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Abstract

A three-dimensional model is developed to predict the bed-to-wall radiative heat transfer coefficient in the upper
dilute zone of circulating fluidized bed (CFB) combustors. The radiative transfer equation is solved by the discrete ordi-
nates method and Mie scattering theory is applied to calculate the absorption and scattering efficiency factors of par-
ticles existing in CFB combustors. Empirical correlations calculate both spacial variation of solid volume fraction and
temperature distribution at the wall. The model considers the influences of the particle properties (including particle size
distribution, particle optical constants and solid composition) on the radiative heat transfer coefficient. Simulation
results show that the particle properties have significant influences on the bed-to-wall radiative heat transfer coefficient
in CFB combustors. A very good agreement of predicted results is shown with experimental data.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Radiation is a major component of heat transfer in
circulating fluidized beds (CFBs) especially at high tem-
perature (>700°C) and low bed density (<30kg/m?)
[1,2]. Hence, the accurate prediction of this heat transfer
mechanism is a key issue in the design, operation and
optimization of industrial combustors.

Several models had been proposed for estimating the
radiation heat transfer component in CFBs. Kudo et al.
[3] developed a combined two-dimensional convection—
radiation model in which radiation was calculated using
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the Monte Carlo method. Luan et al. [4] presented the
radiative model using the discrete ordinates method.
Others [5-10] developed various one-dimensional theo-
retical models to calculate the radiation in high temper-
ature CFBs. But few works paid attention to the
scattering and absorption efficiency factors of the parti-
cles existing in industrial CFB combustors, although
these factors depend on the particle size and the particle
material (i.e., the complex index of refraction,
m=n — ik) [11].

Because of the on-going combustion, particles in
combustors change during the process all the time
[12,13]. First, the hydrogen content of coal is converted
into water vapor in a relatively short time as the volatile
matter burns. Over a longer time span, fixed carbon is
oxidized to carbon dioxide during char burnout. Fly
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Nomenclature

a particle radius

d, particle diameter

d particle mean diameter

v solid volume fraction

g the asymmetry factor

hy radiative heat transfer coefficient

h height variable above air distributor
H total height of the CFB combustor

i Ve

I radiation intensity

k absorption index

m complex index of refraction (m = n — ik)
n refractive index

N particle number

QOabs absorption efficiency factor

Oext extinction efficiency factor

Osca scattering efficiency factor

Re,, Reynolds number, defined as uyp dy/ s
Ty bed temperature

Ty wall temperature

Uy superficial gas velocity

X size parameter; x = 2ma//

X half-width of the cross-section in x- or y-
direction

Greek symbols

p extinction coefficient

Osec voidage averaged over the cross-section

0a voidage in the annular zone

Ea thickness of the annular zone

n the distance from the CFB centerline

0 the angle between the incident and the out-
going beams

K absorption coefficient

A wavelength of incident radiation

Pe gas density

G scattering coefficient

P n'X

ash is released from the char matrix as the carbonaceous
matter is gasified. Therefore, the particle properties
(including the size and the material) change. The various
types of particles entrained in the combustion gas can be
classified as carbonaceous (coal, char and soot) or non-
carbonaceous/inorganic (fly ash) [12]. The homogeneous
spherical particles of coal and the coal combustion prod-
ucts have scattering properties which are significantly
different.

In addition, silica sand is usually employed as bed
material (heat transfer medium) and limestone is used
to capture sulfur in CFB combustors. The complex
refraction indexes differ significantly for various parti-
cles existing in CFB combustors. More attention must
be paid to the properties of radiative media in CFB com-
bustors since it is one of the essential parameters govern-
ing the scattering and absorption efficiency factors of the
participating media [11].

The influence of the particle size on the radiation
properties in CFB was studied before. Luan et al. [4]
found nothing but a small effect of the mean particle
size, probably because their study was limited to a nar-
row range (0.286-0.334mm). On the contrary, others
found (experimentally and numerically) [14-16] that
the particle diameter is one of the most significant
parameters and that the radiation heat transfer coeffi-
cient increases with the particle diameter.

This paper presents a 3D model predicting the bed-
to-wall radiative heat transfer coefficient in the upper
dilute zone of CFB combustors with rectangular cross-

section. It is focused on the estimation of the influence
of the particle properties (particle diameter, particle
optical constants and solid composition) on the radia-
tive heat transfer.

2. Optical constants of particle existing in CFB
combustors

Coal, char, ash, sand and limestone particles exist
simultaneously in the upper dilute zone of CFB combus-
tors. The optical constants of these particles are reported
in literature [12,13,17-22]. Since 80% fraction of radia-
tion power is in the wavelength range 0.5-7 um at about
850°C, most attention must be paid to the optical con-
stants for 4 < 7pm.

(1) Coal optical constants

Brewster and Kunitomo [17] reviewed the results of
research and concluded that the refractive index »n and
the absorption index k of coal are nearly constant in
the wavelength range 0-20 um. They gave the complex
refractive index of coal [18]:

m=n—ik =2.05—0.54i
(2) Char optical constants
Articles dealing with the measurement of char optical

constants are rather scarce. So the values applied for
complex refractive index of char were chosen from [18]:

m=n—1k =2.20—1.12i
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The influence of the complex refractive index on radia- Table 1
tion will be discussed later. Optical constants of ash
(3) Sand optical constants /. n ) logjok
Sand, as the bed material, usually exists in the bot- 0.5-6.0 s 0510 —46+22
tom bed of the CFB combustor. But since the combustor (- 0.5)
is operated at high gas velocity, the combustion gas may 6.0-8.0 15— 0354 —6.0) 1040 35
entrain some sand particles into the upper bed. There- 8.0-11.0 0.8 +0.5( — 8.0) 40-50 35+
fore, it is necessary to investigate the radiative heat (A —4.0)
transfer by sand. Lacroix et al. [19] measured the n 11.0-120 23 -0.54—-11.0) 50-75 —-25+0.24
and k values using the Kramers—Kronig transform of (4 -35.0)
the signals. Their results are shown in Fig. 1. In the 7585  —19+18
range 0—7pm »n varies from 1.5 to 1.1. The values of k& (=15
also refer from [12] since it is hard to read the values 8.5-10.5 —0.1
. 10.5-12 —0.1 -0.733
by this figure. (. — 10.5)
(4) Ash optical constants
Im and Ahluwalia [12] analyzed the ash composition
of Australian, Russian and US coals and found
more than 50% of ash are made of silica. So the ash * s ik } 3’
optical constants used in this paper are those given jg _ |
by Boothroyd and Jones [13], they are displayed in . 'i ) 2f -
Table 1. P ST 1% I
(5) Limestone optical constants o .I "~ ) ‘\\f\ = :
The optical constants of limestone were reported in E " ! e o l .
; y ! [ lI 3 a |1 I
two studies [17,20]. Querry et al.’s data (see Fig. 2) are F , i Y ,a “ :
used in this paper. There is an absorption peak at B i Eos 1 I N
A=Tum. i = oo _}{
Pt S
o.l..-,l . | P DTli.“l“ul.su
3. Theory 5 10 15 ] 5 10 15 20
Wavelengih (pem) Wavelength {pm)

3.1. Assumptions Fig. 2. Limestone optical constants, after [20].

The model is based on the following assumptions:
(3) The particles are spherical.

(1) The system is at steady state. (4) The fluidizing gas is a non-participating medium.
(2) There exists a core-annulus structure in the upper (5) The heat transfer surfaces and the bed wall are gray
dilute zone. and diffuse surfaces.
M
&
25
b
= 2
=
A 15
1
D&
] LN Pt e i > = .
4] ] 10 15 2 g
A )

Fig. 1. Sand optical constants, after [19].
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(6) The particle surfaces are large with respect to the
radiation wavelength, and they are gray and diffuse
surfaces. Scattering is independent and anisotropic,
and the radiative properties of the particles do not
change with temperature.

(7) The distribution of the solid volume fraction in the
core zone is uniform on a horizontal cross-section,
whereas it is non-uniform in the annular zone.

3.2. Hydrodynamic model and temperature distribution

The hydrodynamic model has been described before
[23]. It is assumed that the cross-section of the core zone
is rectangular. The thickness of the annular zone, &,, at
height 4, is estimated as [24]:

éa N 0.2 1.4
}:1_\/1.34—1.30(1—05%) + (1 = dec) (1)

where the gas film between the suspension phase and the
bed wall is neglected; X is the half-width of the cross-sec-
tion in x- or y-direction; and J.. is voidage averaged
over the cross-section, estimated elsewhere [23].

The voidage distribution in the annular zone is deter-
mined as [25]:
Sa(®) = §0-191+075+ol! (2)

sec

where @ =p5/X and n is the distance from the CFB
centerline.

The temperature distribution is estimated on the
basis of Golriz’s correlation [26]:

T-T,
T
=1 —[~0.023Re, + 0.163(T/T\,) + 0.294(h/H))]
x exp[—0.0054(x/d,,)] (3)

where T}, and T, are the bulk suspension temperature
and the wall temperature, respectively; % is the height
above the distributor; H is the total height of the CFB
riser; and Rey, is the particle Reynolds number defined

as UgPodp/ .
3.3. Scattering and absorption coefficients

Mie theory is used to calculate the absorption and
scattering efficiency factors of particles existing in CFB
combustors. Boothroyd et al. [27] verified that this
approach may be used in fluidized beds, and Gurvich
et al. [28] verified its accuracy for large values of the size
parameter (x = 2ma/l). The initial version of the Mie
code applied here is from [29]. For the application to
particles in CFBs, we improved the code to the case of
particles with wide size distribution. Satisfying tests were
obtained for the following ranges of parameters (See
also Appendix A)

Real refractive index n: 1.2-2.
Absorption index k: 107°-2.
Particle radius a: 1-2000 pm.

Based on the fourth and sixth assumptions above, the
scattering and extinctive coefficients of the medium are
given by [11]:

g) = NTCsca = TEGZNTQ

sca

p
ﬁi = NTcht
4 3 3
= / (5 ) Qo =T 2 D)
P
+1
gzcos@:[1 w-p(u)du (©)

where Q.. and Qe are the scattering efficiency factor
and the extinctive efficiency factor, respectively; f, is
the solid volume fraction; x is the size parameter and
x =2malA; u=cos6, 0 is the angle between the incident
and the outgoing beams and g the asymmetry factor.
Since scattering can be simplified as being independ-
ent in the upper zone of the CFB combustor [30], the
coefficients of the clouds of particles of varying size
and composition can be determined by summing over
all single particles [31]:
Scattering coefficient:

3fv,iQscaJ
0= z’: CocaiN; = Z T}li (7)
Extinction coefficient:
va iQex i
ﬁ:a_"K:ZCexl,iNi:ZT_L (8)
f 7 p.i

Asymmetry factor:

g= va,igl- 9)

3.4. Numerical solution

The radiative transfer equation (RTE) is solved using
the discrete ordinates method (DOM) [11,32]. In the
method, the RTE along the propagation path, r, in the
particle direction y; (i; = cosb;), can be written as:

dr/
ﬂi.a(rﬂui) =—p-1(r,w) + - 1y(Ts)

O_ n
+35 > 1(r ) p(wy, ) - o,
=1
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where I(Ty) is the black body emission at Ty, p(u, ;) is
the phase function and w; is the weight factor in y; direc-
tion and p(0) = 8(sin0 — OcosO)/3r is the phase function
for large particles in fluidized beds [33]. All the results
that are described hereafter were obtained using the
LSO S6 quadrature set and the step scheme. The accu-
racy of the method was detailed in [34,35].

The radiative flux at any distance x from the wall in
the bed can be obtained by integrating the local spectral
radiation intensity, i.e.

=} 1
0 = [ [on [ 1t wnan] 0 (an
0 -1
where the wavelength ranges from 0 to co. In our work,
since the bulk suspension temperature is lower than
850°C, more than 99.5% of the thermal radiation from
a blackbody lies within the wavelength range 0.5-21 um.

Once ¢.(x) is calculated, the corresponding heat
transfer coefficient is:

_¢:(x=0)

h o=
C Ty =Ty

(12)
In this study, a non-uniform grid was used: the grid is
dense in the annular zone, especially near the bed walls
since the voidage changes strongly at their vicinity. In
the core zone, the grid is relatively sparse. All the results
were obtained using a 70 x 70 x 30 grid.

4. Validation of the model
4.1. Experimental data of Basu and Konuche [36]

Basu and Konuche [36] investigated the significance
of the bed-to-wall radiation heat transfer in a
0.2m x 0.2m square and 6.7m high CFB combustor.
The probe was placed flush with the wall and 3.85m
above the air distributor. The superficial velocity was be-
tween 8 and 11m/s at operating temperature. The bed
material was sand of mean size 296 pm. The bed density
was 20kg/m>. The emissivity of the exposed surface of
the probe was about 0.97.

The sand optical constants employed in the model
are from [19]. Fig. 3 shows the comparison of the mod-
el’s prediction with experimental data. The error be-
tween the prediction and experiments is estimated as
+8%. It indicates that the theoretical results are in good
agreement with experimental data in the temperature
range, 650-900 °C.

4.2. Experimental data of Han and Cho [37]

Han and Cho [37] experimented a 6.0m high facility
with 0.2m x 0.2m rectangular cross-section. The bed
temperature was in the range 650-850°C, the superficial
gas velocity was 3.0-5.0m/s and the measured suspen-

140
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h [W/m’K]
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[=]
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Bed Temperature [°C]

Fig. 3. Comparison of the predicted results with experimental
data [36]: (M) experimental data; (—) results predicted by the
model.
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Fig. 4. Comparison of the predicted results with experimental
data [37]: (W) experimental data; (—) results predicted by the
model.

sion density was 20-30kg/m>. The suspension emissivity
determined from the radiation probe was in range 0.7—
0.98. The radiation probe was placed flush with the wall
and 3.5m above the distribution plate. The mean parti-
cle size of coal was 1.3mm.

The optical constant of anthracite is 2.05-0.541 [18]
(the ash fraction is neglected since the probe position
is low). The expected error between the prediction and
experiments is £18%. The results predicted by the model
are compared with experimental data in Fig. 4, and the
comparison is satisfactory in the temperature range.

5. Results and discussion

The theoretical investigation is carried out on a
1.7m x 1.4m cross-section and 13.5m high CFB
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combustor. The superficial velocity is 3.2m/s. The bed
temperature is 850°C and the wall temperature is
400°C. The influence of the particle properties on the
radiative heat transfer coefficient is studied.

Firstly, the influence of the coal particle diameter on
the radiative heat transfer coefficient is studied since it
changes along the height of the CFB combustor. Con-
sidering three groups of uniform coal particles with dif-
ferent mean diameters (0.2mm; 0.3mm; 0.4mm), the
radiative heat transfer coefficient changes significantly
with the particle diameter (Fig. 5). This was also re-
ported by others [14-16]. Smaller particles (at the same
voidage) act as a denser shield between the high bed tem-
perature and the wall, thus decreasing the net radiation
flux.

100

50

2 4 6 8 10 12 14
Height above the air distributor [m]

Fig. 5. Influence of the particle diameter on the radiative heat

transfer coefficient: T}, = 850°C; T, = 400°C; type of particle:
coal (m = 2.05 — 0.541).

25

NS}
(=]
T

Ju—
W
T

Mass fraction [%]
=
T

Secondly, the influence of the particle size distribu-
tion is studied since the particle size is widely distributed
in CFB combustors [23]. Fig. 6 shows the existing par-
ticle size distribution in a CFB combustor, as used here.
Fig. 7 plots the predicted results for solid with Gaus-
sian-type of particle size distribution and Sauter mean
diameter. It shows that the Sauter mean diameter can
be substituted to the particle size distribution in calcula-
tions. We also studied the cases of solid with flat parti-
cle size distribution and binary mixture and similar
results were obtained. Comparing the expression of
Sauter mean diameter (d = (Zﬁ—”)_l) with Egs. (4)
and (5), we can see that if there is not great difference
between the absorption and scattering efficiency factors,
thus the Sauter mean diameter can be used in calcula-

90

85 —O0— Sauter mean diameter
—m— Gaussian distribution

80

N
N

60 1 1 1 1 1 §ﬁ
2 4 6 8 10 12 14

Height above the air distributor [m]

r

h [W/m’K]

Fig. 7. Influence of Gaussian-type particle size distribution on
the radiative heat transfer: T, = 850°C; T, = 400°C; type of
particle: coal (m = 2.05 — 0.541).
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Fig. 6. Particle size distribution in CFB combustor.
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Fig. 8. Influence of the axial solid segregation on the radiative
heat transfer: Ty, = 850°C; T, = 400°C; type of particle: coal
(m =2.05 — 0.541).



Y. Hua et al. | International Journal of Heat and Mass Transfer 48 (2005) 1145-1154 1151

tions for particles with wide size distribution. But it can
be applied only for particles with similar optical con-
stants and distribution in the range 100-1000 um (see
Appendix A). For other systems (e.g. pulverized coal-
fired systems), this rule may not be appropriate [38].

Thirdly, the influence of the axial solid segregation
on the radiative heat transfer is investigated here
since it always exists in CFB combustors [23]. The
mean particle diameter is supposed to decrease from
0.3mm to 0.18mm along the height in this case,
whereas the particle size is assumed to be uniform hor-
izontally. The radiative heat transfer decreases in the
upper part of the bed when solid segregation occurs
(Fig. 8).

The results concerning the influence of optical con-
stants on the radiative heat transfer are presented here-
after. Marakis et al. [39] investigated the influence of the
real part of the optical constant, i.e. the refractive index
(n) and of the imaginary part, i.e. the absorption index
(k) of ash. They found that the absorption coefficient
has more influence on the heat transfer coefficient than
the refractive index. But their results are unilateral be-
cause of the narrow range of the indexes. In our study,
wide ranges of absorption index (k) and of refractive in-
dex (n) are considered. Results plotted in Fig. 9 show
that the radiative heat transfer coefficient increases
strongly with k& when in the range 107> <k <5x 1073
(about 50%), then it plateaus whilst k varies of 2 orders
of magnitude, until it starts decreasing as soon as k be-
comes larger than 1. For a given absorption index, the
radiative heat transfer coefficient increases slightly with
the refractive index, and the influence is less sensitive
near k = 1. Fig. 10 indicates that the influence of #n is
weak when k is great, with a maximal value of the heat
transfer coefficient for n =~ 1.5. When k is small, the radi-

100

80

h [W/m’K]

70 |

60

50 1 1 1
1E-3 0.01 0.1 1

Absorption index k

Fig. 9. Influence of the absorption index on the radiative heat
transfer coefficient: 7}, = 850°C; T, =400°C; probe position:
h=4.5m (f, = 1.3%).

ative heat transfer coefficient increases significantly
(=~10-15%) when n increases from 0.5 to 1, then it de-
creases slightly. Clearly, the two indexes influence each
other.

100

95

h [Wm’K]

r

85

80 1 " 1 " 1 " 1 "
0.5 1.0 1.5 2.0 2.5 3.0

Refrative index n

Fig. 10. Influence of the refractive index on the radiative heat
transfer coefficient: Ty, = 850°C; T, = 400°C; probe position:
h=4.5m (f, = 1.3%).

Table 2
Particle composition in CFB combustor for simulation (refer-
ence Case 1)

Particle kind  Fraction Fraction = Mean diameter
(splash zone)  (top) (mm)
Sand 10% 0 0.5
Coal 10% 0 0.5
Char 60% 10% 0.3
Ash 10% 80% 0.1
Limestone 10% 10% 0.2
0r %o —u—Case 1
\ —eo— Case 2
80} o ® —o— Case 3
\2\ \. —o— Case 4

/

/
//
//
/
/

\ . O\ ~e
6 D\DEI o\O\o
a
D\D§H\H
50
n 1 n 1 n 1 n 1 n 1 n
2 4 6 8 10 12 14

Height above the air distributor [m]

Fig. 11. Influence of the solid composition on the radiative heat
transfer coefficient: 7}, = 850°C; T, = 400°C; Case 1: particle
mixture in Table 2; Case 2: char; Case 3: ash; Case 4: sand.
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Table 3

Sensitivity analysis of parameters on the radiative heat transfer coefficient

Hydrodynamic parameters

Temperature field

(Ssec éa Tb =850°C Tw =400°C
Parameter variation +10% —10% +10% —10% +50°C —50°C +50°C —-50°C
h, variation —1% +2% —0.05% +0.1% +3% —4% +15% —15%

Finally, the case of a bed composed of sand, coal,
char, ash and limestone in the upper zone is studied.
Since most of the sand remains in the bottom bed, its
fraction is supposed to decrease from 10% to 0 from
the splash zone to the top. Its mean diameter is as-
sumed to be 0.5mm. Most coal particles change into
char in the bottom bed, so the coal’s fraction is sup-
posed to decrease from 10% to 0 from the splash zone
to the top. Its mean diameter is 0.5mm. The fraction
of char decreases from 60% (splash zone) to 10%
(top). Its mean diameter is 0.3mm. The fraction of
ash increases from 10% (splash zone) to 70% (top). Its
mean diameter is 0.10mm. According to the operation
conditions the Ca/S molar ratio is 2. Therefore, we sup-
pose the fraction of limestone remains at 10% along the
height and its diameter is 0.2mm. Table 2 summarizes
this set of values. This composition (Case 1) is com-
pared with three other cases, corresponding to extreme
conditions:

Case 2: All particles are char.
Case 3: All particles are ash.
Case 4: All particles are sand.

The results are plotted in Fig. 11. The radiative heat
transfer coefficient is always higher when all particles
are char (Case 2); on the contrary, it is always lower
when all particles are sand (Case 4) because of the influ-
ence of the absorption index k. Up to 25% error may be
done on the calculation of the radiative heat transfer
coefficient depending on the solid composition, just be-
cause of the variation of the optical properties of the
particles.

6. Sensitivity analysis

A sensitivity analysis was performed to investigate
the influence of the voidage averaged over the cross-
section, O, the thickness of the annular zone, &, and
of the temperature field on the radiative heat transfer
coefficient (4,). The results of this sensitivity analysis
are displayed in Table 3. It shows that the hydrody-
namic parameters have a very weak influence on the
radiative heat transfer coefficient, whereas the bed

and wall temperature do have a strong influence on
it. These results point out that both the wall and bed
temperatures must be known very accurately for good
estimation of the radiative heat transfer coeflicient.
On the contrary, big uncertainties on the voidage and
on the annular thickness are permitted, since they have
little effect on the estimation of the radiative heat trans-
fer coefficient.

7. Conclusions

The particle diameter has a significant influence on
the bed-to-wall radiative heat transfer coefficient. Smal-
ler particles (at the same voidage) act as a denser shield
between the high bed temperature and the wall, thus
decreasing the net radiation flux. The Sauter mean diam-
eter can be applied to calculate the radiative heat
transfer coefficient for polydispersions with wide size
distribution. But two conditions are necessary: (1) the
polydispersions must have similar optical constants; (2)
most particles must be greater than 100pum. The solid
segregation has some influence on the radiative heat
transfer coefficient.

The solid composition plays an important role on the
radiative heat transfer coefficient because of the influ-
ence of real and imaginary parts of complex refractive
index on particulate optical properties. In order to calcu-
late the radiative heat transfer coefficient more accu-
rately, more research must be done on the optical
constants of particles existing in CFBs, and the knowl-
edge of the solid composition in different positions in
the combustor must be improved.
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Appendix A. Application of Mie theory for the CFB combustor particles (4 = 4.0 pm)

Qex values

k=107 k=10 k=107 k=102 k=01 k=10 k=20
n=12 a=1 x=1.571 0.1309 0.1313 0.1353 0.1753 0.5464 2.5770  3.4754
a=10 x=15.71 2.2484 2.2490 2.2554 2.3044 2.2872 2.3124  2.4651
a=100 x=157.1 2.0538 2.0553 2.0553 2.0684 2.0614 2.0704  2.0883
a = 1000 x=1571 2.0141 2.0142 2.0147 2.0147 2.0140 2.0150 2.0167
a = 2000 x=3142 2.0075 2.0076 2.0081 2.0080 2.0077 2.0082  2.0090
n=20 a=1 x=1.571 4.2203 4.2196 4.2132 4.1512 3.6914 2.9561 3.1508
a=10 x=15.71 2.4175 2.4156 2.3971 2.3123 2.2998 2.3242  2.3929
a =100 x=157.1 2.0708 2.0709 2.0704 2.0671 2.0674 2.0736  2.0865
a = 1000 x=1571 2.0095 2.0122 2.0147 2.0147 2.0147 2.0155 2.0168
a = 2000 x=3142 2.0091 2.0080 2.0081 2.0081 2.0081 2.0084 2.0091
QOsca values
k=10"° k=10 k=10 k=102 k=01 k=10 k=20
n=12 a=1 x=1.571 0.1308 0.1308 0.1306 0.1286 0.1358 0.9458  1.9055
a=10 x=15.71 2.2478 2.2432 2.1983 1.8463 1.1338 1.3598 1.7140
a =100 x=157.1 2.0486 2.0042 2.0042 1.0788 1.0738 1.2933  1.5437
a = 1000 x=1571 1.9637 1.6195 1.0605 1.0536 1.0593 1.2624  1.5005
a = 2000 x=3142 1.9106 1.3844 1.0508 1.0507 1.0565 1.2584  1.4958
n=2.0 a=1 x=1.571 4.2201 4.2185 4.2022 4.0454 2.9469 1.3216  1.6670
a=10 x=15.71 2.4163 2.4041 2.2960 1.7672 1.2472 1.3513  1.5752
a=100 x=157.1 2.0649 2.0136 1.6506 1.1971 1.1959 1.2841 1.4552
a = 1000 x=1571 1.9504 1.5952 1.1728 1.1710 1.1720 1.2562 1.4194
a = 2000 x=3142 1.8965 1.3927 1.1676 1.1676 1.1686 1.2525 1.4153
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