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ABSTRACT 

 
In Gas solid process involving a solid circulation through a closed loop the knowledge of the Solids Circulation 

Rate (SCR) is fundamental to control and improve the operation of a circulating fluidized bed system. A valve 

controls the circulation rate of solids in the riser of a fluid catalytic cracking unit. Initially, to control the catalyst 

injection in the riser, a rotary valve controlled and measured solid flow injection, but with a limited working time. 

Due to the fine powder catalyst abrasive action on the valve steel axis, this device stop work.  A lab made valve 

were design to avoiding direct contact of the catalyst with mechanical moving parts in while control solid injection 

in riser, but do not measure the solid flow like the rotary valve. To control the lab made device a fixed pressure 

measurement at riser bottom is provided by control setup which corresponds to a given mass/time solid injection.  

In the present work, we proposed a method to evaluate the control valve based on a non-invasive technique. With 

gamma ray transmission measurements, in a cross section of the pipe, we developed a model that was used in the 

control system of the Cold Pilot Unit (CPU). Therefore, the interaction of the gamma ray with solid flow in riser 

should yield the necessary information for the process control system. A first model approximation consider the 

solid flow rate injection and solid velocity in riser as proposed in literature. In the CPU control system a 

Programmable Logic Controller-PLC keeps steady state processing the airflow, pressure profile and solid flow 

inputs. Additionally to preexisting PLC platform, some LabVIEW algorithms were implemented to achieve a good 

system performance operational condition. 
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1. INTRODUCTION 

 

Fluidized Catalytic Cracking Unit (FCC) are present in several oil refineries in the world and 

are considered the heart of the refining unit. The FCC process is used in heavy oil conversion 

into a range of hydrocarbon with higher commercial value including LPG, gasoline, jet fuel, 

etc. 

 

Typically, the reactor called riser, the regenerator and the return column composes a FCC unit. 

The riser is nothing but a standpipe where occur the cracking reactions of the molecules of 

hydrocarbons in a fluidized bed made up of oil and gas catalyst. The regenerator is a device 

whose function is to recover catalyst oil-impregnated that come from the riser through an 

oxygen jet. The return column is located between the regenerator and the riser. Further, the 

catalyst after used as accelerator in the chemical reactions in the riser is reactivated in the 

regenerator, in sequence, its enter in the return column, passes through the control valve and 

finally returns to the riser. This is called the catalyst cycle, which is extremely important for 

the cracking reactions in the riser. 

 

To keep the process competitive FCC research and technological development required are 

divided into two major lines: fluid dynamics and kinetics of reactions. In the first line the object 

of study is multiphase flow consisting of liquid, solid and gaseous substances. In the second, 

the chemical reactions break of hydrocarbons are studies. This division aims to make viable 

research work because the FCC process is quite complex. Information should be collected to 

make the simulation of the process and through scale-up to introduce innovations in industrial 

FCC. For this are built physical models of laboratory and pilot scale. Each research group 

builds its own model and follows a research strategy in accordance with its purpose. In this 

context it was built a Cold Pilot Unit (CPU) with automated control performing online 

measures and equipments for gamma ray transmissions measurements. 

 

Nuclear techniques are used to validate mathematical models of catalyst distribution inside the 

riser. With the measurements of the radiation attenuation across the riser, it is possible to obtain 

axial and radial profiles of solids and compare it with the proposed model. In CPU three 

sections of tests are installed along the riser to take pressure and gamma ray profile 

measurements. 

 

In the fluid dynamic circuit of CPU a mixture air and catalyst form a circulating fluidized bed, 

which goes up in riser, and then proceeds to a separation vessel in which a series of cyclones 

separates the catalyst from the air. After the mixture enter in the cyclones, the air is directed to 

outside the system and the powder goes to the return column. Next, the catalyst passes through 

the control valve and returns to the riser. This is the catalyst cycle. The characterization of the 

fluidized bed in riser is very important for the industry because it directly influences the 

performance of a FCC unit. Basically, the system control adjust the opening of the catalyst 

injection valve to ensure the formation of an appropriate fluidized bed in different air flow 

rates. 

 

In present work a new valve to solid injection was design and tested in the CPU. The 

performance of the solid injection was evaluated using gamma ray transmission measurements 

and the pressure profile inside the riser.  
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2. MATERIALS AND METHODS 

 

2.1. Cold Pilot Unit 

 

Aiming to scale-up solutions for the industrial process a Cold Pilot Unit was constructed to 

investigate the biphasic flow on a Circulating Fluidized Bed (CFB). The CPU has a riser with 

6.2 m height and inner diameter of 0.091 m made of acrylic. The catalyst cycle is analogous to 

the industrial plant, but there is no chemical reactions and the use of regenerating is not 

necessary. The diagram of CPU constructed in the laboratory is shown in Fig. 1. 

 

 

 
Figure 1:  Cold Pilot Unit scheme.  
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In CPU a mixture of compressed air and catalyst form a circulating fluidized bed, which rises 

in riser and subsequently goes on to a separation vessel in which a series of cyclones separates 

the catalyst from the air. Then, the air is released to atmosphere and the powder and the catalyst, 

by gravity, fall into the return leg. Next, the catalyst passes through the solid injection control 

valve and returns to the riser. This is the cycle of the catalyst in the CPU. 

 

Several equipments are used in the CPU to ensure the system works in perfect conditions for 

stability and reliability. In the control of the plant there is Programmable Logic Controller 

(PLC) model SLC 500 provided by Allen-Bradley, it is an industrial equipment of high 

reliability operation. There are connected to this PLC some sensors and actuators of the control 

system. System sensors are: pressure, humidity, temperature and air flow. The actuators are: 

diaphragm valves with a solenoid drive, solid injector valve, air flow controller and the 

dehumidifier. To communicate with these various types of sensors and actuators PLC is 

equipped with additional modules able to interpret the input signals in analog or digital form, 

as well as generate analog or digital control signals. 

 

In parallel to the control of fluid dynamic system exists the gamma ray transmission 

measurements system. This system consists of three sets of coordinated tables installed along 

the riser, located 0.65 m, 1,38m and 3,25m towards the base of the riser respectively. In this 

system a source of 241Am is used to make gamma transmission measurements through the two-

phase flow consisting of air and catalyst. In general, the data collected in the PLC as well the 

radiation spectrum are available in the control computer of CPU, as illustrated in Fig. 2. 

 

 
 

Figure 2:  Signal flow in CPU control system. 
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In Fig. 2, it can be seen how the analog pressure and the attenuation of the gamma radiation 

signals goes to the control computer. The pressure sensor sends time-varying signals (analog) 

to an Analog Digital Converter - ADC then goes to the PLC memory and finally the information 

enters the control computer. When the detector receives gamma radiation in its crystal 

scintillator NaI(Tl), an analog voltage signal is generated . Then the detector signal enters in 

the Multichannel Analyzer - MCA, who convert the analog signal in a full digital spectrum of 

the radiation. After leaving MCA the signal is ready to enter in the control computer and as 

well as all other parameters that are available for the control actions. 

 

2.2. Gamma Ray Transmission Measurements inside the Riser 

 

Measure the radiation emitted by a radioactive source is the most competitive technique for 

characterization of the multiphase flow in an opaque reactor, Dudukovic [1]. One important 

industrial application of gamma ray attenuation technique is to measure the volume fraction of 

solids. The choice of the gamma transmissions for this study is due to its noninvasive principle, 

source and detector has no contact with the flow. 

 

This non-invasive technique consists in measuring the attenuation of gamma rays after being 

emitted by the source and passing through a two-phase flow inside the riser. The use of gamma 

radiation attenuation technique allows to obtain volumetric fractions of solid phases by an 

adaptations of Beer’s equation – Lambert proposed by Wirth et. al. [2], expressed by Equation 

(1): 

 

 1
ln V

s
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I

L I




 
  

 
 (1) 

 

where μ is the mass attenuation coefficient [m2/ kg], ρs is the density of the catalyst [kg /m3], 

and IV and IF are the intensities measured with riser empty and in flow conditions respectively. 

Lc is the length of the radial scanning transmission length in the riser [m], which is defined by 

Equation (2): 

 

 2 24 ,  para 0 0,5c e iL D r d r D      (2) 

 

Where De is the external riser diameter [m] and di is the total distance of the tube wall that 

gamma beam cross [m], given by Equation (3): 

 

    2 2 2 24 4 ,  para 0 0,5i ed D r D r r D       (3) 

 

Where De and r are the inner diameter and the radial scanning interval respectively in the riser 

[m]. 
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2.2.1. Automated Gamma Ray Profile System 

 

In the CPU plant, there are three automatic equipment for gamma profiling installed along the 

riser. The data acquired through these devices provide valuable information to determine the 

radial distribution of catalyst in the cross section of the riser. This machine performs a scan in 

the cross section of the pipe and automatically saves the data into a text file. Fig. 3 shows a 

photo of the Computed Tomography (CT) system installed in the CPU.  

 

 

 
 

Figure 3:  Automated gamma ray profile system. 

 

 

In Fig. 3, can be observed stepper motors that move the coordinates tables. These tables have 

linear resolution of 0.04 mm on its axis transverse displacement. Mounted above these tables 

are a source of gamma radiation left and the radiation detector at right. During the scanning, 

both stepper motors are driven simultaneously and the source-detector moves along the riser 

section according programmed steps by measuring the attenuation of the photons at each point. 

The source used was 241Am and the detection system consists of a scintillator crystal of NaI(Tl) 

directly coupled to a photomultiplier tube which is connected to the multichannel analyzer - 

MCA model Osprey manufactured by Canberra Inc. 

 

The CT system control program was developed in LabVIEW. The Virtual Instrument (VI) 

created interacts with the detection and movement systems of the gamma profile automated 

unit. The control algorithm is based on a state machine that triggers the detection and movement 

systems, following a sequence of move and count until the end of the scanned interval. 
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2.3. Evaluate the Solid Injection Valve by Means of Pressure Profile and Gamma Ray 

Transmissions Measurements 

 

To test the developed valve and determine its behavior in the fluid dynamic system of CPU 

some experiments were performed. In these experiments we analyzed the influence of the valve 

opening in the gas-solid flow inside the riser. As input variables were defined the air flow rate 

and opening angle of the solid injection valve. As response variables were measured pressure 

and volumetric fraction of solids in the riser cross section. 

 

Different air flow rates were used to test the solid injection valve, they are: 500, 600 and 700 

[L/min]. In those experiments, the valve was continually opened until the fluidized bed system 

collapses. In this way, we obtained the valve operation interval related to which airflow rate. 

 

Gamma ray transmission measurements was performed fixing the aperture of solid injection 

control device and varying the inlet airflow rate. The solid distribution profile obtained was 

compared to literature models. 

 

 

3. RESULTS 

 

3.1. Pressure Profile Measurements to Evaluate the Solid Injection Valve 

 

To evaluate the solid injection valve the pressure profile inside the riser was measured for the 

airflow rate of 500 L/min. The Fig. 4 shows the pressure variation along the riser for this 

condition. 

 

 

 
 

Figure 4:  Influence of opening of the control valve in the average pressure measured 

inside the riser for a volumetric airflow of 500 L/min. 

 

Valve oppening (%)

P
re

ss
u

re
 (
m
m
H
2
O

)



INAC 2015, São Paulo, SP, Brazil. 

 

From the graph of Fig. 4 can be observed the grow in pressure with the increase of the valve 

opening. At the opening of 55% occurs a jump in P1 gauge pressure, but the in sensor P2 and 

P3 the grow is a little proportion. This effect is due to excessive intake of catalyst in the riser 

and the incapacity of the system in fluidization all the powder sent by the solids control device. 

Visually it was possible to note that at the lower region of the riser was very dense and much 

catalyst accumulated inside the tube. This was considered the system collapse point. Thus for 

500 L/min was obtained the operation range for the solid injection valve. 

 

The next experiment was realized using an airflow rate of 600 L/min. The data from this test is 

show in the graphics of Fig. 5. 

 

 

 
 

Figure 5:  Influence of opening of the control valve in the average pressure measured 

inside the riser for a volumetric airflow of 600 L/min. 
 

 

From the graphic shown in Fig. 5, can be seen the operating range of the solids control device. 

Again, the valve was opened continuously until the fluidized bed system collapse. In this case, 

for the flow of 600 L/min the system collapsed to a 58 % opening. Before this opening the 

pressure remained stable with little oscillations about the mean. In comparison with the 

pressure data obtained at flow rates of 500 L/min is observed to flow 600 L/min a greater 

operating range due to increasing capacity of the fluidization system. 
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The last pressure profile measurement was realized to the airflow rate of 700 L/min. The results 

are show in the Fig. 6. 

 

 
 

Figure 6:  Influence of opening of the control valve in the average pressure measured 

inside the riser for a volumetric airflow of 700 L/min. 
 

 

From the graphic show in Fig. 6, a larger operation range was obtained compared with the 500 

and 600 L/min airflow rate. This result was expected because with the airflow 700 L/min, the 

system fluidization capacity is higher.  

 

3.2. Gamma Ray Profile Measurements to Evaluate the Solid Injection Valve 

 

The gamma ray transmissions measurements was realized to calculate the density profile along 

the tube section varying the airflow rate at a fixed solid injection valve opening. To perform 

the tests the system described in section 2.2.1 was used.  The Fig. 7 shows three sets of 

measurements with 5 repetition at each set.    

 

 
Figure 7: Density profile for fixed solids injection and varying the airflow rate. 
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With the gamma ray transmissions measurements, it was possible to obtain the radial 

distribution of solids in diluted and dense transport condition, which can be seen in Fig. 7. The 

lower set of measurements was obtained with airflow rate of 700 L/min. The middle set of 

measurements were performed with airflow rate 600 L/min. The upper set of measurements 

were obtained with airflow rate of 500 L/min. 

  

Fig. 8(a) and Fig. 8(b), shows the mean density profile for the upper and the lower sets of 

measurements form the Fig. 7 respectively.  

 

  
(a) (b) 

 

Figure 8: Mean Density Profiles. 

 

 

The Fig. 8(a) and Fig. 8(b) shows a flow regime that matches with core-annulus flow regime 

model. Davidson [3] proposed this model. In Fig. 8(a), the flow density is greater in the central 

part of the tube and less dense near the pipe wall. Zhu et. al. [4] characterized a typical problem 

FCC reactor, the recirculation of solids in dense transport regime, using the models proposed 

by Davidson [3]. 

 

In summary, the gamma ray transmission measurements showed the stability of the solid 

injection device during the operating conditions of CPU. In flow conditions, the graphic of Fig. 

7, with five set of replications, shows the stability in the steady state operation. The limitations 

in modeling the solid injection device are located in the limits of fluid dynamics knowledge as 

discussed in the literature [3] and [4]. The improvements of the physical models of the CPU 

point towards better understanding of fluid dynamics and the ability to model the process 

control. 
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4. CONCLUSIONS 

 

The solids injection system developed provided a stable operating conditions of the CPU. The 

operating limits for the valve were obtained for three different airflows rate. Gamma ray 

transmissions measurements showed agreement with the literature models proposed by 

Davidson [3]. This shows that the fluidized bed system in the CPU is under control.  

 

Further tests with different airflow rates are needed to determine the operating limits of the 

plant. 
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