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A numerical heat-transfer analysis in the combustion chamber of a pebble bed regenerative heat
exchanger has been carried out for the heating period. A radiative zone method coupled with chemical and
two-dimensional fluid dynamic calculations is employed in the analysis, and the results agree well with the
measured data. The analysis also shows that higher temperature can be obtained at the top of the pebble

bed by optimizing the geometries of the combustion chamber and the burner.

1. Introduction

In a closed-cycle MHD power generation system, regenerative heat exchangers are used for heating the
working inert gas(argon or helium) to about 16501, while the impurity level in the working gas is kept
below 100 ppm.

In the heat exchanger concerned with here, the combustion gas and the inert gas pass through the
same heat storage bed alternately. Thus multiple heat exchangers are required to supply a continuous flow
of high temperature inert gas to an MHD generator.

To suppress any mixing of the combustion and inert gases, each heat exchanger will be cyclically
operated in four operational periods : (1) heating the heat storage bed by the combustion gas, (2)
evacuation of the residual combustion gas inside the heat exchanger, (3) heating the inert gas by the heat
storage bed, and (4) recovery of the residual inert gas inside the heat exchanger.

Therefore the heat-transfer processes inside the heat exchanger are inherently unsteady, which
requires an unsteady heat-transfer analysis for optimum designing of the heat exchanger.

A regenerative heat exchanger consists of a combustion chamber and a heat storage bed. An unsteady
heat-transfer analysis regarding the heat storage bed (pebble bed) has previously been reported in [1]. An
unsteady heat-transfer analysis in the combustion chamber for each operational period should also be
performed to simulate the complete thermal performance of such a heat exchanger. For the combustion
gas heating period, it is essential to heat the top of the bed up to a temperature as high as possible to
maximize the temperature of the inert gas at exit of the heat exchanger.

In this paper, a heat-transfer analysis in the combustion chamber is performed for the combustion gas
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heating period. The combustion gas temperature in the combustion chamber is so high (well above 1800
) that the analysis is focused on the radiative heat transfer, and this heat-transfer analysis is combined
with the fluid dynamical analysis to simulate the flow and temperature fields in the combustion chamber
during the combustion of natural gas. Then using a numerical analysis, the optimum geometries for the
combustion chamber as well as for the burner are determined to maximize the temperature at the top of
the bed during the combustion gas heating period.

The structure of the combustion chamber in the pebble bed regenerative heat exchanged used for the
experiments is shown in Fig. 1. This heat exchanger is for high temperature argon heating. The total
height of the combustion chamber is 2.3m, and a buruer is installed at the central uppermost portion of it.

The diameter of the chamber is 1.1m and it is
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Fig. 1 Structure of the combution chamber in the combustion chamber at the end of this heating period
pebble bed regenerative heat exchanger. are obtained.

2. Basic Equations and Numerical Method

The flow field can be described by the following two-dimensional steady elliptic differential equation in
terms of the dependent variable y in an axisymmetric cylindrical coordinate system [2].
[2l05) o)l seo]-slzeo]ran o
Table 1 shows each dependent variable and its related coefficients. The dependent variables to be solved
are the stream function v, the vorticity w/r, the swirl velocity 7V, the fuel mass fraction my. the air mass
fraction mo, and the enthalpy i. Since the main heat-transfer process is considered to be radiation rather

than convection, a simple turbulence model [2] is employed in the present analysis, which is
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ﬂt = kD 233 p2/3 (mefz + Mo Uoz)l/s (2)
The turbulent diffusion coefficients which appear in the mass fraction equations and the enthalpy are

defined as follows :

A .12
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Iy = 113 4
Oi

where the subscript 7 represents fuel f or air 0, and both the turbulent Schmidt number It and the

turbulent Prandtl number I': assumed to be 1.0
The boundary conditions for each dependent variable are summarized in Table 2. The boundary

conditions for the enthalpy i at the insulating wall and at the exit(i.e., at the top of the pebble bed), which

Table 1 Dependent Variables and Their Coefficients Table 2 Boundary Conditions
¢ a b ¢ d ¢ w/r Y rVe m i
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are indicated by * in Table 2, are given by

hoAp T =To) + Apeu0Ts' = oA T - To) + Qrin G)

dT,
kpzAp‘d—;+Ap€n0Tp4 =hypAp T -T) Qun ®
In Eq. (5), the first and second terms on the left-hand side represent the heat conduction through the
insulating wall and the radiative heat emission, respectively. The first and second terms on the right-hand

side represent the convective heat transfer between the gas and the wall, and the radiative heat flux from

other wall or gas zones, respectively.
Equation (6) is a similar relation for the top of the pebble bed. In Eq. (5), the effective thermal

conductivity for the hw four-layered insulating wall is given by

ho = L
[7’0 i (rmo / r,,,.-)] @)
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The convective heat-transfer coefficient s between the combustion gas and the insulating wall was
evaluated by the following equation [3] :
N. = 0.023 Reos Prvs @®
In Eq. (6), the effective axial thermal conductivity in the pebble bed k. was evaluated by the equation
given in [4], and the heat-transfer coefficient 4 between the conbustion gas and pebbles was evaluated
by [5].
hep = 9.255 pyus pous ks )
a d

4
The chemical reaction associated with the combustion process of natural gas is assumed to be a single-

step chemical reaction whose reaction rate is given by the following Arrhenius expression [6] :
Rr = Ace_Ea/RT [mf]a[mo]b (10)
Conditions for the calculation and the coefficients which appear in Eq. (10) are summarized in Table 3.
The grid configuration in the calculation is shown in Fig. 2.
Here, the hemispherical shape of the dome section is
FUEL INLET
I %IR INLET approximated by a cylinder. The right-half side shows the grid

’ spacing for the flow field calculation and the left-half side shows

the zone division (configuration) for the radiation calculation

HH described below.
H1l| INSULATOR WALL

Table 3 Coefficients Used and Conditions Assumed

Conditions for Combustion

Fuel mass flow rate : 0.014 kg/s

Air mass flow rate 1 0.236 kg/s

Inlet air temperature : 250 ¢

Inlet fuel temperature 12T

Insulator outer wall temperature  : 230 ©

Combustion gas pressure : 0.13 Mpa
Constants Used

Coefficient for turbulent viscosity x : 0012

Collision frequency factor Ac : 2.8x10°
Biledoostazsdeel Activation energy (Kcal/ mol) E: : 484
t @ i . .
EXIT Constant for chemical reaction a :-03
(PEBBLE TOP) ; : .
RADIATIVE ZONE FINITE DIPFERENCE Constant for chemical reaction b :13
DIVISION GRID SPACING

Fig. 2 Grid configuration in the calculation.
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3. Modeling for the Radiative Heat Transfer

In the enthalpy equation for the heating period, the source term Si can be expressed as

Si =R:AH: + S- (ll)
where the first and the second terms on the right-hand side represent the generation of heat by

combustion and the net enthalpy change by the radiative heat transfer, respectively.
The combustion chamber is divided into gas zones and wall zones in order to apply the zone method

proposed by Hottel et al. 7).
The radiative heat-transfer term, Sr for the gas zone k, whose volume is Vi, can be expressed as

S Ve = 43 an@kVioTs' + 43 3 a2 TkaV; (), 0T 12)
n=l

n=li
3
+ 3T a, T Aiei (fa)soT!
n=1 1
The first, second, and third terms on the right-hand side are the radiative emission from the zone V&, the
amount of radiation received from all gas zones V; and the amount of radiation received from all wall zones
Ai. The combustion gas was represented by a mixture of three gray gases and a clear gas with different
absorption coefficient k» {7], and a»’ and a» are weighting factors for the emissivity and the absorptivity,

respectively. In Eq. (12), (fi)}» is the geometry

16;5 i 5 Iﬁ . - b dependent radiative exchange factor for each gray

; :qug 4 ?gf \Q 2 ; gas and it was calculated by the Monte Carlo method

§ﬁ/ 7 i I8, 9].

gy B o000 Figure 3 shows the distribution of f; for the three
D . 0.2000 . B .

g;; Z o000 8Ty gases with different absorption coefficients,

3’/’/ B < o.1000 where a number of radiative particles are emitted
GZEE * 0.0500 from the upper wall zone enclosed by the bold
(£54)1 (£34)2 (£54)3 z : :::: rectangle. As the absorption coefficient becomes

k1=0.4226 kp=4.377  k3=3B.12

Fig. 3 Distribution of (Fij)» for the three gray
gases with different absorption coefficient. more evenly in the combustion chamber.

smaller, the radiative energy is shown to spread

4. Results and Discussion

4.1 Effects of the emissivity of the insulating wall
In the simulation model described above, the emissivities for the insulation wall &= and for the top of the
pebble bed &5 have not yet been defined. These parameters depend not only on temperature but also on
the material and the surface condition. There are no accurate values for & available as a function of

temperature, but those for ¢» were measured by comparing the temperature data at the top of the pebble
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Fig. 4 Measured emissivity of the top of the pebble
bed as a function of temperature.

bed obtained from a pyrometer and a thermocouple.
The results are shown in Fig. 4, Which indicates that
€p has values between 0.7 and 0.8 in the temperature
range of 1400~1800C. Therefore, in this simulation,
€» was assumed to have a constant value of 0.75, and
because the insulating wall and pebbles are made
from the same material (alumina), v was assumed to
be equal to ¢;.

" Figure 5 shows the distribution of the stream
function normalized by the value at the inlet of the
combustion chamber, which indicates a large

recirculating flow.

Figure 6 shows the temperature distribution in the combustion chamber. The highest temperature zone

is located near the center of the combustion chamber, and some temperature drop is observed toward the

top of the pebble bed.

Figure 7 shows how the combustion gas temperature distribution in the combustion chamber changes

I‘I:‘L’

—
[

2 le Q
il

X J O I

Fig. 5 Flow pattern of
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the combustion
chamber.
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chamber.

—290—



Studies on a High-Temperature Regenerative Heat Exchanger for Closed-Cycle MHD Power Generation — 7

when ¢w varies. The left-hand figure shows the axial temperature distribution and the right-hand figure
shows the radial distribution at the top of the pebble bed. The experimentally measured temperature at the
top of the pebble bed is about 1850 C, which agrees with the simulation result when ew is 0.75. When &w is
taken as 0.90 or 0.60, the simulated temperature at the top of the pebble bed differs from that for the case
of gw = 0.75 by more than 200C. This means that radiation is the major mechanism for the heat-transfer

processes in the combustion chamber.

4.2 Effects of the convective heat transfer

In order to clarify the importance of the convective heat transfer between the combustion gas and the
insulating wall, the same calculation was performed by taking the convective heat-transfer coefficient s
as 0. The results obtained were almost the same as those shown in Fig. 7, and the small temperature drop
at the top of the pebble bed as a result of neglecting the convective heat transfer is about 20C. This
indicates that convection has only a minor effect on the heattransfer processes and the evaluation of ke is

not a critical problem.

4.3 Effects of the geometries of the combustion chamber and the burner
From the standpoint of an MHD generator, the heated argon temperature and thus that of the pebbles at

the top of the bed should be maximized for a fixed burner capacity. Therefore the effects of the
combustion chamber geometry and the burner geometry on the obtainable pebble temperature at the top
of the bed were investigated by the use of the above simulation code.

Figure 8 shows the pebble temperature in the center of the top of the bed as functions of the height and
the diameter of the combustion chamber. This figure indicates that a higher pebble temperature is
obtainable by reducing the height and the diameter, unless the height is too low for completing the
combustion within the combustion chamber. Since the minimum combustion chamber diameter, which is
the same as that of the pebble bed, is determined mainly by the allowable argon pressure loss through the
pebble bed, the optimization of the height of the combustion chamber is a main concern. Figure 8
suggests that the top of the bed can be heated up to an even higher temperature by reducing the height
from the present value(= 2.3 m)

Figure 9 illustrates the effect of the swirl ratio (azimuthal velocity/axial velocity) of the combustion air
on the pebble temperature at the top of the bed, when the height and diameter of the combustion chamber
is 2.3 m and 1.1 m, respectively.

When the radial distance between the fuel nozzle and the air nozzles is 0.066 m, which is the value for
the present heat exchanger, that temperature decreases by increasing the swirl ratio. A high swirl ratio of
combustion air promotes the mixing of fuel and air, which results in a shift of the highest flame

temperature zone in the upstream direction, and the gas temperature at the top of the bed shows some
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Fig. 8 Pebble temperature at the top of the bed as Fig. 9 Pebble temperature at the top of the bed as
function of the height and diameter of function of the swirl ratio of combustion air and
combustion chamber. the distance between fuel and air nozzles of the
burner.

When the radial distance between the fuel and air nozzles is increased to 0.088m, a good mixing of fuel
and air requires a higher swirl ratio. Thus an increase of the swirl ratio results in a higher pebble

temperature at the top of the bed. These results indicate the importance of the burner geometry.

5. Conclusions

A two-dimensional heat-transfer and fluid-dynamics analysis in the combustion chamber of a pebble-bed
regenerative heat exchanger has been performed for the combustion period. The zone method was
employed in modeling the radiative heat transfer and the combustion reaction was represented by a single-
step chemical reaction whose reaction rate is given by the Arrhenius equation. The calculation estimates
satisfacorily the pebble temperature at the top of the bed measured during combustion. The simulation
also shows that geometry optimization is important both for the combustion chamber and for the burner
to maximize the pebble temperature at the top of the bed for a fixed burner capacity.

Nomenclature

: heat-transfer area per unit volume at the top of the pebble bed

Ap

Agp : heat-transfer area between combustion gas and pebbles per unit volume

Apw  : heattransfer area between combustion gas and insulating wall per unit volume
D

: diameter of combustion chamber

dp : diameter of pebbles
AH. : calorific value of natural gas
ho : convective heat-transfer coefficient between combustion gas and pebbles
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hew : convective heat-transfer coefficient between combustion gas and insulating wall.
kg : thermal conductivity of combustion gas

ke : effective thermal conductivity in pebble bed

m : mass flow rate of combustion gas per unit area of pebble bed

N« : Nusselt number

P, : Prandtl number
R. : Reynolds number

r : radial coordinate

r : radius of combustion chamber

T : temperature

To : temperature of outer shell of heat exchanger

z : axial coordinate

a : void fraction of pebble bed

£ : emissivity

P : density

ut : turbulent viscosity

o : Stefan-Boltzmann constant
Subscripts

f : fuel

g : combustion gas

0 : air

b : pebble

w : insulating wall
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