with an overflow plate
to prevent excessive bubbles and make the flow steady. The
fluid used in this experiment is a mixed solution of 65% ben-
zene alcohol and 35% absolute alcohol. The mixed solution’s
density is 950 kg/m?, and its viscosity is 3.7 x 1073 Pa-s.

The main parameters of the experiment are the flow rate
and the pressure drop through the test section. They are
measured by the flow meter and differential pressure me-
ter, respectively. The differential pressure meter is of the
DPG409-10WDWU type (Omega Company), with a measure-
ment range of 0-25 mbar and an accuracy of 0.08%. The
flow meter is an explosion-proof electronic flow meter of
the HPLWGY-DN15 type, with a measurement range of 0.6—
6 m3/h and an accuracy of 1%. The experiments were carried
out twice by two graduate students at different times. The ex-
perimental setup, glass spheres, and the fluid were the same
for the two experiments. The measurement ranges for the first
and second experiments were from 0.095 to 1.675 m>/h and
from 0.091 to 1.554 m3/h, respectively. The flow rate is de-
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creased by a pump frequency converter. The frequency con-
verter reduces the frequency in steps of approximately 0.5 Hz
and the corresponding reduction in the flow rate is approxi-
mately 0.02-0.03 m3/h. A set of data are recorded after an in-
terval of 0.02-0.03 m3/h and when the flow is stable (approxi-
mately 1 min later). Each experiment is repeated five times in
order to reduce the error. Each reading must be paid careful
attention, owing to the high accuracy of the differential pres-
sure meter. The differential pressure meter is very sensitive,
with an uncertainty of only 8 Pa per 10000 Pa. Although the
data are recorded when the flow is stable, the pressure in the
tube is still fluctuating. The reading changes quickly and the
frequency of each reading is different, but these different read-
ings will appear to be periodic when the flow is stable. The
periodic pressure data should be recorded, and it is necessary
to ensure the simultaneous recording of the differential pres-
sure and the flow rate. The range of the modified Reynolds
number in the experiment is 1 < Rep < 600. The modified
Reynolds number is calculated by

pvsd,

—r 2
u(l—eg) @

where vy is the superficial velocity and the porosity of the test
section is 0.479.

Re, =

Fig. 1. (color online) Experimental setup and its practical photo. (a) Ex-
perimental setup. (b) Photo of the experimental setup. 1. Water tank 2.
Overflow plate 3. Differential pressure meter 4. Ball valve 5. Ball valve 6.
Pump 7. Gate valve 8. Filter 9. Electronic flow meter 10. Drain.

Fig. 2. (color online) Test section.

A comparison of the Ergun equation and the experimental
data of the random porous media with 20 mm glass spheres is
shown in Fig. 3. The experimental data in Fig. 3(a) were mea-
sured in the first random packing, while the experimental data
in Fig. 3(b) were measured in the second random packing.
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Fig. 3. (color online) Comparison of the Ergun equation with the exper-
imental data.

There is a big gap between the experimental data and the

Ergun equation, as seen in Fig. 3. It is obvious that the Ergun
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equation is not suitable to describe the flow resistance in this
experiment. This prompted the search for a new method for
describing the flow resistance.

3. Theoretical analysis of fluid resistance in
porous media

The original pore-throat model proposed by Yu and
Wul'®! shows that porous media are aligned by equivalent di-
ameter particles. A periodic unit consists of four adjacent par-
ticles. However, natural porous media are in fact more ran-
domly staggered. Glass spheres are closer to a staggered ar-
rangement based on the random packing of the test section.
Regarding the three adjacent particles as a unit seems more
reasonable. The staggered pore-throat model is established as
shown in Fig. 4(a) and its geometry parameters are shown in
Fig. 4(b). The hypotheses of the staggered pore-throat model
are

(i) porous media are packed randomly by spherical parti-
cles with equivalent particle diameter dp;

(ii) the particles of porous media are staggered in a regu-
lar triangle arrangement;

(iii) the velocity of the fluid in porous media is the aver-
age velocity;

(iv) fluid flows from one inlet and flows out from two out-
lets, where the radius of each outlet is half that of the inlet.

(b)
<
< <
gl_

Fig. 4. Staggered pore-throat model and its geometry parameters. (a) Stag-
gered pore-throat model. (b) The geometry parameters of the pore-throat.

The particles in porous media are in a regular triangle ar-
rangement. d, is the particle diameter and £ is the distance
between adjacent particles. Namely, the base of the triangle is

h. Therefore, the height of the triangle is [ = ﬁh The av-
erage length of the pore-throat is /, namely the straight length
along the direction of the macroscopic pressure gradient. The
actual length of the fluid path is /; = tl, where 7 is the tor-
tuosity. Aj is the cross-sectional area of the inlet, as shown in
Fig. 4, viz., the cross-sectional area of the throat. A; and A3 are
the cross-sectional areas of the pore and outlet, respectively.

The area of the particle A is

A nd; 3
1
The unit area, which is the area of the rectangle A; is

A ndg

A= ——= .
Tl-e 4(1—¢)

“4)

A¢ can also be expressed as

3 3
A= hxi—hx Vn= V35,

P =t ®

The distance between the particles is determined by solv-
ing Egs. (4) and (5) simultaneously. That is,

T
_ /mdp 6)
\/ Zfl—e

The pore-throat ratio f3 is

and [ is

178

B= ®)

l—e

The pressure drop through the unit is characterised as the
flow resistance, which is the sum of the friction resistance and
the local resistance, which are calculated below. The fluid
channel is considered to be a tortuous capillary, and the pres-
sure drop is the friction resistance loss of the circular pipe. The
friction loss is

2Il'[ pV

d2 d. 2 ©)

pg?L
where d, is the diameter of the pipe and v is the mean velocity
in the channels.

Nikuradse[?8! indicates that the friction resistance coef-
ficient is only related to the Reynolds number in the laminar
flow. It is irrelevant to the relative roughness. The friction
resistance coefficient is A = 64/Re.

The Reynolds number Re is

Re = pv—dc (10)
u

The friction resistance loss is

64 I, pv  32uly
1= 5 775 = .

Red. 2 d2

an

The diameter of the channel d. is calculated as

(h—dp)+h T 1
L e

The friction loss per unit length is obtained by substitut-

de =

ingv=vg/¢e

APy 32putv 32Ut

I~ & ed?

13)
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The tortuosity 712! is

1 2 ]
_1 1 \/(\/1_3_1> +Z
T—E 1+§\/1—£+\/1—£ P . (14)

The local loss is the sum of one sudden expansion local
loss and two sudden contraction local losses. The sudden ex-
pansion local resistance coefficient {; is

(-4 (-4

and the sudden contraction local resistance coefficient {,, is

15)

A3z 12
Co=0~5<1—Az) :O.S{l—(zﬁ> } (16)
Therefore, the total local resistance coefficient § is
1)? 1\2
§=Gi+26= (1_[32> +2><0.5{1— <Zﬁ‘> }
=2- % + % a7

Each local resistance is calculated twice, considering that
the inlet of this unit is the outlet of the former unit and the
outlet of this unit is the inlet of the next unit. The local re-
sistance loss coefficient should therefore be multiplied by 0.5
personally. Then, the modified local resistance loss coefficient
is

9 1
9 1
=1——4+—". 18
3p? + 2B (18)
The local resistance is
9 1\ %
et k)
PE\" g2 T 2Bt ) 2
9 1\ pi?
=(l—-=—4+— |—. 19
( 3p? +2ﬁ4) 2 >
s00t —the model prediction (a)
o the 1st experimental data %
‘E 300t
<
o,
~
i 200¢
A
<
1001
O —0.01 002 003 004 0.05 006
vs/m-s!

The local resistance per unit length is obtained by substi-
tuting v =vg/€

AP, 9 1\ pv?
Tt (1) s 20
1 ( 8B2+2ﬁ4>282l 0)
The total flow resistance is
AP 32u7tv, 9 1\ pv?
— = l——+— . 21
[ ed? + ( 832 + 2[34) 2e2] @D
The dimensionless form of the flow resistance is
AP pdi€? 32te%d>
= — Pl = P Rep
I w2(i—ep  (1-ePd?
9 1 &d
l——+— | ——P R 22
+< 8[32+2/34)2(1—8)l ‘p 22)
The dimensionless form of the Ergun equation is
G = 150Re;, + 1.75Re;. (23)

4. Results and discussion

Comparison of the experimental data and the model pre-
diction is shown in Fig. 5. The dimensionless pressure drop is
shown in Fig. 6. The experimental data in Figs. 5(a) and 6(a)
are measured in the first random packing, while experimental
data in Figs. 5(b) and 6(b) are measured in the second random
packing.

The staggered pore-throat model predictions are in good
agreement with the experimental data, as seen in Figs. 5 and 6.

However, the errors between the model prediction and the
experimental data must still be compared, as shown in Table 3.
The maximum deviation between the model prediction and the
first experimental data is 22.92%. The maximum deviation be-
tween the model prediction and the second experimental data
is 24.83%. The maximum deviation of all the experimental
data is less than 25%. Moreover, 89.4% of the data deviate
by less than 10% in the first experiment, which increased to
94.0% in the second experiment. It is concluded that the stag-
gered pore-throat model is suitable for this experiment.
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Fig. 5. (color online) Comparison of the predicted value of the model to the (a) first experimental data and (b) second experimental data.
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Fig. 6. (color online) Comparison of the dimensionless predicted value of the model to (a) first experimental data and (b) second

experimental data.

Table 3. Comparison of the error between the model prediction and the experimental data.

Error calculation

Number of the experiment ~ Number of the experimental data Maximum  Ratio of deviation — Ratio of deviation Ratio of deviation
deviation between +20% between +10% between 5%
No. 1 180 22.92% 95% 89.4% 50.6%
No. 2 252 24.83% 98.4% 94.0% 55.6%

If the distance between the local resistances is appropri-
ate, and the correction factor is 2.5 instead of 0.5 in Eq. (18),
the final analytical formulation is consistent with the Ergun
equation. 2.5 is the interference coefficient. This depends on
the particle packing state and the particle shape.

5. Conclusions

(i) This experiment studies the flow resistance through
random porous media of 20 mm glass spheres. It is found
that the Ergun equation deviates strongly from the experimen-
tal results, and it is therefore not suitable for this experiment.

(i1) The staggered pore-throat model is established, and
a formulation of the flow resistance is derived. The formula-
tion is expressed as a function of the density, viscosity, tor-
tuosity, porosity, pipe diameter, pore-throat ratio, and average
pore-throat length. There is no empirical constant in the for-
mulation and each parameter has a specific physical meaning.
The model prediction is in good agreement with the experi-
mental data and the maximum deviation between them is less
than 25%. This indicates that the model is suitable for this
experiment. However, further experimental work is required
to determine whether the model can be applied to other types
of porous media. Nevertheless, it provides an idea for future
work.
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