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,4 solution is considered for  the problem of  determining fuel consumption in heating a prism of  rectangular 

cross section in a continuous furnace from prescribed temperature conditions. 

The  amoun t  of fuel needed  for main ta in ing  the required t empera tu re  condi t ions  in a furnace can be 

determined on the basis of a heat  balance equation [1 I, 

The  p r o p o s e d  p r o c e d u r e  makes  it poss ib le  to ob ta in  an equat ion  for ca lcu la t ing  i n s t a n t a n e o u s  fuel 

consumption at the time 0 < t _< tf. Unlike the approach descr ibed in [1 ], the present  method for solving this 

problem takes  into account  not the ini t ia l  and  final t e mpe ra tu r e s  of the  meta l  but r a the r  the ins tan taneous  

tempera ture  d i s t r ibu t ion  over the cross section of the ingot, thus increasing subs tan t ia l ly  the accuracy of the 

calculations. 

Let us cons ider  the given problem using as an example  the heat ing of a prism of rec tangular  cross section 

with heat  t r ans fe r  occurring on the surface by means  of radia t ion  and convection. According to the assumpt ions  

made in [2 ], the process of heat ing a metal  is descr ibed  by the sys tem of equations 

pc(73 o t - o x  (73Tx +Ty (73 , (l) 

with the initial  condi t ions 

and the bounda ry  condi t ions 

OT (R~, y, t) 
;t (73 ox 

0 < x _ <  R 1 , 0 < y - < R 2 ,  0 <  t_< tf,  

T ( x , y ,  0) = T O 

-- cz (Tfu r (l) - T (R 1, y, t)) + a (Tf4ur (t) -- T 4 (R1, y, t)) , (2) 

OT y, t~ 
' ~ '  = o ,  
OX 

aT (x, R2, t) 4 T4 
,,1 (T) Oy - ~t (Tfu r (t) - T (x, R2, t)) + a (Tfu r (t) - (x, R 2, t ) ) ,  (3) 

OT (x, O, t )  = O .  
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Thus,  we assume thal the change in the temperature along the Z axis (over the height of the prism) is 

insignificant and can be neglected. The temperature distribution of the furnace Tfur(t) is known for the entire period 

of heating 0 < t < tf. 

Then the volume-average temperature of the metal can be determined from the formula 

l f :  T (x, y, t) dxdy.  (4) Tar (t) - rues V v " 

We need to obtain an equation for the fuel consumption at the time 0 < t _< It. 

Let us fix the time t and At and consider different expenditures of heat to construct a heal balance equation 

I l l .  
I. Heal spent for heating up the metal from Tar(t) to Tav(t + At) (useful heat): 

P 
Qu (t) = ~ Cme , (Tar (t + At) - Tar (t)) .  (5) 

2. Heat lost with flue gases leaving the furnace (for fuel-burning furnaces): 

Qou, (t) = a (t) VsmCsmTout~t. (6) 

3. Heat  lost thro~lgh the lining (laying) of the furnace: 

Tfu r (t) 
Qlay (t) = S1/~ 1 + S2/.j. 2 + 1~am F w At .  (7) 

4. Heat lost by radiation through open windows and doors of the furnace: 

Qh (t) = C O (Tfu r ( t ) /100) 4 r (8) 

5. Heat spent for heating transportation devices (trays, conveyers):  

Qtr (t) = MtrCtr (Ttr (t + At) - Ttr ( t)) .  

We also assume that the change in the heating temperature of the transportation devices corresponds to the change 

in the temperature of the furnace, i.e., 

Qtr (t) = MtrCtr (Tfu r (t + At) - Tfu r (t)).  (9) 

6. Heat lost through metal rods and inserts in the furnace lining (anchors for fastening a lining made of 

ceramic fiber, etc.), called thermal lockings: 

Qthl  (t) ~ Qlay (t) .  (10) 

7. Heat losses unaccounted for: 

Qun (t) = 0.1 (Qlay (t) + Qh (t) + Qtr (t) + Qthl. (t)) . (11) 

Thus,  the total heat consumption in a continuous fuel-burning furnace at the time t is determined as follows: 

YQcons(t) = Qu (t) + Qoul(t) + Qlay(t) + Qh (t) + Qtr(t) + Qthl  (t) + Qun (t) .  (12) 

The heat input is composed of: 

1) heat coming from fuel burning (heat of chemical reactions of combustion) 

r 
Qch f (t) = B (t) Ql,,wAt, (13) 
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2) heat coming from heating of air supplied to burn the fuel (physical heat of air) 

Qph.air ( t) = B ( l) VairCairTairAl , (14) 

3) heat coming from fuel heating (physical heat of the fuel) 

Qruel (t) = B (t) CfuelTruel At. (15) 

Thus, the total heat input in a continuous fuel-burning furnace at the time t is determined as follows: 

YQinp (t) = Qch.f (t) + Qph.air (t) + Qph.f (t).  (16) 

According to the energy conservation law, the total consumption of heat should be compensated by its total 

input into the furnace. Therefore, the heat balance equation has the form 

XQcon s (t) = YQinp (t). (17) 

Substituting Eqs. (12) and (16) into Eq. (17) and taking into account Eqs. (5)-(11) and (13)-(15), we 

obtain 

P 
3600 Cruet (Ta~ (t + At) - Tar (t)) + B (t) VsmCsmToutAt  + 

+ 2.2 
Tfu r (t) 

Sl / ) . l  + $2/3t2 + 1/ct m F w At + 1.1C o (Tfu r (0 /100)  4 tI~OFAt + 

r 

+ 1.1MtrCtr (Tfu r (t + At) - Tfu r (t)) = B (t) QlowAt + B (t)VairCairTairAt + B (T) CfuelTfuel At. (18) 

From Eq. (4) it follows that 

4 RI R2 

Tar (t + at) - Tar (t) - mes V f f (T (x, y, t + At) - 
0 0 

- T (x, y, t ) ) dxdy  - 4At R(1 ~ 2 0 T  
mes V 0 0 - ~ - ( x ' y ' 0 )  dxdy'  

(19) 

Taking into account Eq. (1) and boundary conditions (2) and (3), we obtain 

R1 R 2 0 T  
p C ( T )  f f - ~  (x, y, O) dxdy = 

0 0 

0 OT (x, v, O) 
= f  f ~ (r) o-S . 

0 0 
+ ~  (r) ~ (x, y, O) dxdy = 

1 f f ,~ or 
o o ~x (T) 5-;(x'Y'~ 

0 OT 
dxdy + f f c~y (T) ~y  (X, y, O) 

0 o 
dxdy = 

R 2 
OT 

f a (T) ~ (x, y, o) 
o 

R1 R 2 
OT 

d y +  f 2 ( r ) ~ y  (x , y ,O)  
o 0 

R 2 

dx  = 

0 
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R 2 
f [a  (Tfu r (0) - T (RI ,  y, 0)) + o' (Tf4ur (0) - T 4 (RI ,  y, 0) ] dy + 
0 

R 1 
+ f [a (Zfu r (0) - Z (x, g z, 0)) + a (zfaur (0) - Z 4 (X, R2, 0) 1 d x .  

0 

(20) 

S u b s t i t u t i n g  Eq. (20) in to  Eq. (19) ,  we have 

Ta,, (t  + At)  - Ta, , (t)  = 
4A/  R2 

• f [,~ (Tru r (0) - T (RI ,  y, 0))  + 
mes V p C (7") 0 

R 1 
+ o(Tf4ur (0) - Z 4 ( R l , Y ,  0) l d y +  f [a (Tfu r (0) - T ( x ,  R 2 , 0 ) )  + o ' (T f4 r (0 )  - T 4 (x,  g 2 , 0 ) ] a x .  

0 
(21) 

Subs t i t u t i ng  Eq. (21) into (18),  we c o m b i n e  s imi l a r  t e rms ,  d iv ide  them by At, and  pass  to the  l imi t  as At 

-,. 0. T a k i n g  in to  account  tha t  

Tfu r (t + At) - Tfu r (t) dTfu r (t) 
lira - - -  

as-.O At  dt 

a n d  

lim T ( x , y ,  0) = T ( x , y , t ) ,  t _ < 0 _  t +  A t ,  
At-~0 

we f ina l ly  ob ta in  

dt - A IB  (t) - A2Tfu r (t) - A3Tfu r (t) - A 4 [a  (Tfu r (t) - T (RI ,  y, t) + 

R 1 
+ a ( T f 4 u r ( t )  - T 4 ( R  l , y ,  t) l d y +  f 

0 
[,~ (Ttu r (t) - r (x,  R 2, 0 )  + cr (Tf4ur (t) - T 4 (x, R 2, t ) ]  dx  I , 

/ 

where  

r 

Qlow + VairCairTair + CfuelTfuel - VsmCsmToul . 
A 1 = 1.1 MtrC~r 

2 F  w 

,42 = l . lM1rCt  r (S I / J .  I + $2 /22  + l / a m )  " 

Co~Dq~ F PC m e t 

A3 = 108MtrCtr-" "44 = 990pC (T) rues VMtrCir " 

T h e  p roposed  p rocedu re  for  d e t e r m i n i n g  the consumpt ion  of fuel  was tes ted  at  the Be la rus i an  Meta l lu rg ica l  

P lan t  in Z h l o b i n .  T h e  e x p e r i m e n t a l  r e su l t s  s h o w e d  s a t i s f a c t o r y  a c c u r a c y  of the ca l cu l a t i ons .  T h e  p r e s c r i b e d  

t e m p e r a t u r e  cond i t ions  of ope ra t ing  of a furnace ,  as well as the fuel consumpt ion  ca l cu la t ed  from the equa t ion  

o b t a i n e d ,  a re  given in Fig. 1. In this case  the total  gas  d i s cha rge  was 500 m 3. 

Thus ,  a p rocedu re  for d e t e r m i n i n g  fuel consumpt ion  wan o b t a i n e d  on the bas is  of a c o n s t r u c t e d  hea t  ba lance  

equa t ion  for a con t inuous  furnace .  Resu l t s  of an indus t r i a l  e x p e r i m e n t  les t i fy  to suff ic ient  eff icacy of the p roposed  
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Fig. 1. Diagram of the variation in the temperature of the furnace (a) and in 

fuel consumption (b). T, K; u, m3/h. 

approach. The sequence of operations proposed in the article can be used to construct equations for calculating fuel 

consumption for heating problems described by other mathematical models. 

N O T A T I O N  

t, current time, h; tr, time of the end of the heating process, h; RI, R2, half the length and width of the 

narrow face of the prism, m; x, y, current coordinates of the narrow face of the prism reckoned from the center, 

m; Trur(t), temperature of the furnace at the time t, K; (7, coefficient of heat exchange by convection, W/(m2.K) ;  

5, coefficient of heat exchange by radiation, W/(m2-K4); 2(73, thermal conductivity, J / ( m . h . K ) ;  C(T),  heat 

capacity, J / ( k g - K ) ;  p, density of the material, kg/m3; T 0, initial, uniform temperature distribution in the prism, 

K; T(x, y, t), temperature at the point (x, y) at the time t, K; mes V, cross-sectional area of the prism, m2; P, 

furnace efficiency, kg/h; Cm, mean specific heat of the metal, J / (kg .  K); Toy(t) and Tav(t + At), volume-average 

temperatures at the times t and At, K; B(t), fuel consumption, kg/sec, m3/sec; Vsm, volume of the combustion 

products formed in burning 1 kg or 1 m 3 of fuel, m3/kg, m3/m3; Csm, specific heat of the combustion products, 

J / ( m  3. K); Tout, temperature of outgoing flue gases (adopted in accordance with the temperature conditions of the 

furnace); Tam b, temperature of the ambient air, K; Sl/21 and $2/;t2, thermal resistances (ratios of the thickness 

of the lining layers to their thermal conductivity coefficients) for the first and second layers, m 2. K/W; a m, 

coefficient of heat transfer from the external surface of the furnace walls to the ambient, W/ (m 2- K); Fw, area of 

the external surface of the furnace lining, m2; Co = 5.7 W/(cm2.K4) ,  radiation factor of a blackbody; ~ ,  

diaphragming coefficient (determined from the diagram given in [1 ] on page 49); W, relative time of opening of a 

window or small door (if the window is open 30 min in 1 h, then ~ = 0.5); F, area of the window or small door, 

m2; Mtr and Ctr , mass  (kg) and mean specific heat (J / (kg"  K)) of the transportation devices located in the furnace 

in the time At, respectively; T~r(t) and Ttr(t + At), temperature of the transportation devices at the times t and 

t + At, respectively, K; ~ow, lowest heat of fuel combustion, J /kg,  j /m3;  Vair, volume of the air needed for burning 

1 kg or 1 m 3 of fuel (with account for the required excess air), m3/kg, m3/m3; Cair, m e a n  specific heat of the air, 

J / (cm 3. K); Tair, temperature of air heating, K; Cruel, mean specific heat of the fuel, J / (kg .  K), J / ( m  3. K); Tfuel, 

temperature of fuel heating, K. 
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