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Abstract—W orking fluids in heat exchangers of the application system in a High Temperature Gas-Cooled

Reactor (HTGR) are considered as radiative gases such as steam, CO and so on. In this paper, radiation

effects on performances of heat exchangers which heat up radiative gas such as steam by high temperature

helium are theoretically studied. A method to obtain approximate solutions is proposed to be applicable to

many practical problems in wide ranges of temperature, pressure, gas absorptivity and so on. Then heat transfer

performances of constant heat flux case for one duct and case of counterflow heat exchangers with two ducts
are calculated to give fundamental information on heat exchangers of hot helium and steam.

NOMENCLATURE

a, width of flow duct [m];

C,, specific heat at constant pressure [J kg™!
K™1';

E,, attenuation function of one-dimensional
radiation;

h, heat-transfer coefficient [W m™2 K™1;

L length of flow duct [m for dimensional
value];

M,  radiation-convection parameter, =¢oT3/h;

N, radiation conduction parameter,

=2acT}/A;

Nusselt number, =2ah/A;

Prandtl number, =uC,/4;

Q,  heat flux on the wall [Wm™2 for dimen-
sional value];

g, heat flux other than radiation [Wm~2];

radiative heat flux [Wm~?];

Reynolds number, =2apU,,/u;

St,  Stanton number, = Nu/(RePr) = h/pC,U,,;

T,,  temperature of the fluid [K for dimensional
value];

T,,, mixed mean temperature [K for dimensional
value];

T,, radiative mean temperature [K for dimen-
sional value];

T,, walltemperature [K for dimensional value];

t, optical thickness;

U, flow velocity [m s~ ! for dimensional value];

U,, mean flow velocity [ms~! for dimensional
value];

X, co-ordinate in flow direction [m for dimen-

sional value];
co-ordinates vertical to flow direction [m for
dimensional value].

Greek symbols
g, emissivity of wall;
e,  eddy thermal diffusivity [m?s™!];

)
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K, absorptivity [m~1];
A thermal conductivity [W m~* K1];
Uy viscosity [Pas];

v, kinematic viscosity [m?s™'];

o, density [kg m™3];

o, Stefan Boltzmann constant [Wm~2K ™ *];
T, optical thickness, =«xy;

¢, non-dimensional heat flux, =QNu/2.

Subscripts

d, optical thickness of flow duct width;

i, fluid (1 or 2);

J wall (1, 2 or 3),;

ij, wall j in contact with fluid i;

0, inlet of low temperature side;

1, low temperature wall or fluid;

2, high temperature wall or fluid;

3, intermediate wall;

—,  dimensional value (to be only applicable
when denoted as for dimensional value).

1. INTRODUCTION

THE HIGH temperature helium gas-cooled reactor has
not only a potential to be used in various fields for an
effective use of its nuclear energy, but also has a better
safety performance compared with the conventional
water-cooled nuclear reactor. The effective use of
nuclear energy is promising when the working fluid
comes out at a high temperature (about 1000°C) from
the reactor core, the potential of which shows pros-
pects for multi-purpose cascade use such as direct
steel-making by use of high temperature hydrogen,
industrial use of naptha field and hydrogen manufac-
ture and electric power generation by helium or steam
turbine. From the viewpoint of reactor safety, as the
neutron collective cross section of helium is small and
the fuel is covered with multiple carbon layers, the
amount of radiation waste is extremely small com-
pared with those from other type of reactors e.g. light
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water reactors. Moreover, as the working temperature
is high, thermal pollution caused by warm exhaust
water could be reduced. Furthermore, this high tem-
perature gas-cooled reactor could be considered to
give technical fundamentals in the development of a
gas-cooled fast breeder reactor or gas-cooling of
blanket of a fusion reactor.

Helium can be reasonably selected as the working
fluid for the high temperature reactor. Helium itself is
non-radiating in the temperature region of about
1000°C. In this case, radiation from the reactor wall
and the heat exchanger wall at high temperature gives
a big augmentation effect on heat transfer perfor-
mances of the reactor core and heat exchangers. A
theoretical calculation has already been reported in
our previous report [ 1] on radiation effects on perfor-
mances of heat exchangers when the working fluid is a
non-radiating gas such as helium and experimental
results to prove theoretical predictions have been
reported previously [2].

On the other hand, if the high temperature gas
reactor is used for electrical power generation and
multi-purposes, as the thermal energy generated in the
reactor core operates the steam generator and the
steam reformer and so on in the first and the second
loops, the steam which is a radiating gas is required to
be heated up to a high temperature. For such heat
exchanges of radiating gases, theoretical calculations
and experiments made for limited cases have been
reported [3-6]. In these calculations, the following
simplified cases are treated: A grey radiating gas is
flowing between the black parallel walls under isother-
mal [3,5,6], or constant heat flux conditions [4], and the
energy equation in the gas is numerically solved, and
heat transfer performance is discussed from the tem-
perature distribution of gas in a cross section obtained
from numerical calculations. However, for the practi-
cal heat exchangers, the assumption of emissivities of
walls to be unity and the condition of the wall
temperatures and the heat fluxes of both sides being
equally constant, are not reasonable. In the case of
a very turbulent flow or two-ducts, calculations will be
very complicated and difficult using the calculation
methods reported so far.

In our present report, a high temperature heat
exchanger for heating up steam by helium from the
high temperature gas reactor was modeled, and con-
sidering the case of radiating gas flowing between the
parallel flat plates, theoretical analyses were made in
the cases of the constant heat flux in one duct and the
counter flow heat exchanger of two ducts, to make
clear radiation effects on heat transfer performances in
laminar and turbulent regions.

2. FUNDAMENTAL EQUATIONS

As the model for an analysis, a two dimensional case
is considered when fluids flow in the two ducts with
parallel walls separated by an intermediate wall as
shown in Fig. 1. The following assumptions are made,
(1) The working fluids are grey radiating gases of
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Fic. 1. Physical model and co-ordinate system

absorptivities k,, k, and the solid walls are grey of
emissivities ¢, ¢,, &3 and are of diffuse reflection. (2)
Radiation is assumed to be one-dimensional. This
means that when heat balance at point x is considered,
calculations for radiative heat flux are made on the
assumption that the temperature distribution in the
cross section at the X point is similarly applicable to
those at all other X points. This assumption is appro-
priate in the region where the temperature varies
linearly to the x direction, except in the neigh-
bourhoods of the inlet and outlet parts. This assump-
tion has been proved to be adequate by the calcu-
lation made under condition of two-dimensional ra-
diation [5]. (3) The forced convection heat transfer
coefficients is equal to that without radiation. Ha-
segawa et al. [4] have reported that the Nusselt
number of the forced convection flow of radiating gas
shows a different value from that without radiation,
but the difference is small and will not have a large
effect on the results of the present report as explained
later. (4) The thermal conduction to the x direction in
the solid wall is appropriately neglected.

Under such conditions described above, and shown
in Fig. 1 the gas flowing in from the left is of a low
temperature and indicated by the subscript 1, the high
temperature gas flowing in from the right is indicated
by the subscript 2. The heat balance of the low
temperature gas is given by equation (1). In equation
(1), a distribution to the y direction is not considered.
and according to assumption (3) the forced convective
heat transfer coefficient /1 is used. Subscripts 1, 2 and 3
in relation to the walls are applied in the order of the
low temperature, high temperature and intermediate
walls, and the subscripts consisting of two letters as ij
express the values at the wall j in contact with the gas 1.
The energy equations of the low temperature and the
intermediate walls are expressed by equations (2) and
(3).

dT,, .
P1¢p1 Uiy d5 =h Ty, —

+ hl_’)(TwJ - Tml) + LIR(O) - (’iR(TId)

Tml j

h

_ a 1=y . N\
oTy, — q}n = (“Ttrs - '(;;*3 dys )2b3(ru)
4 ‘ ' J

+ 20 [ T (nE (dT, (2)
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_ q - 1—¢ _
oThs — % = (‘TTii T, : ‘111)2E3(T1d)
1

+ 20 J T;I(TI)EZ(TM - 1,)d1,. (3)

Here T,,i, Uny, 41> 4x(0), dr(z14) indicate the mixed-
mean temperature, the mean flow velocity, the heat
flux other than radiation (convective heat flux and
heat inputs from outside) and the radiative heat fluxes
on both side walls, respectively, which are expressed as
follows:

Tml =j Ungn dfl/f Ul dy,
0 0

. 4)
Upn = U,dy,/a,
0
q1j=Q1j_h1j(ij_ Tml): j=1’3 (5)
- —a 1—¢ _
dr0)=2|( 0Ty, — e d11 | E50)
t
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-0
0

gr(ti4) = 2[<5T31 -

Tzl(f1)Ez(Tl)d11:|

&
! ‘111)E3(T1d)
g1

1—¢4

- (O‘T:,;; -

T1d
+0J
[}

4 3>E3(0)

3

Tgl(‘fl)Ez(Tu - TI)dTI:I (6)

where
T, =K V1 T1g = K104 )
1
E.(x) = J 1~ exp(—1/p)dp. ]
0

Equation (2) expresses the heat balance of the low
temperature wall and the LHS indicates the emitted
radiation, the heat loss and the convective heat to the
gas, while the first term of the right-hand side expresses
the heat reaching the low temperature wall, radiation
from the opposite intermediate wall being partly
absorbed by the gas, and the second term is the heat
radiated from the gas and reaching the low tempera-
ture wall. Equation (3} is likewise introduced consider-
ing the heat balance of the intermediate wall facing the
low temperature side. The function E,(t) appearing in
equations (2), (3) and (6) is an attenuation function
used for the one-dimensional radiation as expressed by
equation (8).

After simplifying equation (1) by use of equations
(2)-(6), equations (1), (2) and (3) are made non-
dimensional as follows based on the length at the flow
duct width a, and the inlet temperature of the low
temperature gas.
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11

+2 f T (e Ea(ty, — 7). (11)

0
The boundary condition is,
T,,(0) =1 (12)

The non-dimensional variables appearing in equations
(9)-(12) are given as follows:

X y T T
[ = P = T=:—, li=—'
i a; Y a; T, a;
S - hy; _ Nuy;
™ piCpiUmi Re,Pr;
eoTy &N,
Mij = Ih” ¢= ﬁ)
ij ij
2a,6T3 0.
N;= —'—’ ij = I-J' s
' A % h;To
1 01
Ty = U, Ty dy,, U, = 27- (13)
0 mi

Furthermore, equation (13) expresses the non-
dimensional parameters for the low temperature side
when the subscript i = 1 and for the high temperature
side when subscript i = 2.

By giving the heat input from outside and the
emissivities of the walls, the parameters S,;;, M;, ¢;and
Q;; in equations (9)—(11) are fixed. The unknown
quantities are T,,,, T,;, T,3; and the distribution
Ty1(y1). Ty, T,y and T cannot be obtained from
equations (9)—(11) unless the temperature distribution
T,1(y,) to the y, direction is not given. Therefore, a
reference temperature T, in a cross section in con-
nection with radiation is defined as follows:

T;‘u =J\ T;1(71)E2(T1)d71/f E,(t)dr, (14)
0 0

Ths= J Tgl(fl)Ez(T1a - T1)dT1/
0

J‘ Ey(tyq — 7)dry. (15)

0

The relation between this reference temperature (or
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radiation mean temperature) T, and the mixed-mean
temperature T,, is assumed as follows:

T,=(1+ O)T,. (16)

The coefficient C is a complicated function of T,,, T,
7, and other parameters. By introducing the mean
temperature of radiation T, in the same way about the
high temperature side, the fundamental equations for
the counter flow heat exchanger are as follows from
equations (9)- (11).

dTmi i+t1
o (=17 NS0 + 54,00
(i=j=12) (I7)
1
T:!j Mo (Qij— Tw; + Tyy)
ij
" 1 — ¢ '
=| Tox — ’Ml; Qi — Tuse + Tmi)A
x 2E;(ty) + 2{1 — E3(v)} T (18)

In equation (18), the subscript k expresses the quantity
about the wall opposite to the wall j through the
fluid, and the combinations of i, j and k are given as

(4, k)=(1,1,3), (1,3,1), (2,2,3), (2,3,2). (19)
The boundary conditions for the gases are,
Tm@ =1,  Tulh)=1+AT.  (20)

The balance of the heat flux through the intermediate
wall is,

Q13
My, 2

Xy = x/fa, X, = x/a,

Assuming that/thc value of C i;1 equation (16} is known
beforehand, by using equation {16) equations (17) and
{18) will construct a necessary and sufficient equation
system for T,,;, T, ; and Q;; under the conditions of
equations (20)and (21). Thus for the inlet conditions of
the high and low temperature gases, temperature and
intermediate wall heat flux distributions can be
obtained.

=0 1)

3. APPROXIMATION SOLUTION

In the beginning it is desirable to investigate the
coefficient C introduced in the preceding section, and
for this purpose the energy equation of the gas taking
the y direction variation into consideration should be
analysed to find temperature distributions in the gas. A
one-dimensional radiation approximation being con-
sidered, energy equation of gas for the low temperature
side corresponding to equations (1)—(3) is as follows:

_ 0T, ¢ vy T,
Ui —=2 = picys | 5 + e | =
Prlp¥1 o2 P1€p1 oy, | \Pr, ey,

2 T |
—2nk1(—aT;‘, - J —
R ’ o T

x 6 THE, (|1, — t,))dt; — IO)E,(ty)
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—Hr)Ex(tyy — 14) |

Here, /(0) and I(1,,) are given by equations (23) and
(24):

nl(0) = ¢;0 T +2(1 - 131)[751('51,1)133(?1‘1)

N

+(‘ aT:lEZ(ll)dt!] (23)
0

ml(tyg) = 630 Ty + 21 — 23)| 7HO)E (1)

J. oT Eylryy —1)dey | (24)

0

¢y 18 the diffusivity and is zero for the laminar flow.
Equation (22) is applicable to cases of the wall
emissivities of below 1, and of laminar and turbulent
flows. From equation (22), the distribution of T, to
the y, direction can be determined and thus the value
of C can be calculated from equation (6). The value of
C varies according to the thermal conditions, emis-
sivities and such, but it can be supposed to be a
sufficiently smaller value compared with unity. Here
we try to determine the value of C. Hasegawa et al. 4]
have made numerical calculations for the laminar flow
when the emissivities of both walls are unity and the
heat fluxes at both walls are equal, the results of which
will be compared with our result obtained in the
following analysis. For the case of thermal condition
on the walls other than those investigated here, the
result can be obtained in the same way. In discussing
the value of C the subscripts to express the low
temperature gas, the low temperature wall, the in-
termediate wall etc. will be omitted.
As ¢ = 1, equation (23) and (24) are expressed in
such a simple form as follows:
nl(0) = ¢ T2,

nl(t,y) = 6T, (25}

Furthermore, sliding the x-axis one half to the y-
direction and introducing a z-axis given by z = y — §,
equation (22) is transformed into the following
equation.

Rebr 0Ty _ ¢ ( L) e
2 éx 0z \ v/ iz

e

_Nrd[2T; - . ' T2E,(jr — t])dt

At
—T4E, (1) — TEE (14 — 1‘)]. (26)

To eliminate singularity at ¢ =0 of E,(z), partial
integration is performed to reduce equation (26) to
RePr 0T, ¢

3 e\ 0T,
(e N i ) )~
2 ox 0Oz [( e v /) éz j(

z . 0Ty
—4Nt, E)lt4lz — z0)i T A dz,
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112 oT
- J Ey{tizo — 2)} T; ggoldzo} (27)

On the other hand, from energy equation (10) for the

wall,

1
{1 — 2E5(z)} Th + 7T = Tn+ Q)

4
= {1 = 2E5(z))}Ty. (28)
Ac the raca nf the canctant heat fluy an the wall ¢
MO Wb LAadL Vi uilv VU0 WY VAL 1UA Uil v Yian 10

considered,
= = §,0 = constant 29)

pc,UnTo

Assuming that the velocity field has been fully

developed and not been affectcd by the temperature
field, it may be given as follows for the laminar and
turbulent flows.

1
U=6[-— zz\: laminar flow (30)
\4 /
0.019 775Re** e - |z|>, |z| £ z,
1 1/7 1
U= 1.14265(5 - |z|> sz <|z| £ 2
1 -
Z=5 - 1.13613 x 10?Re™7/®
turbulent flow. (31)
Also &y is given as,
ey =0: laminar flow 32)
52801 x 10- 2Re7’8< E 1) 2|z,
&y _
v 1 611 1
0.12131Re** = — |z] | —1, z £z
2 2
turbulent flow. (33)

Solving equation (27) by use of equations (28)—(33), we
obtain the temperature distributions in gas and of the
walls. However, as equation (27) is a non-linear partial
differential integral equation, the exact solution must
be made by numerical calculations, and the following
approximate solution is obtained in our present report
by use of the method of weighted residuals [7].

We assume that the temperature distribution has
been fully developed approximately and the following
equations may be taken into account:

T,— T,
T =) (34)
T T,
0T, _dTw _dTu _ 5oy 35)

ox  dx  dx
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Equation (35) is exactly introduced from equations
(34) and (29) when a radiative heat flux is not taken
into consideration. When a radiative heat flux exists,
equation (35) is also approximately reduced from
equation (28) as M is sufficiently smaller than unity
and T, = T,. 6(z) in equation (34) is a function of
only z.

0(z) is expressed with power series of z, and is
substituted into equation (27) to determine coefficients
of power series so as to satisfy equation (27) at the
selected points along the z direction. In consideration
of 6(z) being symmetrical to the plane of z=0, it is
expressed as follows:

6(z)

=Y oz (36)
n=0

Here «, is the unknown coefﬁcient to be determined
and m is the hwheet exponent of 22

AsT,is equal to the wall temperature T, at the wall,
that is, z = +1, we have

- 5oL

Furthermore, according to the definition of mixed-
mean temperature in equation (13), by use of the
velocity distribution of equation (30) or equation (31),

we get
172
J‘—I/Z

Equations (37) and (38) are two among (m+ 1) equa-
tions regarding a,. The orthogonal collocation method
of the weighted residual is applied to equation (27) for
the remaining (m—1) equations. Substituting equa-
tions (35) and (36) into equation (27), the residual is
obtained as follows.

G7

Ubdz =0 (38)

0
R(z) = U(z)NuQ — (T,, — T"')E

[<1 + Pr —»v(z—)>n20 2na,z?" ‘]

+ 4N7,l(z). (39)

Here I(z) is obtained as follows from the second term of
the right-hand side of equation (27):

I(z) = 5[ + % + y1; (z + 212>]

x (T — T4 +2TYT, — T,)

x i [zz bra

MPLRTr Ty

'}’T,% z2n+2 1
e i\ang i Toer) B U0

To obtain equation (40), the following approximations
are used,

Tg=Tn+4To(T, — T,)0(z)  (41)

Ey(14y) = 1 + Brgy + y1iy° (42)
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and f and y are determined as follows from the values
of Ej(tuy)aty=4+and y = 1.
log,o(—ft,) = 0.251844+0.45945 log 1,
—0.161 53(log 7,)?
logyo(+7y13) = —0.0258+0.63945 log 1,
—0.18272(log 1,)*

(43)

When 6(z) is expressed by the power series of z
up to the extent of 2m power, the residual R(z) is
required to vanish at the selected m—1 points in
0<:z<3 The roots z(l =1, 2, m—1) of the
orthogonal power series function P, _,(z%) =0 are
selected for the collocation points taking E,(t,z) as the
weighting function.

1:2
J Ey(142)Py, - 1 (2)P(2%)dz = O
0

)

(s=0,1,....m=2) (44)

where a, = 1, Py(z?) = 1.
Later, a case of m = 2 is treated, when the selected
point z, is given as follows:

(45)

o)
22x3<1+§ﬂrd+§yr§)

This point z, approaches the wall as the optical
thickness 7, gets larger.

Taking the residual given by equation (39) as zero at
the collocation point z,, we have

Rz)=0 (=12...m

Equations (37), (38) and (46) are simultaneous equa-
tions for «,, but as T, has been unknown, a, is
obtained in a form containing T,,, by use of which T,
becomes the following equation.

—1). (46)

N

{(2n+3)< + - [31,,) (l'l‘f'l)‘[d%

T,—-T, Z

AT w0 (2n + 1)(2n + 3)22"

Here the second term of the big bracket is equal to C of
equation (16). Thus T, is obtained as function of T,,
and T,,. T, is given by the following equation (48) from
the boundary condition at x = 0.

T, =1+ 25,0x. (48)

Introducing equations (47) and (48) to equation (28),
and using the following equations in purely forced
convection for Nu of M =eN/Nu, T, can be
calculated :

7.2570 x 107 *(RePr/x)' >

— 8235
Nu 176135 x 10 3RePr/x

Y. MoRy, Y. YaMADA and K. Huikata

laminar flow (49)

0.526 10 ‘

T
\:)v.

Nu = 0.0356Re" 77 P00 (1 +

{50)

'J’l

PR T L .
LWFDUCHNt Dow.

On obtaining T, C can be calculated from equation
(47).

In the following the numerical results in the case of
m = 2 are shown. In Fig. 2, an example is shown of the
value of C obtained in the case of laminar flow. As seen,
with an increase of the optical thickness 7,. C de-
creases. This is because of the difference of weighting
function of two mean temperatures of 7, and T,. The
value of C, however, is small on the whole and may be
reasonably considered below 0.03. The one-dotted
chain line in Fig. 3 is the wall temperature plotted for
this value of C, and is compared with the results by
Hasegawa ¢t al. [4] obtained by numerical caicu-
lations shown in a solid line. There exists a small
discrepancy when the gas is non-radiative, 7, = 0},
which is because of an error in determining the Nu
number in the laminar developing flow, and is not
substantial. When 1, is not zero, there also is seen a
discrepancy which is not big and the maximum is
below 5'C when the standard temperature T, is 400°C.
which may be left out of a practical consideration.
Figure 3 also shows in a broken line the wall tempera-
ture distributions obtained assuming C = 0 at all the
points. There is a difference between the present results
and the results of Hasegawa et a/. but it is small below
10°C, and it is understood that the results obtained
assuming ' = 0 hold an accuracy of a good enough
approximation for practical use.

Figure 4 shows the temperature distributions in gas
T, obtained in the calculation mentioned above which
are plotted with x as parameter. The broken line is the
solution by Hasegawa et al. As Hasegawa et al. only
show temperature distribution at x = 5, a comparison
can be made only with this case ; the difference is small,
and the accuracy of T, by the present calculation is

(1+ B +

b

(47)

T,.
o
e |

3

considered good even at the point of large x.

Figure 5 shows an example of the value of C
obtained in the case of turbulent flow. There is seen a
tendency of decreasing C in the region of large x with
an increase of 1, However, in comparison with the
case of laminar flow, the value of C is one order of
magnitude smaller, and is below 0.004. This may be
because the velocity distribution of turbulent flow is
much flatter near the centre than that of the laminar
flow. The wall temperature distribution in this case is
shown in Fig. 6 and as same in the case of laminar flow
the wall temperature decreases with an increase of 7,.

In the present report, about the convective heat
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Re=1000, Pr=1.0

003f

002
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000 L ; = -
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FiG. 2. Value of C in case of laminar flow.
A
2o¥ 000 W3 1083 — Hasegawa et al.
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—
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Fic.3. Comparison of temperature distributions with the results by Hasegawa et al. in case of laminar flow.

——- Hasegawa et al.
— C#0

Re=1000, Pr=10,€=10 ,
Ni7,=005 , Ta=1.0

transfer coefficient, the Nu number is used purely in the
case of convection (equations (49) and (50)). However,
as mentioned before with regard to C, the results of the
distributions of T, and T, calculated by use of Nu
taking radiation into account, are not much different
from those obtained by use of Nu without radiation
effect. This fact has proved the appropriateness of
assumption (3).

According to the calculation method mentioned

Lo 7 above, the accuracy of the solutions could not be
N improved only by increasing the number of collocation
12 \ points, but calculation time may be considerably
40 shorter than that of conventional numerical
N calculation.
— 4. RESULTS OF CALCULATIONS

1.0 5 \0‘2‘5 2 e 4.1. Constant wall heat flux in the one flow duct

) y ) As explained above, the values of C in equation (16)

F1G. 4. Temperature profile T, (y).

when heat fluxes from both walls are equal in the flow
duct and the emissivities of the walls are unity can be
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F1G. 6. Temperature distribution in case of turbulent flow.

obtained in good accuracy, and as seen from Figs. 3
and 5, are small compared with unity. In general heat
fluxes from both walls are different in one flow duct,
and the values of C on both walls are different. By
taking appropriate values for C and using Figs. 3 and
5, the accuracy of the result is improved, but the
purpose of the present report is not to make numerical
analyses of all heat exchanger performances. To
improve an accuracy of calculation of the performance
of a specific heat exchanger, the values of C can be
calculated for the gas and the temperature region to be
discussed by use of the method of the present report. In
either case, the value of C is so small compared with
unity that it would not cause a large effect, therefore
our discussion will proceed in the following numerical
calculation with C = 0.

Figure 7 shows the result of numerical calculation
when the heat flux from outside to the wall 3 is
constant, the heat flux on the wall 1 is zero and the flow
is fully developed laminar. Furthermore the difference
of Nusselt numbers Nu,, and Nu,, of both walls due
to the difference of the wall temperatures T,,, and T3
is taken into account by the following equation [ 8] and
iterative calculations are made.

Nu., = (ka - Tmi)O* + ij - Tmi *
Tl — 6*%)

(7 A Nu*.
d (ij—

(51)

Here Nu* and 0* are given by reference [8], and take,
for example, values as follows:
For a fully developed laminar flow:

Nu* = 5.385, 0* = 0.346. (52)

Furthermore, subscripts i, j and k are given by
equation (19).

1.0 +

100

Fii. 7. Case of constant wall heat flux in one flow duct
(laminar flow).
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As seen from Fig, 7, in the case of ;=0, T, is much
higher than T, because radiation from the high
temperature wall reaches the low temperature wall.
However, with an increase of effect of gas radiation
because of increase of 7, radiation from the high
temperature wall is absorbed by the gas on the way.
Particularly when 7, is above 2, radiation hardly
reaches the low temperature wall, and the temperature
of the low temperature wall T,,; becomes equal to the
mixed-mean temperature T,,, of the gas. The tempera-
ture of the high temperature wall T,,;, decreases as the
heat exchange by radiation from the gas becomes
active with an increase of t;, and approaches a
constant value when 7, is above 2. Now we take up the
matter of an error brought about by taking C as zero.
The value of C of the wall 3 is presumed larger than the
value of the wall 1, therefore it is considered that from
equation (28) T, is assumed slightly higher than that
in Fig. 7and T, is lower than in Fig. 7. In other words,
the effect of the optical thickness 7, is to appear smaller
than in Fig. 7, although the difference is small
Consideration is extended to the effect of wall emis-
sivity & For smaller ¢ the effect of the optical
thickness t, becomes smaller because the difference
between T,; and T, gets larger and the effect of
radiation becomes smaller. Figure 8 shows an instance
in the case of turbulent flow. The effect of wall
radiation will not appear when 7, is above 2 as well as
in the case of laminar flow, and the effect of 7, is smaller
as the heat transfer by radiation is smaller compared
with that by convection than in the case of laminar
flow.

4.2. Counter flow heat exchangers

Figures 9 and 10 show instances of the results
obtained for the case when the inlet temperature of
high temperature side gas T,,(!) is twice the inlet
temperature of low temperature side gas T,,,(0) = 1,
assuming fundamental equations (17) and (18) as C

1.8r 1
L ////////// R81=1d'
P Pry=1.0
=
1.6} Twg K Lo { Br=€s=07
///4,% %0:2 N1=1.0
— //;/;/% 20~ 01=0.0
2~ 0i3=05
14F ]
r1d =89W
20+ ]
Wi &
1.2F 7 E
Tt
1.0 A
0 100 x 200

Fic. 8. Case of constant wall heat flux in one flow duct
(turbulent flow).
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FIG. 9. Case of counterflow heat exchanger (laminar flow).

= 0. In the figures, the heat transferred between the
gases Q,; is shown together with temperatures of
the gases and the walls. Figure 9 shows the case of
the laminar flow and Fig. 10 the turbulent flow, both of
which are, not taking into developing regions, of such a
case that a radiating gas of optical thickness 1,, flows
through the low temperature duct and a non-radiating
gas such as helium (z,, = 0) through the high tempera-
ture duct.

As seen in Fig. 9, radiation of the intermediate wall
does not reach the low temperature wall when t,, is

2.0+

Re;=15410"
Re,=15x10"
PF1=1.0
Pr,=0.7
N+=1.0
N2=05

0.2

1.0

0 250 x 500

FiG. 10. Case of counterflow heat exchanger (turbulent flow).
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above 2 the same as with the one flow duct. Tempera-
ture efficiency of heat exchanger is increased, as the
rate of the gas temperature T,, rise in the low
temperature side increases although very slightly when
714 becomes large and the heat transferred through the
intermediate wall also increases. It is seen that the gas
temperature T,,, at the high temperature side as well as
the wall temperature T, are under the effect of optical
thickness 7,, of the low temperature duct gas.

In Fig. 10, the radiation parameter in the high
temperature duct N, is smaller than N,, taking the
physical properties of the gases into account. Ra-
diation effect is not clear compared with that in Fig. 9
because of a turbulent flow, but has the same tendency.

In the above calculation, the temperature depen-
dence of absorption coefficient was not taken into
consideration, but according to the calculation meth-
od mentioned above, it will be possible to take the
temperature dependence of x into consideration.

5. CONCLUSION

When grey radiating gases flow in ducts consisting
of parallel flat plates, and for the field where forced
convection radiation co-exist, theoretical calculations
on heat transfer performance have been made in the
cases of constant heat flux in one duct and counter flow
heat exchangers of two flow ducts, to obtain the
following results.

(1) When the one-dimensional radiation approxi-
mation is considered, the reference temperature T, on
radiation of gas is introduced and the relation with the
mixed mean temperature T, is obtained. It is clear that
if T, is taken to be equal to T,,, there will be little error
intheresult, particularly in the case of a turbulent flow.

(2) For a flow of radiating gas, the error caused by
taking the heat transfer coefficient of forced convection
equal to the case without radiation is negligibly small
in practical use.

Y. Mory, Y. Yamapa and K. HUikATA

(3) The radiation effect when the heat flux is given
only from the one side wall in the one flow duct is
investigated ; the radiation from the high temperature
wall would not reach the low temperature wall if the
optical thickness of radiative medium is above 2 and
the radiation effect between the walls would decrease.

{4) In the counter flow heat exchanger consisting of
two ducts, with an increase of optical thickness of
radiative gas in the low temperature duct, the radiation
effect between the solid walls decreases, and though
very slightly, the temperature efficiency of the heat
exchanger would rise.
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EFFET DU RAYONNEMENT SUR LES PERFORMANCES DES
ECHANGEURS RADIATIFS A GAZ, AUX HAUTES TEMPERATURES

Résumé— Les fluides dans les échangeurs de chaleur dans les réacteurs a gaz & haute température (HTGR)
sont considérés comme rayonnants, tels que la vapeur d’eau, CO et autres. On étudie théoriquement les effets
du rayonnement sur les performances des échangeurs qui utilisent des gaz rayonnants du fait des
températures élevées. Une méthode pour obtenir des solutions approchées est proposée pour ire appliquée a
de nombreux problémes pratiques dans une large gamme de température, de pression et d’absorptivité de
gaz. Les performances thermiques du cas a flux thermique constant pour un canal et du cas des échangeurs a
contre-courant 4 deux canaux sont calculées pour donner des informations fondamentales sur les échangeurs
a hélium et a vapeur d’eau.
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STRAHLUNGSEINFLUSSE AUF DIE LEISTUNG VON
WARMEAUSTAUSCHERN FUR STRAHLENDE GASE BEI HOHEN
TEMPERATUREN

Zusammenfassung—Die Arbeitsmittel in Warmetauschern, die man bei einem gasgekiihlten Hochtempera-
turreaktor anwendet, werden als strahlende Gase betrachtet, wie z. B. Dampf, Kohlenmonoxid, usw. In
dieser Arbeit werden die Strahlungseinfliisse auf die Leistungen von Wirmetauschern theoretisch
untersucht, in denen strahlendes Gas, wie z. B. Dampf von Hoch-Temperatur-Helium aufgeheizt wird. Es
wird eine Methode vorgeschlagen, um zu einer Néherungsldsung zu kommen, die fiir viele praktische
Probleme in einem weiten Bereich von Temperatur, Druck und Gasabsorption anwendbar ist. Weiterhin
werden Wirmeiibertragungsleistungen bei konstanter Wirmestromdichte fiir ein Rohr und fiir Gegenstrom-
Wairmetauscher mit 2 Rohren berechnet, um grundlegende Informationen iiber Warmetauscher fiir heifles
Helium und Dampf zu erhalten.

BJIMAHME HM3JIVYEHHUA HA PABOUME XAPAKTEPUCTUKY PAAUALIMOHHBIX
TA30BbIX TEITJTOOBMEHHUKOB [MPH BICOKUX TEMIIEPATYPAX

Aunoranns — PabGoune XMIKOCTH, TakHe Kak BoAaHOH nap, CO u gp., HCOONB3yeMEBIE B TENI006MeEN-
HHK3aX BbICOKOTEMIIEPATYPHOTO DPEAKTOPa C Ta3’OBbIM OXJNAXKIEHHEM, PACCMATPHBAIOTCA KaK Ta3bl,
BBIACTAIOLIME Tenno M3jyyenueM. TeopeTuuecku HcclenyeTcs BIHAHME H3IyYeHHs Ha paGoune xapak-
TEPHCTHKH TEMI00OMEHHNKOB, B KOTOPBIX TEMJIO NEPENAETCH OT CHILHO HATPETOTC TEJHs K BOASHOMY
napy. [Ipeanoxen meron nonyueHus npHOTHXEHHBIX pelieHHi, KOTOPHI MOXHO MCMONB30OBATh MR
peLieHHs MHOTHX NPaKTHYECKHX 32724 B IIMPOKOM AHANA30HE TEMHEPATYDP, JaBNEHHH, NOMIOMATENb-
HbIX ciocobHocTedR ra3a u 1. A. [TpoBenesn pacuer XapaxTePHCTHK TENNONEPEHOCA B CAYYAAX OCTORHHON
MIOTHOCTH TENJOBOIO NOTOKA B OHOKAHANLHOM TEMIOOGMEHHMKE H IPOTHBOTOYHBIX ABYXKAHATBHbIX
TeMI000MEHHHKAX ¢ HEJIBIO NOJIYYEHHs OCHOBHLIX NAPAMETPOB TENIOOOMEHHKKOB, pabOoTAIOMMX Ha
ropaieM reanH H BOAAHOM nape.
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