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1. Positioning of the Fur'na_ce' Wall Emission Heat Loss

. Typical heat losses other than the furnace wall emission heat loss are described on the

. basis of their mutual relationship.

1.1 The heat Joss removed by exhaust gas

Heat loss by exhaust gas has the highest proportion of all the heat losses of industrial

furnaces. Accordingly, its effective recovery and utilization have a great effect on the

‘problem of improving furnace efficiency. A typical measures for exhaust gas sensible
- heat recovery and effective utilization are as follows: :

1) By the provision of an air preheater, waste heat boiler, heat accumulator (brick
construction), etc., conversion to other energy and utilization for the combustion of
prchcated air which has had heat exchange performed. -

2) Heating by exhaust gas circulation, and utilization to drying, preheat, calcination, etc.
For the effective recovery of heat of exhaust gas, not only is the performance of the
recovery system important, but also, the heat insulation should be intensified in the
ei:h_aust_gas circulation route, such as connection duct and flue to prevent emission heat
as far as possible. '

1.2 Heat radiation, leaks, and the entry of cold air from the opening

In the case of batch type furnaces, etc., at the time of charging or removing material to be
heated or burned, the cover, door, etc. are opened/closed, thereby allowing outside air to enter,
furnace hot gas to be released, and heat loss by radiation to occur. Designing the openings to
an appropriate shape and size, changing the door structure (double door, etc.), and improve-
ment of the furnace préssure adjustment, combustion control, etc. are required.
| On the other hand, when almghtness of the continuous operation furnace is not main-

| tamed comp]etely, cold air enters at the gap of the opening and Jeakage from the furnace walls,

roof Jomts and the filler material portion of expansion joint occurs. Heat loss due to
imperfection of industrial furnace design, construction, maintenance, etc. will therefore occur.
However, such heat losses have recently been reduced through the 1mpr0vcment of heat

pattern, adopnon of suitable furnace form and furnace construction at the time of the furnace

demgn progress in the filler material according to the purpose, such as the fiber msulatmg

_materlal and capabahty to mamtam furnace airtightness by the propcr use of these matenals
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1. 3 Accumulatlon loss of furnace msulatlon

When fu‘cbncks (or monolythic refractoncs) are used for so-called atmospheric furnaces,
such as batch type forgmg heating furnaces and heat treatment furnaces, the material to be
heated is extracted in the heating/cooling cycle, the furnace is left empty for a predetermined

time, the material to be heated is charged afresh after the furnace temperature drops to a certain '

extent, and the furnace is reheated. In such cases, the initial heatmg energy 1s spent for heatmg
the furnace refractories, That is, the above energy is absorbed by the furnace wall as heat ac-
cumulation loss until the furnace wall refractories reach a predetermined temperature. In addi-
tion, rapid heating used to be restricted out of consideration for the thermal spall'ing of lining
: refractones, and a certatn temperature rise time had to-be observed to, create a bottleneck for
energy saving, ' ' ' '

' Thie calorific value required for furnace body heat accumulation can be empmcally glven
by the followmg expression. ‘ -

oc\/P Co A H x(T- 'ro) F

where- Q= Calorific value requnred -for heat accumulation (kcal)
' p = Density of refractory (kg/m3) C
: Cp = Specific heat of refractory (kcal/kg®C) -
1 = Thermal conductivity of refractory (kcal/mh°C)
T = Settemperature (°C) - '
To = Initial temperature (°C) -
'F = Effective furnace area {m?2)
H = Temperature rise time '(hours) '

As apparent from the above cxprcssmn the amount of heat accumulatlon Q can be
reduced by lowering P, Cp, and . o

In the heat balance of batch furnace the proportlon of furnace body ‘heat accumulation
loss is as high as 30%— 35% in brick furnaces. Reducing the mass of fumace forrmng material
directly reduces the heat loss. :

Recently, various high temperature insulating materials have been devcloped An examplc
is the fibrous insulating material on the inner surface of refractory of existing furnaces. Another
example, is when fibrous insulating material alone is used for new furnaces. In the above
cases, furnace wall accumulation heat loss has been reduced 1o a large degree and rapid
heatmg/coolmg has become possible. These and others contributed to the improvement of
operation furnace, and energy saving has been further promoted. Likewise in continuous

heating furnaces, similar practices have reduced heat accumulation in the refractory,

contributing to outer wall temperature drops.
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1.4 Heat loss due to the provision of a cooling part

When the operating temperature of the furnace is extremely high, a water cooling jacket is
provided on the side of the furnace shell iron skin for forced cooling of the back of the
refractory for preventing the lining refractory from melting and eroding, as well as for
maintaining durability. Also when there is reinforcement with the metallic structure material due
to insufficient strength with the refractory alone, a furnace body structure which is an essential
requirement, is sometimes adopted to sacnﬁcmg heat loss typically by making the steel material
of the cooling system as its’ core. :

Typical of the former is the water coohng mcchamsm of the blast furnace, melting
furnace, etc., while the latter involves skid pipes, extraction openings, etc, In various other
burning furnaces, etc. a natural air cooling mechanism is adopted in many cases. Cooling heat

- loss and refractory damage prevention have a mutually opposing relationship. It is determined

on the basis of the economic balance between the refractory melting/erosion control effect and
heat loss. Though these measures to avoid heat loss are in many cases absolutely necessary,
future problems involve improving the operatmg method and R D of refractories that can
endure conditions without cooling.

For the main factors mentioned above, considerable improvement has already been made

. in the existing furnace, considering the rises in energy prices, for the exhaust gas loss and

furnace wall emission heat loss which are major elements of the total, and thorough
improvement, such as the addition of waste heat recovery systems, and intensification of heat
insulation, etc. made to enhance the total heat efficiency.
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2. Various Heat Insulating Materials. and Characteristics

2.1 Refractory _b‘.ri'cks and insulating materials

2.2.1 -'F-imbricks_- ) .
(1) Typical qualities of various fire

brficks. (Table 1)

‘Table 1. Typical quality of 'refraétory bricks -

Material

High alumina

" Basic

Fire clay | silica |__ Silicon

Tem ol e || oo | o @® |'®@ | ® | @ |cabide
‘Refractoriness (SK) {32 (34 |34 |35 |38 [40< |33 |40< [40< |d0<|40<
Apparent porosity (%) | 23.0 | 21.5 | 18.0 [ 23.0 {22.5 {180 [19.0 [11.0 200 |17.0 [18.0 | 150
Bulk density | 2.00| 2.5| 2.25| 2.20{ 2.75| 295 | 231 | 3.5| 2.90| 3.00] 2:85] 270
Cold crushing | 4e0 |- - 1200 1o 450 - | s00 450 | 4 10
Swength (kgiom?) + | 350 [ 450 | 500 1400 | 700 J900 450|500 |400 | 450 |700 |1270
Refractoriness under v A : | P 16901 :
lowd T (°C) 1345 | 1440 | 1470 1470| 1530 | 1700< | 1620 | 1610 _1§15 1650 | 1620 {'1700<
Thermal expansion at o : iy . . .
1000°C ‘ 0.5 0.6 061 0.6| 0506 |14 |06 10| 1.2 ] 13 | 04
Permanent linear S b Lo . S SRR o :
expansion (%) - 0 | 0 0 0 0 & 1+01 + 0.4 TO.‘?_ + 0.1 TD'I 'O )
Chemical - | Si02 _ 966
composition | Al,Gy | 32.5 [ 38,8 140.9 | 48.0 | 84.8 {905 | 0.5
%) Fe,0 | 25 | 20116 | 20| 18] 04 | 10 0.3

MgO 14,7 | 71.378.6 | 94.8

Cr0; 258 | 9.9 8.6 _

8iC 86.8
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(2) Thermal conductivity of various firebricks (Figure 1)

" Figure 1 Thermal conductivity of refractory bricks (example)!)
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3 Mean specific heat of various firebricks (Figure 2)

" Figure 2 Mean specific heat of refractory bricks1)
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2.1.2 Insulanng ﬁrebrlcks

Insulating ﬁrebncks in Japan are standardized by J IS R2611 as shown in Table 2, Class
A is characterized by low heat conductivity, and class C is characterized by bricks with
the emphasis placed on the crushing strcngth Class B is 1ntermcd1atc, small, in heat
conductivity; large in crushmg strength to some extcnt and used most generally.

Table 2 JIS on _insulatlhg flrebric_ks (JIS R261_1) '

meperased por | 0| oM et ) vl (v ten

Type sh:lnkgg'e 2t - .Bulk density kat/omd) : p'e“t:::a:/::’hri-l:;m
e I N T R/ (m+K) ‘

Class 1" 900 | 0.50 oc lese | 5-or more [0.49) |0.13 or leas [0.15)

Class 2 1000 - |0.50 or lesa | 5 or more [0.49] | 0.14 or less {0.16]

Class 3. 1200 | 0.50 or less | 5 or more [0.49] |0.15 or less [0.17]

Group A | Class 4 1200 '0.55 or less _'8 o more [0.78] {0.16 or less [0.19)

Class 5 1300 - | 0.60 0r less’| B or more ';[9;781 0.17 or less [0.20]

Class 6 ' 1400..  [:0.70 or less | 10 or more [0.98) |0.20 or less [0.23]

Class 7 1500 0.75 or less | 10 or more {0.98] | 0.22 or less [0.26)

Class 1 900 - 10,79 or less’'| 25 or more [2:45] |0.17 or less [0.20]

Class 2 1000 10.70 or less | 25 or ﬁorgJ(i'451 0.18 or less [0,21]

Class 3 100 |0.75 or less | 25 or more [2445) [0.20 or less [0.23)

Group B CIas;i-4 1200 ' 0.80 or less | 25 or more (2. 45] 0,22 or less ‘|0.26]

. Class 5 1300 0.80 or less '25 or more [2.45) [ 0.23 or less [0.27]

Class 6 1400 | 06.90 or Yess | 30 or more {2.94) | 0.27 or less [0.31]

Class 7 1500 - 1.00 or less | 30 or more [2,94] | 0.31 or less [0.36]

Class 1 1300 1.10 or less | 50 or more {4.90}-| 0.30 ot less {0.35]

Group C |Class 2 ;1400 1.20 or less | 70 or more [s.sh]_ 0,38 or less ([0.44]

(Class 3 1500 ].1+25 oz 1es§ 100 or _mre' [§.Bl] 0.45 or less [D._52]

)

Fire insulating bricks can be generally classified according to the raw material to

(1) those mainly of diatomaceous earth (2) those mamly of ﬁrcday, and (3) those of
mainly fire resisting material,

Diatomaceous earth insulating firebricks

These bricks are the main of low temperature insul:'i_tin'g fire bricks. Bricks of this
category are further divided into diatomaceous earth single bricks manufactured by first
granulating diatomaceous earth and then ~mixing sawdust, and fire msulatmg bricks
manufactured by addmg plastic ﬁreclay to diatomaceous earth
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Table 3 Physical properties of diatomaceous earth single-fired bricks (example) 2)

o Type Al Ay Bi By Hi Hy
Temperature not exceeding _
reheat shrinkage 2.0% (°C) 900 1000 - 900 1000 900 1000
Reheat shrinkage (%) 0.50 0.66 0.57 0.56 0.40 0.58
Bulk density , 0.47 0.46 0.65 0.65 0.80 0.75
Cold crushing S;renglh (kg/em?) | ¢ 11 34 13 02 95
Modulus of rupture (kg/cm2) 4 -5 15 18 39 43
Efﬂ";‘n%d;"é‘;&% S eaz | o013 | 016 | 017 | 019 | 023
Porosity (%) 30 | 80 7 7 65 | 65
Coeficient of lincar ' ' .
expansion/shrinkage at atg(J]O(;’C 0.30 atg(%’c 0.26 a[gq)‘;c 0.23
temperature (%) at 1000°C o ' :

(2) Fireclay insulating firebricks
Fireclay insulating firebricks are used for reducing emission calorific value from the
furnace wall at regions of relatively high temperature and heat accumulation loss at the
furhace wall, achieving energy saving, improving the work environment, and promoting
equipment cfﬁciency. Generally, the main material is kaolinite and halloysite group clay
- chamotte, roseki or the like, and production is by adding plastic fireclay, sawdust, etc.
thereto. '

Table 4 Physical properties of insulating firebricks using fireciay (example) 2)

_ Type - A A7 Bs Bg Ci
Temperature not exceeding
reheat shrinkage 2.0% (°C) ‘ 1400 1500 1300 1400 1300
Reheat shrinkage (%) - 0.55 0.71 0.53 0.54 0.57
Bulk density - | o068 | 073 | 078 | 086 | 106
Cold crushing strength (kg/cm?2) 14 14 28 35 63
" | Modulus of rupture (kg/cm?) 7 7 17 20 25
“Thermal conductivity '
(keaymhr°C) at 350°C 0.19 0.21 | 0.22 0.24 0.28
Coefficient of lincar .
expansion/shrinkage at : 0.37 0.38 050 | 043 0.51
temperature (%) at 1000°C : '
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~ Table 5 Physical properties of fireclay. brick_s using lightweight grain: (example) 2)

Type B c D
Temperaturé not exceeding reheat ' : T
shrinkage 2.0% (°C) 1450 1300 1400 . 1300 R
Max. temperature for safe use (°C) — — _ — —
Reheat shnnkage %) 035 | 13?0i>6< Bhr | e
Bulk densny _ 1.42 - 1.53 - .1.52_ _ _ 1,60
Cold crushing strenglh (kglcmz) 130 120 C120€ | - 150
Modulus of rupture (kg/om?) | 61 — = —
Thermal conductivity (kcal/mh°C) S I PR
a30C 047 0.51 0552 | 060>
Porosity (%) 44 Y 47 R
Coefficient of linear expansion/ : ' o
shrinkage at temperature (%) at’ 0.42 0.53 0.52 0.60
1000°C _
Refractoriness under load - , :
(1 kg/cm2 - T2°C) ) 1340 | 1310 1340 —
Chemical siop, | 9 | 66 57 64

| composmon (%) ALO3 - 37 27 42 24

Fep03 2.9 15 2 —

Table 6 Physncal properties of Insulating firebricks’ .using form styrol or pearlite

(example)
Type A B C D E

'{%r%p?g%t;:re not exceeding meeat shrinkage |. 1300 1'300 ] 400' 1400 ' 13'00
Max. temperature for safe use °C) o 1500
Reheat shrinkage (%) 002 | 005 | 008 | 010 | 05>
Bulk density 0.52 | 0.53 | 0.65 0.67 1.10-1.20
Cold crushing strength (kgjcmz) 16 15 30 25 . _go_'zo(j
Modulus of rupturc (kg/cmz) _ w |l ¢ 1171 s
Thermal conductivity (kcal/mhr°C) at 350°C 0.14 0.15 | 017 | :0.19- |-~ 0.30-0.35
Porosity (%) 81 80 | 76 | 77 | 56.2-62.6
Coefficient of linear expansion/ shrinkage at : e o
temperature (%) at 1000°C -0.41 0.38 | 042 044 | - —
Refractoriness (SK) _ - — — - 35
Refractoriness under load (1 kgfem? - O | — — - - 1250 <
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(3) High alumina/alurnina insulating firebricks

Firebricks of this category can be largely classified as those using bubble alumina and
those using high alumina material. The former is burned at a high temperature after

- pressure forming, and binder is added to bubble alumina. The latter is manufactured in a
manner similar to fireclay bricks, u_sing electrofused/sintered alumina, mullite, etc. as the
main raw material, |

Table 7 Physical properties of high-alumina, alumina insulating firebricks
(example) 2 4

. Type A B C D E
’,F;fgg;‘;:;iggg g_{‘gg,fcg:fg) 1 1800 1800 — 1600 1650
Max. temperature for safe
use (°C) _ - o o T o
Reheat shrinkage (%) - © | -0.30 0.10 J— 0.38 0.24
Bulk density 1.28 1.53 0.48 0.87 - 086
g:’g]/‘i;gfhi“g strength 6 184 10 2 45
Modulus of rupture (kg/cm?2) 3 72 9 17 28
&Z’f}‘;ﬁ;&‘g";‘fﬁ% 0.61 0.77 _ 0.29 0.30
Porosity (%) ' 63 55 — — —
Coefficient of lincar ' |
expansion/ shrinkage at . 0.66 0.79 — 0.48 0.54
temperature (%) at 1000°C
Refractoriness (SK) 40 < 40 < — — —
ﬁeirga/zl;grfe;sz Bg)der load 1600 < 1500 < o o o
Chemiical Si02 13.6 0.4 0.1 — —
composition (%) | Al,03 85.7 99.2 99.3 — —

Fep03 0.1 0.1 0.13 0.55 0.51
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Silicic acid insulating firebricks

‘Table 8, Physical properties of silicic .acid insulating firebrick (exampte) 5)

-Type ‘ A B c .

Temperature not exceeding reheat shnnkage 1550 . L
2.0% (°C) '_ _ :
Max. tempcrature for safe use (°C) — — 1500
Reheat shrinkage (%) -.0.02 — 053
Bulk density 0.96 1.18 or less _ 1 18
Cold crushing strength (kg/cm2) 42 | 40ormore 50
‘Modulus of rupture (kg/cm2) 25 = 19
Themal conductivity (kcal/mhr°C) “0.32 0.4 or less 0.37
a3s0°C '
Porosity (%) - fspgfﬁ‘;‘rg"ms“y | st
atemporanre (B o 1000°C |18 | 120rless | 109
Refractoriness (SK) | — 3 28
Refractoriness under load (1 kg/em?2 - T2°C) — — 1350
Chemical composition (%) | SiO2 9.24 88ormorc | 888

AlrO3 — 1.7 or less 04 1.

FeaOs — 2.5o0rless 02

Ca0 — — 57
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(5) Thermal conductivity of insulating firebricks (JIS Classes A, B, and C)

Figure 3 = Therma! conductivity of insulating firebricks
(JIS Classes A, B, and C) {(example)
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2.2 Mondliihic refractory and insulating:material R
2.2.1 Fire resistant castables and fire resistant plastics
(1) Typical quality of various fire resistant castables

Table 9 ‘Phﬁs'lcal properties of castable refractories (exampie) 9)

Material High-alumina - Firectay
Item ® @ ® )
Max. temperature for use (°C) 1800 1650 1550 | 1450
Execution required quantity (kg/m3) 2850 2200 2050 | 1900
Lincar change aficr 110°C—24h 0 9 0] 0
heating (%) 1000°C— 3h |--006. | 020 | —0.25 | —0.15
| 135°C— 3h | 009 | 050 | +0.50 | —020
1500°C— 3h -| -020 | 040 | -0.60 | —-
Crushing strengthafrer | 110°C=24h . | 450 200 | 260 | 250
heating (kgffom?2) 1000°C— 3h | 340 180 180 | 150
| 1350°C— 3h 450 200 300 | 300
- 1500°C= 3h 500 | 600 650 —
Modulus of rupture 110°C-24h g0 | 40 60 30,
after heating (kgf/em?2) | 1000°C— 3h 55 25 "35 1 30
- T1350°C— 3h 40 |40 50|65
1500°C— 3h 80 | 155 | mo | —
Thermal conductivity at 260°C -.0.93 0.65 0.64 0.52
(keal/mh°C) at 540°C 099 | 075 | 073 | 059
at 800°C 1.04 0.86- | 0.80 0.63
Chemical composition Al203 95 61 47 | 3
(%) SiO) — 33 .1 - 43 51
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(@) Typical quality of various fire resistant plastics

Table 10 Physical properties of plastic refractories (exampte) 9)

Material High-alumina Fireclay
o lem ' @ @ ® @
Max. temperature for use (°C) 38 37 | 34-35 32
Execution required quantity (kg/m 3) 1800 1750 1650 1400
Linear change after 110°C-24h 2900 2600 2300 | 2250
heating (%) | 1000°C- 3h | 020 -055| 070 | 070
| | 1350°C- 3h | 025 | 070 | -0.55{ -0.90
1500°C— 3h | +0.15 | —0.75 0| -1.20
‘Crushing strength after- 110°C-24 h +0.50 | —-0.65 -0.10 —
@ heating (kgf/cm ) - 1000°C- 3h 170 90 40 45
| 1350°C~ 3h 200 | 210 170 200
. 1500°C— 3h 600 440 320 320
Modulus of rupture 110°C-24h 800 450 380 380
after heating (kgffem 2) 1000°C—- 3h 35 30 10 5
1350°C— 3h 45 40 20 20
1500°C— 3h 120 100 40 40
Thermal conductivity at 260°C 150 130 | . 95 95
(keal/mh®C)  al540°C 120 115 | 084 ] 081
' ' al 800°C 1.36 1.30 0.91 0.89
Chemical composition | 41203 92 73 44 38
(%) | Si02 6 24 49 54

%
#

2.2.2  Fire resistant insulating castables and fire resistant insulating plastics

- Fire resistant insulating castables (calcined diatomaceous earth, expansion silica,
expansion pearlite, clay lightweight chamotte, alumina, bubble, etc.) are used as high

insulative lightweight aggregates. Alumina cement is extensively used as the binder.

 Fire-resistant insulating plastics are made into a kneaded earth form by kneading after the

addition of lightweight aggregate, clay, binder, etc. and a small amount of water.
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2.2.3 Fiber monolithic composite material

Ceramic fiber has been improved in its fire resistant properties, workability and wind-
velocity resistant property, etc. This is a composite product of fiber and existing fire
resistant insulating material. Castable composite material is made of alumina cement
(binder), ceramic fiber, and fire resistant aggregate. Plastic composite material is
"manufactured in a form of kneaded earth by adding water, adhesion increasing material,
setting agent, and fire resistant aggregate to the ceramic fiber.

Table 12 Physical properties of fibrous composite material (example) 7)

Castable composite - Plastic composite
_ material . - material
Max. temperature for use (°C) _ 1200 1300 1000 1000 1400
Bulk density | Afler 105°Cdrying 081 | 076 0.35 0.35 0.89
@ ' After max. temperature
. buming - 0.70 - 0.63 0.34 0.34 0.87
Modilus of | After 105°C drying 15 | 12 4.0 6.0 8.0
rupture Afier max. temperature
(kg/em?) burning _ 6 4 0.5 1.2 10.0
Cold | After 105°C drying 17 16 | — — —
crushing
strength - After max, temperature 7 5
(kg/em?) buming - ' T - —
Heating | 1000°C 0.6 0.4 1.2 1.3 —
shrinkage 1200°C _ 1.0 — — — 0.6
(%) 1300°C — 0.6 — — —
| 1400°C - -— wmm — 1.3
1500°C j , — — —_— —_— 2.2
Thermal conductivity (kcal/mh°C)
at normal temperature 0.15 0.14 0.069 0.071 0.16
composition (%) Si07 29.6 25.4 52 58 34
Ca0 14 .8 9.1 — — —
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2.3 Fibrous msulatmg materlals
2.3.1 Ccramlc fiber _
(1) Alumina silica fiber -

Alumina silica fiber is manufactured by adding boric acid glass, zirconia, chromium
oxide, etc. to-alumina silica raw materials, such as kaoline calcinated material, bauxite,

' a]umma or silica sand, silica flour, etc. mixing $iO2 and A1203 as to becorne almost
: 1, fushing in an electric furnac., at-a high tcmpcrature of 2000°C or more, and

causmg it to- flow out in a thin stream so as to be fiberized. ‘There are two ﬁbcnzauon.

methods: the blowing: process for blastmg compressed air or stéam JC[ and spinning
process utilizing the centrifugal force of a rotor running at a high speed.

Table 13 Physical properties of commercially available ceramic’ fiber 8
Maker A B C D | B | F | a
‘ . {Short {iber) (l.bng fiber) . ' - . _ ) N
Fiber diameter (m) 2.3-25 28 |235 | 36| - 3| 28|
Fiber length (mm) <38 13-254 | Mean | <38 |Maxdengih|- 52301 75 |
: 100 250 - B
True specific 2.73 — | 2.56 2.6 2.73 2651 3171 —
gravity (g/em?) ] S '
Melting point (°C) >1,760 1,760 | 1,760 >1,760 | 1,800 | 1,825 |  —
Temperature for use 1,260 1,260 | 1,260 1,300 1,260 | 1,400 1-.480
(°C) | : :
Chemical -
composition (%) ) _ )
AlRO3 - 50.9 513 50.1 | 45.5 51.8 52-53 | 60.2 | 40.4
$i02 46.8 453 493 | s4.0 479 | as-a6 | 387 | 551
FeoOn — — 0.1 0.2 0.1 | 0.1-0.15 |. 0.2 —
TiOy — — 0.1 0.5 tr. 1-1.5. | 0.2 -
Ca0 — —_ 0.1 — tr. — | .0 —
MgO — — tr. — tr. | —| 01| -
 NapO 0.8 - 0.3 | 0.2 02 | 0.1-02 | 0.4 -
ByQ3 1.2 — — — — | 01202 —_ —
V7195) — 3.4 — — — — -1 =
Cra03 — — — — — — — 3.5
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Figure 4 Thermal conductivity of alumina silica fiber
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Alumina silica fiber is used for manufacturing secondary products such as blankets, felt,
molded paper, rope, braid, blow items , etc. using “bulk fiber” which is the basic
material. Its field of application is very extensive now and will be more so in the future.

Alumina fiber

Ceramic fiber is used for atmospheric furnaces of relatively low temperature, such as heat
treatment furnace, and has gained attention as an cncrgy saving insulating material.
However, its heat resistance and durability for heating furnaces of around 1300°C, such
as rolling continuous heating furnace and forging heating furnaces, is insufficient. As
super-high temperature insulating materials, alumina fiber has also-been developed.

Table 14 Physical properties of alumina fiber 8)

Fiber density

Specific tensile strength
Young’s modulus
Specific moduiu's of elasticity
Fiber diameter

 Surface area

B Mohs’s hardness

. Composition

3.4 g/em?
Melting point >2,000°C
Max. temperature for use >1,600°C
Specific heat 0.25 cal/g°C
Tensile strength 1 x 102 MN/m?

40 x 104 m3§2
1% 104 MN/m?2
4x 10 m282.

3 1 (mean)

3 mé/g

6

Al120495%, Si0, 5% -

5917




Figure § Thermal conductivity of alumina fiber 3) |
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(3) Zirconia fiber

- Zirconia fiber currently has the possibility of being used up to the highest temperature of -
all ceramic fibers, :

" Table 15 Characteristics of zirconia fiber 9) | '

Appearance = White short fiber

Fiber diameter ' Mean 5 n '

Fiber lehgth _ Mean 20-30 mm

‘Melting point | 2600°C

True specific gravity 5.8

Bulk density 80-100 kg/m3

Thermal conductivity (Bulk density 100) (Bulk density 400)

(kcal/mh® C) 500°C 0.10 - 0.12
1000°C 0.26 0.17
1500°C 0.75 0.23

2.4 Heat and cold insulating materials

Japanese Industrial Standards specify seven heat and cold insulating fhaterials rock
wool, glass wool, caitle hair felt, calcium silicate, polystyrene foam, water repellent perlite and
hard urethane foam.

Among them, cattle hair felt, polystyrene foam and hard urethane foam are most_ly used
for cold insulation since they are 70° to 100°C in maximum working temperature. Rock wool,
calcium silicate and water repellent perlite are often used also for lining the refraCIines of high
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temperature furnaces since they are relatively high in maximum working temperature. Ceramic
fibers are low in thermal conductivity and High in maximum working temperature, but are used
as an insulating material for temperatures higher than 1000°C and not used in the areas of the
above mentioned heat and cold insulatin g materials, since they are very expensive compared to
those heat and cold insulating materials,

2.4.1  Rock wool i,n_sulator‘s- :

Rock wool insulators are prepared by adding slag and limestone to rocks such as
andesite, melting the mixture at a high temperature of 1300° to 1600°C, and blowing it by
high pressure water vapor_'o'x" compressed air or scattering it by centrifugal force, for

 forming fibers. Various heat insulators are produced from rock wool, to suit respective
objects and_ applications. ' |
'Rock wool insulators suddenly risc in thermal conductivity according to the decrease of
‘density in.a low density range, like glass wool insulators. This phenomenon is caused
mainly because the heat insulating layer transmits radiation, and there is a density at

" which the thermal cond'uctivily becomes minimum. In a high density range, the thermal
conductivity of rock wool rises almost linearly in relation with the temperature, but in a
low density range, the relation shows a curve expressed by a quadratic equation.

Table 16 Kinds and main physical properﬂes of rock wool insuiators

CMaeid || pukdensity | wodking. Thermal conductivity
standard No. Kind 3 temperature W/m-K
andname | : (kg/m-) _ ‘(:Z,ec) (kcal/m-h-°C)
sg%li : — | ‘150o0rless 650 %ggzég)e temperature
0.044 {0.038) or less
No.1 |. 100orless 600 0.044 {0.038} or less
Heat No.2 160 or less 600 0.043 (0.037} or less
insulating | No.3 300 or less 600 0.044 {0.038} or less
. |board | No. 4a] 350o0rless 650 0.055 {0.047] or lcss
JISA 9504 | No. 4b | 350o0rless 400 0.055 {0.047} or less
(Rock Wool | Felt — 70 or less 400 0.049 {0.042} or less
Insulators) Pipe cover
' — 200 or less 600 0.044 {0.038]} or less
Heat — INo1 | 100orlcss 600 0.052 {0.045) or less
insulating
belt No.2 160 or less 600 0.049 {0.042} or less
Blanket | No. I 100 or less 600 0.044 (0.038} or less
No.2 160 or less 600 0.043 [0.037} or less
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2.4.2 Glass wool 1nsulat0rs

- The production method is almost thc same as 'that for rock wool 1nsu1ators, but phenol

© resin is‘generally often used as a binder. So, glass .veol insulators are ‘higher in-organic

“material content than rock wool 1nsulators, and are not vcry sunable for use at high
temperatures.

Table 17 Kinds and main physicai'propemes of glass wool Irisulators

qondadNo.| | Kkind | ‘Buk density hﬁiﬁ;ﬂ; e a\i!(/;;'fg@ty -
adname |- Gemd o lemEELE (kealfm°C) -
_ AR IR (Avcragc tempcratune 7045°C)
Class | o2 B 400 0.042 (0.036} orless |
| wool No.3 — | 400 |- 0.049 {0.042) or less a
o No2 24k |2412 300 | 0.049 (0.042) o less '
No2 32k 3244 | 300 | 0.047 {0.040) or less -
No2 40k |40+4,-3 0350 : | 0.044 (0:038) or Jess
_ No2 48k |48+4,-3 - 350 | 0.043 (0.037) or less
1Heat = |[No2 64k |66 400 0.042 (0.036) or less
HS A 9505 | insulating | No.2 80k |80+7 400 - 0.042 {0.036] or less -
(Glass Wool | 0 [No2 96k | 96+9, -8 400 | 0.042 {0.036) or less
Insulators) : No.2 120k | 12012 400 0.042 {0.036) or less
o I No3 80k | 807 | 400 0.047 (0.040) orless -
No.3 96k |96+9, -8 400 | 0.047 {0.0340} or less
I No.3 120k | 120412 400 0.047 (0.040} or less
Blanket- | b 24 or more 350 0.048 {0.041} or less
. qe 40 or more 400 0.043 {0.037} or less _
| Heat 24k, 32k |24,320rmore {300 0.052 (0.045} or less 3
insulating | 40k, 48k - | 40, 48 ormore{ .-350 - | 0.052(0.045} or less
belt 64 k or more | 64 ormore 400, 0.052 {0.045] or less
Pipe cover — |45ormore” | 350 | 0.043 {0.037} or less -
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2.4.3 . Cattle hair felt

This is not so popularly used even though specified in JIS.

Table 18 Kinds and main physical properties of cattle hair felt

. o Maximum -
sta?l%a;er:llarlslo- Kind Bulk density | working - T”e““%b‘jomli(“cm’l[}’
' md kg/m3) femperature mA
and name Sotr . °C) (kca/mh-°C)
Thickness (Average temperature)
: ~ (mm) (705°C) . @0
_ _ No.1 | Lessthan 15 | 130 ormore 100
JISA9508 | “.1150rmore | 130 ormore 100
(Catfle hair - | No.2 | Lessthan 15 | 130 or more 100 0.053 0.042
Fely -~ 15 ormore 130 or more 100 {0.046} orless | {0.036} or less
7 1 No.3 | Less than 15 | 100 or more 100 ;
- ‘| 15 ormore 100 or more 100

2.4.4 Calcium silicate insulators
The msulators are prepared by addmg lime and remforcmg fibers to a siliceous powder
such as diatomaceous earth, and causing chemlcal reaction to pr(}duce calcium silicate
crystals. Dependmg on the-crystal system produced, products different in performance
are obtained; xonotlite of 1000°C in maxamum working temperature and tobermorite of
650°C.
For different purposes of use, heat insulating boards and pipe covers are available.

Table 19 Kinds and main physical properties of calcium silicate insulators

Material Bulk hﬁ;‘;ﬁﬁ? Thermal conductivity
standard No. Kind density | ™ ra[ffr . W/m-K
and name (kg/m3) IE‘?C) {(kcal/m-h-°C)
' ' (Average temperature
- : . : T045°C)
Heat insulating board No. 1-13] 130 or less 1000 0.049 {0.042} or less
. .| Pipe cover No. 1-13 - 130 or less 1000 0.049 {0.042} or less
JIS A 9510 [ Heat insulating board No. 2-17} 170 or less 650 0.055 {0.047} or less
(Calcium Pipe cover No. 2-17 170 or less 650 0.055 {0.047} or less
Silicate Heat insulating board No. 1-221 220 or less 1000 0.062 {0.053} or less
Insulators) | Pipe cover No. 1-22 220 or less 1000 0.062 {0.053} or less
' . Heat insulating board No. 2-22 [ 220 or less 650 0.062 {0.053} or less
Pipe cover No. 2-22 220 or less 650 0.062 {0.053} or less
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2. 4 5 Polystyrenc foam insulators

The insulators are prepared by adding a foammg agent and a flame retardcr to polystyrene

resin, and heanng the mixture for foaming.

Table 20 Kinds and main physical 'propertl'es of polystyr'ene foam Insulators

Material  Bulk hfv ?&T:gl Thermal conductivity
standard No. Kind density temperature W/m-l(o |
and name . (kg,lm 3) ‘ €0) - (kcalfm-h-_ C):
| (Average lemperature
B 1 : . 2045°C).
Class A heat insulating board special |27ormore]| . 70 . | 0.034 {0.029] orless
Class A heat insulating board No. 1 {30 ormere| 70 - | 0.036 {0.031} or less
Class A heat insulating board No. 2 -| 25 or more 70 | 0037 {0.032} or less
Class A heal insulating board No. 3 { 20 or more 70 0.040 {0.034} or less
JIS A9511 | Class A pipe cover No. 1 35 or more 70 0.036 {0.031} or less
(Polystyrene { Class A pipe cover No. 2 30 or more 70 0.036 {0.031} or less
Foam Class A pipe cover No.3 250ormore| 70 0.037 {0.032} or less
Insulators) | Class B heat insulating board type 1 — 70 - | 0.040 {0.034) or less
' Class B heat insulating board type 2b — 70 0.034 {0.029}_ or less
Class B hea insulating board type 2a — 70 | 0.034 (0.029} or less
Class B heat insulating board type 3 — 70 0.028 {0.024} or less |
Class B pipe cover type 1 — 70 0.040 {().0_34'} or less
Class B pipe cover type 2 — 70 0.034 {0.029} or less
Class B pipe cover type 3 — 70 0.028 {0.024} or less

2.4.6 Water repellent perlite insulators

If rocks made of natural glass with volataie mgredlents solidly dissolved, such as pcrhtc
and obsidian are ground, arranged in grain size, and heated to higher than 1000°C, to be
molten, and to have the volatile ingredients vaporized, they are foamed to form porous

glass grains. Reinforcing fibers and a binder are added to. the glass grams, and the,

mixture is molded by a press into an insulating product
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Table 21 Kinds and main physical properties of water repellent perlite insulators

Material _ Bulk Maximum Thermal conductivity
standard No. Kind ' density working W/m-K
and name ' (kg/m3) | temperature (°C) (kcal/m-h-°C)
o . : _ . (Average temperature
JIS A 9512 | | 205°C)
{(Water | Heat insulating board No. 1 | 250 or less 900 0.072 {0.062) or less
Repellent | Heat insulating board No.2 | 180 or less 650 | 0.056 {0.048) or less
Perfite | Heat insulating board No. 1 | 250 or less 900 0.072 {0.062) or less
Insulators) | Heat insulating board No.2 | 180 or less 650 0.056 [{0.048) or less

2.4.7 Hard urethane foam insulat(_)rs

The insulators are obtained by foaming urethane resin as a high polymer by the expansion
G : ~ of carbonic acid gas or fluorocarbon. The insulators are very low in heat conductivity,

Table 22 Kinds and main physical properties of hard urethane foam insulators

Material B Bulk | MaXIMUM | mal conductivity
: o working
standard No, Kind density [emperanre W/m-K
and name - (kg/m3) lzfc) (kcal/mh-°C)

' {Average temperature

20+£5°C)
Heat insulating board type 1 No. 1 | 45 or more 100 0.024 {0.021} or less
JIS A 9514 | Heat insulating board type 1 No. 2 | 35 or more 100 0.024 {0.021} or less
(Hard “Heat insulating board type 1 No. 3 | 25 or more 100 0.025 {0.022} or less
Urethane Heat insulating board type 2 No. 1 | 45 or more 100 0.023 {0.020} or less
Foam Heat insulating board type 2No.2 | 350ormore | 100 0.023 (0.020) or less
: Insul_atOI’S) Heat insulating board type 2No, 3 | 25ormore | . 100 0.024 {0.021) or less
Pipe cover No. 1 _ 45 or more 100 0.024 {0.021} or less
Pipe cover No, 2 35 or more 100 0.024 {0.021} or less
Pipe cover No. 3 25 100 0.025 {0.022} or less

2.4.8 Other heat insulators

. Other insulators include asbestos insulators, diatomaceous earth insulators and
magnesium carbonate insulators which had been specified in JIS. However, since they

~ contain carcinogenic asbestos, their use was abolished, and they were deleted from JIS
when the corresponding standards were revised.
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3. Furnace Wall Insulation Structure

Before _ex_aminihg the i‘nsulation structure of the furnace wall, the furnace opefating
condition must be thoroughly determined. The insulating system varies according to furnace

temperature condition, state of the content (gas, solid, or fluid), contact with the content, and

furnace body condition (fixed, rotated, or tilting). It is important 10 consider an insulating
structure which- can gain total economic effect whlle checking - agamst “Criteria_shown
quant1tat1ve1y concerning rattonailzatlon of energy use. in a factory determmmg the
: characteristics of the refractory and insulating material, utilizing msulatmg materldls of lower
heat conductivity, thoroughly examining the provision of high temperature insulating miaterials
in the right places, and discriminating ones that satisfy the standard value from ones that does
. not. . ' : ' '

3.1 Calculation of heat transfer
For examining the materials and thicknesses of the refractory materials or insulators
constituting a furnace wall, and for calculating fuel consumption, etc., it is impo'rtant for
furnace design, to identify the temperature distribution, the d1531pated heat va]ue and the
accumulated heat value by calculating heat transfer,

3.1.1  Mechanism of heat transfer

Heat transfer takes place in the followmg three processes:
1) Conduction: This refers to a process in which heat moves as the sequennal monon of

- molecules consntutmg matcnals, to the adjacent molecules In a solid,

heat is transferred always by conducuon andin a 11qu1d or gas, heat is
_ transferred by conduction as well as convection and radiation. '
2) Convection: This referstoa process in which heat moves in a hquld together with the

flowing portions of the llquld and if temperatures difference occurin a

- liquid, flow occurs due to the difference in specific gravity, and such
flow keeps occurring till the same temperature :is reached in the entire
liquid.

3) Radiation: Every object with heat radlcltes heat energy from its surface. If this heat
energy (electromagnetic wave) is abs orbed by another object it is

converted again into heat, to raise the temperature of the object This
" heat movement process is called radiation. -
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3.1.2  Basic formulae for heat transfer by conduction
In a steady state, the heat value moving in a solid wall by conduction is proportional to
the heating surface area and the temperature difference, and inversely proportional to the
heat moving distance (wall thickness). |

-+ 'As illustrated, if the thickness of the solid wall is L m,

g, the temperature at both the ends are 8 and 62, and the

' _ heat value transferred per unit area is Qa kcal/m?2h, then
Qa \ . wchave .9 .

— . ° Qa =A=—2  (kealfm?h).......ocmoren. 3-1)

where A is a proportional constant expressing the heat

transfer condition, and is called thermal conductivity

(kca/mh°C).
~ The heat conduction in a multi-layer flat wall is expressed by the following formula, and

the heat values through the respective layers are equal.

e, | o | | .
6; -6
T M A2 A3
)L 1 A- z A 3 \
B _B1-82 02-83 63-6g (3-2)
L. L iy ) L - L’_] - I:-z - 11‘3« ----------
St ! : A A2 A3
where % is called heat transfer resistance and expressed by R.
If the heat transfer resistance is used, the above formula can be expressed as
_ 91-80
QA= Ry 4 Ry g oo e ee o oot (3-3)

~The heat conduction in a cylindrical wall is expressed by the following formula per unit

length.
- - 27\ (81 - 60)
el | Qa = NG (kcal/mh) ................... (3-4)
\ e To consider this formula in terms of unit outer surface area,
A X3 let's divide it by outer surface area 2nry. We have
. _ AMB3;-6g) 9
_'{ QA:#I‘—T (kcai/m h) ...................... (3-5)
Q—ﬁ . 2 in ( 2/ 1)
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- This corresponds 1o the heat tr‘msfcr formula for a flat walI with the walI thickness L
substltuted byralg(ra/ry). -
A]so for a multi- layer cylmder sxmllarly,

2n (B; -0 :
- (81 - 8o) (kcal/mh)...........0.0... (3-6)
1, 1 1, r3 1 Tn + 1 .
=l =t —In 2 Sy e -
Mo T 2 Ry T
In terms of unit outér surface area, SRR |
(81 -0y
_ (61 - 80) (keal/m?h)
Tn+ 1, 12 Tit+1, 13 n+1, n+ -
In =+ In =44 Ia
ll r AQ, r; A_n rn

3.1.3 Basic formulae for heat transfer by convection

When a fluid moves along a solid, the moving speed is lower at nearer to the wall surface
due to the viscosity of the fluid, and becomes O at the wall surface, .

A fluid flows in either turbulent flow or laminar flow. However, even turbulent flow has
a portion near the wall surface, which becomes laminar flow and very low in flow
velocity, Itis called a boundary layer or laminar film.

90
Solid The thermal transfer in the boundary layer owes to the
0 : ° :
Fluid heat conduction in the layer. The thickness of the
i ' boundary layer depends on the smoothness of the wall
8, - surface and :thc flow velocity and properties of the
fluid.

Boundary layer

If the thickness of the boundary layer is / and the thermal conductivity of the fluid is A,

then the heat value transmitted by convection can be expressed by

Qc =R/ (8p - a) .............. 3-8) -
However, since it is difficult to decide the thickness of the boundary layer, A/{ is
substituted by o which is called heat transfer coefficient (kcal/m2h°C) |
For the value of o, various empmcal formuiae are proposed but the followmg formulae
are generally adopted. '

1) Natural convection by air .
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Oe=he(Bg—B8a) 025 i ene. (3-9)
where hg is a cocfﬁ01ent dependmg on the wall surface location and is 2.2 for vertical

pIates, 2.8 for plates facing up and 1.1 for plates facmg dewn
For the horizontal pipe

e =2.1{(Bp~8g)/d) 025 RO PO R POUUUPTUUPRRPPPNt (3-99
2) Forced convection by air
O =6.122 Vo 0775 + 441 EXP (0.6 Va) e, (3-10)

where Vg is the flow velocity of air (m/s).
3) Inthe case of water cooling
X =08y +0.1(8)-06y)
o = 2830 (1 + 0.215 X - 0.00007 X2) v, (0.91-0. 00115)() .................. (3-11)
- where Vg, (m/s) is the flow velocity of water.

3.1.4 Basic formula for heat trdnsfer by radiation

The heat value transmitted by radiation can be expresqed by the followmg formula

273 + 6 273 + 8
Qr = 4888{( oo - ¢ 100a)}

This can be expressed by the radiative heat transfer coefficient as follows:
ag = Q/At=Q/ (8 - 6,) - |
- In formula (3-12), € is called blackness or emissivity, and greatly depends on the material

on the surface of the solid, being 0.95 for bricks and 0.8 to 0.95 for the painted surface
of a metal. S

3.1.5 Ovcréll heat transfer

The heat transfer of a general industrial furnace wall can be considered as follows:

Inside of furnace —>"Inn_cr surface of furnace wall: Heat transfer by convection +

radiation
Inside of furmace wall: ' Heat transfer by conduction
Outer surface of furnace wall — Outside air: Heat transfer by convection +
radiation

Therefore, the heat transfer from the inside of a furnace to outside air is expressed as
overall heat transfer by the following formula (multi-layer flat plate).

_ Bg — 64 - 2
Q=TI T AU (3-13)
e Tk ok ST o IR

o A A An o
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- However, since it is often difficult to accurately measure the temperature of the gasin a

furhacc compared to the temperature of the inner surface of a furnace wall, calculation is -
often effccted assuming “Fumace internal gas tcmpcrature = “Fumace wall inner sulfacc _
temperature”, disregarding the heat transfer coefﬁment in the furnace. -

In this case, the overall heat transfer is ' '

Qrﬁhm Lo T (kealfmZh) oo, _ ...... (3-14)

l] 7\.[1 o

In the case of a multi-cylinder,

Qr=- 5 - ] (kcal/mzh) .............. v (3-15)
—tn—+-~-——ln—-_+_——.__ o -
. A _ Ap . 1Tm g
Symbols '
01: . Furnace wall inner surface temperature °C
82 ~ Oy: Temperature of each boundry of furnace wall °C
8o Furnace wall outer surface temperature, °C -
0a: Qutside air temperature, °C
0y: Furnace internal gas tcrhperature, °C
Oy Cooling water temperature, °C- .
A1~ An: Thermal conductivity at the average tcmpcrdture of each refractory material,
kcal/mh®C : - '
Ry ~Rp: Heat transfer resistance of each refractory material
L;~Ly: Thickness of each refractory material, m
r1~TIn; Inner radius of each cylinder, m
Va, Vw: Flow velocity in air cooling or water cooling, m/s
og: Convection heat transfer coefficient, keal/m2h°C
OR: Radiation heat transfer coefficient, kcal/m2h°C
Qa Heat value transferred by conduction, kcal/m2h
Qe Heat value transferred by convection, kcal/mZh
Qr: Heat value transferred by radiation, kcal/m2h
Qr: Overall transferred heat value, kcal/mzh
lg:

Natural logarithm -

3.1.6 Calculation procedure

If the furnace internal gas temperature is equal to the furnace wall inner surface
temperature as described before, the heat transfer of the furnace wall takes place as
conduction from the inner surface to the outer surface of the furnace wall and as
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;|

~ convection + radiation from the outer surface of the furnace wall to outside air. The

respective heat values transferred are expressed by Qa, Qc and Qg, and calculation is

made using the following relation:

QT = 'QA_=_ Qc + QR vvierine it (3-16)
Here comes the problem that the thermal conductivities of the refractory materials depend
on the temperature, and in this case, we have two unknown values. So, we must resort to
trial and error for calculation. Therefore, the following procedure is followed for calcula-
tion, '

1) Based on the furnace internal temperature 81, and the outside air temperature, Ba,
assume the temperatures of the respective boundaries, 82 to 6y,

2) Find the average temperatures of the refractory materials from the assumed
temperatures, and temporarily decide the thermal conductivities of the respective
refractory materials, A 1o Ap, from the average temperatures.

3) Find Q¢ and Qg based on the assumed furnace wall outside temperature.

© The approx'imate value of Qc + Qr can be obtained by using Figs. 6 and 7.

4y Qa =Qc + Qr. Hence, transform formula (3-2) as follows:

Qal; -
0y =60
2 =01 - .
Qaly
03=0
3=02 "
| Qaly
0 0
n+l = Vn— 7\-n

to find the temperatures of the respective boundaries, 63 to 6,

5) Repeat this assumption and calculation for comparison, till the temperatures of the
boundaries obtained by calculation become close to the assumed temperatures. If the
assumed temperatures are reasonable, the differences between the assumed values
and the calculated values will become within 2° to 3°C after repetition of 4 or 5 times.
Thus, the approximate temperatures of the respective boundaries and the approximate
dissipated heat value can be obtained.

3.1.7 Standard value of furnace wall outer surface temperature

The furnace wall outer surface temperature of an industrial furnace is recommended by

‘Standard for judgment to be not higher than the temperature shown in 23 for the furnace

internal temperature concerned.
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_ Table 23 Standard furnace ‘wall outer surface tempé_ra_ture

_ . Standard furnace outer- surface -
Furnace temperature : temperawre (°C) - .
O - Roof | . Sidewall
1,300 _ 140 1. 120
1,100 _ 125 S 1100
900 - - | 110 - 95
- 700 90 . .- 80

_Figure 6 Furnace wall outer surface temperature vs. _dissi_pated heat value - 1

" Qutside air lemperaturé: 30°C . Emissivity: 0.8
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Outer wall temperature : To (°C)
3.2 Heat value accumulated in the refractory materials constituting a furnace

wall -

The accumulated heat value can be obtained from the following formula:
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G
H= Llplcl ( —Bs) + Lop2Co 6——_—— Bg) + v v

+8
+ anncn( O—qs) (kcal/mz) ........................................ (3:17)

~ Symbols
Li ~Ly: Thickness of each refractory material constituting the furnace wall, m

p1~pn: Dénsity of each refractory material constituting the furnace wall, kg/m3
C) ~ Cp: Specific heat of each refractory material constituting the furnace wall,

. kealkg°C :
01: ~ Furnace wall inner surface temperature, °C
6o: Furnace wall outer surface temperature, C
82 ~ 6,: Temperature of each boundary of the furnace wall, °C
Bs: Temperature of the furnace wall before heating, °C

33 | Economical heat insulation thickness

In heat insulation work, a thicker heat insulator causes less heat value to be dissipated but
requires a higher heat insulation work cost. Therefore, the economical heat insulation
thickness should be selected to minimize the sum of “Heat Insulation Work Cost +
Counter Value for the Dissipated Heat Value after Completion of the Work”, considering
the annual depreciation. -

JIS A 9501 specifies the economical thicknesses of insulators used for heat insulation
work, as follows.

Figure 7 Relationship between insulaticn thickness and cost 1)

The thicker the imsulation
‘N Sua of A and B curves thickness, the higher the annual
: depreciation cost becomes, and
the lower the fuel cost becomes.

Insulation thickness when curve C
{curve A + curve B] bhecomes

Cost| . minimem is the optimum economic
Al . thickness.
t depraciation
of cost 1
required for i A
jnsulation v
work | Fuel cost corresponding to heat loss from

{ insulation surface generated annually
— Insulation thickness

3.3.1 Formulae for calculating the thickness of insulator used for heat insulation work, and
dlSSlpatcd heat value (economical heat insulation thickness)
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The formula¢ for calculatmg the dtsStpated heat valug¢ are the same as fomtulae 3-14 and

15 though different in symbols used.

P:pe

In the case of a pipe, the thickness of the 1nsulator used and the. d1351pated heat value are
calculated from the followmg formulae : '
Thtckness of m%ulator The thtckness of the msulator should be calculaled from the

_followmg formulae, to minimize the value of Fy.

=Z (d12 — do2) aN x 103 + bhQ x 10730t (3-18)
x=4zdo e et et e (3-19)

Dissipated heat value: The dws:pated heat value should be calculated from thc following
formula.

Flat surface

The thtckness of the insulator used for a flat surface and the dtsStpated heat value should
be calculated from the followin g formulae. '

Thickness of insulator: The thickness of the msulator should be calculated from the

following formula to minimize the value of Fp. R .
Fo = XaN x 103 + bhQ x 10-3................. et s (321

Dissipated heat value: The dissipated heat value should be calculated from the following
formulae.

0 —0
Q = et e (3-22)
— + ——
AL oo
_n(l+mm
- (1 + n) m_] ..................................................................... (3‘23)

Fi: Annual total cost of heat insulation for pipe (yen/m)

Fp:  Annual total cost of heat insulation for flat surface (yen/m?2)
a: Construction price of insulator (103 yen/m3) |

b : Heat value price (yen/103 W-h) {yen/860 kcal)

n: Annual interest o

m: Years of use

N: Depreciation rate

S 1—5—9—-32



dy:  Outer diameter of insulator (m)

dp:  Inner diameter of insulator (based on outer diameter of pipe) (m)
h: Annual hours of use

X : Thickness of insulator (m)

Q: Dissipated heat value (in case of pipe) (W/m) {kcal/m h})

(in case of flat surface) (W/m2) {kcal/mZ-h}

A : Thermal conductmty of insulator (W/m-K) {kcal/m-h-°C}
.o.:  Heat transfer coefficient of surface (W/m2.K) {kcal/m2-h-°C}
8: - Internal temperature (°C)

B Outside air temperature (°C)

In: Natural logarithm

3.2.2 Economical insulation thicknesses and dissipated heat values

Economwal insulation thicknesses and dissipated heat values for the following conditions
are shown in Tables 24 to 30 for reference.

Outside air temperature (room temperature):  20°C

‘Heat transfer coefficient of surface: 12 W/m2-K {10.32 kcal/m2-h-°C}
: - Annual interest: o 0.07 '
“Years of use: ' ' _ 10 years :
Construction price of insulator: 1.2 (12000X 7K + 100) 103yen/m?

Where_ Xo: Thickness ofinsﬁlator (mm)
: K:  Constant
The value for the outer diameter of the pipe concerned is selected from the following:
15A ~ 20A K =109
25A ~  S0A K=1.13
65A ~ 150A K=1.17
200A ~ 300A  K=1201
'350A° ~Flatsurface K = 1.28

However, if the thickness of insulator is 150 mm or more, 150 mm should be used for
calculating the construction price.

Heat value price: 5 yen/103W-h {5.81 yen/103kcal}

Annual hours of use: 3000 hours, 7300 hours
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3.4 Typical Insulatmg Structures
3.4. 1 General structure (example) and comparison of related specifications

Table 31 Furnace wall thickness: 344 mm;
furnace wail surface temperature: 900°C 12)

Armospher lc temperatvce: 25°C

emimsivityr 0.0%
r—-—-;u-———' |— 344 — mw»«‘ —1s—o )
4 a 2, 114
l_,l” 144 2% i} 230 " 2_5_.2_ [t — 230 =4
ol | 0 T 0] wal]
T EnN 3 N LTS RN
P LANE NG I EN T
R . : L S ] g é\ H =¥ a [ l» 8 L} 3
Purnace wall structuce v 13 ALY £ 1= e E- ain = w 2 &
: . H w |8 ] ] a
: . v - % - | ] u ~
Fas i o & SR = u | > H role
g8 |73 e a - B I A R EEIrC
s 2 2 | = L v - - - F] -
" LR N ar c - 4 b 1 - 1] 4 e
e " - - 4 -3 3
- - - - -+ u s v o lan
2 o FI 2 |s s v = H 3 )
2 e 13 e F] 2 5" -
H S E LF R RE z |
& E 5 o lig 3
. - -
h.-luirm caloclfle value ¢ (xcal/min) 858 58 n 6% 15
@ Heat acvumulation value H kcal/md) 91310 ”'m R.1o ) 1.8 H.m
) Eminsion calocific value 5. 28% 10" j.amx ! 210 - 2.790% 10! 3.690% 107
. : (xcal/mZ.yest]. ‘ . :
Continuous
operation Rate {1} 10 62.0 .2 5).6 0.4
£000 h/ycar .
Fuel saving (kg/m%.year} - %0 s 49 76
Jotal heat .loss 7, 478% 50 3,700%10° 2.361% 10" 7,18% 107 5.5x 00"
x 2 N . . A
"pateh (kcal/m?.yeac) —
opecation Rate (%} 160 9.8 bEN] ns .
HOwerkalyear
Fuel saving Ing/ml.yeac) - 618 o %2 34b
Bote: Ceramic fiber sulfix A indlcates blanket. Ceramic fiber sulfix b indicstes block,

* Operation days = 5 days/wveek, operation hours = 1 batch, steady state = 15 hiday, 15.h/weer, tempatatuce cise

stop = % h/day, 45 h/week, cooling down - 2 days

Table 32 Furnace wali thickness: 344 mm;

furnace wall surface temperature: 1100°C 12)

Atmagpheric tempecature: 25°C
enitagivity: 0.85
| 30t — —at—d b e — |—— 00— S LTI
g - UL 134 % 0 %0 e
—1% u : 1% % ! —1109-11 &%
) o 10 100
el nm-._:____ 1 e ' L -_.\
b3 \ = \ < \ < < :
X | - .
A g |2 gy (503 (N[ &+ 5
Furnace wall structure H - Z ;' iy :'E.' s E' Mo =5 x Nies
' © [E] R ) p . |3 Y 2
5ISy : St i AR
o T ! - s - 5= M = [oT)
H - s | o - » a - woo|dy
K - £ |& I3 Z H » » [ o {34
i il el A 5 w FET”
: st - - - L] - o [ x . - L]
= (3 = |= = P b h ; o I
y |2 FRE 3 13 2 2 g IS
= 18 R < < had a - &
e LN 1 - 2 T
mission calocific value Q ixcal/mpy 1.188 m &7t £ L1
#eat sccumulation velue M (xeal/al) 111,83 “.00 % .99 Lm0 9860
Enisgion calocific value x 107 ¥ i ot %10} 1o x 10!
. (kcnl/n’.yca() ; I,18% 10 4 66X 10 . L6 ’ J.axin 5, 6le X 10
Cemt. Lnuous o -
opstation Pate (%) [y [ ] 10 52,4 .6
€000 h/ywar - - -
“Nruel saving (Rg/m2.yeac) - %2 T3 . n
Toral hant loss ERTEIY 3. 20x108 Laazx1p! 2.07x 70! T.30% 10!
opateh (hcal/mé.year) —
opetakion Aste (0] 100 W7 5.9 b I L]
40veckn/year
Puel seving (kg/ml, yeac) - [ Rl 1,214 1.573 bt
Mote: Ceramic fibec sullin A {pdicates blanket. Cecamic Llier gu{tlx B indicates block.

* Opecation days = 5 days/wcck. operation hours = L becch, steady state * 15 h/day. 75 h/v“k. tempegatuce gise
stop = ¥ h/day, 5 h/utel, cooling dmm = 2 days
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Table 33

Furnace wall thickness: 344 mm;
furnace wall surface temperaiure 1300°c 12)

. . ACBROApher i temperatuces 154
. - . R aminsivity: 0.9%
30— t—m— L—m— . 211—1-3' ' s —
- - B a
1H m 63, 80 : 2. 114 LI et P I __l:_‘:}_.‘” 14
; - .
X0 1300 }——_| 130 1= 1y i Im._\l
3 :E 3 s T BT <] [ 3
g 4 fa X el (43 . FEAE
; : . ] [ A
fucnace vall structure = |2 Y = |a]e]is 5% f=3 . w| 34 nole
U U Jutla = - a
B S = [elgl = u® ¢ e
2 oo B2 = is sbefl s 2
» ot » = ‘g - - ) .E 5 5 E . 'y
g |& S |2 = |5 G a Ml s |1E
R o |sl= O 1 [ e ¥ S g
2 -t S - » o N
s |z & {53 R C} e ol ¢ |n
3 s {ala H s va ¢ L3 A
- 1= B H 2 a0 Oud @ w |2
' H LR i - B L sl e s iz
= 2 £ e i == -
Dnission calocifie value Q .(cal/mln 1853 . bles s o L
Heat aceumulation value W (keal/al) 131,60 12,510 8,550 10,980 o
‘[Emlasion calocitic value 9.9 10° 1imx igt $.97% 10} Luix ! 8.010% 10*
. txcal/nd.years N ; :
Continuous - — -
operation Rate [t} (o0 na .. @ 0.3 _
S00% hyeac - . ..
Fuel saving {ng/m2.yeac) - m- 1.1a LM %
Total heat Joxs asEx 0! 0708 10 8,620 (0" Aox ! w. 0!
, tical/nd. yaac)
"Bateh -
opacation Race (%) w0 %0 53.0 nJt AL
weeks/ yeat
ual saving (kg/m2,yeac) - ) 1952 2.3 626
Note: Ceramic fibec suffix A l:ndle'aul vlanket, Cetamic Ciber sutfix B indicates bloex.

* Operation days = 5 days/week, operaticon houcs » L bacch,

stop = 9 h/day, 4% h/week, cooling down = 2.days

Table 34 Furnace wall thickness: 460 mm;
furnace wall surface temperature:

steady Stake = 15 h/hy. 1% h/fweek, unpcntuu cizse

'900°C 12)

Atmospheric temperatucnr 25%¢
wmisaivity: 0.0%
“w i — e P e b 225 —— e §10——
- ) I 5 - -
L 150130 230410 BRIt LAREE] i--rzr-'-m—
1300 1300 1300 1300 1300}
\:\ \=< \i\\ < \}\ « ™~
o T -1 | R
P 3 ssNL | Bl NalE ] |82
Furnace wall ttructuce 1= T | b b B L g la = « % Y86
ol T L B F R H u ° § o L%
A M =y n = |s & e - e H are
. - I - =S4 : 513 s ="
- . - -~ EY) -
i T | 4 el |2] 8 IR gl
. 3R A - | & S0 |um [ W o F] o ]
I I 415 A lar Al g 4 15 s =
-~ - - 'R . -cl 3 9 o -] - -l_
R K [ EIRESERRE: Tl is]a
4 E = g: c & £ - 2 - = €
Bnission calacifle valua Q (heal/ming s R ) e e
Heat accusmuistion value H (koul/wd) 12,8 80,50 15,4% 4650 116,463 -
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-3.4.2  Water-cooling skid heat loss comparison

The water-cooling skid pipe insulating system is shown here, When heat from the water
cooling part is double insulated, in the case of walking beam furnace of a large water
cooling area, a fuel saving of almost 10% can be achieved.

Figure 8 Skid lining 13)

Conventicnal system
{single insulation) Double insulation

Furnace temperathre: 13g0°C
Cooling water temperacure: 0.1 n/S

X000
19000k
“single
11000§- insu -

lation

190.7%x 221

165.29x 221
139.8fx 221

Coocling water losas (kcal/mh)

9000+ 190.7%x 221

165,29 221
139,8%x 221

700 Doublie

| insu-

' lation

T

4000 -

oo i L " L
15 &0 [ o] 100

Insulating thickness (mm)
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4. Energy Saving in Industrial Furnace

Tables 35 to 40 present the general thermal efficiency for various furnaces, from which it =
is understood that the current situation is not yet satisfactory-in the sense of not only-
considerable difference in efficiency among furnaces but also average efﬁuency in general. |

To this understanding, Table 41 s_ugg_ests_ a number of factors to be env1saged for
improvement. Measures as much as possible are desirably épplied toa n'eWIy installed fUmaee
For existing furnace it is useful to study each factor that may detcrlorate the efficiency and
eventually to execute partial reconstrucuon

4.1 Heat recovery from flue' gas
4.1.1 Preheat of combustion air or fuel

In the most practical heat recovery method that relates to air preheat and fuel preheat
combusion air preheat is more widely adopted rather than fuel preheat. When preheating _ @
the fuel, care to safety and risk of thermdl crackmg should be taken, and fuel oil is never
preheated with intention to energy saving éxcept. preheating for good atomization.
Recuperator is a tool to exchange heat between exhaust gas and combustion air. It'is
made of metallic elements of ceramic elements through which sensible heat is transferred.
Table 42 is the summary for available designs of r_eeuperator. Fig_ures 10 'anc‘i 11 present
arrangement of recuperator and examples respeCtivelyI. (a) of Fig. 11 s concerned with
large scale recuperator to be utilized in steel mill reheat fumnace with heavy duty. In this,
convective heat transfer is dominant. (b) of Fig. 11 is designed to apply to.a higher
exhaust gas temperature that enhances radiative heat transfer than in recupera'tor' (@). (c)
and (d) of Fig. 11 are composed by tile (ceramic) elements which enable to withstand a
further high temperature. ' . . '
It is interesting to note that these (c) and (d) are connected in series with (a) in practlcal
cases. However, since leakage is likely to happen between ceramic elements in a long
use due to peeling of mortar, care to keep pressure difference between air and exhaust gas
as little as possible plays a decisive role to service life. (e) of Fig. 11 is a continuous
accumulative heat exhanger in which accumulative wheel constantly rotates. |

Figure 12 shows the control system that ensures good accuracy in maintaining thc

optimum energy saving rate when air preheat system has been mtroduced to the_
combustion system.

Following description relates to calculating energy saving rate when air or fuel is

preheated. Referring to Fig. 13, available heat H is simply calculated by using calorific
value of fuel F and flue gas sensible heat loss Q,
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‘H=F- chal/kg fuel

. Now, taking into account of heat recovery PA and PF by air preheat and fuel preheat

respectively and assuming their total P, it is expressed by
P = PA + PF kcal/kg.fuel

Thus, corrected available heat H' becomes to be,
H'=F+P-Q=(F-Q)+P =H + P keal/kg.fuel

If the furnace ncccssitatgs x (kcal/h) as net heat, fuel consumption rate is —:i (kg/h) when
not preheated, aﬁd H—-i——ﬁ (kg/h) when preh;ated.
Hence, energy saving rate Sp is calculated as, |
X _ . .X R
Sp = H H+P P

= = 00 %
H+P>(1 ’

X
-H
[Example] _
Calculate flue gas heat loss Q (kcal/kg.fuel) and energy saving rate Sp (%) when firing

kerosene at excess air ratio 1.2 with preheated air of 300°C used and the flue gas
temperature from exit of furnace section is 900°C.

1. Theoretical combustion products from kerosene flame

CO; 1.59 m3N/kg.fuel
H20 1.56 m3N/kg.fuel
SOy 0/00 m3N/kg fuel
N2 9.02 m3N/kg.fuel

- 2. Excess air

O 11.4% % 0.2 x 0.21 = 0.48 m3N/kg.fuel
Nj 114 ><02><079-180m3N/kgfue1
* theoreucal air requirement for kerosene (m3N/kg.fuel)

| {1+ 2) is the eventual flue gas flow, and takmg the data of average isopiestic specific
~ heat shown in Table 43, Q is the total of;

COp  1.59x0523%x900= 748
HzO  1.56%0.387 x900= 543
Ny  10.82 x 0.331 x 900 = 3,223
Oy  048x0351x900= 152

Q = 4,666 kcal/kg.fuel
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Kﬁowing the lower calorific value of kerosene as 10,400 kcal/kg, H is calculated as
H = 10,400 4,666 = 5,734 kcal/kg.fuel o |
Heat recovéry P by air preheat is calculated as follows.
Combusion air flow:
© 11.4%1.2 = 13.68 m3N/kg.fuel

Heat recovcry
=13.68 x0.315x300 =1 293 kcal/kg fuel
Therefore,
Sp=—b o1 293 - 18.4 '%'

H+P 5734+ 1,293

Fxgure 14 covers a range of air preheat level to fduhtcite estimation of the effect to energy
saving,

4.1.2  Continuous steel slab reheat furance with hot cooling system, waste heat boiler and
recuperator :

Figures 15 and 16 illustrate one of the most adva'ncedlcqniinuous slab reheat furnace that
inc()rporétes hot cooling system for skid pipes located in the furnace, together with
recuperator for air preheat and waste heat boiler. Hot cooling system is to use hot
watersteam mixture over 100°C instead of cold water in ordcr to cool the skld pipes
agam%t heat radiation from furnace inside.

4.1.3 Heat recovery from heated works

In the glass industries, the furnace to be called glass lehr is used to heat the molded glass
products up to 450° -600°C followed by soaking for a certain periad and then gradual
cooling process.

By this heat treatment, the mechanical strength of the producls is improved, and at the
same time coat or fluorescent matter on the glass surface is baked. Furnace section
consists of heating, soaking, grddual cooling and fast Loolmg ZONes, through which
works are transferred on the mesh belt continuously. - _

Until recent days, air injected into cooling zones to cool works down was exhausted as
waste heat. Today, air is injected into cooling tube located in the coohng zones, and thus’
preheated air up to 200°C is prov1ded to thc burner, as'shown in Fig. 17. |

Il —5—9—46

ﬂ



[Applied example] o
Firing method . Direct fired

F'ce temperature . 550°C
Tonnage : 2,000 kg/h

Fuel consumption : 400,000 kcal/h before improvement
365,000 kcal/h after improvement
Energy savingrate : 9% ‘

4.2 Excess air control

It is well known that stoichiomeltric combustion is ideal from economical point of view,
However, from practical point of view it is quite common to add, a fractional air to the

theoretical air requirement for complete combustion. This is a solution to incomplete mixing

between air and fuel within a limited time. Air ratio is defined as ratio of actual combustion air
flow to theoretical air requirement. ' '
" Namely,

Actual combustion air flows (m3N/kg.fuel) -
Theoretical air requirement (m3N/kg.fuel)

Air ratio =

For this, Table 44 shows the suggested guideline concerning excess air ratio, that is
currently referred by most part of industries in Japan.

Table 45 presents the fuel saving rate achievable by optimization of air ratio, when firing
Bunker A fuel oil. For example, fuel saving rate of 40% is achieved by reducing air ratio from
1.5 to 1.2, when furnace temperature is 1,300°C. Assuming available heat (kcal/kg.fuel)
before and after excess air adjustment H; and Hy respectively, it is generally true that Hz is
more than Hj, and fuel con_sumption rate for furnace thermal input x (kcal/h) decreases from

X X
H to T (kg/h).
- Energy saving rate Sy is therefore expressed as

X X

_HL_H2_= (1+__Hl)x10()%

x : H2
H

SA=

Hj and I3 are defined as
Hi=F-Q
Hy =F - Q2 (See 4.1.1)
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4.3 Combmed effect of preheat and excess alr control

Presuming the fuel consumption rate 1 encrgy %dvmg Sp (%) by air preheat and Sa (%)
by excess air control, the fuel consumption rate whcn applymg both mea%ures is simply
calculated as, '

S S
0- Sa- S
and the iniegmted energy saving rate St is expressed as
1= =150) (1= 350)
Sr= 1% 100
=(Sp+Sa- SPSA, g

where

Iﬂi

IESPQﬁXIOO% o and

SA:“‘E?XHD%.-

Therefore, o
T Hi-H -
ST=1{1 HQ(H+P)}XIOO%

Here, because both measures to air preheat and to excess air ratio are taken for energy
saving available heat H i is identical wnh Hz
Hence, ST is summdrlzed as,

STz(l'_H + P ) X 100%

Figure 18 presents the calculated results for the above equation concerning the intcgrélcd
energy saving when firing Bunker B heavy fuel oil. ' : '

It must be recognized that air preheat level alters against changes in furnace load and - ‘1
furnace temperature, suggesting that a certain compensation system is necessary that works to
keep air ratio unchanged. Figure 19 indicates how air ratio changes from 1.1 that was initially
adjusted, when preheat level alters. To this solution, Fig. 12 shows the complete system,
while Figs. 20 and 21 are concerned with more simple compemdtor that costs less but achieves
less control accuracy.
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4.4 Furnace pressure control

4.4.1 Necessity of furnace pressure control

¢y

Pressure control for direct fired furnace

Here, a continuous steel slab reheat fuenace is described as an example.

Pusher furnace as shown in Fig. 22 (a) is of type where slabs are pushed forward
through furnace inside. In contrast to this, walking beam furnace is of type where
niov_ab_lc beam 'an_d 'statiohary beamn stand in the furnace and movable beam cycles the
motion of upforWard—down—baCkward by'whic'h slabs are tranferred toward furnace exit,
as shown Fig. 22 (b). _ _

Fumacc'undergocs the ‘autom'atic control in pressure by a damper located in the flue duct.
Detected pressﬁre signal from the hearth line of furnace exit is supposed to actuate the
above damper. From a point of view of energy saving, the hearth line pressure of + 0

mmH,0 is aimed at furnace inlet and the eventual hearth line pressure at furnace exit is

preset with draft loss through furnace section taken into account. Typical draft loss lies
within a range of 0.1't0 0.5 mmH20. Figure 23 shows the relationship between furnace
pressure and air infiltration throﬁgh furnace opening. It is indicated by the figure that
setting the furnace bottom pressure at + 0 mmH20 or a slightly positive is preferable.
When the furnace pressure is controlled at a negative pressure, infiltrated air acts as an
adversely affccting factor against both products quality and thermal efficiency. On the

- contrary, at an excessively high furnace pressure, hot combustion products tend to blow

@

out through furnace opening, resulting in either overheat of furnace shell or thermal

deficiency, and eventually penalty of shortened service life in refractories is involved.
Figure 24 presents the air infiltration rate as a function of furnace pressure while Fig. 25
suggests the recommended furnace pressure from the aspects of thermal efficiency and
maintenance.

Pressure control for batch type of heat treatment furnace

A positive furnace pressure is vital, desirably 10 to 20 mmH20O, for heat treatment

~ furnaces into which the atmosphere gas is supplied. Flow rate of atmosphere is thus

manually controlled by adjustment of gas regulating valve. "As air-seal enforcement, the

~furnace door is kept pushed tight to the furnace structure by air driven cylinder, between

which the soft packing is used both to extend the service life and to accomplish better
economy for running cost.
Also, a water seal device is employed on the atmosphere gas delivery pipe for the

. purpose of controlling the furnace pressure. In the heat treatment furnace which employs

a gas recirculation fan, it is essential for keeping a constant furnace pressure to control the

_delivery flow of atmosphere gas in response to fan rotation by which the furnace
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(3)

pressure is possibly disturbed. To this end, water level of water seal device is raised to

-~ increase the delivery flow of gaq at fdn start-up, after which thc levek is rcetorcd when fan

rotanon has been stdbxhzed

Furnace pressure control for continuous heat treatment- furnace

. Atmosphcrc gas is similarly prowded also 1o, for exampie a cold mlll stnp annea!mg

* furnace. In IhlS leakage of atmosphere gas from seal rollers employcd at furnace inlet

‘and outlet seems to be unavmdablc Por the squuon to this, additional gas of a certain

amount is provided from various sectlons of furnace re%ultmg in that the furnace
pressure remains controlled at 10 to 20 mmHgO In pract:ce the gas dclwery flow is
momtored and control!cd dependmg upon the furnace opcratmg condmons

4 4.2 Control method of fumace pressure

(D

2)

3

Prcssurc control in fuel fired fumace

There are natural draft type and forced draft type in fuel fired furnace. Control system

. comprises pressure detector (sensor), pressure transmitter, pressure controller unit,

control damper located in flue duct and actuator. In the continuous furnace in which the
doors for charge and discharge repeatedly open, the door motion behaves as a disturbing
factor against control system. As a countermeasure 1o this the recent development
concerning predicted control concept has been evaluated, '_whcr_c utilization “of
multifunction computing control capability of micro-DDC system has been found to serve
as essential tool for in-advance control against fluctuation of operating condition.

Computed control method for furnace pressure

In the muliiple zone furnace for special steel alloy a recuperator is employed to each zone
in order to achieve geod fuel economy, and in addition requirement of even temperature
distribution over the full furnace length arises. (See Fig. 26) To meet this requirement,
damper opening in each flue duct is controlled by computing the real time firing rate as
well as balance control among dampers. In an actual experience, the initially aimed
purpose was accomplished by employing micro-DDS controller that computes flue gas
volume of each section to determine the damper opening based on the output signals of
fuel flow, air flow rate and furnace temperature. |

Special example for furnace pressure control

Glass melting furnace deals with caustic soda and silicic acid, and needs furnace pressure
control for energy saving. Since the ordinary mechanical damper undergoes penalty of
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ﬁ

solidification of molien glass with resultant malfunction, air jet curtain is employed as
- pressure conirol device as shown in Fig. 27 (a).. Figure 27 (b) shows the separately
designed mechanical damper proposed to cope with the problem. Either device however

. retains disadvantage in response,

- 4.4, 3 Damper mechanism and actuator

Buttcrﬂy type and slide type are widely used as mechamcal damper, and should be
carefully designed so as to withstand high temperature and thermal stress as well as to

. ensure acceptable response as a component in control loop.

These aspects become particularly important for the furnace the doors of which frequently
open and close. Figure 28 (a) shows a slide damper driven by combination of pulley,
wire and power cylinder. | -

Investment is in inverse propomon to rcsponsc time that is 1mproved by employmg a
high power cylinder and a heavy counter—wex ght _

Figure 28 (b) shows a butterfly ddmper Wthh is supported by thrust roller bcanngs as
for weight and by radlal roller bearings as for radial force generated by: differential
pressure through valve vane. The latter damper therefore needs the less actuatmg power
than the first one, and ensures the advantage over the other in response time and

_tightness. As actuating power source, the hydraulic method is recommended in sense of

' response time. Tables 46 and 47 summarize the char_acteristi_cs of various dampers.

4 5 Energy saving from furnace design aspect _
4.5.1 Effective furnace length and shape of continuos fumacc

Walking beam reheat furnace is described as representative example. Design review
started with the effective furnace length to reduce fuel consumption rate. It is undoubted
that the sensible heat of flue gas accounts for majority of heat loss, and that therefore
“diminishing this part of loss dominates the eventual reduction of fuel consumption.
Based upon the study, the work heating load of 500 to 600 kg/m2h as shown in Fig. 29
-is today regarded as the optimized value, from which the effective furnace length is
- determined.
This, in turn, implies that the length has become 1.5 to 1.8 times as long, compared to
the design basis over 900 kg/m2h taken before oil crisis period. Although the extended
furnace length impacts the increased investment, the improved fuel economy ensures the
pay-back period within two or three years, :
Fuel consumption rates indicated in Fig. 29 are compared for the reheat furnace with skid
pipe double insulated, and there fuel consumption rate is 400 x 103 kcal/ton when
- designed at 900 kg/m2h in heating load compared to 340 x 103 kcal/ton when designed at
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; '600 kg/mZh’ However cxcesswely reduced heatmg load’ be]ow 400 kg/m2h rather -

indicates i 1ncreasc in fuel consumpﬂon

3 'Flgure 30 illustrates the comparison in effective length of: walklng beam’ reheat fumace :
erected before and after oil crisis period. The remarkable difference is that-a moder reheat

furnace incorporates the preheat zone without any burner 1nstalled the length of Wthh
reaches 25% of total effective length. & : '

4.5. 2 .Application cf ceramic fiber to steel slab continuous reheating furnace = - :

(1) Background of steel slab rolling’ continuous reheatlng furnace and needs for furnace

1)

2)

3)

4)

5)

material -

Further strengthening of energy saving rneas'l'Jres is needed.

Because of continuous casnng of steel slab, not charge (600' 1 000 S is now the .
'mamstream, but cold charge is still used dependm gonthe grade of steel Therefore the

reheating furnace is reqmred to handle both hot and cold charge.

Slab extracting temperatures in the’ conunuous reheanng furnace range from low
temperature settings of 900 to 1,000°C depending on the grade of rolled steel. The
furnace material must be selccted on the ba51s of the high temperature extracting

~ conditions,

The reheating furnaee is requlred to readlly chan ge and follow up the tempcrature settings
according to the grade of steel slab under either cold or hot charge operating conditions.
It is likely that in the case of a steel making plant only one unit of slab rolhng continuous
reheating furnace is used in the preprocessing process for the contmuous casting
machine. In such a case, it is not possible to stop the furnace.

4.5.3 Histerical change of furnace design for catenary type -

Figure 31 shows historical change of furnace design for catenary type. -This type of
furnace is used for continuous galvamzmg line or contmuous anneahng and pickling line
of stainless steel.

At first furnace is divided to two parts by support roller because of'protecting roller from
high temperature. And then by means of water cooled roller furnace was integrated into
one. | o
And next to this it was put no burner zoné as waste gas radiation ione ~In addition to
above it was also put convectional preheating zone with waste gas rec1rculanon fan
Finally recuperator and waste gas boiler was equipped. ‘

Figure 32 shows update continuous annea] line. - This furnace also cqulpped waste gas
recirculating preheat zone. :

Figure 33 shows update annealing and plckmg line. Of course it is eqmpped radiational
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and convectional preheating zone, and in addition to that floater is useed instead of roller
to reduce the water cooling loss.

4.5.4 Batch type annealing furnace with Hp atmosphere

Batch type annealing furnace which is generally called bell type annealing furnace is
usually operated under Ny atmosphere. But thermal conductivity of hydrogen is greater
than of nitrogen. So using hydrogen as treating atmosphere instead of nitrogen makes
total energy during annealing lower.

- Figure 34 shows typical Hz batch annealing furnace.
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" Figure 10 Layout examples of waste heat recovery by recuperator

Wﬁste heat
Exhaust Recuperater botler
gas - - :
Fuel z: Furnace W M
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(2) Preheating of combustion air and, generation of steam by waste heat boiler

Exhaust Recuperator Recuperatar -

gas :
AAAAA—
Furnace

//I\\

\i

Air Fuel gas

{b) Preheating of combustion air and fuel

11 —5—9—54



“

Figure 1t Example of recuperators
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Figure 13 'Baslc conceptual diagram of waste heat utilization
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Figure 14 Fuel saving rate through air preheating
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Figure 18 Overall fuel saving rate through combustion air
~Ppreheating and air ratio correction (Fue! oll B)
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-Figure-19  Air rijtio’ variation against combustion air
temperature variation :
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Figure 21 Syétem diagram of .gas burner piping with air preheat conpensator
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Figure 22 Furnace pressure control
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Figure

23

®

Air ingress during reheating furnace opration
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. Figure 25

Operating cost per ton
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Figure 26 Continuous reheating furnace with furnace

pressure arithmetic control system
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Figure 27 Damper for pressure control
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Figure 28 Damper configuration
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Figure 29 Hearlh'cbvérag'e and’ fuel co‘hsumptlon of WB
_ furnace provided with double lnsulat_lo_n method
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Figure 30 Example of hearth coverage (effective furnace length)
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Figure 31 Historical change of furnace desigh for catenary type
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Figure 35 Thermal efficlency of industrial furnaces
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Table 36 Fuel consumption and thermal efficlency_df heat
treating furnace '

Continuous type furnace

Batch type furnace

Furnace - = . g RS
T = & o &
pe 'E ' E . S 'g E o = 2.
A R - I g |z S 3 =
ST : g * s = .S . - o .:
Ttem fol=BisR 8|S E58 v 3| 3
IRl I~ I S P I = oo =l - < R = M m
R e i ST FERR I S D S
4:0'3 IR IR Aheieieh ey - L Wiahaateh I
oo k- --+--=-- romemadmmadond R R R
Fuel ' ombendendocnnld L e o S O
consumption 130 Average N e N
{10%kcal/t) ] ] IR S I B B S
R A o |
...... (N SO J
50 e _
Thermal 40 o
efficiency % . ‘I-
(%) 10 ‘1’ 3% X0
L s MU — T T A S e
. : -wfﬂ b o rn - —— Y ) - . - - -
Heat treating ~pgf-——---4emdooo b L] SRR SR U R S S
capacity, o o WOp--p--tofeoproocqees ey SR sl Rk e LAk JEE S8 T EES R
continuous 3.05-0 - RS el i 3 T r..-.. YT
type {t/k), ~ 2.0 T T T TR e
0710 Rl bt ool kel Sk Uk b Sl bty Rl
batch 0. RS R SRk SR TEE PR T U S, p
type {t/ch) 0-30_2' LTS SRSYUORA DEPYRIEE SRS R S [ D
] T s St ERRREE EETEE TEP E FRS O S
’ l-m- - E -t»
Heat treating B8O + 3 : .
temperature 4
) B0 Y _ g

4C0

Sample number {n)

42

25| W/ 2

4108152 | 15} 7

I—56—9—-72

'”’-’—Ew‘i



Table 37 Heating capacity and actual fuel consumption of
stee! slab continuous reheating furnace

120 ' I l
A o Pusher type
00— _ - s Walking beam type —
2 f '
: o
: o —
2 » LI ° e . o . =
- _ . ;p ° - Average: 50.96 x 10*kcal/t
gl . [
% B0peog— ) T . 0o
. ] ° | . ] "‘ I .{{o 1 _{ ]
U M B SvAnniaia- 2in Ay S PR A R POrSiiat R B ik .
~ 0 noo . :? . ° ! ‘o 0 . ° °
B A0y -4 2
L : I SEANED
> vepe” 8 °
20 -
0 ' .
0 40 80 120 160 200 240 280 320 360

Heating capacily {t/h)

Table 38 Fuel consumption and thermal efficiency in
forge furnace

Fuel :
Kind of- {consumption Heat efficiency

Plant {orging litre/t(product) Y%
A Closed .di: 240 8.3
B forging 355 8.5
c . 240 12.5
.D » : 270 1.0
E - 205 14,6
F - . 238 12.6
G Open die 240 8.9
H forging 300 5.6
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Tab!e' 43 Average isopiestic specific heat of gas

Temp. (C) | Ha N; o} CoO | HO | €O | 80, | Air

0 0.303 0.311 0.312 0.311 0.341] 0.387] 0.424/ 0.310

100 0.307 0.313 0.315 0.312] 0.344 0.4120 0.445 0.311
200 ] 0.309 0.312] 0.3200  0.313 0.348 0.432 0.464 0.312
300 0.309| 0.313 0.325 0.315 0.352 0.450] 0.481 0.315
400 0.310, 0.316 0.330 0.318 0.537] 0.4660 0.494 0.318
500° 0.311]  0.319 0.334 0.32)) 0.363 0.480 0.507] 0.321
600 0.3120 0.321] 0.338] 0.325 0.369 0.493 0.518 0.324
700 0.313 0.328 0.343% 0.329) -0.379 0.504 0.527] 0.328
800 0.314 0.3200 0.347 0.332 0.38 0.515 0.535 0.331
900 0.316] 0.331 0.351 0.333 0.387 0.523 0.5420 0.334
1,000 0.317] 0.334] 0.354 0.338  0.393 0.532 0.548 0.338
1,100 0.319 0.338 0.358 0.341] 0.400 0.540{ 0.554 0.340
1,200 0.321 0.340 0.359 0.344f 0.408 0.547] 0.559 0.343
1,300 0.323] 0.342 0.36% 0.346 0.4114 0.5531 0.563 0.345
1, 400 0.325 0.345 3.36) 0.348 0.418 0.559 0.567| 0.348
1, 500 0.326( 0.347, 0.366] 0.351 0.423 0.565 0.5700 0.330
1,600 0.328) 0.350 0.368 0.353 0.428 0.5700 0.573] 0.353
1, 700 0.330f 0.351] 0.3700 0.355 0.433 0.575 0.576] 0.354
1, 800 0332 0.353 0.372 0.357] 0.439 0.579 0.573 0.356
1,900 0.334 0.354 0.374] 0.358 0.443 0.583 0.581 0.358
' 0.336 0.356 0.376 ~0.3600 0.448 0.587| 0.583 0.359

2, 000
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" Table 44 Standard air ratio

o (1) Boiler
) ‘ Standérd air ra;i§
" Classification Load _ : : . '. :
. (%) ", Solid Liquid | Gaseous Blast furnace gas,
: fuel fuel | fuel. other. by-oroduct
‘ : - £as
: Lo _ 75 .2 1 L05 1.05 :
Elcctnc utility use . ~100 1.3 ~1.1 ~11 1.2
, . 75 12 L1 1.1 . '
| Evaporation over SGt{h ~100 ~1.3] <12 —~1.2 1.3 %
Others Evaporation over 10t/h 75‘“" o 1 2 1.2 .
and below 30t/hD ~100 - ~1.31 ~13 :
S 7S _ T
Evaporation below lUt(h_ L ~1001 1.3 1.3 _
(2) Industrial furnace
Classification " Standard air ratio
Melting furnace for metal casting o 1.3
Steel slab continuous reheating furnace _ 1 25.
Metal reheating furnace other than steel slab continuous reheating furnace 1.3
Continuous heat. treating furnace 1.3
Gas generatar and gas reheating furnace 1.4
Petroleum refinery {urnace 1.4
Pyrolyzer and reformer ' 1.3
Cement baking furnace 1.3
Alumina baking furnace and lime baking furnace 1. 4
Continuous glass melting furnace ' . 1.3
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Table 45 Calculated values of S, (fuel oil A) %
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1.1

ENERGY CONSERVATION IN ELECTRIC EQUIPMENT OPERATION
ELECTRIC POWER MANAGEMENT

For electric power conservation, it is necessary to manage the electric power from both electric
energy and maximum e¢lectric power aspects.

It is important to manage the electric energy from the following two aspects;

(1) Improvement of the electric power consumption rate

) Improvement of the power factor

and for the maximum electric power, it is unportant to manage from the stand point of improve-
ment of the load factor

Improvement of the Electric Power Consumption Rate

To generally improve the electric power consumption rate, it is important to get a reasonably
'clear picture of the transition in this consumption rate, classify each production process and each
raw material and associate them with changes in the processing method and for technical
improvement. Itis also essential to determine the target value for the electric power consumption
rate in each production process, work out a plan starting from a pertion which can be improved
and carry it out,

Important items to improve the electric power consumption rate are concretely described as
follows:

(1) Placement of measuring instruments

Provide measuring instruments at important points so that the electric power consumption
for each hour may be measured and checked periodically. It is necessary to grasp the load
condition, maximum electric power and electric power consumption rate from the results of
measurement. If there is any problem, it must be solved quickly.

(2) Electric power management

_Op_timize voltage and capacity in each distribution ling and endeavour to introduce high-
~ efficiency electric equipment, operate them efficiently and reduce troubles.

(3) Equipment management

Optimize capacity for the production equipment, intend to introduce and operate high-
efficiency production equipment, and endeavour to prevent troubles by completing main-
tenance and control. Special atiention should be paid to troubles with the electric equipment
since they are liable to cause thc suspension of operation, equipment damage and accident
resulting in injury or death. '
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1.2

(4) Process control

Rationalize the operation processes and improve the layout. - -

"(5) " Quality control’

Establish an overall company cooperatlve system for quallty control and endeavour o
reduce defective ratio. '

(6) Participation by all employees .

Enhance consciousness for increased productivity and cost, and positively promote for the

. establishment of a work improvement suggestion system:and for. thoroughness of QC circle
activities. :

Improvement of the Power Factor

When AC electric power is provided to a load, the slcc{ﬂc power at this point is gencrally less

than the product of the voltage and current. “In this case, the ratio of the two is called “Power
factor”, and is expressed by the following equation: '

Power factor =

where P: Electric power (W)
E: Voltage (V)
I: Current (A)

o e S P )

¢: Phase difference between voltage and current
P
e 6 e 44t e b e e e e e et e e e e e e e e e (3)
Ecos ¢

Then, the current to get a specified output should be increased as being inverse proportion 10 the
power factor. A phase-advancing capacitor is generally provided to improve this power factor.

The energy conservation effect due to this is obtained by reducmg all of the surplus current and

resistance loss of the distribution line or the transformer.
Effects obtained by improvement of the power factor are oesoribed bolow:
(1) Reduction effect of Distribution Line Loss
. Since power loss in the dlstnbunon line is gwen by {Line currcnt)2 X (Lme resistance),

reduced distribution line loss (P to be obtained by prov1d1ng a phase advancmg capacxtor
to improve the power factor in Fig. 1 is determined by the’ followmg equallons

I—5—10—2




Figure 1 Reduction Effect of Distribution Loss'
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A) Equation for three phase circuit
PL=3X(ILo2 —T2)XRXIOTI(KW) - oveee ettt @)

where
Before improvement

Tro? =( z ) = P —
\V3xExcosfly” 3E% cos? 8,

After improvement

P , P? i

I 2= = *
L (ﬁxEXCosﬂl) 362 cos® 6

P 1 1
382 cos® O cos> 6,

Io? -1u? =

Hence,

.

P 1
P =—x{(
L Ez

1 -3
— YXRXIOTI(KW)  covvem e 5
cos” By cos? 6,

In equation (5), subsiituting

1 1

. - =k
cos? &y “cos? 8 '
p? s . o -
pL=?,xk1xRx10 TRW) e (6)
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“where, .

p? )
- E—2=3COS 90'1L02

-‘Hence,
PL=35><(ILOXCOSOD)ZXK'1XRX 102 (kW) v veenennn €))
B) Equatidn for single phase circuit -~ -

PL =2X(IL02 _Im2)XRX10“3(kW) ............... . .'.7 .......... . IR (8)

where
~ Before improvement

, P .
1 2_ (—

LO_ E cosdy
After improvement

2 P 2

I“ = :
L (E cos )

Pt 1 1
ILO2 -‘Iug EE—z(

cos? 8 cos? &,

Hence,
P —2><P—2x( ! ) xRX107 kW) | )
L E2 " cos? 6y cos® 6, . _ t
p? 3
=2xE2_xklxRx10 (KW) o e TR (10)
=2 X (I X 05 8)° XKy XRXI0Z(KW)  +ocveermriniaaiin., an
where

P (kW): Load power

I, (A) : Present load current .

I,; (A} : Line current after improvement
E (kV) : Line voltage

cos@, : Present power factor _
cos8, : Power factor after improvement
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C) Calculation example
Reduced loss in thé model system of three phase distribution line is calculated by using the

preceding equation (7), as is shown in Table 1.

“Table 1 Calculation Example of Reduction Effect of Loss in 3 Phase
Distribution Line due to Power Factor Improvement

Resistance value Length Present )
of distribution line g ower Present Load current Reduction of
and cable - p load after improvement loss in wiring
R: (Size of wiring  factor current
: =0, 0, = 0. = (). 0 = (.
electric wire) 1 {cosq,) cosB = 0.90 cosB =095 cosd =090 cosd =0.95
Q/km 500m 060 131A  87.3A 82.7A 2.87 kW 3.10 kW
g 0.20 (100sq :

or equivalent) 0.70 131 _ 102 - 96,5 2.04 2.30
0.13 (1565(1) 500 0.60 219 146 138 5.18 5.61
or equivalent

0.70 219 170 161 3.68 4.26
0.10 (200sq) 500 0.60 262 175 165 5.74 6.21
or equivalent :

0.70 262 104 193 4.08 4.72
0.08 (250sq) 500 0.60 306 204 193 6.25 6.76
or equivalent

0.70 306 238 225 4,44 5.14
0.06 (325sq} 500 0.60 350 233 221 ' 6.12 6.62
or equivalent -

0.70 350 272 258 4.35 5.04

(2) Reduction effect of transformer loss
Generally speaking power loss in transformers consists of “Iron loss” which occurs in iron
cqré, and “Copper loss” which occurs in coil, of which “Copper loss” is greatly affected by
the power factor.
A) Equation
 Reducéd transformer loss (P‘)'whc'n the power factor is improved by a phasc-advancing
capacitor on the secondary side of the transformer as shown in Fig. 2 is determined by the

following equations:

" However, it is assumed that total load loss of transformers: Copper loss = 1:0.8.

I—5—10—5



The equations are the same for both single and three phase.

4 P

100 2 1 1 | L o . . -
P, =(——1)X—x{—) x - YxLg (KW) <.« S (12)
v =t 1] ) 5 Ly (0032. 8 (008281 0 o L o o
=(@-l)xix(—P——)2xkleo(kW) .................................. (13)
n 5 Lo : o :
=kyxky XLy (KW) «venievenioiion., e e e (14)

where,

- 100 4 P
kg = (—— )X =x (—)?
7 - 5 Ly

Figure 2 Reduction Effect of Transformer Loss

.Txansformer ' Lod
LkVA) cosé, o
(%) - Transformer rated capacity @ L&VA)
Transformer efficiency - (%)
Condenser Load power . : PRW)
Present power factor - : cosd,

- Power factor after improvement : cos,

B} Calculation example

The calbulation example of reduced transformer loss using preceding equation (14) is
shown in Table 2, ' ‘

Table 2 Calculation Example of Reduction Effect of Transformer Loss

Transformer specification L~300kVA 1=98%  L=500kVA n=98.5% L,=1,000kVA n=99%

P/L, 05 06 07 05 06 07 05 06 07

cos0, — cosf, kW kW kW kW kW kW kW kW kW
0.60 — 0.90 189 272 370 235 339 461 312 449 611

0.60 - 095 204 295 4.01 2,556 3.67 499 337 486 6.61

070090 099 142 193 123 177 241 163 235 3.19

0.70 — 0.95 114 165 224 142 205 279 188 272 3.69
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