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ABSTRACT 

 

An experimental study was conducted in a large scale circulating fluidized bed (0.3 m 

diameter×15.5 m tall) equipped with nonmechanical L-valve (0.25 m diameter×1.52 m long) 

varying the riser superficial gas velocity (Ug), bed inventory (m), L-valve aeration velocity 

(ULvalve), and standpipe aeration velocity (Umove). The effects of these operational parameters on 

pressure drop were investigated in each of the different components in the CFB and on the solid 

circulation rate with two different Group B particles (180 µm glass bead and 750 µm 

phosphorescent polyethylene beads, PPE). Tests were carried out at ambient temperature and 

pressure conditions using air as the fluidization gas. The operating parameters were shown to 

significantly affect pressure drops across various sections of the CFB due to redistribution of 

solids within the system.   The pressure drop in the horizontal section of the L-valve was affected 

by aeration rates in addition to the solid flow rate reported in previous studies of smaller L-valves 

without aeration. A new dimensionless semi-empirical correlation was able to explain more than 

98% of the variance between pressure drop across the horizontal section of the L-valve and 

operating parameters for these Group B particles. The results of present study indicated that the 

nonmechanical L-valve cannot be isolated from the CFB system for performance evaluation. 

 

Keywords: Circulating Fluidized Bed, L-valve, non-mechanical valve, solids flow, Group B 

particles 

 

INTRODUCTION 

 

Circulating fluidized beds (CFB) are used in many industrial processes, ranging from coal 

combustion/gasification technologies to chemical processing. A typical CFB includes the riser, 

crossover, cyclone, standpipe, and solids flow control device [1,2]. Although every component 

of a CFB serves a valuable and essential role, the riser and standpipe have received more 

research consideration recently than the other components [3-9]. In most CFB’s, the riser is the 
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place where the gas-solid reactions occur, whereas standpipes move the solids from a region of 

low pressure back to the gas inlet, a region of high pressure, with the help of gravity. However, 

the operation of a CFB, depends not only on the superficial gas and solid velocities in the riser 

and standpipe, but also on the status of solids recycling system that dictates the rate of solids 

flows throughout CFB loop [10].  The control of the solid through the CFB can be achieved by 

either mechanical or nonmechanical valve. A typical control device (mechanical or 

nonmechanical) are usually placed near the base of the standpipe. The control of solid 

circulation rate could be best achieved through use of the mechanical valves; however, their use 

is problematic at the elevated temperatures and pressures used in many energy conversion 

applications. Any instrument inserted into the pipe is exposed to abrasion, fouling from 

particulates, and thermal stresses and also interferes with the flow. Typical mechanical devices 

include the rotary and screw feeders, and butterfly and slide valves.  These generally contain 

moving components whose mechanical action allows control of the particulate solids flow [11].  

 

Whereas non-mechanical devices include the L-valve [12-14], J-valve [15,16], V-valve [17,18], 

and loop seal [19-22], use an external gas injection to control solid flow rate. The 

nonmechanical valve has demonstrated the most favorable balance between solids flow control, 

cost of investment, and operability and maintenance in harsh environment (i.e. CFB boilers), 

whereas the mechanical valve is widely used in fluid catalytic cracking (FCC) systems.  Among 

all the non-mechanical valves, the loopseal is the most widely used, specifically for CFB boiler 

applications due to the passive backflow prevention using a vertical column of fluidized solids.  

However, the L-valve has the greatest potential to maximize solids flow with minimal aeration 

because its design minimizes resistance to solids flow or back pressure. Nonmechanical L-valve 

have been investigated in many studies [12-34]. Several studies illustrate the effect of operating 

and geometrical parameters on the solid flow rate and the corresponding pressure drop [23,24].  

 

Geldart and Jones [23] demonstrated that the bed level in the standpipe decreases when the solid 

flow through the L-valve exceeds the solids being fed into the standpipe. When there is a drop 

in the standpipe bed height, there is a less resistance to gas flow above the aeration point, 

resulting in some aeration gas flowing up the standpipe.    

 

Knowlton and Hirsan [25] studied the influence of particle size and density on the L-valve 

operation.  They concluded that the standpipe aeration increases with increasing particle size 

and the solids density, but the L-valve pressure drop only increases with increasing particle 

density and exhibits no dependency on particle size. However, Geldart and Jones [23] proposed 

a relationship to estimate the pressure drop between the aeration point and the solids discharge 

dependent upon solid flow rate, diameter of L-valve, and particle size. Yang and Knowlton [26] 

demonstrated that there is a linear relationship between the aeration rate in the standpipe and the 

opening of the L-valve with the opening being defined as the fraction of the cross-sectional area 

experiencing solids flow through it.  

 

Smolders and Baeyens [27] reported that experimental data from small diameter L-valves (D < 

0.02 m) differed greatly compared to data from larger L-valves. They proposed a 

linear relationship between Gs/D and U/Umf.  Daous and Al-Zahrani [28] developed a 

correlation for the solid circulation rate and pressure drop using two different lengths of the 

horizontal section in the L-valves, namely 0.17 and 0.29 m, and three different pipe diameters, 

namely 0.025, 0.036, and 0.05 m. 



 

According to theoretical and empirical studies reported in the literature, the pressure drops 

around the L-valve varies with solid flux and some characteristic dimension of the L-valve such 

as diameter or length [23-33]. Most of the L-valve investigations have been carried out either in 

the close loop CFB [24,29-31] or open loop using a hopper – L-valve – reservoir system 

[23,27,32-34]. 

 

In this study the L-valve performance was studied as part of a closed loop CFB system 

comprising a riser, crossover, one or more cyclones, standpipe, and non-mechanical, solids 

delivery valve. It is also well known that there is a complex interaction between the various 

components in CFB systems. A small variation in one component can, and usually does, affect 

the performance of the other components. For example, a change in the riser gas velocities or 

system inventory can affect the pressure balance around the loop [35].  Therefore, in this work, 

the pressure drops across the L-valve correlated to the riser gas velocity, solid flux, bed 

inventory and the aeration in the L-valve as a diagnostic or analytical tool (or alternatively as a 

predictive operational tool using the Ug, inventory, and aerations in standpipe and L-valve).   

 

In addition, the unique contributions of this study are: 1) one of few tests on large diameter 

system, 2) statistically designed experimental data on the response surface of all the operational 

control variables as independent test factors (flows and granular materials Group B), 3) 

evaluation of the effects of different standpipe aeration strategies, and 4) analysis of how the 

independent factors influence Ps as well as solids flows.  The test design and steady state 

nature of the solids flow have been reported elsewhere [35] in a study quantifying the relative 

contributions that the L-valve, riser, and standpipe aerations exert on the solids flow and CFB 

solids turnover ratio. 

 

EXPERIMENTAL SECTION 

 

Experiments were conducted in a flanged steel riser with one 1.22-m acrylic section install 2.44-

m above the solids feed location.  The schematic diagram of the cold model is shown in Figure 

1 and the standpipe aeration locations, riser inlet geometry, and normalized test matrices are 

described in more detail elsewhere [35]. The solids enter the riser from a side port 0.23-m 

diameter (L-valve) and 0.27-m above the gas distributor.  Solids are transported to the top of the 

riser where they exit through a 0.20-m port at 90o about 1.2-m below the top of the 0.3 m 

diameter riser at a point 15.45-m above the solids entry location (centerline to centerline).   The 

main transport air was fed through a perforated plate into the riser and the reported gas velocity 

was corrected for temperature and pressure as measured at the base of the riser. The air’s 

relative humidity was maintained between 40 and 60% to minimize effects of static charge 

building up on the solids. Twenty incremental differential pressures were measured across the 

length of the riser using transmitters calibrated within 0.1 % of full-scale or about 2 Pa/m.  The 

other primary response measurement was the overall riser pressure differential and it was 

calibrated within 0.45 Pa/m.   

 

Mass circulation rate was continuously recorded by measuring the rotational speed of a twisted 

spiral vane located in the packed bed region of the standpipe [9].  This calibrated volumetric 

measurement was converted to a mass flux using the measured packed bed density presented in 

Table 1. Analysis of the standpipe pressure profile, estimated relative gas-solids velocities, and 



bed heights have been used to correct the voidage for the solids flow measurement using a 

standpipe model [34]. The solids flux was reported relative to the cross-sectional area of the 

riser as per convention.  The solids circulation was a dependent parameter as were the pressures 

across the loop.  Steady state conditions were defined as holding a constant set of flow 

conditions and maintaining a constant response in the pressure differentials over a five-minute 

period.  All steady state test results represent an average over that 5-minute period.  During an 

experiment, the air velocity in the riser was controlled at a constant level. The superficial riser 

gas velocity was summation of the flow at the base of the riser with that at the base of the L-

valve and external standpipe aeration. 

 

Figure 2 shows the schematic of the L-valve which composed of a vertical standpipe, a 

horizontal section, and a riser. The standpipe diameter was 0.25 m.  Figure 2 also shows the 

axial locations of the pressure taps and the aeration points along the standpipe. Aeration in the 

standpipe is generally used to control the solids flow rate.  The aeration in the standpipe was 

commonly referred to as the “move” aeration.  

 

RESULTS AND DISCUSSION 

 

In this study the bed material used were glass bead, GB, and phosphorescent polyethylene 

beads, PPE.  The material properties are presented in Table 1.  The L-valve tests on these 

materials conducted were described elsewhere noting slight but significant differences in the 

range of operations, the location of the CFB pressure control, and resulted in different 

interactions between the standpipe aeration and other parameters [35].  While the location of 

CFB pressure control had little or no influence on the non-dimensional factors influencing 

solids flow, the differences in operating range were thought to be key to generating the observed 

interactions for each.  In the case of PPE, the relative riser velocity and standpipe aeration rates 

were comparatively low, producing significant interactions between standpipe aeration and riser 

velocity as well as a squared riser velocity dependence on the achieved solids flow.  Solids flow 

effectively dropping off at higher levels of riser and standpipe aeration rates.  For GB both the 

relative riser and standpipe velocities were higher, and the solids flow was linearly related to the 

riser velocity; the only significant interaction was between the standpipe and L-valve aeration 

rates.  Thus, the PPE solids flow was limited by the inventory of solids available in the 

standpipe, while the GB tests were not so constrained [35].  

 

In Figure 3 the pressure profile of the cold flow CFB is illustrated for 3 different gas velocities 

(4.4, 5.9 and 7.4 m/s) during the steady state conditions using 180 m glass bead. The highest-

pressure point corresponds to the standpipe aeration tap (E), while the lowest-pressure point 

corresponds to the solid discharge location of the primary cyclone (D). The standpipe pressure 

decreased with height (sections D–E), with pressure at the bottom of the standpipe higher than 

that at the top. In Figure 3, the pressure drops in the riser decreased upon increasing riser’s 

superficial gas velocity (sections A–B). The data in Figure 3 also indicated that pressure drop 

across the crossover (sections B–C), cyclone (sections C–D), and L-valve (sections E–A) 

increased with increasing the riser gas velocity. The data was found to maintain accurate 

pressure balance such that the sum of pressure drops in all sections was zero, as reflected in the 

formula below; 

 

∆𝑃𝑟𝑖𝑠𝑒𝑟 + ∆𝑃𝑐𝑟𝑜𝑠𝑠𝑜𝑣𝑒𝑟 + ∆𝑃𝑐𝑦𝑐𝑙𝑜𝑛𝑒 + ∆𝑃𝐿𝑣𝑎𝑙𝑣𝑒 − ∆𝑃𝑠𝑡𝑎𝑛𝑑𝑝𝑖𝑝𝑒 = 0                  (1) 



 

When all other variables were kept constant, an increase in the riser gas velocity led to more 

solids carried out of the riser, then the bed level in the standpipe (Figure 4) got higher which 

increased the particle and gas flows through the L-valve and ultimately led to a higher solids 

circulation rate.  Figure 4 also shows the relationship between solids circulation rate and 

superficial gas velocity (Ug) in the riser. The former rises with the increase in the latter, but the 

growth rate slows down gradually with increasing Ug. As solid circulation rate increased, the 

pressure drops in the crossover, cyclone and the L-valve also increased for higher levels of Ug.  

 

With pressure drops changing in other parts of the system, the standpipe bed height varied as 

another dependent parameter to maintain pressure balance in the system. Figure 5 summarizes 

the relationship of pressure drop of each section of the CFB and riser superficial gas velocity 

(Ug) for a given set of conditions, i.e. Umove, ULvalve and inventory (m) for the glass bead 

material. The pressure gain in the standpipe represents the sum of the pressure drops in rest of 

the CFB loop (Eq. (1).  The largest pressure drop in the system is the riser; the horizontal 

section in the L-valve is the second largest over all of the operating conditions tested.  The 

cyclone was always the smallest pressure drop in the system. While the pressure drop in the 

riser was inversely related to the riser gas velocity, the pressure drops in the L-valve, crossover 

and cyclone all varied directly with the riser flow, increasing as Ug increased.  Even though the 

relationships for all of these are depicted as linear in Figure 5, it will be shown that the 

dependence on Ug was non-linear.  This can be seen by the fact that the trend lines do not pass 

through the experimental data at the high and low velocities.  As the riser flow increased the 

reduced pressure promoted gas flow through the L-valve and thereby assisted in increasing the 

solids flow [35].  Thus, the increased gas and solids flow through the L-valve resulted in 

increased pressure drop.  The behavior for PPE with respect to Ug was similar to that depicted in 

Figure 5. 

 

Figure 6 illustrates the pressure profile around the CFB loop for different bed inventories of the 

180 m glass bead. As the bed inventories increased, the CFB’s system pressure generally also 

increased due to the higher solid concentration in the system. In Figure 6, the pressure drops in 

the riser, crossover, cyclone, and L-valve increased with increasing the bed inventories (m). By 

increasing the bed inventories, more solids accumulated in the standpipe and the bed level got 

higher (Figure 7). Higher bed height put more pressure on the L-valve and hence increased the 

gas velocity through the L-valve and solid flux through the system (Figure 7).  

 

Figure 8 summarizes the relationship of pressure drop of each section of the CFB and the bed 

inventories (m) for a given Ug, Umove, and ULvalve. Like the data for gas velocity the behavior of 

GB and PPE were similar.  In Figure 8 the result is depicted for GB.  As the total CFB 

inventory, m, increased all of the system pressure drop increased.  The pressure gain in the 

standpipe increased with increasing m as the pressure drops in the riser, L-valve, crossover, and 

cyclone, with the riser being the largest and decreasing in the order listed.  Previously, it was 

found that the solids flow was linearly related to the bed inventory in a closed CFB loop [35] 

such that the increased m increased solids flow.  Thus, the number of parameters in the system 

can be reduced by considering the CFB turnover ratio.   It should be noted that the trend lines in 

Fig. 8 pass through all the experimental data even those at the extremes for the conditions 

tested. 

 



Figure 9 illustrates the effect of Umove on pressure profile around the CFB loop for the 750 m 

PPE. As the Umove increased, the pressure drops in the riser, crossover, cyclone, and L-valve also 

increased. Knowlton and Hirsan [25] demonstrated that the solid flow rate through the L-valve 

is controlled by the total amount of gas passing through the elbow of the L-valve (external 

aeration + gas flow in in the standpipe). The data presented in Figure 10 show that the solid flux 

increased linearly with increasing Umove with regression coefficient (R2) larger than 0.97. In 

addition, the variation of standpipe height and pressure differential was influenced by change of 

Umove. Even though the height of the standpipe decreased with increasing the Umove (Figure 10), 

the pressure drops in standpipe increased (Figure 11). The pressure drop in the standpipe adjusts 

overall pressure balance around the solid circulation loop. Pressure in the standpipe is 

developed through two mechanisms: gas-solid slip velocity and height of the solid column. In 

this case the relative velocity of the gases and solids in the standpipe experienced an increase to 

compensate for the shift of inventory from the standpipe into the riser.  

 

Using the standpipe model [34] on the PPE cases displayed in Figure 10, the injected standpipe 

aeration flowed upward in all standpipe locations above 2.7 m height when using the lower 

Umove (0.059 m/s). For the higher levels of Umove (0.136 and 0.212 m/s) all the aeration flowed 

upward at and above 4.0 m height in the standpipe. It should be noted that the average voidage 

above and below of 2.7 and 4.0 m was calculated to be 0.35 and 0.45 [34].  For these cases the 

pressure drop per unit bed length can be estimated using Ergun equation21 as; 

 

∆𝑃𝑠𝑡𝑝

𝐿𝑠𝑡𝑝
=

150𝜇𝑔(1 − 𝜀)2

(𝜙𝑠𝑑𝑝)
2

𝜀2
𝑈𝑠𝑙 +

1.75𝜌𝑔(1 − 𝜀)

(𝜙𝑠𝑑𝑝)𝜀
  𝑈𝑠𝑙

2                    (2) 

 

The gas solid slip velocity Usl is defined as follows [27]: 

 

𝑈𝑠𝑙 = 𝑢𝑠 − 𝑢𝑔,𝑠𝑡𝑝 =
𝐺𝑠

𝜌𝑠(1 − 𝜀)
−

𝑈𝑔,𝑠𝑡𝑝

𝜀
                                    (3) 

 

where Usl is the superficial slip velocity, dp is the bed particle diameter, ε is the void fraction of 

the bed, and ρg and μg are the gas density and viscosity, respectively. The standpipe model was 

used to estimate the variations in the void fraction along the standpipe using the Ergun equation 

(Eq. 2) in conjunction with the measured pressure drop across the bed, solids circulation rate and 

the standpipe aeration flows.  From equation (2), the pressure drop in the standpipe is proportional 

to the length of standpipe and solid fraction. In this way the bed solid fraction will adjust to 

compensate for the drop in the bed height for the pressure balance around the loop.   

 

The riser pressure drops increased sharply with an increase in the standpipe aeration, Umove 

(Figure 11).  This was observed in both bed materials.  For PPE the pressure drop in the L-valve 

was a larger contribution to the total as compared to GB (Fig 5 and 8) such that at the lowest 

levels of Umove the pressure drop across the L-valve was equal to that across the riser.  The increase 

in L-valve pressure drop was more gradual with increasing Umove. The pressure drop across L-

valve was much larger than those across the crossover and the cyclone.  The larger particle size 

for the PPE relative to GB required substantially greater aeration to achieve incremental increases 

in solids flow. The increase in solids flow and turnover ratio with both Umove and UL-valve are 

presented earlier [35], in turn the pressure drop was found to be directly proportional to solids 



flow.  The strongest factor influencing solids flow is Umove, while UL-valve is much smaller and 

non-linear. 

 

The effect of L-valve aeration in the horizontal section of L-valve on pressure around the loop is 

shown in Figure 12 for 750 m PPE particles. This aeration was applied to the bottom of the L-

valve to ease the solid flow through the L-valve and reduce the stagnant particle layer on the 

bottom of horizontal section. Figure 12 shows that by increasing the aeration velocity in the L-

valve, the pressure drop in the riser increased. This increase in pressure drop can be attributed to 

the increase of solid flux with increase of L-valve aeration velocity (Figure 13). The increase in 

solid flux can be caused by the removal of resistance to the solid flow across the L-valve by the 

L-valve aeration. This in turn caused the bed pressure inside the standpipe to more effectively 

transfer solids through the L-valve and enhances the solid flow through it. The variation of the 

height of solid column in the standpipe and solid flux versus the external gas flow of L-valve is 

illustrated by Figure 13. Increasing external gas injection (Umove) reduced the height of the dense 

bed in the standpipe. However, the pressure gains in the standpipe increased with increasing the 

L-valve aeration which was a result pressure balancing the increased solids holdup in the riser 

with increased solids flow. Again, these changes relied on the dynamic responses in the 

gas−solid slip velocity in the standpipe. As downward gas velocity through the standpipe bed 

decreased, the gas–solid slip velocity increased, resulting in increase of pressure drop per unit of 

solid bed height. The variation of pressure drop for the different component around the CFB 

loop with changes in the L-valve aeration is shown in Figure 14. Increasing gas flow rate, 

increased the gas voidage in the L-valve. Consequently, the pressure drops in the L-valve 

decreased with an increase in the L-valve aeration (Figure 14).  

 

An analysis of variance (ANOVA) was conducted on each material (GB and PPE) using SAS 

Institute’s JMP (version 8.0) to evaluate statistical significance and uncertainty.  A general 

linear model was developed using the dependent variable of pressure drop in horizontal section 

of the L-valve. The independent variables studied were the Ug, ULvalve, Umove, and m, with their 

squared terms, and 6 two-way interactions.  The regression results are presented in Tables 2 and 

3 for GB and PPE.  The results indicated that 99.2% and 97.6% of the variance in the ΔPLh were 

explained by the regression for GB and PPE, respectively. The analysis included 14 terms and 

intercept to evaluate the variance for GB and PPE. This included 29 observations for the GB 

and 32 for PPE.  The statistically significant parameters were ULvalve, Ug, 𝑚̇s (in turn Umove), 

ULvalve×ULvalve, Ug×Ug and, m, at the 95% confidence limit, respectively.  Thus, the riser and L-

valve aeration were both found to have significant non-linear influence on the ΔPLh. The effects 

of standpipe aeration and inventory, on the other hand, demonstrated only linear effects on 

ΔPLh. 

 

Inspection of the typical pressure profiles (Fig. 3 and 6) provides further insight into the 

interactions of the CFB operational parameters under different aeration schemes. Higher 

riser gas flows are generally accompanied by lower solids hold-up in the riser and thus higher 

standpipe heights. On the other hand, lower CFB inventory resulted in both lower standpipe and 

riser pressures. 

 

  

Though the pressure drops and solid flow rate in nonmechanical L-valve are two important 

parameters for solid flow control design and operation, there is a lack of experimental data 



reported correlating these two parameters. Thus, investigations on the correlations of pressure 

drop and solid flow in the L-valve were sought. A few correlations of L-valve pressure drop, 

and solid flow rate were found, and these are listed in Table 4. Figures 15 and 16 shows that the 

correlations proposed by Geldart & Jones [23], Arena et al. [29], and Chovichien et al. [14] did 

not agree with our experimental data of glass bead and PPE. The correlation of Smolders and 

Baeyens [12] overestimated the present data by factor of five.  This may be explained by the 

fact that these literature correlations did not consider the effect of L-valve aeration and riser gas 

velocity on the pressure drop and solid flow rate. 

 

Because of the absence of a correlation to represent the experimental results for pressure drop in 

the L-valve within fair accuracy, the values of the L-valve pressure drop obtained 

experimentally were correlated using a multiple regression technique. According to the analysis 

above, riser gas velocity (Ug), total bed inventory (m), L-valve aeration (ULvalve), external 

standpipe aeration (Umove), and particle characteristics (Ut, Umf) affected the pressure drop of the 

L-valve. Based on a dimensional analysis, the pressure drop in the L-valve can be written as;  

 

∆𝑃𝐿ℎ = 𝑓 (𝑈𝑔, 𝑚, 𝑈𝐿𝑣𝑎𝑙𝑣𝑒 , 𝑈𝑚𝑜𝑣𝑒, 𝐷
𝑟
, 𝑑𝑝,  𝜌

𝑝
, 𝜌

𝑔
, 𝑔, 𝜇)                                                                            (4) 

 

A variety of dimensionless parameters were considered including Ar, Fr, Re, and velocities 

relative to characteristic of minimum fluidization, terminal velocity and transition velocities.  

Each of the operating parameters and particle parameters were tested in each possible 

dimensionless form to estimate the dimensionless pressure drop parameter and the Euler 

number.  The best relationship among dimensionless parameters was; 

 

2∆𝑃𝐿ℎ

𝜌𝑔𝑈𝑔
2

= 𝛽0 (
𝑚̇𝑠𝐷𝑟

𝑚𝑈𝑡
)

𝛽1

(
𝑈𝑔

2

𝑔𝐷𝑟
)

𝛽2

(
𝑈𝐿𝑣𝑎𝑙𝑣𝑒

𝑈𝑚𝑓
)

𝛽3

(
𝑈𝑚𝑜𝑣𝑒

𝑈𝑡
)

𝛽4

                                             (5)  

 

The constants β0- β4 in the above equation can be obtained using multiple nonlinear regression 

analysis for evaluation of the correlation coefficient based on Marquardt-Lavenberg method 

using SYSTAT 8 (SPSS Inc.). It should be noted that particles and gas properties are imbedded 

in Umf and Ut. The following empirical equation to predict the pressure drop in the horizontal 

section of the L-valve were found to be: 

 

2∆𝑃𝐿ℎ

𝜌𝑔𝑈𝑔
2

= 2480.787 (
𝑚̇𝑠𝐷𝑟

𝑚𝑈𝑡
)

0.342

(
𝑈𝑔

2

𝑔𝐷𝑟
)

−0.832

(
𝑈𝑚𝑜𝑣𝑒

𝑈𝑡
)

−0.078

(
𝑈𝐿𝑣𝑎𝑙𝑣𝑒

𝑈𝑚𝑓
)

−0.684

 (6)  

 

The coefficients were taken as the average of the upper and lower limits for the 95% confidence 

limits. Because the solids flow is strongly correlated to the standpipe aeration, Umove [35], a 

simplification can be made in which the exponent on the 3rd term is discarded as it did not 

contribute significantly to the explained variance and the new correlation evaluated. Therefore, 

we have  

2∆𝑃𝐿ℎ

𝜌𝑔𝑈𝑔
2

= 3369.4 (
𝑚̇𝑠𝐷𝑟

𝑚𝑈𝑡
)

0.342

(
𝑈𝑔

2

𝑔𝐷𝑟
)

−0.855

(
𝑈𝐿𝑣𝑎𝑙𝑣𝑒

𝑈𝑚𝑓
)

−0.683

                            (7) 

 



Again, the coefficients were taken as the average of the upper and lower limits for the 95% 

confidence limits and are given individually for GB and PPE as well as their combined data set 

in Table 5. The individual influence of these operational factors was evaluated by gathering like 

terms in Eq. 7.  After both sides of this equation are multiplied by 𝜌𝑔𝑈𝑔
2, the L-valve aeration, 

ULvalve was the single strongest operational factor determining the L-valve pressure drop; ULvalve 

has the largest exponent.  The ΔPLh was inversely related to ULvalve; the higher the ULvalve, the 

smaller the L-valve pressure drop (Fig. 14). Likewise, the L-valve pressure drop was directly 

proportional to both Ug and solid flow rate; ΔPLh was larger for higher Ug and solid flow rate.  A 

comparison between predictions from the developed correlation (Eq. (7)) and experimental data 

are presented in Figure 17. The agreement was good with a variance explained (R2) of 98% 

indicating that the average relative deviation was about 2%. It should be noted that the presence 

of Dr in Eq. (7) was solely to normalize the solids flow and riser velocity and are not intended to 

reflect any measured effect of riser diameter, but rather reflect only the relative turnover ratio 

using the same convention as Kehlenbeck et al [36].   

 

The amount of aeration required to move solids through the L-valve depends upon the split of 

standpipe aeration which travels through the L-valve as opposed to going up the standpipe.  

This split in turn depends upon the relative back pressure in the riser and standpipe, as 

determined by the riser conditions and the overall solids inventory.  The pressure drop in the 

riser is known to be a function of solids flow and gas velocity to the riser when operating above 

the fast-fluidized bed regime [37], i.e. Utr2.  The best relationship using dimensionless numbers 

to describe the pressure drop along the riser was found to generally follow this form: 

 

2∆𝑃𝑟𝑖𝑠𝑒𝑟

𝜌𝑔𝑈𝑔
2

= 𝛼0 (
𝐺𝑠

𝜌𝑔𝑈𝑔
)

𝛼1

(
𝑈𝑔

2

𝑔𝐷𝑟
)

𝛼2

                                                                            (8) 

 

Using the same method described above the following empirical equation was developed to 

predict the pressure drops across the riser: 

2∆𝑃𝑟𝑖𝑠𝑒𝑟

𝜌𝑔𝑈𝑔
2

= 2372.85 (
𝐺𝑠

𝜌𝑔𝑈𝑔
)

0.736

(
𝑈𝑔

2

𝑔𝐷𝑟
)

−1.895

                                                       (9) 

 

The coefficients are also given individually for GB and PPE as well as their combined data set 

in Table 6.  These two operational parameters explained more than 98% of the variance in the 

riser pressure drop data. A comparison between predictions from this correlation (Eq. (9)) and 

experimental data are presented in Figure 18. It is interesting to note that by combining Ug in 

Eq. (9) the pressure drops in the riser (Priser) can be shown to be nearly proportional to 𝑈𝑔
−2.5, 

which in turn is inversely proportional to the riser gas kinetic energy.  

 

 

CONCLUSION 

 

A statistically designed study was conducted on two Group B materials in a relatively large-

scale cold flow CFB varying operating parameters including riser gas velocity (Ug), total solids 

inventory (m), L-valve aeration (ULvalve) and standpipe gas velocity (Umove).  The pressure 

distribution, pressure balance and solids circulation rate were analyzed around this closed CFB 



loop using a nonmechanical L-valve.  To be more specific, the impact of these operating 

parameters was measured on the pressure drop across the nonmechanical L-valve and on 

resulting solid circulating rate in a CFB. The results confirm that all four operating parameters 

significantly affected the performance of the L-valve.  The L-valve aeration exhibited the single 

greatest influence this relatively large L-valve – increasing ULvalve decreased the pressure drop in 

the L-valve.  This influence of ULvalve on ΔPLh was empirically quantified and found to be 

greater by nearly a power of 2 compared to that of the 𝑚̇𝑠, the Ug, or the m.  In previous 

published study [35] the effects of Umove and m, and UL-valve strongly influence 𝑚̇𝑠.  The 𝑚̇𝑠 is 

directly proportional to Umove and inversely with m and ULvalve.  The experimentally measured 

ΔPLh varied directly with 𝑚̇𝑠 and Ug.  There was no evidence for significant interactions 

between various factors indicating that the influence of individual factors does not depend upon 

the levels of the other operational factors over the range of conditions tested.   

 

Existing literature correlations on horizontal section of the L-valve were conducted on relatively 

short and small diameter L-valves that did not include any operational parameters other than the 

solids flux.  Thus, it is not surprising that these relationships were inadequate to explain the 

variation in these test results using a relatively long and large diameter L-valve which was 

aerated.  In this work it has been demonstrated that in a closed loop CFB ΔPLh was dependent 

upon operational parameters including the Ug, m and ULvalve, in addition to 𝑚̇𝑠 as reported by 

previous researchers.  In previous work it has been demonstrated that m and Ug have significant 

influences on 𝑚̇𝑠 and this might be expected to capture all of the influence on ΔPLh.  However, 

here it has been shown that their influence on ΔPLh were not accounted for by their effect on 

𝑚̇𝑠.  In the turnover ratio the solids flow rate is inversely related to the inventory such that a 

10% increase in m provides an influence equivalent to a 10% increase in 𝑚̇𝑠.  However, Ug had 

an additional impact on ΔPLh comparable in magnitude to that of 𝑚̇𝑠.  This may well be a result 

of the L-valve aeration, by aerating the horizontal section of the L-valve the ΔPLh was reduced 

and the standpipe becomes more closely coupled to the riser.  As a result, changes in the riser 

velocity exhibit a greater influence on both solids flow and ΔPLh than in a decoupled system.   

 

A general relationship which correlates the pressure drop across the L-valve with riser gas 

velocity, solids circulation rate, total inventory, L-valve aeration, and particle characteristics has 

been proposed. The model predictions show good agreement with the experimental data. In 

addition, an empirical correlation was developed to quantitatively describe the pressure drop in 

the riser as a function of solid and gas flow rates.  Both expression explain more than 98% of 

the variance in the experimental data. 
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NOTATION 

 

Ar Archimedes number 

dp      mean particle diameter 

Dr riser diameter (m) 

g acceleration due to gravity (m2/s) 

H bed height (m) 

Fr  Froude number  
.

sm  solid mass flow rate (kg/ s) 

m inventory (kg) 

ΔP pressure drop (kPa) 

Ug superficial gas velocity (m/s) 

ULvalve superficial velocity of the L-valve aeration (m/s) 

Umf minimum fluidization velocity (m/s) 

Umove superficial velocity of the standpipe aeration over the standpipe cross-sectional area 

(m/s) 

Ut terminal velocity (m/s) 

Utr       transport velocity (m/s) 

V gas velocity in standpipe (m/s) 

 

Greek letters 

ε  voidage 

ρg  gas density (kg/m3) 

ρs  particle density (kg/m3) 

ϕs  sphericity of the particle 

µg viscosity of gas (kg/m s) 
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Table 1.  Bed Materials Properties 

  PPE GB 

Ar 12,676 749 

 dp, SM (μm) 750 180 
 

M (kg) 
 

297-385 810-1046 

(kg/s) 0.7-4.3 4.58-16.4 

Ug (m/s) 5.48-8.6 4.4-7.4 

Ulvalve (m/s) 0.022-0.077 0.003-0.026 

Umove (m/s) 0.059-0.212 0.016-.064 

Umf (m/s) 0.15 0.032 

Ut (m/s) 2.61 1.08 

Utr1 (m/s) 4.33 2.11 

Utr2 (m/s) 6.26 4.71 

bulk (kg/m3) 561 1570 

s (kg/m3) 863 2500 

  



Table 2. Dependent variables of pressure drop in horizontal section of the L-valve (ΔPLh) for 

GB 

term Estimate Std Error t Ratio Prob>|t| F Ratio Prob > F 

Intercept 3.10 0.28 11.16 <.0001     

m 5.06E-04 2.50E-04 2.03 0.066 4.11 0.066 

ṁs 8.43E-03 3.82E-04 22.06 <.0001 486.70 <.0001 

m×ṁs 7.02E-06 8.81E-06 0.8 0.441 0.63 0.441 

Ug 2.02E-01 2.30E-02 8.77 <.0001 76.86 <.0001 

Ug×m -8.05E-07 4.99E-04 0 0.999 0.00 0.999 

Ug×ṁs 2.63E-04 8.55E-04 0.31 0.764 0.09 0.764 

ULvalve -2.40E+02 3.96E+00 -60.64 <.0001 3676.72 <.0001 

ULvalve×m -3.48E-02 8.77E-02 -0.4 0.698 0.16 0.698 

ṁs×ULvalve -1.69E-01 1.69E-01 -1 0.336 1.00 0.336 

Ug×ULvalve -6.91E+00 8.43E+00 -0.82 0.428 0.67 0.428 

m×m -2.19E-07 3.74E-06 -0.06 0.954 0.00 0.954 

ṁs×ṁs 5.76E-06 8.87E-06 0.65 0.528 0.42 0.528 

Ug×Ug -7.53E-02 3.31E-02 -2.27 0.042 5.17 0.042 

ULvalve×ULvalve 4.19E+03 1.25E+03 3.34 0.006 11.16 0.006 

 
  



Table 3. Dependent variables of pressure drop in horizontal section of the L-valve (ΔPLh) for 

PPE  

term Estimate Std Error t Ratio Prob>|t| F Ratio Prob > F 

Intercept 1.13 0.16 7.12 <.0001   

m -2.25E-04 3.97E-04 -0.57 0.577 0.32 0.577 

ṁs 1.45E-02 7.18E-04 20.25 <.0001 409.98 <.0001 

m×ṁs 6.16E-06 4.50E-05 0.14 0.892 0.02 0.892 

Ug 8.82E-02 1.17E-02 7.53 <.0001 56.73 <.0001 

Ug×m 3.40E-04 6.93E-04 0.49 0.629 0.24 0.629 

Ug×ṁs -3.93E-04 1.35E-03 -0.29 0.774 0.09 0.774 

ULvalve -1.36E+01 6.86E-01 -19.84 <.0001 393.64 <.0001 

ULvalve×m -9.65E-03 4.11E-02 -0.23 0.817 0.06 0.817 

ṁs×ULvalve -5.96E-02 7.98E-02 -0.75 0.465 0.56 0.465 

Ug×ULvalve 2.12E+00 1.20E+00 1.77 0.092 3.14 0.092 

m×m 6.92E-06 1.69E-05 0.41 0.686 0.17 0.686 

ṁs×ṁs -1.88E-04 4.53E-05 -4.15 0.001 17.25 0.001 

Ug×Ug -4.12E-02 1.47E-02 -2.8 0.012 7.82 0.012 

ULvalve×ULvalve 1.80E+02 5.13E+01 3.51 0.002 12.30 0.002 

  



 

 

Table 4. Correlations for L-valve solids discharge rate. 

Reference  Correlations     Test conditions 

12 
∆𝑃𝐿

𝐿ℎ
= 3500𝐺𝑠

0.30𝐿ℎ
−0.7𝑑𝑝

−0.10 
dp=137-2000 m, ρp=2.5-2.6 g/cc 

L-valve geometry 

Dh=0.02-0.04 m, Lh=0.2-0.4 m; 

open loop 

29 
∆𝑃𝐿

𝐿ℎ
= 0.0498𝐺𝑠

0.203𝜌𝑏
0.961𝐷ℎ

−0.63𝑑𝑝
−0.269 

 

dp=45-630 m, ρp=1.77-4.46 g/cc 

L-valve geometry 

Dh=0.027 m, Lh=0.317 m; 

close loop 

23 
∆𝑃𝐿

𝐿ℎ
= 216𝐺𝑠

0.17𝐷ℎ
−0.63𝑑𝑝

−0.15 
dp=280-790 m, ρp=2.6 g/cc 

L-valve geometry 

Dh=0.04-0.10 m, Lh=0.555 m; 

open loop 

14 
∆𝑃𝐿

𝐿ℎ
= 0.0454𝐺𝑠

0.339𝜌𝑏
0.961𝜌𝑓

−0.659𝐷ℎ
−0.63𝑑𝑝

−0.269 

 

dp=300-500 m, ρp=2.675 g/cc 

L-valve geometry 

Dh=0.10 m, Lh=0.17 m; 

close loop 



Table 5. The coefficient constants β0–β3 of equation (5) 

  GB (R2=96%) PPE (R2=94%) GB+PPE (R2=98%) 

β0 2035.3±1215 1150.9±497.7 3369.4±685 

β1 0.278±0.077 0.224±0.044 0.342±0.027 

β2 -0.791±0.105 -0.676±0.089 -0.855±0.058 

β3 -0.668±0.075 -0.44±0.066 -0.683±0.053 

 

 

Table 6. The coefficient constants α0–α2 of equation (8) 

  GB (R2=0.98) PPE (R2=0.98) GB+PPE (R2=0.99) 

α0 2423±635 2993.4±1051.5 2372.8±427.9 

α1 0.68±0.09 0.782±0.081 0.736±0.043 

α2 -1.84±0.11 -2.03±0.132 -1.895±0.066 

 

  



 
 

 
 
Figure 1. Schematic of NETL cold flow circulating fluid bed.  



 

 

 

 
 

Figure 2. Schematic of L-valve   



 

 

 
Figure 3. Pressure profile of the entire loop with the three different gas velocities for the 180 µm 

glass bead, fixed levels of Umove, ULvalve, and m, where Umove/Umf =1.25.  

 
Figure 4. The effect of riser’s superficial gas velocity on the standpipe bed height and solid flux 

for the 180 µm glass bead. 

 

 

  



 

 
Figure 5. Pressure drop along the different component of the CFB loop for a series of tests using 

180 µm GB material.  

 
Figure 6. Pressure profile of the entire loop with the three different bed inventories for the 180 

µm glass bead, fixed levels of Ug, ULvalve, and Umove, where Ug/Utr2=1.25. 

   

 



 
Figure 7. The effect of bed inventories (m) on the standpipe bed height and solid flux for the 

180 µm glass bead. 

 

 
Figure 8. Pressure drop along the different component of the CFB loop for different bed 

inventories using 180 µm GB material.  



 
Figure 9. Pressure profile of the entire loop with the three different Umove aeration for the 750 

µm PPE, fixed levels of Ug, ULvalve, and m, where Ug/Utr2=1.12. 

 

 

 
 

Figure 10. Linear dependence of standpipe bed height and solids flux with Umove aeration for the 

750 µm PPE. 



 
Figure 11. Pressure drop along the different component of the CFB loop as a function of Umove 

aeration using 750 µm PPE material.  

  

 

 
Figure 12. Pressure profile of the entire loop with the three different ULvalve for the 750 µm PPE 

where Umove/Umf =2.25. 

 



 
Figure 13. Linear dependence of standpipe bed height and solids flux with ULvalve aeration for 

the 750 µm PPE. 

 
Figure 14. Pressure drop along the different component of the CFB loop as a function of ULvalve 

aeration using 750 µm PPE material.  

 

 

 



 
Figure 15. Comparison of results of horizontal section of the L-valve pressure obtained from 

experiment and calculated using cited correlations using glass bead. 

 
Figure 16. Comparison of results of horizontal section of the L-valve pressure obtained from 

experiment and calculated using cited correlations using PPE. 

 



 

 
 

Figure 17. Comparison of results of horizontal section of the L-valve pressure drop obtained 

using Eq. (7) and experimental measurements. 



 
Figure 18. Comparison of results of pressure drop along the riser section of the CFB obtained 

using Eq. (9) and experimental measurements. 

 

 


