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MODIFIED SINGLE-ZONE MODEL OF RADIATION RECUPERATOR
WITH MICROFINNED SURFACE

Notation:
o, — convection heat-transfer coefficient of furnace gas, W/(mz-K)
o — convection heat-transfer coefficient (microfinned element), W/(mz-K)
0, — heat-transfer coefficient of furnace gas, W/(mz'K)
g, — emissivity of furnace gas
€, — emissivity of wall
C, — constant of radiation, W/(mz'K4)
¢, — heat capacity of air, kJ/(m3'K)
¢g — heat capacity of furnace gas, kJ/(m3'K)
d, — equivalent diameter, m
F — heating surface area, m?
H — height of recuperator, m
h — height of micro-fin, m
[ — distance between axes of micro-fines, m
r — equivalent radius, m
s — thickness, m
p — pressure, Pa
T, t, — temperature of furnace gas, K, °C
T,,t, — wall temperature, K, °C

~
|

» 1, — temperature of air, K, °C
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Reynolds number

heat transfer rate, W

— heat flux, W/m?

— volumetric rate of fluid flow, m> /s

velocity, m/s

— dynamic viscosity factor, (kg-m)/s

— number of hydraulic resistance (microfinned element)

— density, kg/m3

<o >3 I <o ©O
[

— intensification function.

1. INTRODUCTION

Radiation recuperators are used for the recovery of heat from waste gases with in-
dustrial heat furnaces, glass furnaces and foundry ones [1, 3, 5, 12]. This type of recupera-
tors may be used for furnaces that have waste gas temperature up to 1500°C. The radiation
recuperator have problems with heat transfer in air side.

The over-all heat-transfer coefficient in radiation recuperator is small, therefore inten-
sification of heat transfer in air side is highly recommended. Especially effective method of
intensification was microfinned surface of recuperator flow channels. On microfinned
elements were carried out the model researches of heat transfer and hydraulic resistance.
Applied researches [1, 2, 4, 6, 11, 13] zonal models [7, 8] and universal method of calcula-
tion [10] were elaborated. Single-zone model of radiation recuperator is a special case of
zonal model.

This model is suitable to calculations of small overall dimensions radiation recupera-
tors. The aims of this work are: modified single-zone mathematical model of radiation recu-
perator with microfinned air channel and the project by elaborated model of the radiation
recuperator to glass furnace.

2. THE MODIFIED SINGLE-ZONE MODEL

The heat transfer in modified single-zone model of radiation recuperator with mi-
crofinned surface is describing by equations of heat balances and hydraulic resistance in
recuperator. The wall temperature of microfinned centre tube is weighted mean tempera-
ture. This model includes equations (1)+(17).

The outlet furnace gas temperature from recuperator can be calculated by equation

L Vet —Vac, (13 =1,)
8 éV C”

M

where:
V, — volumetric rate of air flow,
¢, — heat capacity of air,

130



V, — volumetric rate of furnace gas flow,

’ 4
g
& — number of inner losses,

c — heat capacity of furnace gas,

~

— furnace gas temperature inlet to recuperator,

QNQOQ ~

— air preheat temperature outlet,

B
|

air temperature inlet.

The symbol ¢, denotes air arithmetic mean temperature:

The arithmetic mean temperature of furnace gas is:

’”

’
lg tig

g+t

2

tg=

The emissivity of furnace gas is described by equation [9] is:

€¢ =PBco, €co, TBmH,0 €m0 ~ A

where:
€co, — emissivity of carbon dioxide,
€g,0 — emissivity of water wapour,

Bco, Pm,0, Agg — correction factors.

The effective emissivity of wall is expressed by [9] is:

The radiation heat-transfer coefficient is:

4 4
T, T
’ g
Co & & [100] _(mwo)

-
T, -T,
where:
C, — constant of radiation,
T, — temperature of furnace gas,
T,, — weighted mean temperature of microfinned center tube.
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The heat-transfer coefficient of furnace gas is given by

Oy = O, + Ol @)
where:
o, — convection heat-transfer coefficient on furnace gas-side [9] is:
0.8
=(3.51+0.00317, )—Wg
Ol —(3.5 +U. 2 d0~2 (8)

i
t_g — arithmetic mean temperature of furnace gas,

We

d; — inner diameter of center tube.

— velocity of furnace gas inside center tube,

The convective heat-transfer coefficient to air (microfinned element) [6, 9] is:

0.8
_ w
i
where:
Y - intensification function,
_ 035 o037t
y=2"%_ 36.52(%) e hRe030 (10)
o

I
4000 < Re < 12000, 5.< - <40, h > b, >0,

w, — velocity of air,
D — diameter of inner cover,
d; — diameter of center tube,
[ — micro-fin pitch,
h — height of micro-fin,

h, — height of roughness.

The weighted mean temperature of microfinned center tube is:

o, t,+0ot,
th—g f 4 (11)

OLg+0L

The heat flux from furnace gas to wall is:
4 4
T, T,
=C, e e, || = | -2 12
1= %055 (100] (100] (12)
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The heat transfer rate is:
0=V,c, At (13)

The heating surface area is:

-2 (14)

q

The height of recuperator is:

H=—" (15)

1

The pressure drop of air [6] is:

2
w, P H
Bpa == (16
L
F Y076 1 \056 o061t
A =0316 (ZJ (ZJ e h (17)

r )
2.67SZ S16’5SZ <40,h>h, >0,

where r — equivalent radius.

3. THE CALCULATIONS OF RADIATION RECUPERATOR
WITH MICROFINNED SURFACE

The radiation recuperator to glass furnace determine the following conditions:

— volumetric rate of furnace gas flow V= 3000 m’/h (0.83 m3/s)
— furnace gas temperature inlet to recuperator l; = 1150°C

— concentration of carbon dioxide in furnace gas [CO,] =9.0%

— concentration of water vapour in furnace gas [H,0] = 17%

— number of inner losses £€=0.95

— volumetric rate of air V,=2500 m’/h (0.69 m3/s)
— temperature of hot air t, =500°C

— diameter of center tube d;=150m

— diameter of center cover D=154m
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The outlet temperature of furnace gas

where:

134

o EV,coly — cq (17-1}) _ 0.95-0.83-1.62-1150-0.69-1.33(500 — 20) _842°C
§ gv c" 0.95.0.83-1.55
heat capacity of furnace gas C'g =1.62 kJ/(m3 -K),
g = 1.55 kJ/(m*K),
heat capacity of hot air cg =133 kI/(m*K).
The arithmetic mean temperature of furnace gas is:
E - ty ert,’g’ _ 11504842 oo
The arithmetic mean temperature of air is:
7= t 42-1‘;' _ 20+2500 —260°C
The emissivity of furnace gas is:
layer thickness s=09-d=09-1.5=1.35m,
emissivity of carbon dioxide (P'S)C02 =0.09-1.35-9.81 = 11.9 kPa/m,
€co, =0.14,
emissivity of water vapour (P $)y,0=0.17 x 1.35 x 9.81 = 22.5 kPa/m,
€y,0= 0.16,
correction factors: Bco, =1.0, PBy,0 =1.05, A, =0.

¢ =Bco, €co, TPH,0 &0 ~AEg =0.14 + 1.05 x 0.16 = 0.31.
The effective emissivity of center tube is:

, _g,+1 08+1.0

€, = = =0.9.
o 2 2

The radiation factor of furnace gas is:

Co€y€q = 5.76-0.9 -0.31 = 1.61 W/(m?* - K*).



The radiation heat-transfer coefficient is:

4 4
, e ) (T 996+273 Y (552+273 }
Co ey &g 1.61 -
100 | | 100 100 100

T, -T, 996—552

=772 W/ (m2 K)

The velocity of furnace gas inside center tube is:

Vv,
W =—L = 0'832 ~0.47 m/s
md® 15
4 4

The convection heat-transfer coefficient is:

oy 0.4708 5
o = (3.5+0.00317, )61(7 = (3.5+0.0031-996) ga = Wi K)

The heat-transfer coefficient of furnace gas is:
O, = 0, + 0, = 77.2 + 3.4 = 80.6 W/(m” - K).
The equivalent diameter of air gap is:
dy,=D-d;=154-150=0.04 m.

The velocity of the air is:

W, = Va = 0.69 =7.2 m/s.

w0’ _nd® 2(1.542—1.52)

4 4

The convection heat-transfer coefficient to the air (smooth element) is:

0.8 0.8
o, =(3.57+0.001741,) w% 5= (3.57+0.00174- 260)L02 =37.1 W/(m2 -K).
dy " 0.04™
The density of the air
p T, 273
=p,— —=127T—— _ 3
P=Po b T 2734260 = 0.65 kg/m”,
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where:

p, =127 kg/m3, p, = 1000 kPa, T, = 273 K, p/p, = 1.0.
The Reynolds number in the air gap is:

_wdyp_7.2-0.04-0.65

Re 5
n 27.04-10"

= 6923,

where:

136

w,=72m/s,d,=0.04m,¢= 27.04-10° kg/(m's).

Substituting the value Re = 6923 and //k = 10 into equation (10) we get:
Y =36.52 - 10%%.¢007 10 6923030 = 2.3,

The heat-transfer coefficient of microfinned element is:

=0, (1+Y)=371-(1+23)=122.4 W/(m*- K).

The wall weighted temperature of microfinned center tube is:

o, t, +ot . .
 _Oglg 0 80.6-996+122.4-260 _ cro

v O+ 80.6+122.4

The heat flux from furnace gas to wall is:

4 4 4 4
T
a=Cyee || =5 | <[ Lo | {=r6a|[ 28] (222 |=34203 Wim?.
1| 100 100 100 100
The heat-transfer rate of recuperator is:
o=V, (c,t,—c',t",)=0.69(1.33-500 — 1.28 - 20) = 441.186 kW.
The heating surface area is:

4411
F_Q 441186

=129 m?2.
g 34293

The height of recuperator is:

H:i: 12.9
nd, w15

]

=274 m.

The radiation recuperator with microfinned surface illustrates Figure 1.
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Fig. 1. Radiation recuperator: 1 — microfinned center tube, 2 — inner cover, 3 — outer cover, 4 — inlet
chamber, 5 — outlet chamber, 6 — heat insulation

The number of hydraulic resistance in air channel is:

l

-0.76 , ; \-0.56  _( g6l -0.76
A=0316 |~ L e n=0316 [ 292 107056 ,=0.06110 _ ( 18
h h 0.004

where:
r =0.02 — equivalent hydraulic radius,
h =0.004 — height of micro-fin,
/=0.04 m — micro-fin pitch.

The pressure drop of air is:

2 2
22127 274
Ap, <A YaPa _H 487 T 2718 _406 P,
2 D-d 2 1.54-150

1
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where:

(1]
(2]
(3]

(4]
(5]
(6]

[7]
(8]
9]

[10]
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w, =7.2m/s — velocity of air,
p, =127 kg/m> — density of air,
P, = 1000 kPa,
T, = 273 K,
H = 274 m - height of recuperator,
D —d;=0.04m = equivalent hydraulic diameter.
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The heat transfer in modified simple-zone model of radiation recuperator with mi-

crofinned surface is describing by equations of heat flux balance referring to mi-

crofinned center tube.

In the model were applied researches on convective heat-transfer coefficients

and numbers hydraulic resistance of microfinned recuperator elements for ranges:
/ r

4200 < Re < 12000, 5 < 7 <40,2.67< s 16, h>h.>0.

The modified model includes equations describing: heat-transfer coefficient of furnace

gas, heat-transfer coefficient to air, weighted mean temperature of microfinned wall,

mean temperatures: furnace gas and preheating air.

The larger position of balance is heat flux from furnace gas to wall, therefore mean

wall temperature can be described by weighted mean temperature.

The single-zone model made possible the projects of small radiation recuperator with

microfinned surface to glass furnaces.
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