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Abstract. Knowledge of residence time distribution TD), mean residence time (MRT) and
degree of backmixing of solid phase is important for efficient operation of a coal gasifier.
Radiotracer technique was used to measure TD of coal/ash particles in a pilot-scale gasifier
and obtain the values of MRT and backmixing. Lanthanum-140 labeled coal (100 gm) was
used as a tracer. The tracer Was instantaneously injected into the coal feed line and monitored
at ash and gas outlets of the gasifier using collimated scintillation detectors. The measured
RTD data were treated and mean residence times of coal/ash particles were determined. The
treated data were simulated using tank-in-series model. The simulation of RTD data indicated
good degree of mixing with minor bypassing/short-circuiting of coal particles. The results of
the investigation were found useful for scale-up of the gasification process.

1. INTRODUCTION

The Research and Development Division of s Bharat Heavy Electricals Limited,
Hyderabad, India has designed, fabricated and commissioned a pilot-scale of Advanced
Pressurized Fluidized-Bed Gasifier (APFBG) plant to study the feasibility of coal
gasification/combustion process for power generation, This is a new technology for power
generation and is in its development stage. The gasifier involves flow of two different phases
i.e. solid (coal) and gas (air/steam) and the knowledge of mean residence time (NIRT),
residence time distribution (RTD) of these phases is important to assess the performance and
scale-up of the process. The gasifiers is designed to behave as a well-mixed flow system for
coal flow and plug flow systems for gas flow and any deviation from these flow condition
will deteriorate the performance and efficiency of the gasifier. Thus, it is desired to measure
the RTD of individual phases to determine the MRT, investigate the flow behavior and
eventually assess the performance of the gasifier.

Radioisotope tracers are very effective tools to measure residence time distribution
(RTD) of process material in pilot-scale as well as the fidl. scale industrial systems because of
their high detection sensitivity, 'in-situ" detection, physicochemical compatibility,
availability of wide range of suitable tracers, limited memory effect and utility in harsh
industrial environment 1,2]. Lin 3 and Hartmann 4] have reported use of magnesium-56
labeled artificial radiotracer and lauthanum-140 labeled coal for investigation of dynamics of
coal particles in industrial scale boilers. However, the application of radiotracer technique to
gasifiers has not been found in literature. This paper describes a radiotracer investigation
carried out in a pilot-scale APFBG. The main objectives of the study were (i) to examine the
suitability of lanthanum-140 radioisotope adsorbed n coal to be used as a tracer at high
temperatures (900 1 000 C) (ii) to measure the residence time distribution (RTD) and mean
residence time (NIRT) of coal/ash in the gasifier�andJiii) analyze the measured RTD data
using suitable mathematical models, estimate the degree of mixing and investigate the flow
behavior of coal at different operating and process conditions.
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2. EXPERIMENTAL

2.1. Description of the APFBG System

The schematic diagram of the pilot-scale APFB G plant is shown in Fig. 1. The plant
consists of various subsystems such as gasifier, coal feeding system, combustor, air
compressor, steam supply system, gravity recycle system, gas cleaning and cooling system
and ash extraction system. The gasifer designed for gasiB g 50 kg/h of sub bituminous coal
has an internal diameter of 200 mm and consists of air plenum, distributor assembly and
freeboard. he air-plenum acts as a header for the fluidizing media 1e. air/steam and also
distribute the same uniformly into the gasifier by means of a conical distributor attached to it.
The freeboard is slightly conical with 200 mm diameter at the bottom and 250 mm diameter
at the top. Gasifier and free board are provided with a number of temperature, pressure and
view port tappings.
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Fig. 1: Schematic diagram of APFBG facility and experimental set-up

The coal is continuously fed into the gasifer using a coal feeding system consisting of

a hopper of storing capacity of about 120 kg of sub bituminous coal and rotary valves. Rotary

valve meters the coal to be transported pneumatically into the pressurized gasifier. The rnt

coal i.e. ash is extracted from the bottom of the gasifier. The extracted ash contains about -

10% of unbumt coal. In order to bum the unburnt coal in the ash, a combustion system is

provided in the gasifier, which consists of an air-plenum, distributor assembly and combustor

of internal diameter 100 mm The combustor assembly is directly coupled with the air
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plenum of the gasifier. The gasifier and combustor are designed to operate at 3 atmospheric
pressure and IOOOT temperature. Tappings for the measurement of temperature, pressure
and for viewing are provided in gasifier and combustor assembly.

An air compressor supplies the fluidizing air required for the process. A part of the
air from the compressor is sent to an air drying system which supplies air to various
instruments in the plant. The steam required for the process is supplied by a steam generating
system and is fed to the system either through fluidizing air fine or into the gasifier bed.

A lot of fine ash is produced during the process, which travel upward through the free
board along with the gaseous mixture and are separated by a gravity cyclone at:the gas outlet.
The separated particles are recycled back to either the gasifier or the combustor, Whilethe gas
is sent to the gas cleaning and cooling sstem

Initially the gasifier is filled with a known quantity of coal particles (50 icrons-4
mm). Subsequently, coal and fluidizing air/steam are fed to the gasifier through the respective
feeding systems. During the fluidization process, the gasification and combustion of coal
occurs and various gases such as carbon dioxide, carbon monoxide, hydrogen, methane etc.
are produced. During the combustion process, the temperature of the fluidized bed ranges
from 900 1 000 'C. he mixture of gases flows upward in the freeboard section of the gasifier
passes through the cyclone system, where the fine coal particles are separated. The separated
fines are fed back to te gasifier while the gaseous mixer is fed to the gas cleaning system.
The cleaned gaseous mixture of is used as a fuel gas for power generation and various other
applications. Ash generated in the process is extracted from the bottom of the gasifier at
regular intervals.

2.2. Radiotracer Technique

Radiotracer technique was employed to measure the residence time distribution
(RTD) of the coal in the gasifier. Four RTD runs were carried out at different process and
operating conditions as shown in Table 1. hree runs were carried out at ambient pressure
and temperature, whereas the fourth run was carried out at 2 atm. pressure and at a
temperature of 900-1000 C 100 gm. of coal particles labeled with lanthanum-140
radioisotope gamma energies: 1 16 95%) 092 (10%), 0.81 (27%) 254 4%), half-life: 40
hours) was used as a tracer and was prepared by soaking coal particles in a solution of La2CI3.

The soaked coal particles were dried before injecting into the system The lanthanum-140
labeled coal was instantaneously injected into the coal feed line using a specially fabricated
injection arrangement and about 37 MBq (ImCi) Activity was used in each run. The
movement of the tracer in the gasifier was monitored using four different collimated
scintillation detectors (Dl, D2, D3, D4) mounted at three different locations.as shown in the
Fig. 1. The detectors were connected to a common computer controlled a a 'acquisition
system (CCDAS) set to record tracer concentration data at an interval of every ohe-minute.
The tracer concentration versus time data acquired was saved in the computer for further
analysis.

Table I.Operating and process conditions during radiotracer experiments

Run Qfd QEA. HBd WBM Qr.W.i, QSt. Temp. t
0No. (kg/h) (kg/h) (kg) Kg/h (kg/h) C) �'(Iqin.)

1 15.2 13.3 0.17 6.3 115 0 Ambient 30
2 7.6 7.2 0.2 7.6 115

10.2 1 8.7 0.2- 7 6 115
23.3 1 7-2 0-^
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3. DATA ANALYSIS AND RESULTS

The measured tracer concentration versus tme data were treated and analyzed using
RTD analysis software provided by International Atomic Energy Agency Vienna, Austria [5]
and the normalized RTD curves are shown in Fig. 2 From the normalized RTD curves,
MRTs of coal/ash particles were determined for four different runs and are given in Table 2.
In order to quantify the degree of mixing and investigate the flow behavior of the gasifier,
initially simple tanks-in-series model was selected to simulate the experimentally obtained
RTD, data 6 However, it was observed that the model did not fit the experimentally
measured data and subsequently, it was contemplated to use an extension of the tanks-in-
series model i.e. gamma distribution model. he solution of tracer balance equation for tanks-
in-series model to an ipulse injection of tracer is given as:

N N tN-1e Nt /-CM

E(t = (1)
(N_1)!,rN.

M

where, E(t), r. and t are normalized residence time distribution fitnction, mean residence time
and time variable respectively. Te value of N is I for well-mixed system or continuously
stirred tank reactor and tends to oo for a plug flow system The model can provide reasonably
good representation of a wide ange. of mixing phenomena. The model parameter, N is
restricted to positive, integral values and there is no problem in representing distributions
with modest degree of mixing, because N is then large, and sall adjustments may be
achieved by changing N. When it comes to using the tanks-in-series model for small values
of N, the fact that N takes integral values is a serious handicap. In order to overcome this
problem, the tanks-in-series model is modified where the adjustable index of mixing, N need
not be an integral. he modified tanks-in-series model and is known as Gamma fimction
model and is given as 7]. Thus:

NNtN-1e-Nt/-rM

E(t = N (2)

where, r(N) is called gamma fimction and is defined as:

r(N) = `e_'xN-1dx (3)1
0

The gamma fimetion can be thought of as a generalized factorial fimction because

F-N= N- 1)! when N is a positive integer. Ile main use of the gamma fimetion model is to fit
small deviations from the exponential distribution of a single stirred tank (N=I). If the model
gives N<I, this corresponds to bypassing or short-circuiting of some of the process fluid but
lacks a physical interpretation, except when it is an integer.

The tracer concentration monitored at detector position DI was a very sharp pulse
with negligible width and thus was considered as a Dirac's delta fiinction for analysis. The
measured RTD data were simulated using the above discussed gamm distribution model.
Least square curve-fitting method using well known Marquardt-Levenberg algorithm was
used to fit the two curves and obtain the optimum model parameters [8]. The quality of the fit
is judged by choosing the model parameters to minimize the sum of the squares of the
differences between the experimental and model simulated or predicted curves. le values of
the model parameters corresponding to the n3inimum value of root mean square MS) value
are chosen as the optimum values and are given in Table 2 The comparison of experimental
and model simulated RTDs for three different runs are shown in Fig.3, Fig. 4 and Fig. .
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Table 2 Results of model simulation of residence time distribution data

Run QC..1 i Model parameters
No. (kg/h) (min.) (min.)

'r. (Min.) N RMS
1 15.2 30.0 31.7 30.0 0.74 0.00149

2 7.6 60.0 57.0 57.0 0.92 0.00053

3 10.2 45.0 42.0 38.0 0.85 0.00073

4 23.3 30.0 34.0 34.0 0.78 0.00096

0.05 0.040 -

-Run 

- Run 2 0.035 - E.pei ntel MRT=3i.7 Min.

0.04 - 0.030 - Model predicted for T=30 Min.,N=iRMS=0.000149
- Run 4 . - Model predicted fo MT=3OMin., N=0.74
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Fig. 2 Experimentally measured RTD curves for Fig. 3 Comparison of experimental
different runs and model predicted RTDs for run 
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Fig.3. Comparison of experimental and Fig. 4 Comparison of experimental and
model predicted RTDs for run 3 model predicted RTDs for run 4

4. DISCUSSION

The tracer concentration curves recorded at the inlet (W) and outlet (D4) of the
cyclone showed negligible increase in tracer concentration above background during cold
runs (rim 1-run 3 indicating that no fines traveled upwards with the gaseous -Her. However,
marginal increase in tracer concentration was recorded at cyclone inlet aid; outlet during the
hot run (run 4 This indicated that small quantity of fine particles are produced due to
attrition in the gasifier/combustor and are entrained along with the gas.
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The simulation of RTDs monitored by detector D2 at the outlet of distributor at bottom
of the gasifier using modified tanks-in-series model i.e. gamma dstribution model showed
excellent fitting of model predicted and measured data. The optimum values of the model
parameters corresponding to minimum RMS are given in Table 1. The values of N being less
than one 0.7-0.9) obtained in different runs indicated that a small fraction of coal particles
bypass the bulk flow without residing inside the gasifier for an optimum residence time. This
implies that the bypassed fraction of the coal leaves the system unburnt or without taking part
in the gasification process, thus reducing the carbon conversion efficiency of the gasifier.
Therefore bypassing of process material is a kind of mafinictiong and is highly undesired in
the coal gasification/combustor process. The bypassing indicated by the investigation
corroborates with the reduced carbon conversion efficiency obtained directly from plant data.
The values of theoretical experimental and model predicted MRTs are in good agreement
with each other. It was not possible to quantify the degree of bypassing using the present
model and thus, advanced models based on parallel flow paths need to be used to simulate the
measured data. However, the same was not done in the present work.

During the cold condition, the gasifier operates at steady state condition. owever,
during the hot condition, the coal extraction rate, Qvm., reduces significantly due to release of
volatile matter from the coal and loss of fine particles produced due to attrition and
fragmentation of oiginal coal. These factors cause the loss of solid mass and change size and
density of the original coal particles, thus reducing the extraction rate even without change in
feed rate,

5 CONCLUSIONS

Radiotracer technique for RTD was successfully applied to investigate dynamics:of
solid phase in a pilot-scale APFBG. Lanthanurn 140 adsorbed on coal particles was used as a
radiotracer and was found suitable for measuring RTD of coal in advanced pressurized
fluidized bed gasifiers operating at high temperatures i.e. >900 C and thus could be used for
investigations in full-scale industrial gasifiers. MRTs of coal were determined from the
measured RTD curves and good degree of mixing with minor bypassing of the cal was
observed.
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