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ABSTRACT

Dilute and dense conveying systems through pipelines are a common practice in our
everyday life. It is used in many industries to convey a mixture of gas and solids from
one location to another through pipes. Gas-solid transport is desirable in some industries
but unwanted in others. Depending on the density, size, and shape, these solid particles
may result in erosion and subsequent damage to piping and other equipment.
Understanding the gas-solid two-phase flow dynamics can help develop efficient and
cost-effective pipe transport systems, thereby mitigating the problems associated with the
gas-solid two-phase flow. Models for estimating volumetric flow rates and other gas-solid
two-phase flow properties are scarce as most are very complex, expensive, and
unavailable proprietary commercial software. This study, therefore, developed a simple
model using the general energy balance equation and relevant mixing theories for
estimating the volumetric flow rate of natural gas-solid two-phase flow in horizontal
pipes. The results from the model showed that the gas-solid flow rate is a function of pipe
diameter, pressure drop, pipe length, solid volumetric concentration, solid-to-gas density
ratio, and solid-to-gas friction factor ratio.

Keywords: gas-solid flow, two-phase flow, pneumatic conveying, mathematical
modeling.

INTRODUCTION

Over the years, the transportation of two-phase mixtures like gas and solids has been a
subject of interest to many researchers due to its complex mechanism and wide
application in many industries like food processing, cosmetics, chemical, [1] and
petroleum. In some of these industries, the transportation of solids in a gas medium has
been applied in transporting grains, sand, cement, talc, solid wastes, flour, minerals, etc.
In many instances, air, due to its cost-effectiveness and abundance, is often used to
transport solids of sizes between 10 to 5 microns. This technique of using air (or non-
reacting gases) is known as pneumatic conveying [2]. A pneumatic conveying system
involving a suspension flow with a solid fraction of less than 10% is known as the dilute
phase, while the non-suspension flow type is referred to as the dense phase conveying
[3]. In the petroleum industry, for instance, gas-solid transport is an inevitable occurrence.
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Solid particles like sand, fines, hydrate, and scale crystals can be conveyed with the gas
along pipes and flow lines.

In any case, these solids can adversely affect flow line equipment by increasing pumping
requirements, pipe erosion, and pressure drops, especially in high-pressure gas conveying
systems [4]. It is imperative in gas-solid mixture flow to keep the solid phase dispersed
in the gas phase without saltation or deposition. Hence, determining the maximum flow
velocity and flow rates for which the solid particles in the bulk fluid will not result in
erosion or abrasion and determining the optimum flow requirement for minimizing the
pressure losses is significant. To achieve this, a proper understanding of the gas-solid
flow system is required to reduce erosion and damage to pipes and accessories, reduce
pressure losses, and minimize energy requirements [5].

Understanding the gas-solid system to mitigate the adverse effects of gas-solid flow has
led to the development of gas-solid flow models. There are currently two modeling
approaches for gas-solid phase flow. They are the Lagrangian for very dilute gas-solid
flow (which considers the solid phase as a dispersed phase in the continuous gas phase)
and Eulerian (which assumes solid phase volumetric concentration) methods [2].
However, most of these models are very complex as they couple two or more approaches
to achieve their desired results. In one such study, Li et al. [4] coupled the discrete element
method (DEM), computational fluid dynamics (CFD), and the Eulerian method.
Gundogdu et al. [6] coupled the separated flow model and the empirical slip parameters
in another study. Most existing models were developed for estimating the pressure drop
of gas-solid flow in pipes. Many of these models are embedded in expensive, relatively
unavailable proprietary commercial software. Models for estimating the volumetric flow
rates of the gas-solid two-phase mixture are rare in the published literature.

The study aims to develop a simple model for estimating gas-solid flow rates in horizontal
conveying pipes using the general energy balance equation and appropriate mixing rules.

MATERIALS AND METHOD
Model Development

Using the general energy equation, the energy balance on the whole system between
points 1 and 2 in Figure 1 below may be written as:
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Fig.1. A gas transmission line model [14]
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Where: U = internal energy; PV =energy of compression or expansion; = potential

c
energy; Q = heat energy added to the fluid; W = shaft work done by the surrounding on
the gas

Dividing Equation 1 through by m to obtain an energy per unit mass balance and writing
the resulting equation in differential form yields:

dU+d(£)+u[d—uj+g£+dQ—dW=O (2
P Oc Oc
Assuming the following:

a) The flow is steady state and steady flow.

b) The flow is isothermal in the pipeline.

c) The flow is horizontal.

d) No work is done by or on the gas during flow-across system

But
dh :Tds+d—P
2,
and
du =dh—d[£] =Tds+d—P—d(EJ 3)
P P P

Where: h = enthalpy, s = entropy, T = temperature, p = density, P = gas pressure,
U = internal energy.

Inserting (3) into (2),

Tds+d—P+ud—u+g£+dQ—dw=O 4)
Iy Jc Jc
Clausis inequality for an irreversible process states that
ds>—4Q
T
Tds = —dQ +d(Iw) (5)

Where Iw = lost work due to irreversibilities

Substituting (5) into (4),
d—F)Jrud—u+g£+d(lw)—dW:O (6)
P Jc 9c

If no work is done by or on the fluid, dw=20
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Then,
d—P+ud—u+g£+d(lw) =0
P Jc 9c
Considering a more general case of an inclined pipe we have

dP du dLsin @
+9

—tu— +d(lw)=0
10 gC gc
Multiplying through by v
dL
dP+pu du p5|n0+pd(|w)=0

dL g.dL (o] dL

Considering pressure drop in the positive direction,

P, du psing fu?
dL gcdL Oc 29.D
Where,
dlw)  fu?
d.  29.D
Considering a horizontal pipe,
P fu®
dL g.dL 29.D
Recall,
u_(le &(L]i
86400 \ T, \ p \1.00 \ sD?
Where

g = volumetric flow rate, scfd measured at standard conditions, T, (°R) and Py (psia)

(7)

(8)

(9)

(10)

(11)

(12)

But, the total surface area of a cylinder = Area of the two circular ends + Area of the

curved surface
A = 27r% + 27rL

Where L= length of pipe
But for an open-ended flowing pipe,

So that,
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Hence,

2 2 2
,{E) :ﬂtij _A (13)
2 27 472
Substituting (13) into (12)

o~ 2 e

But,
) (o (o £
oL 86400 \ Ty N Pave N\1.00 A2
Then, let
au_du
oL dL
So that,

HBlalEse e
oL 10800 \ Ty \ pave N1.OON A2 ) L

Substituting equation (15) into equation (11),

2 2
d—P=2pu +p fu (16)
dL g.L 29.D
The pressure difference in the pipe due to the change in height is assumed negligible. An
application of mixture theory combining gas and solids is considered. Since solid particles
are small, and gas is the continuous phase, gas velocity will adequately overcome the
terminal settling velocity of the solids. Hence, vq = vi. The theoretical analysis and
mathematical model for the combined gas-solid flow system (Figures 2 a and b) were
developed under the flowing assumptions:

1. The flow is steady-state and steady-flow.

2. The flow is isothermal in the pipeline.

3. The flow is horizontal.

4. There is no work done by or on gas during flow-across system

According to mixture theory [8], the combined flow of gas and solids experiences a total
pressure drop given by:

total total total
LRI

dl mixture dl gas dl solid
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Point 2

a /' b B

Mixture of solids 1-§)

and gas

[ 00000000000

Point1 /2

Fig.2. (a) Flow of a mixture of gas and solid in an inclined pipe [8]
(b) Cross-section of pipe showing the solid volumetric concentration g

The total pressure drop in a gas pipeline is given as [9]

total
M M Y W 1) 9
dl gas dl friction dl elevation dl acceleration

The above equation is fully expressed as:

total . 2
(d_pj _ pudu_'_gps S|n9+ ofu (19)
dl gas g.dL Jc 29.D
From (16), equation (18) can be expressed as follows for inclined pipes
total 2 sin@  pf,u?
[@J —2py——+ 9g ST, Ao (20)
dl gas gCL gC ZgCD
Or
total 2 sin @
dl gas g. \L 2D Jc

Similarly, according to Ortega-Rivas [10], the total pressure drop for particulate solids
transported pneumatically in inclined pipes is also given by

(&) () () () @
dl solid dl friction dl elevation dl acceleration
Which is fully expressed as:
1/2
dp ol _ 'Osup2 psgSine 4 fs Ps G
— = + == — — |Eqg (23)
dl solids Oc Oc 8 fg pg G
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Where

_ Py fgu2

9 29.D

Considering a pipe section in Figure 2b with solid (particle) and gas concentration and
combining Equations 20 and 23,

d total uz f u2 9o sin@
(pj =(1-p)12pg ——+ Pt +

dl mixture gcl- chD J¢c
B PsUp  psgsing x| fs | ps | Gs Py fqu
Jc g9c  8lfg kpy) G 29D

Where g = solid-volumetric-concentration (-), Up = particle-velocity relative to gas-
velocity(ft/s), up = u -ut, with u = gas-velocity (ft/s), us= terminal setting velocity(ft/s) of
a particle given by
x2(ps — g )9
S e— (25)
18,ug Oc

fs= particle-friction-factor (-), f;= mood friction-factor (-), Gs= flux of solid particles
(Ibm/ft?s), Gs = psup, G = flux of gas, Where G = pgu, D = pipe-diameter(in), L = pipe-
length (ft), A= total-surface area of pipe = nD(r + 1), gc= conversion-factor = 32.17 lbm-
ft/ bf-S?, n= 3.1428571429, py= gas density ( lom/ft3), ps = particle density (lom/ft3),
Xp = particle diameter (ft), ug = gas viscosity (cp).

Assuming gas velocity just equals the particle’s terminal settling velocity in horizontal
gas pipes, Equation 24 reduces to:

total 2 f u2 1/2 f u2
(d—pj =1~ ) 2p4 Ui p Ly pl” Tl ps| G Polgh (26)
dl mixture ch chD 8 fg Py G 29CD
On further simplification,

total 2 2 1/2 2
(d—pj = (- P)2pg L+ - )8 fg+ﬁ[5)[&J (G—j—p 0 )

dl ) ixture g.L 29.D 8 | fg \ g G ) 29.D
Recall that,

G=pu (28)
So that,

Gs _ sty (29)

G pyu
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But for steady-state flow u, =u so that,
Gs _pPs
G py
dp Ap
Substituting (30) into (27) and changing, al OT we have

Ap u? pauty  Br( £ Y po ) pgfau’
= =(1-B)2p, +(1_13)M+_ s |\ £ 997
L fg \ o

gcL 2g;D 8 g 29.D
2 3/2
&zngu (1 ﬂ)-i-(l ﬂ) g ﬂﬂ' Fs f_g
L Oc 8 fg pg 4D

From Equation 14,

) (ﬁ]&}( pZZ )(J)oj( 4:5 ]

Making u?the subject of the formula in (32), we have,

2 Apg,

U= L ,B ,B 2
g r g
Lra-mge ] ] e

Inserting (32) into (33),

2
( qTp, 2472 j B Apg,
86400T, pAZ | 3/2
bP -5, g Wi g
L -/ ) 8 f 4D 2hqL
g pg
2
TRy2L” o2 = (P -P)gc
6875.49T, P, A

8

Making g2 the subject,

1 3/2 f
7/8+(1 ﬁ) ﬂﬂif ]{p} _9 2p4L
g

2
¢ 6875.49T; P,,0 A* (P, —P,)d,
TP, 2L
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Taking the square root of both sides,

r q1/2
_ 6875.49TbPzaveA2 (P =Py, @7
Tz L-5) fo pr(t\ o) fo
TR - LB s S Sap L
L 4D 8 (fy ) p,) 4D

Where f= Moody’s friction factor, dimensionless, U = gas velocity, ft/s, p = gas density,
lom/ft3, D = internal pipe diameter, ft, L = pipe length, ft, gc = conversion factor = 32.17
lom-ft/Ibf-s?, A = curved surface area of pipe = 2nrL, n = pi = 3.1428571429, T, = base
temperature, °R, Py, = base pressure, psia, P1 = inlet pressure of the gas, psia, P> = outlet
pressure of the gas, psia, T = average temperature of the gas, R, Z = average
compressibility of gas, dimensionless, g = gas flow rate (Scfd).

RESULTS AND DISCUSSION

Equation 37 and Table Al of the appendix were used to analyze the results. The
developed model in this study has a similar structure to many gas flow rate models,
including the Weymouth, Panhandle A, and B equations. However, new parameters that
are not common to other models, like solid-to-gas density ratio, solid-to-gas friction factor
ratio, and solid volumetric concentration or ratio, which are significant in accurately
modeling the gas-solid flow, have been incorporated.

Figure 3a shows the relationship between volumetric flow rate and internal pipe diameter
with varying solid concentrations. From the graph, the flow rate increases with an increase
in the pipe diameter for a given fluid velocity. This is because the volumetric flow rate is
a direct function of the pipe diameter for a given velocity (maximum velocity needed to
prevent erosion). Also, the flow rate decreases for a fixed pipe ID as the solid
concentration ratio increases. This trend is because an increase in the solid concentration
increases the weight of the bulk fluid. Due to gravity, the solid particles tend to restrict
flow [11]. This result agrees with Sun et al. [3], who observed that superficial gas
velocities (flow rates) decreased as solid concentration increased.

Figure 3b shows that increasing solid concentration as the solid-to-gas density ratio (a
function of particle size) increased also reduces the flow rate. This result also agrees with
the work of Sun et al. [3], who observed that an increase in particle sizes increases solid
concentration.

Figure 3c shows that flow rate decreases with increasing pipe length and solid friction
factor. The decrease in flow rate due to increasing pipe length is because fluid energy
required for transportation decreases (increasing frictional energy losses) with increasing
pipe length [12]. The increase in the solid friction factor (which increases shear stresses
between the particle-particle and the particle-pipe walls) often emanates from an increase
in solid concentration or solid loading ratio [13]. As a result, the resistance to flow
increases. This result agrees with the study of Jones and Williams [14].
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The developed model in this study has demonstrated the vital relationship between the
flow rate of a natural gas-solid multiphase flow system with the system’s solid volumetric
concentration, pipe diameter, pipe length, solid-to-gas density ratio, and solid or particle
friction factor. These relationships will help engineers better to understand the dynamics
of gas-solid two-phase pipe flow. Validation of the results of this study with experimental
and field data is further required
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Fig.3. Variation of volumetric flow rate and (a) pipe ID and solid concentration,
(b) solid-to-gas density ratio and solid concentration, (c) solid friction factor and pipe length.

CONCLUSION

A good understanding of the dynamics of natural gas-solid flow in pipes will help develop
efficient and cost-effective pipe transport systems. The available models for investigating
natural gas-solid two-phase flow are mostly commercial software which is relatively
unavailable, expensive, and very complex. This study has developed a simple-to-use
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model for estimating the flow rate of natural gas-solid two-phase flow in pipes. From the
results, we can conclude that the gas-solid two-phase flow rate increases with increasing
pipe diameter and decreases with increasing volumetric solid concentration, solid-to-gas
density ratio, solid-to-gas friction factor, and pipe length.

REFERENCES

[1] Williams, K.C., Dense Phase Pneumatic Conveying of Powders: Design Aspects and
Phenomena, Ph.D. Thesis, The University of Newcastle, Australia, 2008.

[2] Patro, B., Murugan, S., A Numerical Modelling of Gas-Solid Flow in Horizontal
Pipes. Proceedings of International Conference on Advances and Mechanical and Energy
Engineering-2013, No.1123, pp.460-468.

[3] Sun, S., Yuana, Z., Peng, Z., Moghtaderi, B., Doroodchi, E., Computational
investigation of particle flow characteristics in pressurized dense phase pneumatic
conveying systems. Powder Technology. 2018, 329: 241-251.

[4] Li, Z., Chu, K., Pan, R., Yu, A,, Yang, J., Computational Study of Gas-Solid Flow in
a Horizontal Stepped Pipeline. Mathematical Problems in Engineering. 2019,
https://doi.org/10.1155/2019/2545347

[5] Yan, Y., Haoping, P., Chuang, W., Sand transport and deposition behavior in subsea
pipelines for flow assurance. Ph.D. Thesis, School of Petroleum Engineering Chanzhu
University, Wujin District, Changzhou, China, 2019.

[6] Gundogdu, M.Y., Kutlar, A.l., Duz H., Analytical prediction of pressure loss through
a sudden-expansion in two-phase pneumatic conveying lines. Advanced Powder
Technology, 2009, vol. 20, no. 1, pp. 48-54.

[7] Okafor, N.A., Aimikhe, V.J., Kinigorna, B., Modeling the effect of acceleration term
on total pressure drop in horizontal gas pipelines, Petroleum and Coal, vol. 61, no. 6,
2019, p.1314-1320

[8] Liu, H., Pipeline engineering, Lewis Publishers, Boca Raton, London, New York,
Washington, D.C., 2005.

[9] Ikoku, C.U., Natural gas engineering, Krieger Publishing Company Malabar, Florida,
1992.

[10] Orterga-Rivas, E., Unit operations of particulate solids: theory and practice. CRC
PRESS. London, UK, 2012

[11] Sultan, R.A., A Comprehensive Study on Multiphase Flow through Pipeline and
Annuli using CFD Approach. Master of Engineering Thesis, Memorial University of
Newfoundland, 2018.

[12] Cengel, Y.A, Cimbal J.M., Flow in pipes. Chapter 8. In Fluid Mechanics
Fundamentals and Applications. 1 edition, McGraw-Hill, New York, 2006

[13] Khattabi, A.A., Hablous, A.A., Elnemry, M.M., The Relation between the
Coefficient of Friction and Pressure Drop by Using the Different Reynolds Number in a
Circular Tube. Open Journal of Fluid Dynamics. 2015. Vol.05, No.02, DOI:
10.4236/0jfd.2015.52012

131


https://doi.org/10.1155/2019/2545347
http://www.scirp.org/journal/PaperInformation.aspx?PaperID=56836&#abstract

Romanian Journal of Petroleum & Gas Technology
VOL. IV (LXXVF)  No. 1/2023

[14] Jones, M.G., Williams, K.C., Solids Friction Factors for Fluidized Dense-Phase
Conveying. Particulate Science and Technology. 2003, Vol 21: pp. 45-56. DOI:
10.1080/02726350390215816

APPENDIX
Table Al. Parameters used in model analysis
Inlet Outlet Zaverage Base Base Average Pipe ¢ Gas friction
Pressure  pressure pressure, Temperature,  temperature (ftzrs)  factor fg
(psi) (psi) Pb (psi) Tb (°R) (°R)
1,300 1,000 1.25 14.7 520 564 32.2 0.04
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