[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Standpipe Models for Diagnostics and Control of a Circulating Fluidized Bed
[bookmark: OLE_LINK3][bookmark: OLE_LINK4][bookmark: OLE_LINK7][bookmark: OLE_LINK8]J. Christopher Ludlow, Rupen Panday, and Lawrence J. Shadle[footnoteRef:1] [1:  Corresponding author: lshadl@netl.doe.gov] 

National Energy Technology Laboratory
3610 Collins Ferry Rd,
Morgantown, WV 26508

Abstract 
Two models for a Circulating Fluidized Bed (CFB) standpipe were formulated, implemented and validated to estimate critical CFB operational parameters.  The first model continuously estimates standpipe bed height using incremental pressure measurements within the standpipe.  The second model estimates variations in the void fraction along the standpipe using the Ergun equation in conjunction with the overall pressure drop across the bed, solids circulation rate and the standpipe aeration flows introduced at different locations of the pipe. The importance of different standpipe parameters obtained from these models is discussed in terms of successful operation of the overall CFB system. Finally, the applications of these models are shown in improving the solids circulation rate measurement and in calculating riser inventory.
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Introduction
	Circulating fluidized beds (CFB) play important roles in many of today’s industries involving gas solids processing and show great promise in many of the energy technologies of tomorrow.  While much attention has been focused in the past on the riser portion of the CFB, it should be remembered that the operation of the riser is coupled to the operation of the standpipe because the CFB operates as a coupled system.  Reactions are normally conducted in the riser where the hydrodynamic performance is determined by two critical operational parameters: the superficial gas velocity and the solids circulation rate.  However, the standpipe or recycle leg can exert significant influence on many of the fluctuations observed, Sarra et. al.1 and under extreme conditions on the very stability of the CFB, Bi et. al.2. “Choking” phenomenon in which the operator loses effective control over gas and solids flow in the CFB is classified by Bi et al. into three types: type A, “Accumulative Choking” and type C, “Classical Choking”, are attributed to hydrodynamic phenomena in the riser.  However, type B, “Blower/Standpipe-Induced Choking”, is related to deficiencies in the blower equipment, standpipe design, or due to inadequate solids inventory.  
The standpipe is a commonly used component in a CFB loop that is designed to recycle those solids separated from the process gas stream in the cyclone.  The performance of the CFB often depends on the standpipe operation.  In particular, the solids inventory and solids circulation rate are critical to maintaining stable performance, gas solids contact, mixing, reaction temperature (in combustion and gasification processes), and residence time.   Inadequate inventory is often identified as the cause for poor CFB boiler performance including heat transfer, Basu3.  The pressure gain required to drive solids circulation is a function of the standpipe height and the aeration provided.  Standpipe instabilities are known to lead to inadequate pressure buildup in the CFB loop, Matsen4.  Srivastava and Sunderesan5 demonstrated that wall friction in the standpipe can lead to hysteresis, observing that low frequency oscillatory flow in the recirculating solids and pressure surges is more prevalent at higher standpipe aeration rates.
[bookmark: bbib2]	Dynamic models are required for CFB process units in order to anticipate scale-up issues and to provide process operations training for operation and control of advanced energy systems. There are many properties or quantities which are desirably known when considering the operation of a CFB standpipe.  Quantities such as moving bed height, pressure profile, location and value of the maximum pressure, local void fraction of the moving solids bed, and the magnitude and direction of gas flows within the solids flow are all usefully known.  Certainly, some of these quantities, such as pressure profile, are relatively easy to measure but others such as direction and magnitude of gas flows within the solids flow are not as easy to quantitatively determine.  To aid in the estimation of these quantities for the moving bed portion of a CFB, two models have been developed.  One model predicts the height of the moving bed based on the pressure profile near the top of the bed, and the second model estimates the overall pressure profile, the bed void fraction, and the magnitude and direction of gas flow within the bed as a function of overall bed pressure drop, solids circulation rate, and location and magnitude of aeration flows being introduced into the bed.
Theory
Standpipe Bed Height Estimation
	Perhaps one of the more obvious and yet surprisingly difficult to determine properties of a CFB’s moving bed standpipe is the height of the moving bed.  The height plays a key role in estimating the total circulating inventory, in establishing the overall system pressure balance, and establishes the maximum amount of pressure gain achievable in the standpipe. Park et. al6. defined a two region model to estimate bed height in the NETL standpipe using cork as a bed material.  The two regions comprised of lean phase and dense phase.  It utilized the total pressure drop across the standpipe and the pressure drop across the dense and lean region of the standpipe. The difficulty with this 2-region model formula is sometimes the bed in the standpipe is high enough to cover the lower tap defining the pressure drop in the lean region. This model implementation lacked the ability to identify the appropriate pressure measurement locations defining the lean and dense regions.  The improvement implemented here is to identify the appropriate pressure measurement locations by determining the highest pressure gradient above some predetermined moving bed portion in the standpipe. 
The proposed method can be understood by referring to Figure 1, where the coordinates (x,y) indicates the pressure and height (P,h) ; (P0,h0) corresponds to the pressure P0 at the bottom (h0) of the standpipe and the point (Pi,hi) is the intermediate pressure Pi  at the incremental height hi along the standpipe. The coordinate (Phsp1,hsp1)  could be found by solving Eqn’s. (1) and (2).
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Similar expressions would be formed for other non-adjacent pressure drop segments. Based on the highest pressure gradient with respect to the bottom standpipe pressure, the bed height would be selected.  For example, to estimate the height of the moving bed portion of the standpipe, multiple pressure drop measurements were used up the top of the standpipe. The value for (P0,h0) was 118 kPa at 0 m (obtained from RAND test that would be discussed later).  The intersection of two non-adjacent pressure segments was determined.  In other words, the lines connecting two points (P10,h10) and (P11,h11) and that connecting (P8,h8) and (P9,h9) were extrapolated (indicated by black sold lines) to the common point (Phsp1,hsp1). This intersection was then used to calculate the apparent pressure drop per length between the intersection and the bottom of the standpipe bed - (dP/dh)|hsp1, indicated by a black dotted line. The moving bed height was estimated to be the intersecting value resulting in the largest absolute value of the dP/dh slope among all the calculated pressure gradients.  In the case shown in Figure 1, that value was 2.06 kPa/m because (dP/dh)|hsp1 > (dP/dh)|hsp2, where (dP/dh)|hsp2  = 1.13 kPa/m, and corresponded to a bed height of 9.72 m.	 It should be noted that the independent parameter is plotted in the ordinate and hence, the pressure gradient is inverse of what is shown in Figure 1.
Standpipe Model Moving Bed Pressure Profile, Internal Gas Flow, and Bed Voidage Estimation[footnoteRef:2] [2:  This model would be referred as Standpipe (SP) Model in the rest of the paper.] 

A model for a standpipe operated in a packed, moving bed mode was developed based upon the Ergun equation, pressure balance, and continuity equation for gases. Ludlow and Spenik7used a variation of this model to estimate solids circulation rate in a CFB when combined with the gas velocity measurement in the standpipe.  Generally speaking, the pressure profile across a stationary packed bed of solids experiencing slow pressure driven gas flow is linear with the fluid velocity and proportional to the square of the velocity at high flow rates.  The Ergun equation, Ergun8, incorporates the contribution of the viscous energy loss at low gas flow rates and that of the kinetic energy loss at high gas flow rates in a semi-empirical form:
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Here, V is the superficial gas velocity through the bed, dp is the bed particle diameter, є is the void fraction of the bed, and ρg and μ are respectively the gas density and viscosity.  Note that if the pressure drop across the bed is large, expansion of the gas through the bed can cause a significant deviation from linearity as the gas expands in the lower pressure portions of the bed.  Even larger deviations from linearity can be expected for cases where gas is introduced to the bed at locations other than the endpoints.  The effect this additional aeration has on the pressure profile can be estimated by first considering the case where there is gas flow added at a point L1 from the bottom of the bed.   See Figure 2.
	Given the pressures at the top, Ptop, and at the bottom, Pbottom, of the packed bed, the pressure at the point of aeration, P1,2, can be estimated from knowledge of the bed properties and the aeration flow in the following manner.  For each section of the bed (from the bottom of the bed to the point of aeration and from the point of aeration to the top of the bed) the Ergun equation relates pressure drop per length of bed to bed properties, gas properties, and gas superficial velocity.
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For each subdivision of the bed, the unknown quantities are assumed to be the pressure at the aeration point, P1,2, and the superficial gas velocities, V1, and V2.  Note that the above equations are formulated using the velocity times the absolute velocity, Vi·|Vi|, instead of a more typical squared velocity term, Vi2.  
In addition to the above two equations the mass balance for the gas flow around the area near the introduction of aeration can be written as in Eqn. (6) (Figure 3).
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where Asp is the cross sectional area of the bed and ρg is the density of the gas at the local pressure, P1,2.  If we assume the two void fractions, є1 and є2, are known, then there are three unknowns, V1, V2 and P1,2, and three equations; the two versions of the Ergun equation and a mass balance written over a control volume (CV) near the intersection of the two sections.  Subdividing the bed into more than two intervals (with potentially more than one aeration location as in the above development) is easily considered. Each interval results in its associated Ergun equation relating pressure drop to gas and bed properties and a mass balance relating the mass flow of gas from one interval into the next and external aeration flow into the bed.  Each interval also generates two additional unknowns, the pressure at one end of the interval and the superficial gas velocity through that portion of the bed.  Ultimately, the pressure profile across a stationary packed bed experiencing the injection of gas at (N) locations along its length can be calculated through the simultaneous solution of the (N+1) Ergun equations and (N) mass balances. Known quantities are the overall pressure drop across the bed, the diameter of the bed particles, the amount and location of the individual injected gas flows, the length of each subsection, the local gas density and viscosity, and local bed void fraction.  
The gas velocity used in the Ergun equation is the superficial velocity with respect to the bed.  For a stationary bed, this quantity is also the velocity with respect to the equipment or wall.  For the case where the bed is moving, however, the velocity (Vg,b) used in the Ergun equation and the velocity with respect to the wall (Vg,w) are different.  They are easily related, though, by first converting the superficial gas velocity to the actual velocity, subtracting the velocity of the moving bed (Vb,w), and then converting back to the superficial velocity (Geldart9). 	       
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	For the case of a moving bed, the mass balance was calculated using gas flows measured with respect to the stationary wall while the pressure drop was determined using flow measured with respect to the moving bed.
Of the quantities needed for the determination of the moving bed pressure profile, the individual void fractions for each section are perhaps the most difficult to quantify.  Certainly, one can use values from bench top measurements but there is no guarantee that those values are representative of the bed as it moves through the standpipe under the influence of multiple aeration jets and difficult to quantify wall friction.  While it may not be generally true, in the NETL CFB standpipe, the measured pressure profiles along standpipe height are best modeled when the void fraction in each section are equal to each other.  It must be kept in mind that the solids fraction in each section of the model can be altered locally near gas injections, intersecting pipes, or mechanical intrusions.  Even with equal void fractions in all of the standpipe sections, the numerical value of the void fraction was still unknown.   To determine the value of the void fraction within the standpipe, one value of the calculated intermediate pressure profile was matched to the experimentally measured data by adjusting the void fraction.  That is to say that the standpipe void fraction was changed until one specific intermediate pressure matched the experimentally measured pressure value at that location.
To solve the multiple non-linear equations simultaneously, Newton’s method was used.  The initial pressure profile across the standpipe was assumed and the Ergun equation used to calculate the gas velocities through each section.  After adjusting these velocities with reference to the stationary wall, the mass balances at the section interfaces were checked for closure and the pressure profile adjusted if needed.  This iterative process was used until all the mass balances closed.
CFB Facility
The proposed models utilize data collected from the industrial scale CFB facility present at National Energy Technology Laboratory (NETL), U.S, Department of Energy, Morgantown, West Virginia. The test unit configuration is shown in Figure 4. The solids enter the riser from a side port 0.23 m in diameter and 0.27 m above the gas distributor. Solids exit the riser through a 0.20 m port at 90° about 0.91 m below the top of the riser at a point 15.45 m above the solids entry location (centerline to centerline). Riser velocities (Ug) were corrected for temperature (TE) and pressure (Pb) as measured at the base of the riser. The air’s relative humidity (RH) was usually maintained between 40 and 60 % to minimize effects of static charge building up on the solids. Pressure drop resulting solely from gas flow was neglected. Mass circulation rate (Ms) was continuously recorded by measuring the rotational speed of a twisted spiral vane located in the packed region of the standpipe bed, Ludlow et. al.10. This volumetric flow measurement was converted to a solids circulation using the measured packed bed density for the given materials and assuming that the packed bed void fraction at the point of measurement was constant. When the standpipe pressure model (to be discussed in this paper) was developed, the voidage estimated at the spiral location has been used since then.
Generally, the operating conditions were varied by adjusting the riser flow or solids circulating rate while maintaining constant system outlet pressure at 1 atm. Steady state conditions were defined as holding a constant set of flow conditions and maintaining a constant response in the riser pressure differential over a five-minute period.
In addition to being relatively large, most of the NETL standpipe is made of clear acrylic plastic and hence a direct measurement of the standpipe height can be made. Two different standpipe pressure configurations were used. Initially, there were only five pressure drop measurements above the spiral location extending to the solids exit of the primary cyclone. Later, two more pressure transmitters were added between 8.2 m and 12 m to improve the prediction capability of the bed height model. The transmitter that covered the length between 8.2 m and 13 m in the original configuration was replaced by three transmitters spanning between 8.2 m & 8.8 m, 8.8 m & 12 m, and 12 m & 13 m.
Experimental Conditions
	A wide range of operating conditions has been utilized to validate both standpipe model and bed height model. The standpipe pressure model was used with RAND and LCP tests to understand effect of aeration schemes and mass inventory on the standpipe pressure profile. High density polyethylene (HDPE) beads were used as the bed material for RAND and LCP experiments. In addition to these test series, other tests utilizing different Geldart Group B bed materials were performed to further investigate the applicability of the bed height model. The properties of these three Group B bed materials (Cork, Glass Beads and HDPE) are listed in Table 1.  The void fraction listed in the table represents a value intermediate between the measured fully packed granular bed and a fluffed bed which corresponded to practical voidage in the standpipe initially used for the spiral correction. Particle size was measured by a sieve analysis using the ASTM C-136-06 Standard. An anti-static agent was necessary when sieving the cork to break-up clumps of particles.  For the smaller glass beads a Coulter Counter was used.  The particle density was measured using a standard pycnometer using water as the displacement fluid. Methanol was required as a wetting agent when measuring the particle density of cork. The values of the transition velocities were determined in the 30 cm diameter circulating fluidized bed, Monazam and Shadle11.

Randomized Experiments (RAND)
The randomized experiment was carried out specifically to validate models developed in this paper. The objective was to test if these two models could capture CFB responses to random variations of the primary control parameters.  Primary control variables, riser flow and the standpipe aeration at the base of the standpipe, were randomly varied every 2 minutes and the response of the solids circulation rate and the riser pressure drop were recorded.  
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Simultaneously varying both of these parameters at short intervals covered many operating ranges within a short time period (Table 2). The data in Table 2 represent values averaged over the last 60 seconds of the 2 minute interval following the step change. This experimental design was extremely efficient producing 30 steady-state conditions within 1 hour. Riser superficial gas velocity, Ug was maintained between 4.8 m/s and 9.8 m/s.  The standpipe aeration effectively controls the flow of solids into the riser, as commonly referred to as the solids circulation rate, Ms.  The series of solids circulation rate resulting from the changes in the standpipe aeration ranged from 0.08 kg/s to 11.7 kg/s.    All of the aerations in the standpipe were distributed among ports located at 0.4 m, 1.1 m and 1.7 m above the centerline of the non-mechanical valve.  The primary dependent parameters included Ms, Hsp, and ΔPr, Eq.(8).  The temperature, relative humidity, CFB bed material inventory, Hrest (the packed bed standpipe height at rest), were maintained constant throughout these tests at 25 °C, 50 %, and 13 m, respectively.  The pressure at the base of the riser was tracked and amounted to the barometric pressure plus the pressure gradients across the riser, crossover, dual cyclone solid separation system, and baghouse.
	Ideally a randomized experiment exhibits independent parameter values uniformly distributed in a scatter pattern.  However, because of changes in fluidization operating regimes in a CFB, this can be difficult to achieve.  In this test series, the degree of randomization was good as depicted by the wide distribution of data across the entire operating space among the key test parameters (Figure 5).  The data distribution was distinctly different when operating at different gas velocities.  When operating below Ug of about 6 m/s the circulation rate was limited to only low values while the ΔPr was relatively high.  This can be understood because the Type A choking velocity (Utr2) for this material was 6.25 m/s.  Below this velocity the riser operates in a fast fluidization regime and solids can accumulate into a dense bed at the bottom of the riser.  This fluidization regime has a relatively low saturated carrying capacity that limits the potential to operate at high circulation rates.  There were several test conditions in this flow range which were still rather dilute and did not produce a well defined dense region at the base of the riser.  Thus while the fast fluidization increase the potential to operate with a dense bed, it did not restrict the test matrix to that mode of operation.  As a result, the pressure response was more scattered over the entire range while the circulation rate was not.
	Above 6.25 m/s, the riser was operated in transport conveying and the random variation in the gas flows and standpipe aeration resulted in uniform scatter with a wide range of circulation rates and riser pressure drop.  Only at the highest gas velocities does the prevalence for more dilute conditions become evident.  Thus, in this higher flow regime the randomization of the experiments can be readily confirmed.
Standpipe Aeration Distribution Tests (LCP)
In the LCP test, two aeration schemes in the standpipe were utilized. Total mass inventory, Minv, was used as an extra independent parameter in addition to the solids circulation rate and riser superficial gas velocity. 
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These experiments were conducted to understand the effect of different aeration configurations on the L-valve performance as well as model predictions of standpipe pressure profile. The aerations in the standpipe were distributed throughout the standpipe according to the configuration defined in Table 3. The solids circulation rates were varied between 0.4 kg/s to 8.4 kg/s while the riser superficial gas velocities were changed from 7.4 m/s to 11 m/s in a four factor composite test design.  The experimental design included 4 independent parameters: riser superficial gas velocity at the bottom, Ug; velocity of lowest standpipe aeration flow taken across the standpipe diameter, Umove; velocity of the aeration delivered in a sparger along the bottom of the horizontal pipe in the L-valve, taken across the L-valve diameter, Ulvalve; and CFB inventory, Minv, Eq.(9).  The levels of Minv were proportional to the observed standpipe height before circulation began, Hrest. Thus, the Minv levels were experimentally controlled by varying the parameter Hrest which could be readily converted to mass assuming a constant at rest bulk density and adding the amount of material in the L-valve.  Each of these parameters was varied over 5 levels in an efficient design resulting in 26 test cases including duplication of the center point in the matrix. 
Results and Discussions
Both the standpipe and bed height models were validated against measurements of the standpipe bed height and standpipe pressure profile.  One of the objectives was to apply the standpipe model to predict the voidage profile and convert the measured volumetric solids flow meter to a mass flow measurement.  Initially the assumed voidage in Table 1 was used for this conversion and the intention was to use the standpipe model to reduce the uncertainty in the solids flow measurement.  Unfortunately the behavior of the standpipe is complex and so the constraints over which these models can accurately predict must be evaluated.  In an attempt to do this, the standpipe was operated under different aeration schemes, the circulating fluid bed was operated using different total mass inventories, and the riser was operated under different flow regimes by adjusting the riser flow.  
Baseline accuracy of the Ergun equation for evaluating the effects of voidage and relative gas-solid velocity on the resulting pressure profile can be extracted from the minimum fluidization test data in a 5 cm diameter test bed.  The Ergun equation was used to estimate the minimum fluidization by taking the velocity at which the total weight of the bed was supported by the fluidizing gas.  For the materials in Table 1 this analysis was performed.  The estimated minimum fluidization velocity was found to be within 2.3% of the measured velocity at the 95% confidence limits.  It should be noted that there is a bias in the error associated with using the Ergun equation in the standpipe model because the measured pressure drop is always less than the associated weight of the bed due to particle wall friction.  This particle wall friction reduces as the diameter of the bed increases and so could be assumed insignificant for the 25.4 cm diameter standpipe used here.
Bed Height 
Initially, results of the bed height model have been tested using historical data collected from three different bed materials (Figure 6(a), 6(b) and 6(c)). These tests include the data obtained from cork (RP tests) and glass beads (RP tests) in addition to HDPE particles (SYT & PMD tests). The cork and glass beads data were originally generated to study the solids distribution profile in the riser and the L-valve performance. In these tests, the solids circulation rate and riser superficial gas velocities were varied between 0.25 to 1.25 kg/s and 3.8 to 5.5 m/s, respectively. This represented over 100 set-points comprised of 9 standard test conditions, including duplicates repeated over several months duration.  For more detail, the reader can refer to the solids velocity and concentration profiles reported by several researchers (RP tests-Pandey et. al.12, RP tests-Breault and Guenther13).  The bed height was observed from 6 m to the top of the standpipe during operations.  All of these conditions were taken in the core annular fluidization operation regime of the riser.
In the case of 200 microns glass beads, the gas superficial velocity and the solids circulation rate were varied in a simple 22 factorial design. The observed bed height spanned from 6 m to the top of the standpipe while the riser superficial gas velocity and the solids circulation rate were altered in the range of 4.2 – 7.8 m/s and 2.92 – 22.24 kg/s, respectively.
In the SYT experiments involving the HDPE material the core annulus structure was investigated within the riser transport flow regime (Yue et al 14). In PMD experiments, the velocities and solid flows were chosen so that the CFB operated in the fast fluidization, core annular flow, dilute and dense transport, and dense suspension transport regimes. The system was operated in both low and high total solids inventories to explore the influence of inventory limiting cases in the riser. The bed height was lowered up to 5.12 m and the solids circulation rate was increased to the maximum limit of 19.6 kg/s. The riser superficial gas velocity was adjusted between 3.7 m/s and 13.6 m/s. 
The ability of the presented technique to estimate the standpipe moving bed height can be quantified by the slope of the least squares line fitting the data and by the standard deviation of the difference between the observed and calculated bed heights.  Table 4 summarizes these quantities for the three bed materials.  
As can be seen, in all three cases the slopes of the trend line shows that the calculated bed height slightly over predicts the actual bed height.  This over prediction is most noticeable for the 200 µm glass bead material.  Additionally, the standard deviations of the difference between the calculated and measured heights suggests that error from the actual height will be less than 0.960 m, 1.308 m, and 1.340 m  95% of the time for the cork, glass bead, and HDPE materials, respectively.
The pressure measurements were acquired at 1 Hz sampling rate. Hence, some delay was always associated with the bed height calculated from these measurements to the observed values at the particular instant of observation. This may be one of the discrepancies between the observed and calculated bed height measurements.
In an effort to improve the ability to calculate the correct bed height, and reduce the variability of the difference between actual and calculated bed height, an additional pressure measurement was implemented near the anticipated top of the bed location.  These instruments were installed when the Jet Penetration (JP) experiments with HDPE materials were being conducted at the facility back in 2009. The real time estimation of the bed height has been carried out since that period. The ability of this additional pressure drop measurement to improve the accuracy of the estimated bed height can be seen in Figure 6(d) and 6(e). These figures include the real time estimation of the bed height. The standard deviations were reduced to 0.16 m and 0.22 m for JP and RAND tests respectively (Table 4).
Finally, it should be noted that for the bed height model implementation, the calculation was constrained to locations above the spiral location. The intrusive nature of spiral within the flow field influences the observed pressure differential, thus, rendering any extrapolation using it erroneous.  As solids move down the standpipe, they get compressed right at the spiral location and constantly expand along the length below that location (discussed below). A relatively high pressure gradient due to solids compaction will therefore cause error in the bed height calculation if the algorithm includes the spiral location. In that case the algorithm would converge to the height at spiral location even if actual bed height were elsewhere. This constrains the present bed height model to applications above such intrusive devices.
Pressure Drop Profile 
A typical experimentally measured pressure profile and that calculated from the standpipe model are compared in Figure 7(a).  For this particular case, only the bottom 8.2 m of the standpipe was modeled.  The individual values and locations of the aeration flows are depicted in Figure 7(b).The standpipe model used the maximum pressure point as the convergence criteria, minimizing the difference between the measured and estimated pressures at the 1.1 m location. Initially, the voidage were assumed to be equal along the entire length of the standpipe.  At these conditions, the estimated void fraction for the standpipe was 0.384 which is between the “packed” and “fluffed” void fraction values measured on the bench.
It is interesting to note that the modeled pressures overlap the measured values with only two regions displaying small deviations.  In particular, near the bottom of the standpipe where the solids flow out into the horizontal non-mechanical valve, the predicted pressure was slightly higher than the measured value.  The second location was between 4 and 5 m height, and also predicted slightly higher pressure than measured.  This location coincided with the spiral vane and its supporting tube.  These discrepancies could be reduced further using one of a number of different strategies.  One explanation was that a small gas leak from the standpipe reduced the experimentally measured pressure.  Potential sources for such a leak was either out of the supporting tube for the spiral vane’s rotating cable or out through a gland in a nearby slide gate valve.  Removing a flow of gas at this region in the model could account for the dip in pressure; however, attempts to eliminate such leaks did not improve the model fit.  Alternative explanations were considered based upon the intrusive nature of the spiral instrument.  This intrusion into the solids flow in the standpipe may result in either gas channeling or solids hold-up, either scenario leading to bed compaction around that instrument resulting in higher prediction.     
The deviation in pressures near the base of the standpipe was not complicated by an intrusive instrument.  The release of the solids out of the standpipe can be attributed to the expansion of solids into the L-valve. The strategy adopted was to adjust the voidage at these two locations minimizing the squared differences between model and experimental pressures.  Occasionally a third location, at the top of the standpipe control volume modeled, also required adjustment.  This was found to be required in those cases when the standpipe bed level approached or dropped into the interval assumed to be the total pressure drop interval used in the calculation. The strategy applied for all of the voidage calculations was to vary the voidage at 1) the very bottom of the standpipe, 2) the spiral location, and 3) when necessary due to bed height encroaching on the interval, the assumed total pressure drop interval.  These adjustments were done using a least squares method to minimize the sum of the squared differences between model and experimental pressures.  The resulting voidage in the other standpipe control volumes remained equal to one another and is referred to below as the “average” standpipe voidage.
Effect of Standpipe Aeration on SP Model (LCP)
The effect of standpipe aeration distribution on standpipe pressure profile is shown in Figures 8(a) and 8(b) for this Group B material. Distributing the aeration along the height of the standpipe resulted in a greater amount of the pressure gain over the upper intervals in the standpipe.  As a result the pressure profiles exhibit an upward bulge at the higher locations and the maximum pressure in the standpipe was located higher as well.  The distributed aeration standpipe exhibited a low pressure drop across the bottom of the standpipe.  In these cases the forces acting on the granular bed can be more readily influenced by small variations in particle-wall stresses5.  Unfortunately, it is these particle-wall stresses which exhibit hysteresis effects on granular flows as a result of incipient and resulting in increased process variability.  By contrast, aerating the standpipe only at its base produced pressure profiles which were more linearly related to standpipe height.  In these cases the pressure drops were relatively large in the lower standpipe.  
These general observations were confirmed by analyzing the gas flows in the converged standpipe model simulations of the LCP data set.  In general, the model uses the relative gas and solids flows to evaluate the pressures.  From these values, the gas flows relative to the process equipment are calculated from Eq. (7) and the location can then be estimated where the flow splits; above which gas flows upward and below which the gas flows downward. The direction of gas flow in the standpipe provides some insight into the operations that are not intuitive because of the relationship of the pressure and velocities.  
A least squares multiple regression analysis was conducted on this test series testing the significance of the independent variables on the predicted process parameter, Hsplit. This inferred parameter represents the location in the standpipe where the split of aeration takes place.  If all the aeration is given at one location, naturally, the split will be at that location only. However, if the aeration is distributed along the length of a standpipe then the split may occur at one aeration location in some operating condition while at different location in other condition. The split parameter Hsplit estimated from the standpipe model was found to be different for LCP test series.  The regression analysis included the main effects from all 4 independent parameters, as well as the two-way interactions and squared terms. The independent parameters namely Ug, Umove, Hrest, and SPartn,dist were varied over 5 levels, hence, there were a total of ten model terms.    Because the standpipe aeration distribution was a block parameter testing only two levels, only the main effect on the dependent parameters could be assessed, i.e. the regression used only first order term – SPartn dist.  The SPartn,dist value of -1 corresponded to all the aeration at base of the standpipe and a value of +1 with aeration distributed along the standpipe.  The distributed aeration scheme (+1) maintained between 0.6 and 0.8 of the flow at the base of the standpipe, while in the base aeration scheme (-1) virtually all of the standpipe aeration was injected into the ports at and below 1.7 m from the L-valve centerline. The squared terms and interactions were normalized around the mean. 
The regression analysis explained 85% of the adjusted variance in Hsplit.  The aeration distribution was found to be significant at the 95% CL with a t-ratio of 18.6.   The interaction term Umove x Hrest and Ug x Umove were also significant at the 95% CL, while the main effects for each of the 3 independent parameters were not significant.  The t-ratios were -2.5 and -2.2, respectively.  These combined results suggest that these three parameters (Hrest, Ug,, Umove) exerted only weak influence on the aeration split location (Hsplit).  Thus, as expected the aeration distribution was found to be the single most influential parameter on the aeration split in the standpipe for this bed material. This suggests that different values of Hsplit can be produced by varying the aeration scheme utilized in the standpipe. 
The standpipe model was used to estimate the voidage in all of the control volumes used to describe the moving bed portion of the standpipe.  An ANOVA was conducted using both the “average” standpipe voidage (єavg) and the voidage at the spiral location (єs) where the solids flow was measured, using the same independent parameters (Ug, Umove, Hrest, and SPartn,dist) as for the aeration split variable, Hsplit.  The regression results are presented in Table 5.  Only 57% and 52% of the variances in the єavg and єs were explained by the regression, respectively.  The low R2 values for predicted standpipe voidages were not unexpected because the moving beds of solids are well known to display hysteresis.  This hystersis can be attributed as discussed above, to differences in solids-solids and solids-wall frictional forces which depend upon the prior state of the moving bed of granular particles, such as different particle packing in various regions of the standpipe leading to slightly different flow paths.  The independent parameters cannot explain this variance; however the randomized test sequence and statistical design can be used to characterize the resulting uncertainty. The most significant parameters were Umove and Umove x Umove for both, however, the “average” voidage was also statistically significantly affected by Hrest, and SPartn,dist, but these were in the opposite direction.  The nature of these effects is presented in Figure 9. The non-linearity in the move aeration effect is similar to that described by Ludlow et. al.15 such that once the move aeration as averaged over the standpipe area exceeds the minimum fluidization velocity the voidage increases.  As the standpipe aeration is distributed along the height, the “average” voidage dropped slightly, but the drop in the voidage at the spiral location was not statistically significant.  Likewise, an increase in the CFB inventory as measured by the Hrest was statistically significant in slightly decreasing the єavg but not єs.  It is apparent that the influences of the intrusive measuring device dampened the effects of these two minor independent parameters on єs. 
Inspection of the typical pressure profiles (Figures 8(a) and 8(b)) provides further insight into the interactions of the CFB operational parameters under different aeration schemes.  Higher circulation rates were associated with higher standpipe pressures when the riser gas velocities were constant.  On the other hand, lower CFB inventory resulted in both lower standpipe and riser pressures even when the measured gas velocities and circulation rates were constant.  Higher riser gas flows are generally accompanied by lower solids hold-up in the riser and thus higher standpipe heights.  When excess inventory was available in the CFB unit, the lower section of the standpipe exhibited smaller proportion of the pressure drop. In the base aeration case (Figure 8(b)) the pressures tended to sag slightly towards the middle of the standpipe; the intervals nearer the bottom of the standpipe had greater amount of pressure drop than the upper intervals.  One explanation for this sag is that the gas volume compresses as pressure increased with decreasing height down through the standpipe; the standpipe model accounts for these gas volume changes by altering the gas velocities.  By applying the convergence criteria scheme described before the SP model can also account for voidage variations in the top and bottom of the control volume and compaction above the intrusive spiral vane.  The variations in the voidage for these various regions in the standpipe were determined.  In Figure 10, the “average” voidage in the standpipe is plotted against the voidage estimated across the interval with the mass flow meter, i.e. spiral.  The voidage across the spiral was lower than the common value.  It is interesting that the variation in this relationship depended upon the aeration scheme.   Distributed aeration resulted in much greater variation than aeration at the bottom.  This was likely a result of the ill behaved moving bed being able to get into one of a number of different stable solids flow patterns in the standpipe depending on the previous state of the bed and other CFB operating conditions.
  Considering only the base aeration operations, the voidage at the spiral was 8% more compact than the “average” bed voidage (R2 = 83%).  This agreed closely to the value described earlier15 where 3 different solids flow measurements were reported. Authors found that the spiral solids flow meter must be increased by 8% to agree with that determined using transient methods.  
Finally, the effect of standpipe aeration distribution was examined on the critical operational parameter of the CFB, the solids circulation rate, Ms. It is widely recognized that the solids circulation rate is one of the important hydrodynamic parameters influencing mixing, heat transfer and gas-solids residence times in the CFB. Similar to the regression analysis above, ANOVA was performed to understand the influence of independent parameters (Ug, Umove, Hrest, and SPartn,dist) on Ms. The results and parameter estimates from the t-test are presented in Table 5. As might be expected for Group B particles, the distribution of standpipe aeration was found to have a statistically significant impact on determining the circulation rate.  The aeration distribution was inversely related to the circulation rate, meaning that as the aeration was changed from across the standpipe to the bottom of the standpipe, the circulation increased.  The bar graph in Table 5 displays the t-ratio for each of the regression terms, demonstrating that aeration distribution was the second most influential parameter; second only to the total flow of standpipe aeration. The magnitude of the t-ratio of 16 indicated that this influence was 16 times the variance assigned to experimental error.
CFB Stability 
	Either the riser or the standpipe cannot be considered as an isolated entity in the CFB loop. For a given quantity of solids in the loop, Hrest, the presence of fewer solids (low ΔPr) in the riser implies the presence of more solids in the downcomer (high Hsp). Likewise, the pressure drop across the riser must be balanced by that imposed by the flow (Ms) through its accompanying components such as the standpipe and the recirculation device. Thus, the flow characteristics of the CFB can be significantly affected by the behavior of the riser and standpipe in the loop.
Effect of Standpipe Regime (LCP):  The effect of the standpipe regime on Ms, ΔPr and Hsp was studied by evaluating the effect of inventory on the CFB behavior during the LCP test series. As noted in the introduction, Type B choking instabilities in the CFB loop can arise as a function of the inventory induced instabilities.  In particular, when the standpipe inventory[footnoteRef:3] drops to a level which results in reverse flow in the standpipe, i.e. the gas flow into the riser can take a short circuit up through the inordinately low bed of solids in the standpipe, then slugging instabilities occur and solids circulation through the loop become erratic. It was observed from the ANOVA analysis that the CFB inventory, Minv, was directly proportional to Ms, ΔPr  and Hsp, as tested by the influence of the CFB inventory through the static standpipe bed height, Hrest (Figure 11). These effects can be readily explained by considering the CFB as a closed loop in which greater inventory resulted in higher circulation, ΔPr and Hsp for a given set of flow conditions. There was only one statistically significant interaction term involving the solids inventory that influenced Ms, ΔPr and Hsp. An interaction between the move air and the inventory (Umove x Hrest) was found to produce a statistically significant change in the solids flow, Ms (Figures 12E and 12H).  Likewise, this interaction was significant for ΔPr and Hsp (not shown here), though the effect was inverted for the latter response, as might be expected considering the fact that parameters which change the solids flow and pressure drop in the riser will have the opposite effect on the inventory left in the standpipe.  When the inventory was high in the CFB, then the move aeration had a large influence on the response variables.  This was diminished significantly when the inventories were low.  The latter case is precisely the case which causes potential difficulty in developing automatic control strategies for CFB reactors, because unless it is recognized that low inventory is the cause for the reduced gain between move aeration and the response variable, a controller would drive the CFB process into Type B choking by increasing the aeration rate beyond the stable operating range. These effects can be readily explained by considering the CFB as a closed loop in which greater inventory resulted in higher circulation, ΔPr, and Hsp for a given set of flow conditions. The only other significant interaction on Ms was Ug x Umove which is displayed in Figure 12A and 12D.  At the low levels for Umove, Ms was unaffected by Ug while Ug had substantial directly related effect at high Umove. However, this cross term did not show significant influence on ΔPr and Hsp. [3:  Inventory in the standpipe during operation can be calculated from the bed height estimation and voidage estimated from the SP model as discussed below.] 


Effect of Riser Regime (RAND): A CFB riser should not be operated below the classical choking velocity (Utr1) that would otherwise produce slugs in the system. On the other hand, Utr2 separates fast fluid regime from the dilute core annular flow. In the randomized experiments, half of the test cases resulted in fast fluid operation and some of them were showing slugging behavior.  In a CFB loop slugging in pressure surges in the riser are accompanied by equally large pressure surges in the standpipe.  In the event that the inventory in the CFB is relatively low, these surges can result in backflow up the standpipe and loss of circulation into the riser for short periods of time.  Such upsets could be catastrophic for highly exothermic reactions which could run away uncontrolled and for the solids separation devices in the loop, the cyclone, and downstream process units.  
	In both fast fluidized and core annular regimes observed during randomized test, the voidage determined from the standpipe model displayed a distinct difference in each of these CFB riser operating regimes.  When the riser was operated in the fast fluid bed regime the voidage from the standpipe model was greater than the nominal voidage (0.35), while operations in the core annular regime the standpipe voidage were always less than nominal.  This is due to increasing the back flow of solids in the annular region of the riser, often referred to as solids reflux, when operating in lower gas flow conditions.  For Ug less than Utr2, the voidage was 10 % above the nominal, but for Ug, greater than Utr2, the voidage was only 1 % below the nominal on the average.  In nearly 50 % of the randomized test cases when operating in the fast fluid regime, i.e. below Utr2, the pressure drops in the riser approached the maximum pressure drop in the riser.  In the core annular test cases, i.e. above Utr2, the differential pressures in the riser were only 25% of the maximum pressure drop.
Applications
Void fraction Correction for Solids Circulation Rate Measurement (LCP and RAND)
 	In order to accurately measure the solids circulation rate, it is necessary to know the effective solids volumetric flow rate and the bed void fraction as a function of process operating conditions. The former parameter can be easily related to the rotational speed of the spiral vane. However, much of the uncertainty in measuring solids circulation rate is rooted in the knowledge of bed density or bed void fraction. If this parameter cannot be measured easily, then the option may be to infer its value from some other easily measurable parameters like pressures. If these pressures can be successfully estimated against their measurements as achieved with the standpipe pressure model, certainly the estimated void fraction will be more representative of the voidage at process condition than some assumed or nominal values. 
In process improvement report of Ludlow et. al.15, mass and momentum balances were coupled with a correlation of the bed voidage with aeration velocity to reduce the uncertainty in the mass flow measurement.  Even though attempts were made to generalize the correlation by representing the aeration rate relative to the minimum fluidization velocity, in practice this could not be readily applied to different bed materials.  For the randomized test set using a fixed inventory of Group B particles, the voidage at the spiral location as determined from the standpipe model (using criteria defined above) generally followed the correlation trend deviating from a constant value when the Umove/Umf ratio exceeded unity; however, several data points at high solids flow rates and resulting low standpipe bed heights did not follow the trend (Figure 13).  
In addition, when varying the inventory, aeration distribution scheme in the LCP test series, the only trend with Umove/Umf was a general decrease in the range of standpipe voidage as determined from the model. There was no distinct trend at higher Umove/Umf ratios in the voidage in the standpipe.  On the other hand, the voidage estimated from the current standpipe model could be utilized in the solids flow measurement to achieve better accuracy.
	When the standpipe model was started with the equal voidage across the control volume (moving bed portion assumed in the model) on a series of experiments, a general trend was observed decreasing the voidage with circulation rate (Figure 14).  However, when the voidage strategy defined above accounting for the intrusion is used to match the experimental pressure near the spiral, there was no discernible drop in voidage.  For the randomized test series there was no change in voidage with circulation rate, but for the LCP designed experiment a slight increase in voidage was observed amounting to less than 9% increase in the voidage over the entire range of circulation rates tested.
Solids Inventory Estimation in the CFB Riser
	Operating constraints of maintaining the pressure balance loop in the CFB is determined by the system inventory and solids circulation rate. The bed level recorded at rest and the bed height recorded at steady state approximately gives the inventory present in the riser provided that the solids inventory in the non-mechanical valve and cyclone is assumed to be unchanged from rest to operation Eq. (10).
 
	
	(10)


    
 Mr obtained from Eq. (10) is compared against the recently collected riser inventory data (GP tests) presented in Table 6. The experiment was carried out with the HDPE materials especially for validating the CFD models under full loop simulation environment. In these experiments, the solids circulation rate and riser gas flow were quickly cut off.  The height in the standpipe was recorded after all solids and gas flows stopped. The leftover riser inventory was then blown over to the standpipe with the aid of riser gas flows and the new bed height was recorded. Column 1 in Table 6 is calculated from Eq. (10) replacing (Hrest , Hsp) by the difference in the recorded bed heights before and after transferring the solids to the standpipe, and all other terms are kept the same. Column 2 is calculated from Eq. (10) utilizing estimated bed height and the value reported in column 3 is the apparent inventory calculated from the total riser pressure drop, ΔPr. The area Alvalve is assumed to be the cross-sectional of the L-valve and ΔLlvalve is the horizontal length of the valve. Thus, the second term on the right hand side of Eq. (10) remains constant.
When the inventory calculated from the standpipe bed height was compared against the measured values (Column 1 of Table 6), the least squares slope was about 0.99 while variance explained was only around 52%. The result is opposite for the inventory calculated from the riser pressure drop where variance was explained around 86% but the slope was only 0.89. 
Insufficient amounts of riser inventory data were available to allow a meaningful statistical figure of merit. For this particular set of data, a total of 35 Hrest data points were recorded. Column 2 could be calculated in a similar way from Eq. (10) and could be compared against those values obtained from the riser pressure drop. The results are shown in Figure 15 and it is clear that both the calculated inventories matched well with each other. The predicted voidage from the standpipe model could be utilized in lieu of nominal voidage in Eq. (10). 
Conclusions
	Models were developed to describe the salient features in the standpipe of a circulating fluid bed system.  The height of the standpipe was estimated using the pressures measured at different locations along the standpipe.  The calculation optimized the selection of pressure differentials to insure the accuracy of the model and consider the potential for the standpipe height to vary over a wide extent along the down-comer.   The voidage in the standpipe was modeled using the pressure measurements considering the Ergun equation, and gas mass balance within the standpipe.  The models were validated over rigorous operating conditions varying the operations over several riser regimes as well as different bed inventories to evaluate the effects of changes in the standpipe flow regimes as well.  These validation tests demonstrated that the standpipe bed height could be accurately estimated independent of CFB operating regime, fluid bed material, and initial level of the bed.  The voidage estimated from the standpipe model was shown to be able to accurately correct the solids mass flow measurement in the standpipe. Combining the standpipe pressure profile model and bed height model could give better prediction of the riser inventory.  
Nomenclature
Alvalve: 		Cross sectional area of the L-valve, m2
Asp: 	Cross sectional area of the bed assumed to be the same as standpipe cross-sectional area, m2
Fai: 		Aeration at location i in the standpipe, SLPM
Hrest: 	Height of the standpipe column of solids above the centerline of the L-valve in the standpipe when the solids are at rest, m
Hsp: 		Height of moving bed in the standpipe (bed height), m
Hsplit: 		Height above the centerline of the L-valve above which any aeration gas flow upward, m
Minv: 		Total solids inventory in the CFB loop, kg
Mr,meas: 		Measured solids inventory in the CFB riser, kg
Mr,Hspe: 		Riser solids inventory calculated from the estimated standpipe bed height, kg
Mr,ΔPr: 		Riser solids inventory calculated from the total pressure drop across the riser, kg
Ms: 		Solids circulation rate in the CFB loop, kg/s
Pb: 		Gauge pressure at the base of the riser, kPa
Pbottom: 		Measured pressure at the bottom of the standpipe packed bed, kPa
Ptop: 		Measured pressure at the top of the standpipe packed bed, kPa
Qin: 		External volumetric gas flow at the control volume, SLPM
RH: 		Relative humidity, %
SPartn dist: 	Distribution of aeration along the length of the standpipe - Base or Distributed
TE: 		Temperature at the base of the riser, °C
Ug: 		Superficial gas velocity at the base of the riser, m/s
Ulvalve: 		Superficial gas velocity along the horizontal section of the L-valve, m/s
Umf: 		Minimum fluidization velocity, m/s
Umove: 		Superficial gas velocity at the base of the standpipe, m/s
Utr1: 		Upper transport velocity in the riser, m/s
Utr2: 		Lower transport velocity in the riser, m/s
V: 		Superficial gas velocity through the bed in the standpipe, m/s
dp: 		Particle diameter, µm
f:	Functional dependence of dependent parameters on independent parameters during experiment design.
ΔLlvalve: 		Length of horizontal section of the L-valve, m
ΔPr, dPr:	Pressure drop across the entire riser, kPa[footnoteRef:4] [4:  Note that in some of the figures and tables, ΔP is replaced by dP due to Computer Software inability to incorporate Greek symbols. ] 

є: 		Void fraction of the bed 
єavg: 		Predicted average voidage in the standpipe excluding the inlet, outlet, and spiral locations
єmf: 		Voidage at minimum fluidization
єnom: 		Nominal voidage in the standpipe moving bed
єs, єspiral:  	Void fraction at the spiral location
μ: 		Dynamic viscosity of gas, Pa-s
ρg : 			Gas density, kg/m3
ρp: 		Particle density, kg/m3
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	Table 1. Granular material properties.

	Properties

	Cork


	Glass Beads

	HDPE Beads


	
	Test Name

	
	RP
	RP
	RAND,LCP,
SYT,PMD, JP

	dp (μm)
	825
	179
	802

	ρp (kg/m3)
	189
	2483
	863

	εnom
	0.43
	0.41
	0.35

	Umf (m/s)
(measured)
	0.094
	0.034
	0.174

	Umf (m/s)
(estimated)
	0.098
	0.035
	0.177

	Utr1(m/s)
	2.23
	2.11
	4.33

	Utr2(m/s)
	3.59
	4.71
	6.25








	Table 2. RAND Test conditions and primary response variables for randomized tests using HDPE particles.

	Test Sequence
	Ug (m/s)
	Umove (m/s)
	ΔPr (kPa)
	Ms (kg/s)

	1
	6.57
	0.257
	14.94
	6.58

	2
	5.14
	0.342
	20.96
	1.91

	3
	8.23
	0.255
	11.46
	8.42

	4
	7.89
	0.222
	10.68
	6.39

	5
	8.60
	0.063
	0.90
	0.54

	6
	7.66
	0.237
	11.86
	7.21

	7
	9.71
	0.117
	3.11
	2.25

	8
	6.03
	0.174
	12.40
	2.98

	9
	4.76
	0.264
	20.82
	4.55

	10
	5.70
	0.236
	18.46
	3.36

	11
	7.67
	0.324
	15.36
	11.10

	12
	5.05
	0.317
	21.01
	1.81

	13
	6.49
	0.086
	4.00
	1.14

	14
	4.88
	0.152
	14.55
	1.52

	15
	5.26
	0.302
	20.53
	2.48

	16
	5.27
	0.096
	9.42
	0.67

	17
	6.44
	0.110
	5.73
	1.60

	18
	7.55
	0.117
	4.56
	2.03

	19
	9.74
	0.107
	2.62
	1.88

	20
	4.93
	0.216
	19.84
	1.99

	21
	5.17
	0.057
	2.81
	0.36

	22
	8.94
	0.035
	0
	0.08

	23
	5.97
	0.348
	19.58
	4.99

	24
	5.07
	0.147
	13.97
	1.56

	25
	7.70
	0.060
	1.03
	0.47

	26
	8.65
	0.319
	13.84
	11.73

	27
	5.78
	0.308
	19.79
	4.63

	28
	8.93
	0.219
	9.37
	6.85

	29
	8.63
	0.044
	0.00
	0.17

	30
	9.35
	0.059
	0.42
	0.50








	Table 3. Standpipe aeration location, range and configuration used in the LCP tests with HDPE particles.

	Notation
	Location measured from centerline of L-valve (m)
	Range of Aerations in distributed  case (SLPM)
	Range of Aerations in bottom feed case (SLPM)

	Fa1
	0.4
	38 - 361
	41.41 - 410.51

	Fa2
	1.1
	38 - 268
	41.38 - 421.58

	Fa3
	1.7
	18- 187
	22.27 - 226.33

	Fa4
	2.7
	39- 189
	NA

	Fa5
	3.9
	14- 186
	NA

	Fa6
	5.3
	38- 189
	NA

	Fa7
	7.9
	0.5 - 10
	NA

	Fa8
	8.8
	0.5 - 3
	NA



























	Table 4. Results of comparison of calculated and observed standpipe bed heights.

	Bed Material
	Least Squares Trend Line Slope
	Standard Deviation, m

	Cork (RP)
	1.031
	0.480

	Glass Beads(RP)
	1.077
	0.654

	HDPE(SYT,PMD)

	1.043

	0.670

	HDPE after improvements(JP)
	1.012
	0.160

	HDPE after improvements(RAND)
	0.991
	0.216
































	Table 5. Regression analysis of average standpipe voidage, voidage at spiral location, and solids circulation for the LCP test series using HDPE particles.  For second order and interaction terms the mean value for each independent parameter was subtracted to achieve a zero valued center point to normalize the effects estimates.
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	Table 6: Inventory in the riser: measured, calculated from standpipe bed height estimation, from bulk density contribution to total riser pressure drop. Data from GP tests using HDPE particles.

	Mr,meas (kg)
	Mr,Hspe (kg)
	Mr,Δpr (kg)

	138.9
	141.3
	127.8

	130.7
	135.2
	120.0

	104.6
	112.6
	100.5

	82.0
	52.7
	53.9



Figures
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Figure 1: Calculation of standpipe bed height from the pressure profile. Empty diamonds represent the measured pressure profile and solid circles indicate pressures calculated at the given location.  Black solid line represents the line of same slope as that of adjacent measured pressure drop segments (See Text). Black dotted line represents the gradient of calculated pressure with respect to the pressure measured at the standpipe bottom. Data was taken from RAND test point using HDPE particles.
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Figure 2:  Determination of pressure increase resulting from local aeration.
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Figure 3: Description of the control volume for the mass balance of gases.
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Figure 4: Schematic drawing of NETL CFB test facility.
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Figure 5: Randomization of the primary independent parameter Ug, and response parameters in the RAND test. Solid diamonds represent ΔPr while open triangles are Ms. Data was collected using HDPE material.
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Figure 6: Comparison of observed bed height against the calculated bed height. (a). Comparison against cork during RP tests. (b). Comparison against glass beads during RP tests. (c). Comparison against HDPE during SYT and PMD tests using one pressure transmitter between 8.2 m and 13 m. (d). Comparison against HDPE during JP tests using three pressure transmitters between 8.2 m and 13 m. (e). Comparison against HDPE during RAND test using three pressure transmitters between 8.2 m and 13 m.
[image: ] [image: ]
(a)						(b)
Figure 7: Typical pressure profile in the standpipe and aeration configuration used to predict the pressure profile. In (a), solid circles represent the calculated values while empty diamonds represent the measurement point. Data was collected using HDPE material during LCP tests.
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(a)						(b)
Figure 8: Comparison of experimentally measured standpipe pressure profile to model prediction. (a). Examples of the pressure profile measured in the standpipe using the distributed aeration scheme during the LCP test series. (b). Examples of the pressure profiles in the standpipe using the base aeration scheme during the LCP test series. Data was collected using HDPE material.
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Figure 9: ANOVA analysis of SP model estimates for average voidage and local voidage across the spiral using LCP data against each independent parameter displaying grand mean and 95% confidence intervals for each dependent variable. Data was collected using HDPE material.
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Figure 10: SP model voidage estimates for standpipe and across the spiral for LCP data series. Base aeration (-1) is represented by solid circiles and diamonds indicate distributed aeration (+1). Data was collected using HDPE material.
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Figure 11: ANOVA prediction profile for main dependent parameters against each independent parameter displaying grand mean and 95% confidence intervals for each dependent variable. Data was collected using HDPE material during RAND test.
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Figure 12: ANOVA predicted profiles for the measured solids circulation rate, Ms, displaying the two-way interactions via plotting the low and high levels of each of the independent parameters tested. Data was collected using HDPE material during RAND test.
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Figure 13: Comparison of voidage at spiral location estimated by Ludlow et. al.15 (diamonds) and present standpipe model (circles) for RAND test series. Data was collected using HDPE material.
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Figure 14: Standpipe void fraction as a function of solids circulation rate. Data was collected using HDPE material during LCP tests.
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Figure 15: Riser inventory calculated from standpipe bed height and from the total riser pressure drop. Data was collected using HDPE material during GP tests.
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