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Abstract

Despite the worldwide attended of pebble bed reactors (PBRS), there is a lack of
fundamental understanding of the complex flow pattern. In this work, the non-ideal flow
behavior of the gas phase which is used for cooling has been investigated
experimentally in a 0.3 m diameter pebble bed. The extent of mixing and dispersion of
the gas phase has been qualified. The effect of gas velocity on the axial dispersion has
been investigated with range from 0.05 to 0.6 m/s covering both the laminar and
turbulent flow regimes. Glass bead particles of 1.2 cm diameter and 2.5 gm/cm® which
is randomly and closely packed have been used to mimic the pebbles. An advanced gas
tracer technique was applied to measure the residence time distribution (RTD) of gas
phase using impulse tracer. The axial dispersion coefficients of gas phase in the studied
pebble bed have been estimated using the axial dispersion model (ADM). It was found
that the flow pattern of the gas phase deviates from plug flow depending on the
superficial gas velocity. The results showed that the dispersion of the gas reduces as the
gas velocity and Reynolds numbers increased.
Keywords: Pebble bed; gas phase mixing, axial dispersion; packed bed; dispersion
flow model
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Abbreviations CFD  computational fluid dynamics
ADM axial dispersion model CSTR continuous stirred tank reactor
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HTGR high temperature gas-cooled

reactor

PBR  pebble bed reactor

PFR  plug flow reactor

RTD  residence time distribution

TCD  thermal conductivity detector

VHTRS very high temperature reactors

Nomenclatures

Cq concentration of the tracer in the

gas phase, mol/m®

Cinj  concentration of the injection
tracer, mol/m?®

Cin dimensionless tracer
concentration in the gas phase at
the plenum outlet

Cin  dimensionless convoluted tracer
concentration in the gas phase at
plenum outlet

Cout dimensionless tracer
concentration in the gas phase at
the reactor outlet

Cout  dimensionless convoluted tracer
concentration in the gas phase at
reactor outlet

D¢ column diameter, m

Dy  axial dispersion coefficient of the
gas phase, m%/s

Pe Peclet number, dimensionless

Re Reynolds number, dimensionless

u interstitial gas velocity, m/s

Ug superficial gas velocity, m/s

t time, s

tm mean residence time of the bed, s

z axial distance along the column,
m

Greek letters

T space time of the bed, s

To residence time in the plenum, s

€ voidage of bed (porosity)

Introduction

Pebble bed reactor (PBR) is one
type of very high temperature reactors
(VHTRs) for fourth generation reactor

core. It is a gas-cooled, graphite-
moderated high-temperature reactor that
is continuously fueled with spherical fuel
elements. Due to its high conversion
efficiency, inherent safety performance,
characterized as environmentally benign
and low power density design, the high
temperature gas-cooled reactor (HTGR)
attracts a lot of attention worldwide. The
core of a commercial HTGR normally
has a cylindrical shape with a conical
bottom and contains a huge number of
pebbles, and has a ‘double-zone’
configuration, i.e. the central column
zone consists of graphite pebbles as the
moderator, which is surrounded by an
annular zone of fuel pebbles. Both the
fuel and graphite pebbles are almost the
same in terms of shape and average
density except that the fuel pebbles
contain minute amounts of sand-sized
uranium fuel substance ™.

In PBR thousands of coated
particles  (~900-950 micron) which
moved downwards, called tristructural
isotropic (TRISO) fuel particles are
imbedded within a graphite matrix.
These  pebbles are  continuously
circulated until they are spent. It consists
of a fuel kernel composed of UOXx
(sometimes UC or UCO) in the center,
coated with four layers of three isotropic
materials. The four layers are a porous
buffer layer made of carbon, followed by
a dense inner layer of Pyrolytic Carbon
(PyC), followed by a ceramic layer of
SiC to retain fission products at elevated
temperatures and to give the TRISO
particle more structural integrity,
followed by a dense outer layer of PyC.
TRISO fuel particles are designed not to
crack due to the stresses from processes
at temperatures beyond 1600°C. Due to
their high surface/volume ratio, TRISO
easily transfer heat from fuel to matrix
graphite. Graphite is the moderator in the
core, and can at the same time be utilized
as a structure material. Helium (He) is
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chosen as coolant in VHTRs because it
Is hardly absorbs neutrons, not activated
by neutrons, chemically inert, does not
undergo a phase change, has good heat-
exchange properties, and is naturally
available in sufficient quantities 2. As
the helium gas flows under a high
Reynolds number flow conditions
through the reactor core and over the
heated, randomly and closely distributed
pebbles, the gas attains a temperature of
900 °C. Physically, these pebbles within
the PBR core are in contact with each
other 1. Due to this interaction between
the flowing gas phase and the heat
generating pebbles within randomly and
closely packed geometry the flow and
heat transport characteristics are very
complicated. Hence, the detailed
information and understanding of such
complex phenomenon within the bed are
needed. On the other hand, mixing and
the dispersion of the gas phase in PBRs
directly affect the amount of heat
removal from the reactor. Also, it can
have negative impact on the temperature
gradient of the bed and the physical
properties of the system. In addition, the
high local temperature gradients and hot
spots should be avoided in the core of
PBR for proper design and safe
operation. Hence, a hydrodynamic study
related to investigation of gas phase
dispersion and the extent of back mixing
is very crucial for PBRs. Also, the
efficiency of the reactor is dependent
upon how the gas flowing through the
bed is distributed; therefore, the ability
to measure the gas distribution in a PBR
is practically very useful in designing
and operating these reactors.

Hassan and Dominguez-
Ontiveros®,  measured local velocity
field with particle tracking velocimetry
(PTV) technique in a small sized ( 3cm x
3cm x 35 cm) packed bed using
refractive index matching liquid. They
packed the column randomly with in 4.7

mm beads. The authors conclude that the
obtained data would be useful for
enhancing the understanding of flow
through packed bed and to be utilized in
the computational fluid dynamics code
validation.

In the study of Lee and Lee®,
flow field measurements were taken in a
two-dimensional wind tunnel by particle
image velocity (PIV) technique in the
very narrow flow channel between the
pebbles. Also, small sized (170mm x
170mm x 505 mm) pebble bed test
section has been equipped. Even these
two attempted, it still hard to say that the
hydrodynamics analysis is completely
understood experimentally.

In computational fluid dynamics
(CFD) analysis, it is not practical to
create mesh for total flow field®,
because a huge number of grids is
needed to resolve the flow structure
around the spheres that require huge
central processing unit  (CPU)
computation time and memory .

Generally, in open literatures
there are no detailed experimental
measurements, knowledge and
quantification of the gas dynamics and
extent mixing of the gas phase in PBR.
Also, most of pervious experimental
studies were restricted to understand the
global parameters such as pressure drop
and overall voidage of the bed. In
addition, the non-ideality of complex
flow structure is completely understood
experimentally.

However, in proceed, there are
some studies related to the dispersion in
packed bed have been done for both gas
and liquid phases [©789 10111 - Also,
starting from the investigations of
Danckwerts (1953)? | Bischoff and
McCracken (1966) **! and Barjaktarovic
et al., (2003)" the back-mixing in
packed columns has been extensively
studied. Delgado, (2006)™' has been
summarized and  reviewed  the
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phenomenon of dispersion (longitudinal
and transverse) in packed beds for a
great deal of information from the
literatures. The author stated that there
are several variables that must be
considered, in the analysis of dispersion
in packed beds, like the length of the
packed column, viscosity and density of
the fluid, ratio of column diameter to
particle diameter, ratio of column length
to particle diameter, particle size
distribution, particle shape, effect of
fluid velocity and effect of temperature
(or Schmidt number). In spite of the
large number of studies in packed beds,
the different techniques were not
advanced in terms of time frequency of
measurements, on-line conductmetric
measurements and unequal pulse
injection time. However, none of them
have been accounted the non-ideal tracer
injection. In addition, packed beds with
a very low aspect ratio (tube-to-particle-
diameter ratio), between 1.0 and 2.0
have been used for investigation with
large wall effects.

Therefore, this study is focusing
on the quantification of the gas dynamics
and its extent of mixing and dispersion
in the pebble bed of 0.3 m of diameter
by using an advanced gaseous tracer
technique. ~ The  residence  time
distribution (RTD) of gas phase has been
characterized well to predict the pebble
bed performance. Also, the non-ideal
flow in the pebble bed is described in
one-dimensional axial dispersion model
(ADM) of one adjusted parameter.
Finally, The effect of superficial gas
velocity on the axial dispersion
coefficient is investigated with wide
range of Reynolds number (from 5 to
1100) to cover both laminar and
turbulent flow regimes.

Experimental Setup and
Measurements

Experiments were performed in a

Plexiglas column of 0.3 m in diameter

and 0.92 m in height. A schematic
diagram of the gas dynamics
experimental set-up containing fixed
pebble bed along with gaseous tracer
technique components is shown in
Figure (1).

Oil-free compressed air was used
as the gas phase under down flow mode,
while glass bead particles of 1.2 cm
diameter were used to mimic the pebbles
in the bed. In PBR, helium gas flows at a
very high velocity as compared to
velocity of pebbles. Hence, the entire
pebble bed can be assumed stationary
(fixed bed) relative to the flowing gas
phase. Therefore, pebbles are kept
stationary (not moving) in the gas
dynamics experiments representing the
fixed bed of solids. Air enters the bed
from the top and leaves from the bottom.
The flow rate of the filtered dry air was
adjusted by a pressure regulator and
rotameters system, which consists of two
rotameters connected in parallel. The
superficial gas velocity (Ug) was varied
within the range of 0.08 m/s to 0.60 m/s
which covers both laminar and turbulent
flow regimes based on particle Reynolds
number. A plenum is required at the top
to distribute evenly the supply of gas
phase to the bed. Cone type plenum with
0.3m opening and 0.1 m height has been
used. A plenum offering effective back
mixing and less in volume is desirable.
The gas distributor used is a perforated
plate having 140 holes of 3 mm
diameter. These holes are arranged in a
square grid of 2.25 cm pitch. The
opening area is 1.09% of total area. The
bottom of the pebble bed consists of a
plastic cone shape with an angle of 60°
horizontally and 5 cm opening.

It belongs to setup; a well
designed gaseous tracer technigue was
used to measure the extent of the gas
mixing. The gaseous tracer unit consists
of gas analyzers, gas pump, and PC with
data acquisition software. The gas
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analyze are of binary analyzer type
which contains a thermal conductivity
detector (TCD). Here helium gas will be
used as a tracer in the air stream, TCD
was found to be suitable for helium. A
vacuum pump is used to draw the gas
sample out of the reactor through one of
the detector. The response of the detector
is then amplified, converted to digital
signals, and recorded as time-series data
at a sampling frequency of 10 Hz. The
technique is similar to one developed by
Han™® in the study carried out on slurry
bubble columns. This method offers an
advantage over other gas tracer
techniques since it yields an accurate
estimation of the RTDs of the gas phase
as it accounts for the extra dispersion
that occur due to the non-ideal tracer
injection and extra dispersion in the
plenum and sampling and analysis
system  which  causes significant
measurements  errors.  The  tracer
injection at the gas distributor, which is
the input boundary for the reactor model,
does not make a delta function since the
gas phase undergoes mixing in the
plenum. Similarity, due to the extra
dispersion caused by sampling lines and
analytical components, response
measured by the gas detection system do
not exactly represent the actual tracer
response at the reactor outlet. In order to
compensate for the extra dispersion
effects in the distributor and plenum
zone, and sampling/analytical system a
convolution method was applied
(Levenspiel, 199917 Fogler, 200518
by which the extra dispersion is added to
the model predictions.

The developed tracer technique
involves two injecting ports and thre 6
sampling ports as shown in Figure (1).
The tracer was injected at the center of
the inlet gas line (I1) and at the bottom
conical cone of bed outlet (12), while the
sampling was done at: 1) the gas inlet
(S1, view A, Figure 1) close to port I1,

2) the pores of the gas distributor under
plenum (S2), and 3) the neck of conical
bottom cone (S3). Using the pre-
mentioned injection and sampling ports,
four measurements (i-iv) were conducted
at each experimental condition. Table (1)
shows the different ports of trace
injection and gas sampling used for the
four measurements and the gas
dispersion effects associated with each
measurement. The obtained response
curves were normalized by the
maximum value in each curve. Finally,
gas phase axial dispersion was
determined by model fitting and
convolution method as discussed in the
next section.

Mathematical Formulation

The experimentally obtained
RTD was analyzed using one
dimensional (1-D) axial dispersion

model (ADM) to estimate the value of
axial dispersion coefficient (Dg). The
estimated value of Dy provides
quantification of the extent of the gas
phase mixing. It should be noted that in
this work, the tracer pulse to the plenum
is not considered as a delta input to the
ADM. The input to the ADM, at the gas
distributor boundary is the output
response of the plenum to the pulse input
of the tracer. The details of the model
formulation are shown below:
A. Estimation of the gas mixing in the
plenum and distributor zone

The gas mixing occurring in the
plenum and distributor is assumed to be
of continuous stirred tank reactor
(CSTR) type. This will be used to
provide the input for the reactor model.
The impulse injection in the plenum can
be expressed based on CSTR assumption
as follows:
dcg 1

= - Tl (1)
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Where 1, = the residence time in the
plenum.

Cy= concentration of tracer in the gas
phase.

The initial condition for was given by:
C=Cj,; at t=0, where C;,; is the tracer
concentration in the plenum immediately
after the injection. The solution of Eqn. 1
gives the plenum output at the gas
distributor as the input to the reactor
model. The plenum output in a
dimensionless form (Ci,) is defined as
(CICin;) which is given as below:

The unknown quantity 1o for CSTR
model was estimated by a regression
based analysis.

Measurements (i) and (ii) of
Table 1, respectively, represents the
dispersion  occurring in the top
sampling/analytical system and the total
dispersion in the plenum section plus the
top sampling/analytical system. For
measurement (i), the gaseous tracer input
profile can be considered as an ideal
pulse function. This is a reasonable
assumption; as the sampling tube for
port S1 is placed close to the injection
nozzle (Figure 1, View A). The flow of
air removes the gas tracer around the
nozzle almost instantaneously.

Design of sampling lines from
ports S1 and S2 is such that their length
and diameter are equal. This will ensure
that same external volume will be
offered for measurements (i) and (iii).
Hence the dispersion from S1 and S2 can
be considered identical and measurement
(i) (C) can be used to convolute the
plenum CSTR predictions (Ci). Then
the convoluted plenum CSTR prediction
(Cin*) was compared against the
response of the measurement (ii) (Cp) ,
where 1o was estimated by minimizing
the averaged squared error in the time

domain. As shown in Figures (2 a) and
(2b), there is an acceptance fit between
Ciiy and Ciy* in both the laminar and
turbulent flow regimes, respectively,
also confirming that the plenum can be
modeled as a CSTR.
B. Estimation of the axial dispersion of
gas in the reactor zone

A mass balance around a
differential segment of the bed, in
absence of chemical reaction and radial
variations yield the 1-D axial dispersion
model represented by:

ac ate U, 8¢

Ttg _ g _ “gftg
E:’ Dg EE: z EE .............(3)
Where:

Dy = axial gas dispersion coefficient,
which required to account the mixing
phenomena created from a non-ideal
flow.

& = porosity of the bed (voidage)

Since there was a sufficient pressure
drop across the gas distributor, and the
conical bottom cone covers all the
reactor cross-section at the outlet,
Danckwerts boundary conditions were
used for the closed-closed boundaries as:
B.C.1:

t>0, z=0, U,Cip =
éc

UpCul Ly =DaTE L e (4a)
B.C.2:

ac
t =0, z=1, —3 =0

8z lz=y,

...................... (4b)

The initial condition is given by:
1.C t=20, 0==z=<1L, Cg=ﬂ
.................................... (4c)

Here Ci, was calculated using Equation 2
with a fitted 1o as discussed earlier. The
superficial gas velocity (Ug) is known
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from the pre-set flow rate and the bed
voidage (¢) was measured by balance
method.

The dispersion in the
sampling/analytical system from port S3
was obtained by measurement (iii)
(Table 1). The response of the whole
system was obtained by measurement
(iv). Using Ci, obtained from Eqgn. 2 as
an input tracer profile, the reactor model
yield an output profile (Coyx) at the
bottom level. The output profile (Coy) is
then convoluted by Cgiiy to yield the
convoluted reactor model predictions
(Cout*) . Then convoluted reactor model
predictions (Cout ) Was compared against
the response of the whole system (Cgy)),
where Dy was estimated by minimizing
the averaged squared error in the time
domain. Figures 3a and 3b show the
model fit of Cg ) and Cou* in both the
laminar and turbulent flow regimes,
respectively.

The calculations of Dy are
repeated using a delta function as an
input to ADM instead of Cj,. This is to
check the effect of extra dispersion
occurring in the plenum on values of D
This predicts higher Dy values and
suggests that ignoring the extra
dispersion occurring in the plenum
introduces significant error in the
prediction of Dg.

Results and Discussion

As explained in previous section
and shown in Figures (2) a and b, the
continuous stirred tank reactor (CSTR)
model has been successfully validated
for the plenum and the distributor zone
over a wide range of superficial gas
velocities (from 0.08 m/s to 0.6 m/s).
Based on the particle Reynolds number
(Re =pUgydp/ep, where, d, is the pebble
diameter, ¢ is the bed voidage) values,
this range covers both laminar and
turbulent flow regimes. According to the
estimated of the plenum residence time

(to) Obtained by minimizing the averaged
squared error in the time domain, there is
an acceptance fit between Cgiy and Cin*
in both the laminar and turbulent flow
regimes. Also, this small error between
Ci and Ciy* confirms that the plenum
and distributor zone can be modeled as a
CSTR. The gas phase dispersion
occurring in the pebble bed has been
mathematically represented by one-
dimensional (1-D) axial dispersion
model (ADM) over the same range of
gas velocities.

In the analysis methods outlined
in the previous section; the degree of
mixing of the gas phase in pebble bed
has been quantified wusing axial
dispersion coefficient (Dg) which is
estimated using ADM at different gas
flow rates. Figures (3a) and (3b) show
the model fit of Cgy) and Cou* in both
the laminar and turbulent flow regimes,
respectively. By  minimizing the
averaged squared error between Cg,) and
Cout™ in the time domain, axial
dispersion coefficient (Dg) has been
estimated. Also, Figures (5a) and (5b)
illustrates the effect of the gas velocity
on the gas phase axial dispersion
coefficient (Dg). Peak width decreased
with increasing the gas velocity in
pebble bed, where the increase of gas
velocity leads to an increase in the
pressure drop along the bed. This leads
to uniform distribution of the gas phase
and hence reduction in its dispersion and
back-mixing. Therefore, at high gas
Reynolds number (turbulent flow), the
turbulent mixing becomes the main
mechanism of the dispersion in the bed
compared to the molecular diffusion.
The results indicate that at high
Reynolds numbers deviation from the
idealized plug flow is reduced in pebble
beds. Hence, ADM can be used to
mathematically represent the dispersion
occurring in pebble bed at turbulent flow
conditions. At high Reynolds numbers
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(turbulent flow) conditions, ADM will
be suitable only for small deviation from
ideal plug flow pattern. For low
Reynolds number (laminar  flow)
conditions where the gas dispersion is
relatively larger, ADM model is used at
this time to characterize the dispersion
by its coefficient (Dg). This will be
assessed against the analysis of moments
which are outlined in next section. In
addition to that, mathematical approach
based on stirred tanks-in-series model
will be used to represent the pebble bed
response where the gas phase dispersion
will be accounted for by number of
mixed tanks in series. This approach
could be applied for conditions of low to
high Reynolds numbers.

In this work, also the degree of
longitudinal gas mixing in the pebble
bed is described by the dimensionless
particle Peclet number (Pe=Ugdy/eDy),
where, d, is the pebble diameter, ¢ is the
bed voidage. It has a strong influence on
the performance of pebble bed that can
be reached for a given mean residence
time of gas coolant. Figures (4) through
(6) show the variation of the axial
dispersion coefficient, Peclet number
and reciprocal of Peclet number (called
as dispersion number) with the
superficial gas velocity and with particle
Reynolds number.

These Figures demonstrate that
the axial dispersion decreases noticeably
with superficial gas velocity and with
particle Reynolds number at low range
of velocities. At higher range of velocity,
the decrease in the coefficient reduces
with respect to the gas velocity and
Reynolds number as less dispersion is
encountered at these velocities. With
increasing Reynolds number, the radial
velocity profiles in the wvoids of
randomly packed bed become more
uniform and possibly spatially presence
stagnant zones reduces. This gives rise
to a small deviation from the ideal plug

flow in the pebble bed at high superficial
gas velocities.

Conclusions

Quantification of the gas phase
mixing and dispersion in terms of axial
dispersion  coefficients and Peclet
numbers has been done for different gas
velocities. The non-uniformity of gas
flow in the pebble bed has been
described  successfully by  one-
dimensional ADM at different Reynolds
numbers. Also, the present work
provided better understanding of the
complicated dependence between non-
uniformities of flow and the coefficient
of axial dispersion in pebble bed.
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Figure (1): Schematic diagram of the advanced gas dynamics experimental set-up
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Figure (2): Dynamic of the gas tracer concentration at the plenum and distributor
with CSTR model fit; a) laminar flow, and b) turbulent flow
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Figure (3): Dynamic of the gas tracer concentration at the reactor outlet with
ADM fit; a) laminar flow, and b) turbulent flow
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Figure (5): Variation of particle Peclet
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Figure (6): Variation of dispersion number
(eDo/Uqdp)with particle Reynolds number (Re)

Table (1): The designed four measurements for the gaseous tracer technique

Tracer | Sampling Tracer . .
Measurement | . . " . . Dispersion zones measured
injection | location | concentration
0) 11 S1 Cq) sampling/analytical system from S1
. ) plenum and distributor zone +
(i) 11 52 Cai sampling/analytical from S2
(iii) 12 S3 Ciiii) sampling/analytical system from S3
plenum and distributor zone +
(iv) 11 S3 Civ) reactor zone +sampling/analytical
system from S3

11, 12: Injection ports; S1, S2, S3: sampling ports. All locations indicated in Figure (1)




