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Abstract: In this study, the effect of dilute solid phase on the magnitude of acceleration term 

of total pressure drop in horizontal gas pipes is investigated. The percentage contribution of 

pressure drop due to acceleration to the total pressure drop was studied at different pipe 

diameters, pipe lengths, solid concentrations, and solid-gas density ratios, respectively. The 

results showed that the contribution of pressure drop due to acceleration to the total pressure 

drop for gas-solid systems could generally be considered insignificant (less than 1%). 
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1. INTRODUCTION 

 

The flow of gases and solid particles in pipes is an everyday occurrence in our daily life. Two-phase flow has 

attracted significant interest in many industries, including food production and processing, petroleum, power 

generation, and chemical plants [1]. When reservoir fluids are transported for processing through pipelines, sand, 

and most times, fines and the fluid settles in the lower part of the pipes to form beds along the bottom of the line 

if the velocity is less than the minimum solids transport velocity required [2]. Likewise, the presence of crystals 

of hydrates, paraffin, asphaltenes, and other debris like black powder can constitute solid loading phase in the gas 

stream during transportation. In other applications, pneumatic conveying of particles or other tiny solids in channel 

or pipe flows is of great technical importance. It is characterized by particle-phase segregations primarily due to 

gravity and particle inertia. In such applications, gas can be used to transport sand or even fines through pipelines. 

 

Consequently, numerous researchers have been curious about gas-solid flow because it is thought to provide a 

convenient way to transport solids [3]. Due to solid loading, pipeline problems affect the total pressure drop in 

pipes and may become severe in gas transportation. Sand accumulation in the pipeline may lead to partial or 

complete blockage of the pipe. It is one of the major problems in the petroleum industry. It results in a rapid 

increase in the cost of pump maintenance, well-cleaning, disposal of dirty sands, and workover operations. Sand 

transportation, either during injection or production, also results in excessive drops in pressure, equipment failure, 

corrosion of pipe, production decrease, and unexpected downtime [4]. Removing these solid quantities is often 

problematic and challenging, and often time-consuming. 

 

Hence the need for pre-filtering equipment in many industries, including food, cement, oil and gas refining, 

ventilating, and air conditioning [5]. These problems can be minimized or controlled by understanding the 

mechanism of particle transportation in different flow regimes and considering the various parameters like pipe 

diameter and flow rate when observing the minimum critical velocity at which the particles start flowing [6]. Small 

particles can become stationary if gas velocity or pressure (gas density) is small enough [7]. One arduous task is 
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continuously transporting the multiphase fluids without particles depositing on the pipe surface. Doing this 

requires a clear understanding of multiphase flow- regimes and the effects of particle transport. One way to 

investigate the flow of gases in pipes is by measuring pressure losses. 

 

In horizontal pipe calculations, friction and acceleration are essential in determining a pipe's pressure losses. 

However, many existing pressure drop studies on solid-gas flow focused on analyzing the frictional component of 

total pressure drop, neglecting the acceleration component [8–10]. Scant attention has been given to the 

acceleration component in horizontal gas pipelines. Where such studies exist, the emphasis has been mainly on 

single-phase gas flow. Published results have shown that neglecting the acceleration component while estimating 

total pressure losses for gas flow can be misleading [11-14]. Furthermore, the scarce studies on gas-solid diphasic 

flow did not investigate solid particles' influence on the acceleration term's magnitude. That is, they did not 

consider the influence of the solids on the magnitude of the acceleration term component of the pressure drop. 

This study becomes imperative for comprehensively understanding gas-solid horizontal flow and accurately 

estimating its total pressure drop. 

 

 

2. DESCRIPTION OF MATHEMATICAL MODEL 

 

2.1. Gas-solid flow rate 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: 

 

    𝑢2 + 𝑝2𝑣2 +
𝑚𝑢2

2

2𝑔𝑐
+

𝑚𝑔𝑧2

𝑔𝑐
= 𝑢1 + 𝑝1𝑣1 +

𝑚𝑢1
2

2𝑔𝑐
+

𝑚𝑔𝑧1

𝑔𝑐
+ 𝑄 − 𝑤 − 𝑙𝑤                            (1) 

 

 
Fig. 1. A gas transmission line model [14]. 

 

where U are internal energy, PV is energy of compression or expansion, 
𝑚𝑢2

2𝑔𝑐
 is potential energy, Q is heat energy 

added to the fluid, W is 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 (
𝑝

𝜌
) + 𝑢 (

𝑑𝑢

𝑔𝑐
) + 𝑔

𝑑𝑧

𝑔𝑐
+ 𝑑𝑄 − 𝑑𝑤 = 0                                           (2) 

 

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) There is no work done by or on the gas during flow across the system. 

 

But, 

 

𝑑ℎ = 𝑇𝑑𝑠 +
𝑑𝑃

𝜌
 

 

and 
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𝑑𝑈 = 𝑑ℎ− 𝑑 (
𝑃

𝜌
) 

 

                    = 𝑇𝑑𝑠 +
𝑑𝑃

𝜌
− 𝑑 (

𝑃

𝜌
)                                                                      (3) 

 

where h are enthalpy, s is entropy, T is temperature, ρ is density, P is gas pressure, U is internal energy. 

 

Inserting equation (3) into (2): 

 

𝑇𝑑𝑠 +
𝑑𝑃

𝜌
+ 𝑢

𝑑𝑢

𝑔𝑐
+ 𝑔

𝑑𝑧

𝑔𝑐
+ 𝑑𝑄 − 𝑑𝑤 = 0                                               (4) 

 

Clausis inequality for an irreversible process states that: 

 

𝑑𝑠 ≥
−𝑑𝑄

𝑇
 

 

𝑇𝑑𝑠 = −𝑑𝑄 + 𝑑(𝑙𝑤)                                                                  (5) 

 

where lw are lost work due to irreversibilities. 

 

Substituting equation (5) into (4): 

 
𝑑𝑃

𝜌
+ 𝑢

𝑑𝑢

𝑔𝑐
+ 𝑔

𝑑𝑧

𝑔𝑐
+ 𝑑(𝑙𝑤) − 𝑑𝑤 = 0                                                    (6) 

 

If no work is done by or on the fluid, 𝑑𝑤 = 0 

 

Then, 

 
𝑑𝑃

𝜌
+ 𝑢

𝑑𝑢

𝑔𝑐
+ 𝑔

𝑑𝑧

𝑔𝑐
+ 𝑑(𝑙𝑤) = 0                                                       (7) 

 

Considering a more general case of an inclined pipe we have: 

 
𝑑𝑃

𝜌
+ 𝑢

𝑑𝑢

𝑔𝑐
+ 𝑔

𝑑𝐿 𝑠𝑖𝑛 𝜃

𝑔𝑐
+ 𝑑(𝑙𝑤) = 0                                                   (8) 

 

Multiplying through by 
𝜌

𝑑𝐿
: 

 
𝑑𝑃

𝑑𝐿
+ 𝜌𝑢

𝑑𝑢

𝑔𝑐𝑑𝐿
+ 𝑔

𝜌 𝑠𝑖𝑛 𝜃

𝑔𝑐
+ 𝜌

𝑑(𝑙𝑤)

𝑑𝐿
= 0                                                 (9) 

 

where 
𝑑(𝑙𝑤)

𝑑𝐿
=

𝑓𝑢2

2𝑔𝑐𝐷
. 

 

Considering pressure drop in the positive direction and substituting: 

 
𝑑𝑃

𝑑𝐿
= 𝜌𝑢

𝑑𝑢

𝑔𝑐𝑑𝐿
+ 𝑔

𝜌 𝑠𝑖𝑛 𝜃

𝑔𝑐
+ 𝜌

𝑓𝑢2

2𝑔𝑐𝐷
                                                       (10) 

 

Considering a horizontal pipe:  

 
𝑑𝑃

𝑑𝐿
= 𝜌𝑢

𝑑𝑢

𝑔𝑐𝑑𝐿
+ 𝜌

𝑓𝑢2

2𝑔𝑐𝐷
                                                                 (11) 

 

Recall: 

 

𝑢 = (
𝑞

86400
) (

𝑇

𝑇𝑏
) (

𝑝𝑏

𝑝
) (

𝑧

1.00
) (

4

𝜋𝐷2)                                                        (12) 
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where q are volumetric flow rate, scfd measured at standard conditions, Tb (oR) and Pb (psia). 

 

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

 

𝐴𝑡 = 2𝜋𝑟2 + 2𝜋𝑟𝐿 

 

where L are length of pipe. 

 

But for an open-ended flowing pipe: 

 

𝐴 = 2𝜋𝑟𝐿 

 

So that:  

 

𝑟 =
𝐴

2𝜋𝐿
 

 

Hence: 

 

𝜋 (
𝐷

2
)

2

= 𝜋 (
𝐴

2𝜋𝐿
)

2

2

2

4 L

A


=                                                           (13) 

 

Substituting equation (13) into equation (12): 

 

𝑢 = (
𝑞

86400
) (

𝑇

𝑇𝑏
) (

𝑝𝑏

𝑝𝑎𝑣𝑒
) (

𝑧

1.00
) (

4𝜋𝐿2

𝐴2 )                                                  (14) 

 

But: 

 

          
𝜕𝑢

𝜕𝐿
= (

𝑞

86400
) (

𝑇

𝑇𝑏
) (

𝑝𝑏

𝑝𝑎𝑣𝑒
) (

𝑧

1.00
) (

8𝜋𝐿

𝐴2 ) 

 

Then, let: 

 
𝜕𝑢

𝜕𝐿
≈

𝑑𝑢

𝑑𝐿
 

 

So that: 

 

𝜕𝑢

𝜕𝐿
= (

𝑞

10800
) (

𝑇

𝑇𝑏
) (

𝑝𝑏

𝑝𝑎𝑣𝑒
) (

𝑧

1.00
) (

𝜋𝐿

𝐴2)
L

u2
=                                                  (15) 

 

Substituting equation (15) into equation (11):  

 
𝑑𝑃

𝑑𝐿
= 2𝜌

𝑢2

𝑔𝑐𝐿
+ 𝜌

𝑓𝑢2

2𝑔𝑐𝐷
                                                                     (16) 

 

Meanwhile, acceleration causes a pressure drop in the direction of velocity increase for a compressible fluid, 

bringing about kinetic change or acceleration effects. The pressure of particles will cause a difference in velocity 

(slip) in the two-phase fluid- flow, contributing to a pressure drop. Pressure at the start and end of the pipe is 

required for the flow rate calculations. Other parameters are pipe diameter, pipe length, fluid density, viscosity, 

and particle concentrations. 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, 

vg = vt. The theoretical analysis and mathematical model for the combined gas-solid flow system (Figure 2) were 

developed under the flowing assumptions:   
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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. 

 

 
Fig. 2. Flow of a mixture of gas and solid in an inclined pipe [15]. 

 

According to mixture theory [15], the combined flow of gas-solids experiences a total pressure drop given by: 

 

(
𝑑𝑝

𝑑𝑙
)

𝑚𝑖𝑥𝑡𝑢𝑟𝑒

𝑡𝑜𝑡𝑎𝑙

= (1 − 𝛽) (
𝑑𝑝

𝑑𝑙
)

𝑔𝑎𝑠

𝑡𝑜𝑡𝑎𝑙

+ 𝛽 (
𝑑𝑝

𝑑𝑙
)

𝑠𝑜𝑙𝑖𝑑

𝑡𝑜𝑡𝑎𝑙

                                                  (17) 

 

The total pressure drop in a gas pipeline is given as [16]: 

 

(
𝑑𝑝

𝑑𝑙
)

𝑔𝑎𝑠

𝑡𝑜𝑡𝑎𝑙

= (
𝑑𝑝

𝑑𝑙
)

𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛
+ (

𝑑𝑝

𝑑𝑙
)

𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛
+ (

𝑑𝑝

𝑑𝑙
)

𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛
                                  (18) 

 

The above equation is fully expressed as: 

 

   (
𝑑𝑝

𝑑𝑙
)

𝑔𝑎𝑠

𝑡𝑜𝑡𝑎𝑙

=
𝜌𝑢𝑑𝑢

𝑔𝑐𝑑𝐿
+ 𝑔

𝜌𝑠 𝑠𝑖𝑛 𝜃

𝑔𝑐
+

𝜌𝑓𝑢2

2𝑔𝑐𝐷
                                                               (19) 

 

From equation (16), equation (18) can be expressed as follows for inclined pipes 

 

(
𝑑𝑝

𝑑𝑙
)

𝑔𝑎𝑠

𝑡𝑜𝑡𝑎𝑙

= 2𝜌𝑔
𝑢2

𝑔𝑐𝐿
+

𝑔𝜌𝑔 𝑠𝑖𝑛 𝜃

𝑔𝑐
+

𝜌𝑓𝑔𝑢2

2𝑔𝑐𝐷
                                                          (20) 

 

or 

 

(
𝑑𝑝

𝑑𝑙
)

𝑔𝑎𝑠

𝑡𝑜𝑡𝑎𝑙

=
𝜌𝑢2

𝑔𝑐
(

2

𝐿
+

𝑓

2𝐷
) +

𝑔𝜌𝑔 𝑠𝑖𝑛 𝜃

𝑔𝑐
                                                              (21) 

 

Similarly, according to Ortega-rivas [17], the total pressure drop for particulate solids transported pneumatically 

in inclined pipes is also given by: 

 

(
𝑑𝑝

𝑑𝑙
)

𝑠𝑜𝑙𝑖𝑑

𝑡𝑜𝑡𝑎𝑙

= (
𝑑𝑝

𝑑𝑙
)

𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛
+ (

𝑑𝑝

𝑑𝑙
)

𝑒𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛
+ (

𝑑𝑝

𝑑𝑙
)

𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛
                                       (22) 

 

Which is fully expressed as: 

 

(
𝑑𝑝

𝑑𝑙
)

𝑠𝑜𝑙𝑖𝑑𝑠

𝑡𝑜𝑡𝑎𝑙

=
𝜌𝑠𝑢𝑝

2

𝑔𝑐
+

𝜌𝑠𝑔 𝑠𝑖𝑛 𝜃

𝑔𝑐
+

𝜋

8
(

𝑓𝑠

𝑓𝑔
) (

𝜌𝑠

𝜌𝑔
)

1/2

(
𝐺𝑠

𝐺
) 𝐸𝑔                                        (23) 

 

where:  
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𝐸𝑔 =
𝜌𝑔𝑓𝑔𝑢2

2𝑔𝑐𝐷
 

 

Considering a pipe section in Figure 3 with solid (particle) and gas concentration and combining equations (20) 

and (23). 

 

 
Fig. 3. Cross-section of pipe showing the solid volumetric concentration 𝛽. 

 

            (
𝑑𝑝

𝑑𝑙
)

𝑚𝑖𝑥𝑡𝑢𝑟𝑒

𝑡𝑜𝑡𝑎𝑙

= (1 − 𝛽) {2𝜌𝑔
𝑢2

𝑔𝑐𝐿
+ 𝜌

𝑓𝑔𝑢2

2𝑔𝑐𝐷
+

𝑔𝜌𝑔 𝑠𝑖𝑛 𝜃

𝑔𝑐
} + 𝛽 {

𝜌𝑠𝑢𝑝
2

𝑔𝑐
+

𝜌𝑠𝑔 𝑠𝑖𝑛 𝜃

𝑔𝑐
+

𝜋

8
(

𝑓𝑠

𝑓𝑔
) (

𝜌𝑠

𝜌𝑔
)

1/2
𝐺𝑠

𝐺

𝜌𝑔𝑓𝑔𝑢2

2𝑔𝑐𝐷
} (24) 

 

where β  are solid-volumetric-concentration (-), Up is particle-velocity relative to gas-velocity(ft/s), up = u -ut, 

with u is gas-velocity (ft/s), ut is terminal setting velocity(ft/s) of a particle given by: 

 

𝑢𝑡 =
𝑥𝑝

2(𝜌𝑠−𝜌𝑔)𝑔

18𝜇𝑔𝑔𝑐
                                                                                   (25)  

 

where fs= particle-friction-factor (-), fgis moody friction-factor (-), Gs is flux of solid particles (lbm/ft2s), Gs is 

psup, G is flux of gas, G = ρgu, D is pipe-diameter(in), L is pipe-length (ft), At= total-surface area of pipe = 

πD(r + l), gc= conversion-factor = 32.17 lbm-ft/ bf-S2, π= 3.1428571429, ρg is gas density (lbm/ft3), ρs is 

particle density (lbm/ft3), xp is particle diameter (ft), ug is gas viscosity (cp). 

 

Assuming gas velocity just equals the particle's terminal settling velocity in horizontal gas pipes, equation (24) 

reduces to: 

 

(
𝑑𝑝

𝑑𝑙
)

𝑚𝑖𝑥𝑡𝑢𝑟𝑒

𝑡𝑜𝑡𝑎𝑙

= (1 − 𝛽) {2𝜌𝑔
𝑢2

𝑔𝑐𝐿
+ 𝜌

𝑓𝑔𝑢2

2𝑔𝑐𝐷
} + 𝛽 {

𝜋

8
(

𝑓𝑠

𝑓𝑔
) (

𝜌𝑠

𝜌𝑔
)

1/2
𝐺𝑠

𝐺

𝜌𝑔𝑓𝑔𝑢2

2𝑔𝑐𝐷
}                        (26) 

 

On further simplification, 

 

(
𝑑𝑝

𝑑𝑙
)

𝑚𝑖𝑥𝑡𝑢𝑟𝑒

𝑡𝑜𝑡𝑎𝑙

= (1 − 𝛽)2𝜌𝑔
𝑢2

𝑔𝑐𝐿
+ (1 − 𝛽)

𝜌𝑔𝑢2𝑓𝑔

2𝑔𝑐𝐷
+

𝛽𝜋

8
(

𝑓𝑠

𝑓𝑔
) (

𝜌𝑠

𝜌𝑔
)

1/2

(
𝐺𝑠

𝐺
)

𝜌𝑔𝑓𝑔𝑢2

2𝑔𝑐𝐷
                    (27) 

 

Recall that, 

   

𝐺 = 𝜌𝑢                                                                                         (28) 

so that, 

 
𝐺𝑠

𝐺
=

𝜌𝑠𝑢𝑝

𝜌𝑔𝑢
                                                                                        (29) 
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But for steady-state flow uu p =  so that, 

 
𝐺𝑠

𝐺
=

𝜌𝑠

𝜌𝑔
                                                                                            (30) 

 

Substituting equation (30) into (27) and changing, 
𝑑𝑝

𝑑𝑙
𝑡𝑜

𝛥𝑝

𝐿
 we have: 

 

𝛥𝑝

𝐿
= (1 − 𝛽)2𝜌𝑔

𝑢2

𝑔𝑐𝐿
+ (1 − 𝛽)

𝜌𝑔𝑢2𝑓𝑔

2𝑔𝑐𝐷
+

𝛽𝜋

8
(

𝑓𝑠

𝑓𝑔
) (

𝜌𝑠

𝜌𝑔
)

3/2
𝜌𝑔𝑓𝑔𝑢2

2𝑔𝑐𝐷
                                     (31) 

 

2.2. Ratio of pressure drop due to acceleration to total pressure drop 

The ratio of pressure drop due to acceleration to total pressure drop can be defined as 

 

𝜛 =
Pressure drop due to acceleration

Total pressure drop
                                                                        (32) 

   

From equation (31), the total pressure drop given for horizontal pipes is: 

 

(
𝑑𝑝

𝑑𝑙
)

𝑚𝑖𝑥𝑡𝑢𝑟𝑒

𝑡𝑜𝑡𝑎𝑙

= (1 − 𝛽)2𝜌𝑔
𝑢2

𝑔𝑐𝐿
+ (1 − 𝛽)

𝜌𝑔𝑢2𝑓𝑔

2𝑔𝑐𝐷
+

𝛽𝜋

8
(

𝑓𝑠

𝑓𝑔
) (

𝜌𝑠

𝜌𝑔
)

3/2
𝜌𝑔𝑓𝑔𝑢2

2𝑔𝑐𝐷
                   (33) 

 

The pressure drop due to acceleration is given by: 

 

(
𝑑𝑝

𝑑𝑙
)

𝑚𝑖𝑥𝑡𝑢𝑟𝑒

𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛

= (1 − 𝛽)2𝜌𝑔
𝑢2

𝑔𝑐𝐿
                                                               (34) 

 

Therefore from equation (32): 
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8
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𝑓𝑔
) (

𝜌𝑠

𝜌𝑔
)

3/2 2𝜌𝑔𝑓𝑔𝑢2

4𝑔𝑐𝐷
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𝐿
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(

𝜌𝑠

𝜌𝑔
)
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}

 

 

𝜛 =
(1−𝛽)

(1−𝛽)+(1−𝛽)
𝐿𝑓𝑔

4𝐷
+

𝛽𝜋𝐿𝑓𝑠
32𝐷

(
𝜌𝑠
𝜌𝑔

)
3/2                                                            (35) 

 

where 𝜛 are The ratio of pressure drop due to acceleration to total pressure drop in the pipe (-),L is length of pipe 

(ft), fs is particle-friction-factor (-), fg is moody friction-factor (-), D is pipe diameter (inches), β is solid-

volumetric-concentration (-), ρg is gas density (lbm/ft3), ρs is particle density (lbm/ft3), π= 3.1428571429. 
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3. RESULTS AND DISCUSSION 

 

Equations (33) and (35) and Tables 1 to 4 of the appendix were used for the result analysis of this study. From 

equation (33), it can be seen that the total pressure drop increases with an increase in the concentration of the solid 

particles. This increase in solid concentration by weight is proportional to an increase in solid density. Hence, an 

increase in solid density (solid loading ratio) also increases the total pressure drop. Furthermore, the model 

indicates that total pressure drop decreases with increasing pipe diameter. Results from the model in equation (35) 

are further discussed. 

 

From the analysis of equation (35), Figure 4 shows the variation of the percentage contribution of pressure drop 

due to acceleration to the total pressure drop with pipe diameter at different gas friction factor values. The graph 

shows a generally inverse relationship between the percentage contribution of pressure drop due to acceleration 

and the total pressure drop and pipe diameter. It shows that the percentage contribution of pressure drop due to 

acceleration to the total pressure drop is less than 1%, which can be described as insignificant. The reason for this 

is related to the fact that since the solids entrained in the flow are fines and sands that are easily carried by a 

flowing gas, the buoyancy the particles experience and their dilute concentration ensures they do not significantly 

contribute to the overall mass of the flow. But at lower diameters, the effect of pipe diameter on the percentage 

contribution of pressure drop due to acceleration to the total pressure drop was significantly higher than at larger 

diameters. This is because reducing pipe diameter increases velocity and acceleration for a fixed flow rate, hence 

increasing pressure drop due to acceleration. But, for bigger diameter pipes, there is usually a larger surface area 

for fluid flow, and the major contributor to total pressure drop becomes pressure drop due to friction between fluid 

layers and friction along the pipe wall. This result is similar to the results of Okafor et al. [14], Hamad et al. [18], 

Saleh and Al-Byatti [19], and Santos et al. [20]. The Figure 4 also shows that the gas friction factor had no 

distinguishable effect on the percentage contribution of pressure drop due to acceleration to the total pressure drop. 

 

 
Fig. 4. Variation of 𝜛 with pipe diameter at different gas friction factor values. 

 

Figure 5 shows the variation of the percentage contribution of pressure drop due to acceleration to the total pressure 

drop with pipe diameter at different solid volumetric concentration values. Again, a generally inverse relationship 

can also be noticed between the percentage contribution of pressure drop due to acceleration to the total pressure 

drop and pipe diameter. From the analysis of the model in equation (39), the total pressure drop increases with an 

increase in solid concentration, similar to the works of Tripathi et al. [21], Kumar et al. [22], Ulusarslan and Teke 

[23], Hamad et al. [18] and Saleh and Al-Byatti [19]. However, a critical look at the model shows that the 

component of the total pressure drop due to acceleration decreases with increasing solid concentration. In contrast, 

the friction component increases with an increase in solid concentration. Hence the overall increase in the total 

pressure drop is mainly influenced by the friction component of the total pressure drop when solid concentrations 

increase. It is, therefore, evident from Figure 5 that the effect of pipe diameter on the percentage contribution of 

pressure drop due to acceleration to the total pressure drop is equally influenced by the solid concentration. The 

influence of the solid concentration is better felt at lower solid concentrations than at higher concentrations. 

Specifically, at solid concentrations lower than 15%, there were sharp reductions in the percentage contribution of 

pressure drop due to acceleration to the total pressure drop as pipe diameter increased. But from 15% solid 
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concentrations, there was no distinguishable influence of the solid concentration. This can be explained by the fact 

that at lower solid concentrations, due to buoyancy effects, the velocity of the flowing gas is usually sufficient to 

carry all entrained solids. But as the solid concentration increases at a constant flow rate, the total mass of the 

transported mix also increases. This ultimately reduces the acceleration and the pressure drop due to acceleration 

since an inverse relationship exists between mass and acceleration. At higher solid concentrations, the particles 

tend to settle at the bottom of the pipe and do not significantly contribute to pressure drop due to acceleration.   

 

 
Fig. 5. Variation of 𝜛 with pipe diameter at different solid volumetric concentration values. 

 

Figure 6 shows the variation of the percentage contribution of pressure drop due to acceleration to the total pressure 

drop with pipe length at different solid volumetric concentration values. The graph shows a generally inverse 

relationship between the percentage contribution of pressure drop due to acceleration and the total pressure drop 

and pipe length. The percentage contribution of pressure drop due to acceleration to the total pressure drop 

decreased as pipe length increased. This is explainable by the fact at a constant flow rate, longer pipes suffer from 

more frictional pressure drop at the pipe wall, thereby leading to a loss in flow velocity and pressure drop due to 

acceleration. But for shorter pipes, the loss in pressure is considerably lower, so the flow velocity remains high 

enough for a significant pressure drop. This reduction in the acceleration component of the total pressure drop as 

the length of the pipe increased is in good agreement with the works of Tripathi et al. [21] and Kuang et al. [24]. 

In addition, the solid concentration also influences the variation between the percentage contribution of pressure 

drop due to acceleration to the total pressure drop and pipe length. From the Figure 6, the reduction in the 

percentage contribution of pressure drop due to acceleration to the total pressure drop was faster for solid 

concentrations lower than 15%. Beyond this threshold, the influence of solid concentration remained relatively 

constant.   

 

Figure 7 shows the variation of the percentage contribution of pressure drop due to acceleration to the total pressure 

drop with solid volumetric concentration at different solid-gas density ratios. The range of values for the ratio ρs/ρg 

was based on the average natural gas and sand density values. Apart from the inverse relationship between the 

percentage contribution of pressure drop due to acceleration to the total pressure drop and solid concentration, 

solid-gas density ratios equally affect the percentage contribution of pressure drop due to acceleration to the total 

pressure drop. The increase in solid concentration by weight is proportional to an increase in solid density. Hence, 

an increase in solid density (solid loading ratio) also increases the total pressure drop. These results compare 

favorably with other published works in the open literature [18, 19, 21–23]. However, a critical look at equation 

39 shows that an increase in the solid-gas density ratio did not affect the acceleration component of the total 

pressure drop. However, the friction component of the total pressure drop increased with the solid-gas density 

ratio, thereby resulting in an increase in the total pressure drop. Therefore, the increase in the total pressure drop 

due to the increase in the solid-to-gas density ratio is mainly due to the increase in the friction component. 

Nonetheless, the percentage contribution of pressure drop due to acceleration to the total pressure drop decreased 

as the solid-to-gas density ratio (or solid loading ratio) increased. From the Figure 7, it can be deduced that at 

lower solid-gas density ratios, the effect of solid concentration on the percentage contribution of pressure drop due 

to acceleration to the total pressure drop was higher compared to higher solid-gas density ratios. Since density is 

directly proportional to mass, higher solid-gas density ratios mean higher transported solid mass. Since 

acceleration is inversely proportional to mass, higher transported total mass for a fixed gas velocity ultimately 
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leads to reduced pressure drop due to acceleration. This result is in good agreement with the works of Tripathi et 

al. [21] and Lin et al. [25]. Specifically, solid-gas density ratios significantly affected the percentage contribution 

of pressure drop due to acceleration to the total pressure drop at a solid-gas density ratio below 3000. Above this 

ratio, the effect of the solid-gas density ratio remained relatively constant. 

 
Fig. 6. Variation of 𝜛 with pipe length at different solid volumetric concentration values. 

 

 
Fig. 7. Variation of 𝜛 with solid volumetric concentration at different solid-gas density ratios. 

 

 

4. CONCLUSIONS 

 

A new model for determining the total pressure drop of a two-phase gas–solid flow in horizontal pipes has been 

developed. The results of this study show that the acceleration component of the total pressure drop in a dilute 

solid phase-gas flow in a horizontal pipe is generally less than 1 %. This result is similar to the findings of Demneh 

and Mesbah [26], who reported that the realistic percentage contribution of pressure drop due to acceleration to 

the total pressure drop is less than 1%. The model for the gas-solid pipe system should be further validated with 

field or experimental data. From this study, the following conclusions can be reached: 

(a) The total pressure drop increases with solid concentration, solid – gas density ratios and decreases with 

an increase in pipe diameter; 
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(b) An inverse relationship exists between the percentage contribution of pressure drop due to acceleration 

to the total pressure drop and pipe diameter, pipe length, solid concentration, and solid-gas density ratios, 

respectively; 

(c) The gas friction factor showed an insignificant influence on the pressure drop due to acceleration to the 

total pressure drop; 

(d) There exists a threshold beyond which the effect of solid concentration on the pressure drop due to 

acceleration to the total pressure drop for a gas-solid system remains largely constant; 

(e) The influence of the dilute solid phase on the pressure drop due to acceleration in a gas-solid pipe system 

is insignificant (less than 1%). 
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Appendix 

 

Table 1. Variation of 𝜛 with pipe diameter at different gas friction factor values. 

D (in) 

𝜛 (%) 

f=0.02 f=0.04 f=0.06 f=0.08 f=0.1 

6 0.419557 0.397541 0.377720 0.359782 0.343470 

8 0.314998 0.298452 0.283558 0.270079 0.257824 

10 0.252158 0.238904 0.226975 0.216180 0.206365 

15 0.168247 0.159397 0.151431 0.144224 0.137672 

20 0.126238 0.119595 0.113616 0.108207 0.103289 

25 0.101016 0.095699 0.090914 0.086584 0.082649 

30 0.084194 0.079762 0.075773 0.072164 0.068883 

35 0.072175 0.068375 0.064955 0.061861 0.059049 

40 0.063159 0.059833 0.056840 0.054133 0.051671 

45 0.056145 0.053189 0.050528 0.048121 0.045933 

50 0.050533 0.047872 0.045478 0.043311 0.041341 

 

Table 2. Variation of 𝜛 with pipe diameter at different solid volumetric concentration values. 

D (in) 

𝜛 (%) 

β = 0.05 β = 0.1 β = 0.15 β = 0.2 β = 0.25 

6 0.419557 0.205171 0.130591 0.092687 0.069745 

8 0.314998 0.153957 0.097975 0.069532 0.052318 

10 0.252158 0.123204 0.078396 0.055633 0.041859 

15 0.168247 0.08217 0.052277 0.037096 0.02791 

20 0.126238 0.06164 0.039213 0.027824 0.020934 

25 0.101016 0.049318 0.031373 0.022261 0.016748 

30 0.084194 0.041102 0.026146 0.018551 0.013957 

35 0.072175 0.035232 0.022411 0.015901 0.011963 

40 0.063159 0.030829 0.01961 0.013914 0.010468 

45 0.056145 0.027405 0.017432 0.012368 0.009305 

50 0.050533 0.024665 0.015689 0.011132 0.008375 

 

Table 3. Variation of 𝜛 with pipe length at different solid volumetric concentration values. 

L (mi) 

𝜛 (%) 

β = 0.05 β = 0.05 β = 0.05 β = 0.05 β = 0.05 

6 0.014042 0.006853 0.004359 0.003092 0.002326 
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8 0.010532 0.005140 0.003269 0.002319 0.001745 

10 0.008426 0.004112 0.002615 0.001855 0.001396 

15 0.005617 0.002741 0.001743 0.001237 0.000931 

20 0.004213 0.002056 0.001308 0.000928 0.000698 

25 0.003370 0.001645 0.001046 0.000742 0.000558 

30 0.002809 0.001371 0.000872 0.000618 0.000465 

35 0.002408 0.001175 0.000747 0.000530 0.000399 

40 0.002107 0.001028 0.000654 0.000464 0.000349 

45 0.001873 0.000914 0.000581 0.000412 0.000310 

50 0.001685 0.000822 0.000523 0.000371 0.000279 

 

Table 4. Variation of 𝜛 with solid volumetric concentration at different solid-gas density ratios. 

𝛽 (%) 

𝜛 (%) 

 

g

s




 = 1000  

g

s




= 2000  

g

s




= 3000 

g

s




= 4000  

g

s




= 5000 

5 0.353751 0.147700 0.084194 0.055789 0.040348 

10 0.191448 0.073807 0.041102 0.026957 0.019388 

15 0.126554 0.047338 0.026146 0.017087 0.012266 

20 0.091617 0.03373 0.018551 0.012102 0.008680 

25 0.069783 0.025441 0.013957 0.009095 0.006519 

30 0.054846 0.019863 0.010878 0.007083 0.005075 

 

 


