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COMPUTER MODEL OF THERMAL REGENERATORS 
WITH VARIABLE MASS FLOW RATES 
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Abstract-Regenerative heat exchangers which require constant exit temperature of the cold fluid, are 
equipped with a control mechanism which allows either a certain quantity of the incoming fluid to by-pass 
the regenerator and mix directly with the outgoing fluid-stream or regulates the mixing of two exit fluid- 
streams from two regenerators which are out of phase by i/Z of the cold period, in order to maintain the 
constant temperature. In either case, the variable cold fluid flow-rate is controlled by its exit temperature. 
This paper describes the solution of the differential equations which govern this non-linear heat-transfer 
process. The temperature dependence of the solid and fluid properties and the heat-transfer coefficient is 
taken into account. This method can be utilized to aid the design of new regenerators or to improve the 
performance of existing installations. The solution is general and is applicable to any type of regenerator. 

NOMENCLATURE 

00, a,, Q, numerical constants; 

4 heat transfer area Em’] ; 

b,,b,,b3, numerical constants; 
Br, &, BJ, numerical constants defined 

by the equation (1.10); 

C, volumetric specific heat of solid 

[J/m3 Kl ; 
C, volumetric specific heat of fluid 

[J/scm K] ; 
C,, C,, C,, numerical constant defined 

by the equation (2.1 lf; 
fluid inlet temperature [“Cl ; 
temperature correction factor ; 
roughness correction factor; 
function defined by the equation (22); 
function defined by the equation (23); 
heat-transfer coefficient [W/m’ K] ; 
convective heat-transfer coefficient 

[W/m2 K] ; 
radiative heat-transfer coefficient 

[W/m’ Kl ; 
corrected heat-transfer coefficient 

[W/m2 K 1; 
volumetric specific enthalpy [J/scm] ; 
jth step ; 
total time steps; 
thermal conductivity of the solid 

[W/m Kf ; 
K,, K,, KA. numerical constants defined 

by the equations (2.9); 
L, height of the regenerator [m] ; 
m, fluid flow-rate [scms] ; 
14 the It th node ; 

2. 

total number of nodes; 
heat transferred/unit time, defined in 
the text [W] ; 
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heat transferred per period [J/cycle] ; 
radius [m] ; 
time [s] ; 

fluid period [s] ; 
reversal time [s] ; 
solid temperature c”C] ; 
dimensionless fluid temperature; 
dimensionless solid temperature ; 
volume of the solid [m3] ; 
distance from the regenerator entrance 

[ml. 

Greek symbols 

ratio of radii ; 
solid semi-thickness [m] ; 
dimensionless time; 
thermodynamic efficiency of the 
regenerator; 
thermodynamic e&ciency ; 
fluid temperature [I”C] ; 
ratio of fluid flow-rate/maximum 
flow-rate; 
dimensionless length of the regenerator; 
ratio of periods ; 
dimensionless distance ; 
dimensionless period ; 
Fourier number; 
mean harmonic Fourier number; 
correction factor. 

Subscripts 

b, blast ; 
e, exit ; 
4 inlet ; 
max. maximum ; 
IL quantities at the nth node; 
42, refer to the quantities of the hot and 

cold stove respectively. 

735 

Superscripts 

I? quantities at thejth time step; 
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quantities at the cold period; 

space average : 
temperature average ; 
t init average. 

I. INTRODWTlON 

MANY industrial processes require the transfer of heat 

of a hot lluid to a relatively colder one. This is usually 
accomplished by indirect heat transfer (conventional 

heat exchanger) which is characterized by separation 

of two fluids by a thin thernlally conducting wall 
(usually metal). across which the hotter fluid con- 

tinuously transfers its heat to the colder one. III the 

case where the fluids are high temperature corrosive 
gases. the capital expenditure required for efficient 
indirect equipment escalates rapidly because (if special 

materials must be u$ed in its construction and (ii) the 
physical dimensions of the units must be dramatically 

increased to compensate for the poor heat-transfer 
characteristics of the gases. A partial solution to the 

cost and corrosion problems is achieved by the use of 
regenerators where the transfer of heat from one Auid 

to the other is accojl~plis~~ed by the alternate heating 
and cooling of a corrosion resistant refractory solid, 

with embedded channels. through which the hot and 

cold gases alternately flow. If to and r,, are respectively 
the duration of time that the cold and hot gas flows 

through the regenerator. then for a continuous process 
the cold- hot gas cycle will be repeated with a fre- 
quency ll(r,I+r:,-t r,.). 

Here i, is the io-called reversal period when there is 

no gas How. After some time, the regenerator tempera- 

ture will reach a state called cyclic equilibrium. Pit this 
point. the temperature throughout the regenerator 
and of the gases will be cyclic fLliictions of time. 

Numerous articles have been presented on the 

subject the last four decades starting with the pioneer 
work of Angelius [I], Shumann [2], Ackermann [3] 

and the outstanding analysis of Hausen [4: 5.6]. 
In this paper we investigate the blast furnace stove 

regenerators such as those used in the steel industry. 
(Our analysis is also applicable to any other type.) 
Here. a stream of hot air (blast air) of a constant 
temperature (the blast temperature) is required. Thus, 
the exit temperature of the air from the stove+ should 

be constant. Since the air exit temperature from a stove 
decreases rn~~n~~ton~call~ with time, an arrangement 
must he made to yield the required constant tempera- 

ture. Here we investigate two such arrangements 
commonly used 111 practice. The first is called “series 
parallel” where one stove IS on air and one or more on 

gas (combustion gas and,/or hot waste gas being the 
hot fluid). The second is called “staggered” and in this 
cast. two stobes arc on air and two on gas. In the series 
arrangement. some of the incoming air bypasses the 
stow and is mixed with exit air stream to produce the 
required blast temperature, while in the “staggered” 
system. the constant blast temperature is obtained by 

mixing the exit air of the two stobes which XC 
maintained out of phase by one half of a period (r,,.? I. 

In this application, the blast temperature is equai IO 
the final air exit temperature ir. the ‘.,eriej” ;~rran~ic- 

ment, while in the “staggered” arrange~~~~~t. iI ix ~qu:‘! 
to the air exit temperature in the middle 01‘ tlw AI! 
period. It is clear, that in either case. the air Ilow-r.;tt~ 
through the stove must be controlled bq rhc dir LY.:: 

temperature. Thus, the entire heat-transfer proceed, i?;, 

virtue of the flow-rate dependent heat-tram&r c<)ci- 
ficients. becomes a functional of the air exit r~mpcr;~. 
ture. 

There is an important difference with respect IO 1i1~: 
variation of the air flow-rate through the sto\‘e in the 

two arrangements. In the “series” arrangement the ;UI 
Bow-rate varies. in extreme cases, between ;tppril- 
ximately 75 and loo”,, of the blast ffow-rate. ivhii~ in 
the “staggered” this variation is between ti antii iiN”,> 

All previous authors have considered only CX~LY.T;I~~ 

flow-rates. If the problem required a variable lion -I ate 
;IS in the case here, an average flow rate would hate to 
be used [7]. Recently, Hausen [8] has shown how ict 

correct for the variable flow-rate iT the variation 9, 
within 2 YL, from its average baiue with a maxunurn 
error in the heat-transfer coefficient of? 7’1, Thi> 

correction covers the practical cases for the ‘“&e\” 
arrangement. However. in the “st.aggered”’ arrange)- 
ment. the average flow-rate is Q priori known anti i, 

equal to one-half of the blast iinw. Moreo~cr. the 
variation of the flow-rate through the stove is 7. iiiO’,i 

from its average value and the previous work thzretol-c 

does not apply. Willmott [91 has also obtained .: 
solution to the “series” stove arrangement, bx a~urn.- 
ing a linear variation of the mass flow-rate of aif- 

In the present analysis the solution of the itn\~. 

problem with variable flow-rate. which is controlled b\ 
the air exit temperature. is obtalned by simulation on it 

digital computer. 

2. GOSEHNING EQUATIONS AND NOKRIAI.l%.~ I’lOh 

The diflerential equations describing the !hermai 

behavior of the regenerator, under the rcstl-ictinn% 

mentioned below. are: 

h*A(O - T) = (‘1/;(“l‘*?t (1 t 

h* A (T- 0) = nicLi~~;?-_. i71 

The restrictions are: (i) The thermal behavior oi zi! 

channels is identical. (ii) Fouling is neglected. (iii t The 
gas composition remains constant. (iv) The heat 
capacity of the gas in the channels is small relative lo 
the heat capacity of the solid. IV) The effect of the 
thermal conduction in the direction of llow cm be 

neglected:i- (vi) The effects of the residual gas during 
the reversal period are neglected. (vii) The solid 

temperature in the direction normal to the flow. is 

lumped, and theeffect ofits thermal resistance has beotr 
incorporated in the corrected heat-transfer coefficient 
IT* defined by Hausen [5] as, 

I/h* = (l/h)(l t@,h&:?ti) (7) 
-_-.______--.--.- ------- 

+-;-A justification of this restriction is given in AppendI\ i 
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where @ is a correction factor, which is determined by 
solving a simpler cyclic equilibrium problem that of 
constant heat flux into the solid [5]. This correction 
factor is a function of the three variables, 

2/T,,, = l/r + l/r’ 

harmonic mean Fourier number 

B = rzir1 ratio of outside to the inside radii 
of a cylindrical channel 

,U = to/t; ratio of the periods. 

(4) 

(5) 

(6) 
The equations for obtaining CD are given in [lo] and 

they are incorporated in the program. 
Equations (1) and (2) must be solved subject to 

equilibrium conditions 

T(0, z) = T’(tb, L-z’) (7a) 

T(t,, 2) = T’(0, L-z’) (7b) 

for 0 < 2, z’ < L where z, 7’ are measured always from 
the entrance of the hot and cold gas respectively and 
the boundary conditions, 

oi = f(r) @a) 

0; = f’(t). (8b) 

In general, the gas flow-rate will be given as a function 
of time, while the air flow-rate rit’ is dictated by the 
following control.: equations, which are derived in 
Appendix 1, 

“series” (9) 

“staggered”. (10) 
Moreover, the air exit temperature must satisfy the 
condition 

0: = O6 at t = tb “series” (IN 

0: = 0, at t = t’,/2 “staggered”. (1 lb) 

The heat-transfer coefficients h includes a radiation 
part h, and a convective pait h,. The h, is calculated 
with the methods described in the standard textbooks 
[ll]. The graphs for the emissivities of CO, and Hz0 
and all correction factors have been included in the 
program in the form of tabies. For the convective part 
h, we have used Bohm’s equation [12] given below, 
but any appropriate equation can be used. 

h, = (aO+alu/DO.‘+)F,F, laminar 

Jr, = (u~u~~*/D~~~~~)F,F, turbulent 

where a, = 5.4080, a1 = 1.3665, Q~ = 3.381 

(Qa) 

U2b) 

F,, a temperature correction factor equal to [(O+ 
273)/1000]“~2J and FR, roughness correction factors 
taken from [12]. 

The properties of the solid and gases and the heat- 
transfer coefficients are temperature dependent. They 
are evaluated in the time-space mean corresponding 
temperatures except for the specific heat of air which 

tThe word control is used to indicate that there is a flow 
control device placed in the gas stream. 

appears in the control equations (9,lO). It is given by 

the expression (13) 
c’= b,+b@‘+b,0’2 (13) 

with bl = 987.1, b2 = 0.2360 and b3 = -0.3974 
x 10-4. 

It is shown in Appendix 2, that with introduction of 
the dimensionless variables, 5, <‘, 8, pi’, the differential 
equations, the cyclic and boundary conditions, and the 
control equations become 

?&J/~i_r = F@)(V- U) (14) 

av/&/ = F(L)(U - V) (15) 

,&?U/a< = F(I’)(U’- V’) (16) 

aV/a$ = F(I’)(V’- U’). (17) 

For 0 G 5 G A, 0 < 5’ G A’, 0 < q < II, 0 < 9’ G n’ 

V(0, i’) = V’[IT, (A’ -C’)] 08af 

V(rI, <) = V[O, (A’ - i’)] U8bf 

vi = f’(V) (19a) 

v, = Y(vl’) (19b) 

I’U:(B,+B2U:+B3U:2) 

= ~,,(B~~~2~,,+~3~~~) (20) 

n(vkl -G!)[B, +Bz(G -t- K,) 

+B,(Ub:+u:1U:2+Lr~)J 

= WtJ- &2X& +&W,+ UC,) 

+kqu;Z,+ u:,u,+ U,z)] (21) 

where B,, 8,, & are constants and equation (20) refers 
to the series arrangement and (21) to the staggered. 

The function F(1) (see Appendix 2) is 

F(1) = h*/h;,, 

=(K1+li;,)/IK*+l/[~l(A)+K,l) 
where K1, Kz, R, constants and 

(22) 

F,(n) = 12,/f22,,,, = (C, + C,J.)/C2 laminar (23a) 

F,(A) = C,i”~8 turbulent (23b) 

where Co, C, and C2 are constants. If for iti,,,,, or I&,,, 
the flow is laminar, the denominator of (23a) should be 
replaced by C, + C1. The critical value of 1, where the 
appropriate expression for laminar or turbulent 
should be used, is readily obtained by equating the 
numerators of (23a) and (23b). 

We have also the auxiliary conditions 

I’=1 (244 

u:, = U* 
at q’ = IY “series” 

Wb) 

n; + n; = 1 @a) 
n; = 1 (25b) 
u:, = u,, 

at q’= IT/2 “staggered”. 
(25c) 

3. FINITE DIFFERENCE REPR~E~~TION 

The partial differential equations (14)-( 17) cannot 
be solved analytically, thus a numerical solution is 
employed, using the following finite difference scheme. 
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We integrate (14) from 4 to < + A< according to the 
trapezoidal rule/[ 141. 

We also have the auxiliary condnmns 

s--i 1. / -;- L 

I j&‘/Q& z 

r: J. F(i)( V- I, Id+ (26a) 

l[U(,c+A;)-L;(r)] = (A:Z)[k’(<+A<) 

+V(~)-c’(,‘+A;;)-l;(f)]+O(Ai)“. (26b) 

Let the positions <. p be 

c’ = ilA< (27a) 

‘1 = jAr/ (27b) 

where rr,j are integers 0 < II < N, 0 < j ,< J. 
Here 

A< = A/N N total space node (28a) 

Aq = n/J J total time steps. (28b) 

Similar expressions are obtained in the same way for 

the partial differential equations (15))( 17) which in the 
usual notation are written. 

= (A~j2)Fi(V;+1+ v,,-b’j,+,-b;;) (29) 

p’J+‘-I/;; = (Aq/2)[Fj+‘([;;t’ l-v’+‘) n 
-FJ(U/,- c;)] (30) 

A,“( u;,‘, 1 _ cy ) 

= (&‘:‘2)F”‘( G’$+ , + u;,i- y’+ I- y;“) (3 I ) 

V “‘I’ 1 _ V,‘T = (&‘/2)[F” + ‘(Vf” _ p;$+’ ) 

+ F( c;;., - r’:,:,]. (32) 

The cyclic equilibrium conditions are. 

1/o ZZ l/‘j n 9 li’ (33a) 

f/J = I/‘.“_ n Iv u (33b) 

and the boundary conditions. 

b{, = I” (34a) 

[I;’ = ,f” (34b) 

where 0 < II, II’ < N space points (air and gas) 

0 < j < .I 

0 <j’ <J’ i 
time steps 

The control equations (20,21) take now the form.+ 

Series : 

YU’,[B,+B*li’,+B,(Ci’,)2] 
= C’,,(B,+B2Crb+B3U,?) (35a) 

iJ= 1. (35b) 

Staggered : 

a< (Uj, ,I’ - U:‘,)(B,+B,(lij,,+I;i‘,) 
+B3[(uj,,~)2+C;:,~~~~+((U:~,)2]) 

= (Lih-U~~~):B,+B?(Uh+Ij:X) 

+B,[Il,Z+U,U~~+(U~~)~]j (36a) 

where 
j2 = j-J/2. 

tFor simplicity the ’ from the equations (35)-(36~) has 
been deleted. 

(38, 

= (A,ln)Qo[I’(Fl) i (0)j. Lwr 

If the integration of (37) is performed according to 

the trapezoidal rule, then identical results are obtained 
from the finite-difference equations. 

= (A;H)QO[i;~(H,- i;,(O)]. 

Similarly for the air side 

(40 i 

7 (A’~TI’)Q~[l-;:(O)- i,:(rr’l]. lil) 

A crtterion that the cyclic equilibrium has been 
reached is the quality of Q, = Qp and since i:,(H) 
= I:(O), I-,(O) = l;,(fl’) we have the condition 

ii.( C::, - [!A-)> = (Qh/Qn)c;~‘( t,‘$)) t 42a ) 

where 

Qb/Q,, = (A:H),(A~H’). (12b) 

4. LlETHOD OF SOLlJTlOlL Ok THE FINI # 
DIFFERENCE EQL~ATIONS 

We start with an initial guess of (0 >, (O’i, (71. C;:’ 
The space-time average temperatures will determine 

the quantities II, H’, A, A’. A<, Aq and the constants in 
the functions F(I) and F(1’). Let us now assume that at 
time,j all the Vi are known. 

(a) Equation (29)is used to determine r.‘l, since I .!I is 
known. From equation (30) we determine C;/ ’ ’ Then 
the two equations (29) (written for j+ I ) and CO) 
solved simultaneously will determine tt’,’ ‘. I ,” !. 
Continued in this fashion, we determine. step by stcP 
all the L/if’ ‘, t</’ ‘. When the gas period is completed, 
air Hows through the regenerator in the counterflow 
direction. 

(b) Here the program assumes a value for I,‘,. The 
equations (31), (32) are solved as in step (a), but i” 
should now be compatible with the control equations. 
At the end of the air period, if the assumed and 
calculated blast temperatures are different, the calcu- 
lations are repeated until the two values converge. 

(c) Air and gas periods are alternately repeated for 
each stove until cyclicequilibrium is achieved. which I’: 
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determined with the aid of equation (42). 

At each cycle, the program corrects for the new 
calculated values of@), (0’) and (7). The program 

is designed to take into account the variation of the 

heat-transfer coefficient with temperature at each time 

step and at each node or at prescribed group of nodes. 

systems, the hourly gas consumption of each stove 

should be kept constant. Thus, the gas flow-rate 

should satisfy the equation, 

(I??) to 
= constant. 

to + t; + t, 
(44) 

For the series arrangement, the program monitors 

two stoves one being on air and one being on gas. In 

the staggered configurations, it monitors four stoves. 
The two stoves on air are l/2 air period out of phase 

while the two stoves ofgas are also l/2 air period out of 
phase. 

In this example for the “series” arrangement 171 

= 15.73 scms. Therefore, according to the above equa- 
tions, we have the following data for the gas side, 

(I) “Series” arrangemerlt 
rig = 15.73 scms 
to = 14400s. 

6. EXAMPLES (J) “Staggered” arrallgemerzt 

The method described previously of regenerator 

calculations can be used to obtain optimum designs of 
new stove systems and also to examine possible 
improvements of existing installations. To de- 

monstrate its usefulness, we investigate here a four 
stove system operating under a “series” and “stag- 

gered” arrangement. As an example, we take the one 

cited in [7]. 

r-i = 31.46scms 
t, = 3600s. 

The truncation error for the blast temperature and the 
heat balance are taken equal to 0.0001 and the initial 

guess for (O), (O’), (T), x0 are 800°C 670°C 740°C 
and 0.7 respectively. The properties of the gas and air 

are calculated with the standard methods according to 
their composition and the solid properties are com- 

puted taking into account the length of each zone as 
described in [7]. There are four cases presented here, 

(A) 

(B) 

(Cl 

PI 

(El 

(F) 

(G) 

(HI 

Physical dimtwsioru ofthe regenerator 
(i) Total heat-transfer area = 32940 m2 

(ii) Volume of the solid = 572.8 m3 
(iii) Cross section of flues = 12.7 m2 

(iv) Height (3 zones) = 32.93 m 
(iva) zone 1 high duty = 20.73 m 
(ivb) zone 2 ufala = 6.10m 
(ivc) zone 3 mullite = 6.10m 

(v) Cylindrical flues diameter = 0.0508 m 

Gas composition, pressure 1 atm 
CO, 0.1757 (by volume) 

H,O 0.0608 (by volume) 
N,O 0.75 (by volume) 

0, 0.0185 (by volume) 

Air composition, pressure 4 atm 
Air 0.94 (by volume) 

H,O 0.06 (by volume) 

Roughness correctiorl,fhctor 1.16 

Emissiritg of‘the solid 0.8 

Constant inlet temperatures 
Gas inlet temperature 1440°C 
Air inlet temperature 93°C 

Blast air conditions 
Required blast flow-rate 59 scms 
Air period 5400 s 
Desired blast temperature 1093°C (2000°F) 
Reversal time 1800s 

Maximum gas exit temperature < 343°C 
For any stove arrangement, the gas period to is 

determined by the equation 

to = 
No. of stoves on gas 

No. of stoves on air 
x tb - t,. (43) 

In order to have a meaningful comparison of the two 

Case I. “Staggered” with the heat-transfer coef- 

ficients calculated as functions of temperature at each 

node and each time step. 
Case II. ‘Staggered” with the heat-transfer coef- 

ficients evaluated at (@), (@), (T). 
Case III. “Series” with the heat-transfer coefficients 

evaluated at (O), (O’), (7). 
Case IV. “Series” with constant air flow-rate and 

equal to the average flow-rate of Case III. 

All the calculations were performed in an IBM 360/75 
digital computer with N = 30 nodes and J = J’ = 20 
time steps. 

7. RESULTS AND DISCUSSION 

In Table 1, the computed values of the blast 
temperature, maximum gas exit temperature, the 

average air and gas flow-rates, the thermodynamic 
efficiencies of air-side, gas-side, and regenerator are 

shown. In the last line, the required computer time for 

each case is also tabulated. 

In Fig. 1, the variation of the dimensionless air flow- 
rate through the stove and the dimensionless air and 
gas temperatures for Case I is presented, while the 
same quantities for Case III are shown in Fig. 2. The 

distribution of the solid temperature over the height of 
the stove at the end of the cooling and heating periods 
for Cases I and III is shown in Fig. 3, and in Fig. 4 the 
variation of the solid temperature during the cycle for 
six different locations over the height of the stove for 
Cases I and III is plotted vs time. Finally, in Table 2 the 
time-space average of the heat-transfer coefficients 
solid conductance and the gas, solid and air tempera- 
tures are tabulated. 

Inspection of Table 1, reveals that the Cases I and II 
give very close results while the computer time re- 
quired is almost six times higher in Case I than in Case 
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Blast temperature. ’ C‘ 
Max. gas exit temp.. ‘(‘ 
Average gas flow-rate. scms 
Average air flow-rate. scms 
Efficiency air side, II; 
Efficiency gas side, q, 
Regenerator efficiency. tjv 
Required computer time. min 

Case I 

37 9 
37.9 
73.6 

X.1 
11.7 

237.X 
561 
5’ 
466 

0.7 - 

0.6 - 

1234567891 

t/t, * ‘1’; 

FIG. 1. Variation of dlmensionless air exit temperature lo;.. 
gas exit temperature I:, and air flow-rate i.’ in the staggered 

system. 

II. The results for Case II indicate slightly lower blast 

temperature and a higher maximum gas exit tempera- 
ture. Therefore, we conclude that one may perform the 
computations using heat-transfer coefficients which 
are calculated using time-space average temperatures. 
Thus, the results will be on the safe side (lower blast, 
higher max. gas exit temperatures) with a great 
economy in computer time. 

We should mention here that the maximum gas exit 
temperature is an important feature of these re- 
generators, because it places structural limitations on 
the stoves and it should not exceed the values of 345°C. 
As it was expected, Cases III and IV give very close 
results. The influence of the stove arrangement is 

case 11 

‘X 3 
17.4 
23.9 

7.6 
31.5 

237.x 
550 
512 
3 

Case III 

X.6 
36 
14.2 
10.X 
75.0 

234.5 
662 
623 
550 

$090 
.F 

15 0.85 

.E 

.; 0.80 

A Measured (0.77 1 

, -- 0.70 

Blast temp ’ 

I 

I I I I I I I I I I1 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 IO0 

t/t,. t /t; 

F I(;. 2. Variation of dimenslonlcss a~ ~XII tcmprra~urc I (, 
gas exit temperature CT<, and air flow-rate I’ in the series fout 

stove system. 

shown from the results of C‘ascs II and 111 whcrc 
similar type of calculations have been performed. Here 
the blast temperatures are almost the same in both 
cases (differ by 0.36”,,) but the maximum gas exit 
temperature in Case II is much lower (38”<, lower) than 
in Case III. 

From Fig. I we can see that the blast tsmperaturc in 
a “staggered” arrangement is not the minimum air exit 
temperature through the stove as it is in a “series” 
arrangement (see Fig. 3) since the stove continues to 
operate for l/2 period more. The gas exit temperature 
exhibits the same behavior in both arrangements. The 
air How-rate is radically different in the two arrange- 
ments. In the “series” arrangement the variation is 
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Bottom of regenerator 

400 600 600 ,000 

Solid temperature. “C 

1200 1400 

FIG. 3. Solid temperature distribution at the end of the 
periods. 

Staggered 

0.95 

0.90 

0.65 

0.80 

0.60 

0.55 

0.50 

ct --to - 
30 6 0 90 12c 

t, min 

Series 

60 120 160 240 330 

t, min 

FIG. 4. Variation of solid temperature with time. 

almost linear from SOO,/, to lOOu/, of the maximum flow- 
rate with a calculated average value of 89%. The solid 
temperature distribution shown in Fig. 3 are similar to 

those obtained by Willmott [15]. In Fig. 4 we observe 
that the variation of the solid temperature during the 

cycle is linear (except for the ends of the regenerator)in 
the “series” arrangement but not in the “staggered”. 
One should remember that the linear variation of the 
solid temperature is the basic assumption for calculat- 
ing the correction factor CD (equation 31) which is now 
violated. However, the values of the wall conductance 
in the two Cases II and III differ only by 1.4%. 
Moreover, the wall conductance which is 
237.8 W/m2 “C (see Table 2) is 7.5 times higher than 

the fluid conductance of 31.5 W/m2 “C. Thus, small 
variations in the correction factor Cp, would not have 
any appreciable effect on the results. 

Let us now examine closely the performance of the 

two arrangements, Cases II and III. From the com- 
puted values of the maximum gas temperatures and 
their thermodynamic efficiencies, we can conclude that 
both systems are underutilized and they can probably 
produce higher blast temperatures by increasing the 
gas flow-rate until the limit of 345°C for the maximum 

gas exit temperature has been reached. 
We have run several cases with different flow-rates 

and we have found that the “series” arrangement can 

allow an increase of 6Sd resulting in a blast temperature 

of 1124”C, while in the “staggered” arrangement, the 
gas flow-rate can be increased by 287: producing a 

blast temperature of 1296°C. Thus, in this four stove 
system, the “staggered” arrangement can produce by 

far better results (higher blast temperature) than the 
“series” arrangement. In Table 3, the computed values 

of the blast temperature, the maximum gas exit 
temperature, and the thermodynamic efficiencies of the 

stove for different gas flow-rates are tabulated. The 
limiting value of the 28% increase of the gas flow-rate 

was obtained by plotting the maximum gas exit 

temperature vs gas flow-rate and observe what flow- 
rate would produce approximately 345°C. 

Table 3. “Staggered” arrangement 

% Increase 
of 

flow-rate 

0 
10 
15 
20 
28 

0,“C 0,“C Pj; % 4, 

1096 190 0.768 0.974 0.859 
1147 209 0.843 0.949 0.893 
1174 240 0.868 0.035 0.900 
1200 275 0.890 0.920 0.904 
1296 343 0.92 1 0.889 0.905 

8. CONCLUSION 

A method is presented here for obtaining the 
solution of the non-linear regenerator problem where 

the air flow-rate is controlled directly from the air exit 
temperature. This control process expressed in ma- 
thematical terms has been simulated in a digital 
computer. The variable flow-rate introduces a heat- 
transfer process which is an explicit function of the 
time-varying flow-rate and an implicit function of the 

instantaneous solid and fluid temperatures. We have 
found that without great loss of accuracy, only the 
space-time average temperatures can be used for the 

approximate calculations, thus reducing the required 
computer time considerably. The known methods for 
taking into account the solid thermal resistance can be 
employed, even for systems which do not fulfill the 
basic assumption of a linear variation of the solid 
temperature. It is also shown how this method can be 
successfully utilized to investigate stove performance. 
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Substituting the equation (1.5) of the values n17 = lj+,. ~TI! 
= ti.0, = O,,Q, = @Land@, = O;weobtainequation(9) 
Similarly for 0, = O;,. O2 = O:, we obtain equation (10). 
The average volumetric specific heat is determined from (1 .h I 
with the aid of the expression (13). thus 

(~(o-o,,) = h,(O-@,,) 

t- ‘;I (W- 0;) i 
iI, 
r (0’ - 0,:) Ii.‘, 

For the most common case of constant air Inlet tempera- 

ture 0, = 0: = (O,)U? = 0 and 0 = I’AO+O,,. equation 
C I .7) takes the form 

~(0 -O,,) = A@L: h, -i- ‘I- 
i ’ .? 

(C A0 r70,,) 

+ ‘;1 [(UAO)’ + 30;+ 3UO,AO] 
i 

(1.8b) 

Collecting the terms of equal powers of I in (I .&I) we obtain 
the expression 

il.lOa) 

(l.iOb) 

With the appropriate substnution 01. L’ = U, etc. into the 
equation (1.9) we obtain the corresponding control equations 
(20) and (2 I ). 

If the specific heats can be consldered constant (evaluated 
at their time average temperatures) then B, = h,. B, y= Ri 
= 0 and the control equations take the simple form 

A’(;: zz I .,, “\21.,C>” ll.lli 

,\PPENDIX 1 i.‘,(C’,, - U:,*) = I’,- 1,.: “staggered”. ll.l?,l 

Derivation of the control equations (9). (10). (20) and (21). 
Consider the adiabatic mixing of two streams of air with 

flow-rates yil,. oh, and specific enthalpies //1 and /‘z re- 
spectively. The resulting stream will have a flow-rate k, and 
specific enthalpy //z which will obey the following equations 

APPENDIX? 

Derivation of the dimensionless dilTerentlal equations t I-1) 
and ( 15). 

The differential equations arc. 

1‘ 7 
11*.4(0- 7’) = Cl,; 

c-r 
(3 I ) 

where 

(1.1) 

(1.2) 

(1.3) 

and Q,, a reference temperature. 
From (1.1) and (1.1) we obtain 

ri1, (A, - //z 1 = r,i, (& - /‘2 J r1.41 

which by virtue of equation ( I .3 J hecomes 

,~,[~,(o,-o,,~-(.*(o~-oo)] 

= Ihj[i,(0~-0,,)-LZ(02-0,~)1 (1.5) 

where 
, r,-, 

Let h&, be the corrected heat-transfer coefficient evaluated 
at the maximum flow-rate and at the time-space average 
temperatures (O), (T). (G’) and h,,,, the convective heat- 
transfer coefficient evaluated at the maximum flow-rate and 
at temperature (0). Introducing the variables 

I Vim4 
k = 7--- f?l,,,CI, 

(2.3 I 
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and the function C,,, Ci and Cz are 

F(J) = g 
(2.1 la) 

(2.5) 
C,, = 5.4080FcF, 

Illax 1.36653J, 

we obtain the equations (14) and (IS). 
c, = -.- 

p.4 
(2.1lb) 

The function F(d) is equal to, 3.881F,F, 

l/k& I/&,,,+ k,)+ arsi3k 
cz =-p_ 

F(n&-- = (2.6) 
p.333 

(2.1 Ic) 

l/h* l/@, t h,)+W/3k We notice that the function F(1) depends explicitly on R 
Or and implicitly on the temperatures (@), (T) and (0’). 

Ml f W~,,~+ (P%m.&k 
F(1) = l/(h,jh,,., + h /h )+ QrGh /3k ’ 

(2.7) APPENDIX 3 
t cml* fmax 

When c~clicecmilibrium has been established, h,,,,, h, and 
The effect of longitudinal conduction in the Cowper stove 

regenerators is discussed by Willmott 1161 and in a more 
QP6/3k areconstants and the function F(n) becomes general way by Bahnke and-Howard [l?]. - 

(28) 
According to [17] this effect is expressed in terms of a 

dimensionless conduction parameter 7 defined as: 
I(,+& 

F(4 = K*i- l/[F*@)+K,] 

where 

and 

F1(%) = $r = c,P “turbulent” 
<rndX 

(2.lOb) 
Substituting the above values into (3.1) we obtain y = 5.3 
x 10e7. The value of A in this example for all cases is greater 
than 1.5. Therefore the effect of longitudinal conduction is 

where according to the equations (12a), (12b) the constants negligible. 

k{VIL-A,1 _I_- 
VitcL 

(3.1) 

(2.9a) 
where A, = the total solid area available for longitudinal 
conduction and A, = the cross section area of the flues. It is 

(2.9b) shown that this effect for y i 0.1 and A > 10 is directly 
proportional to y. The regenerators discussed in this paper 
have values ofy << 1 and A > 10. In the example given here we 

(2.9~) have, 

A, % V/L - A,t = 572.8 m2/32.93 m - 12.7 rn’ = 4.69 m2. 

An average k = 1.34 W/m’K 

(2.lOa) ni = 315m3/s 
c = ll#J/m3K. 

MOTELS DE CALCUL DES REGENERATEURS THERMIQ~~S 
AVEC DES DEBITS MASSIQUES VARIABLES 

R&m&---Les echangeurs reg&ihateurs qui fonctionnent I temperature de sortie constante pour Ie fluide 
froid sent equip& avec un mecanisme de commande qui assure soit le contour~me~t du regenerateur par 
une certaine quantite de fluide entrant et le melange direct avec le guide sortant, soit le contrdle du melange 
de deux ecoulements de sortie qui sont en dephasage moitie avec la periode froide, de faeon a maintenir 
constante la temperature. Dam les deux cas, le debit variable du fluide froid est commandt par sa 
temperature de sortie. Cet article dicrit la solution des equations differentielles qui gouvernent ce processus 
thermique non lineaire. La dependance des prop&t& du soiide et du fluide vis-a-vis de la temperature et le 
coefl%ent de transfert thermique sont pris en compte. Cette mithode peut itre utilisee pour faciliter la 
conception de nouveaux r~g~n~rateurs ou pour verifier ies performances ~installations existantes. La 

solution est generale et applicable a n’importe quei type de rtgenerateur. 

RECHENMGDELL FUR REGENERATOREN MIT VARIABLEN 
MASSENDURCHS~TZEN 

Zusammenfaasuner_Regenerative WPrmetauscher, die konstante Austrittstem~ratur~n aufder kaiten Seite 
beniitigen, sind mit Reglern ausgestattet, die entweder eine bestimmte Menge des einstromenden Fluids 
unter Umgehung des Regenerators direkt mit dem ausstromenden Fluid mischen, oder sie regeln bei zwei 
Regeneratoren die Mischung der beiden Austrittsstrome. Die beiden Regeneratoren sind dabei urn die Halfte 
der kalten Periode phasenverschoben, urn die konstante Temperatur zu erhalten. In beiden Flllen wird der 
unterschiedliche Ma~endurchsatz auf der kalten Seite mit der Austrittstem~ratur geregelt. Dies, Arbeit 
beschreibt die L&sung der Differentialgleichungen, welche diesen nicht-linearen W&meiibergang be- 
stimmen. Die Temperaturabhlngigkeit des festen und fltissigen Zustandes und der WLmeiibergangskoeffi- 
zienten werden berilcksichtigt. Diese Methode kann beim Entwurf von neuen Regeneratoren niitzlich’sein 
oder bei vorhandenen Re~neratoren die Wirksamkeit verbessern, Die Lijsung ist allgemein und fur jeden 

Regeneratortyp anwendbar. 
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PACqETHAR MOAEJIb .QJlR TEWlOBblX PEFEHEPATOPOB C nEPEMEHHOti 
CKOPOCTbtO TE’#EHMR W4QKOCTM 

Amorauw - PereHepammble TenJlOO6MeHHBKM. B KOTOPblX OXJtaWteHHaR KKMUKOClb ,lO.liKHZl 

HMeTbItOCTO5lHHylOTeMnepaTypyHaBhlXO~e,CHa6~eHbifl~~ 3TOfi UeJMKOHTpOJlbHblMycT~O~CTBOM. 

n03~onsn0wi~ we 0TBonHTb 0npeneneHHoe Konwvecmo nocTynat0mei7 ~H~KOCTM 38 npenenbt 

pereHepaTopa M 3aTeM CMetuHBaTb ee HenocpencTBeHHo C tsbtxo~wwiiv IIOTOKOM ~M~KOCTM, MOE 

peryneposaTb cMetuew4e nsyx noToKot3 MM~KOCTM, Mcxon54wiX 543 nsyx pereHepaTopos, pa6oTa 
KOTOpbIX CABHHyTa Ii0 @a3e Ha 1/2 X0~10)lHOrO p‘.ZiWMa. B JlEO60M H3 aByX CJlyYaeB nepeMeHHa5l 

CKOpOCTb TeYeHMfl OXJlamAeHHOfi XWlKOCTM KOHTpO,lMpyeT“n ee TeMnepaTypOh Ha RbIXO;le. B 
CTaTbe npMBOnMTCSl pettIeHMeLtM~~epeHuMa~bHblX ypaBHeltllli,OnMCblBaMtuMX RaHHblti HC,,L,HCfiHblh 

UpoueccnepeHocaTenna. B petueHwiywTbrsaeTcn TeMnepaTypHag 3a6Mc#MocTbMeH(~yTe~i~io~~3M- 

YecKMMM ceoiicTBaw4 Kapraca peretteparopa M )~CMLIK~CTII. a TaK)t(e K03(t)@~uMeHT Tennoo6MeHa. 

FIpennaraeMblk MeTon MOXHO kicnonb30BaTb im pawera HoBbtx pereHepaTopon HIM y,rywuewis 

pa60WX XapaKTepMCTMK CytUeCTByKNUMX yCTaHOBOK. PettleHMC IIBnfleTCR 06tt,MM M MOXKCT 6blTb 

np#MeHeHO K.Wo60MvlM"y IWreHepaTOpOB. 


