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COMPUTER MODEL OF THERMAL REGENERATORS
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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 1/2 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

@, a1, a;, numerical constants;
A, heat transfer area [m?];
by, b,,by, numerical constants;
B,, B,, B,, numerical constants defined
by the equation (1.10);
C, volumetric specific heat of solid
[3/m*K];
c, volumetric specific heat of fluid
[J/semK];
Cq, Cy, C,, numerical constant defined
by the equation (2.11};
f(r), fluid inlet temperature [°C];
F,  temperature correction factor;
F,,  roughness correction factor;
F(A), function defined by the equation (22);
F (), function defined by the equation (23);
h, heat-transfer coefficient [W/m?K];
h,,  convective heat-transfer coefficient

[W/m?KT;

h,, radiative heat-transfer coefficient
[(W/m?K];

h*, corrected heat-transfer coefficient
[W/m?K];

4 volumetric specific enthalpy [J/scm];

Js jthstep;

J, total time steps;

k, thermal conductivity of the solid
[W/mK};

K, K,, K;, numerical constants defined
by the equations (2.9);

L, height of the regenerator [m];

m,  fluid flow-rate [scms];

n, the nth node;

N, total number of nodes;;

Qp.  heat transferred/unit time, defined in
the text {W1;

heat transferred per period [J/cycle] ;
radius [m};

time [s];

fluid period [s];

reversal time [s];

solid temperature [°C];

dimensionless fluid temperature;
dimensionless solid temperature;
volume of the solid [m*];

distance from the regenerator entrance

{m].

Greek symbols

i Professor of Engineering Science, Richmond College of

the City University of New York, New York, U.S.A.

+Senior Computer Appl. Engineer, Ebasco Services Inc.,
New York, US.A.

B, ratio of radii;

3, solid semi-thickness [m];

{, dimensionless time ;

Nrs thermodynamic efficiency of the
regenerator;

‘N thermodynamic efficiency ;

©,  fluid temperature [°C];

A, ratio of fluid flow-rate/maximum
flow-rate ;

A, dimensionless length of the regenerator;

1, ratio of periods;

é, dimensionless distance ;

I1, dimensionless period ;

T, Fourier number ;

Tons mean harmonic Fourier number;

P, correction factor.

Subscripts

b, blast;

e, exit;

i inlet;

max, maximum;

n, quantities at the nth node;

1,2, refer to the quantities of the hot and
cold stove respectively.

Superscripts
I quantities at the jth time step;

735



736 P. Razrios and M. K. BENJAMIN

quantities at the cold period:
space average
temperature average;

time average.

1L INTRODUCTION

MaNy industrial processes require the transfer of heat
of a hot fluid 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 thermally conducting wall
{usually metal), across which the hotter fluid con-
tinuously transfers its heat to the colder one. In the
case where the fluids are high temperature corrosive
gases, the capital expenditure required for efficient
indirect equipment escalates rapidly because (1) special
materials must be used 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 fluid
to the other is accomplished 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 1, 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 g+, -+,

Here ¢, 1s the so-called reversal period when there is
no gas flow. After some time, the regenerator tempera-
ture will reach a state called cyclic equilibrium. At this
point, the temperature throughout the regenerator
and of the gases will be cyclic functions of time.

Numerous articles have been presented on the
subject the last four decades starting with the pioneer
work of Angelius [1], 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 atr exit temperature from a stove
decreases monotonically with time, an arrangement
must be made to vield the required constant tempera-
ture. Herc we investigate two such arrangements
commonly used in practice. The first is called “series
parallel” where one stove 15 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
case. two stoves are on air and two on gas. In the series
arrangement. some of the incoming air bypasses the
stove 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

+Henceforth for simplicity the term “stove™ will be used to
indicate the blast furnace stove regenerator.

mixing the exit air of the two stoves which are
maintained out of phase by one half of a period (¢, 2.
In this application, the blast temperature is equal (o
the final air exit temperature ir the “series” arrange-
reent, while in the “staggered™ arrangement. it is cqual
to the air exit temperature in the middle of the ar
period. It is clear, that in either case. the air flow-rate
through the stove must be controlled by the air exit
temperature. Thus, the entire heat-transfer process, by
virtue of the flow-rate dependent heat-transfer cocl-
ficients. becomes a functional of the air exit tempera-
ture.

There is an important difference with respect 1o the
variation of the air flow-rate through the stoves in the
two arrangements. In the “series” arrangement the wir
flow-rate varies, in extreme cases. between appro-
ximately 75 and 100%, of the blast flow-rate, while in
the “staggered” this variation is between U and 1007
All previous authors have considered only constant
flow-rates. If the problem required a variable flow-rate
as in the case here, an average flow rate would have to
be used [7]. Recently, Hausen [8] has shown how to
correct for the variable flow-rate if the varation s
within 4 25% from its average value with a mmaximum
error in the heat-transfer coefficient of+ 7", Thu
correction covers the practical cases for the “series”
arrangement. However, in the “staggered” arrange-
ment, the average flow-rate is a priori known und is
equal to one-half of the blast flow. Moreover. the
variation of the flow-rate through the stove x4 1007
from its average value and the previous work therefore
does not apply. Willmott [97] has also obtained «
solution to the “'series” stove arrangement, by assum-
ing a linear variation of the mass flow-rate of air.

In the present analysis the solution of the stove
problem with variable flow-rate. which is controlled by
the air exit temperature, is obtained by simulationona
digital computer.

2. GOVERNING EQUATIONS AND NORMALIZATION
The differential equations describing the thermal
behavior of the regenerator. under the restrictions
mentioned below, are:
h*A@~T)=CVeT/Cr (i
h*A(T—®) = mcLid/oz. i)
The restrictions are: (i) The thermal behavior of all
channels is identical. (i) Fouling is neglected. (i1t} The
gas composition remains constant. {iv) The heat
capacity of the gas in the channels is small relative to
the heat capacity of the solid. (v) The effect of the
thermal conduction in the direction of flow can be
neglected.t (vi} The effects of the residual gas during
the reversal period are neglected. {vii) The solid
temperature in the direction normal to the flow. 1s
lumped, and the effect of its thermal resistance has been
incorporated in the corrected heat-transfer coefficient
h* defined by Hausen [5] as,
1/h* = (1/h){1 +®ho/3k) {3

+A justification of this restriction is given in Appendix X
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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/, = Yo+ 1/t
harmonic mean Fourier number (4)

ratio of outside to the inside radii
of a cylindrical channel  (5)

B=riry

W= to/ly ratio of the periods. (6)
The equations for obtaining ® are given in [10] and
they are incorporated in the program.

Equations (1) and (2} must be solved subject to
equilibrium conditions

T(0,z2) = T'(ty, L—~2)
T(ty,z) = T'(0, L—Z)
for 0 < z, 7/ < L where z, 2’ are measured always from

the entrance of the hot and cold gas respectively and
the boundary conditions,

0, = /(1) (8a)
;= f'(t). (8b)
In general, the gas flow-rate will be given as a function
of time, while the air flow-rate #t’ is dictated by the

following controlt equations, which are derived in
Appendix 1,

(@, —0))C, = m,C,(0,-0))

(7a)
(7b)

“series” {9)

{(C.0,; — Cy0,) = my(C,0, - C,20,,)

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

©, = 0, at t =1, “series” (11a)

©, =0, at t = /2 “staggered”. (11b)
The heat-transfer coefficients # includes a radiation
part h, and a convective part h,. The h, is calculated
with the methods described in the standard textbooks
[11]. The graphs for the emissivities of CO, and H,0
and all correction factors have been included in the
program in the form of tables. For the convective part
h. we have used Bohm’s equation [12] given below,
but any appropriate equation can be used.

h, = (ag+ayu/D°*)F F, laminar
h, = (a,u®®/D°333)F F, turbulent
where g, = 54080, a, = 1.3665, a, = 3.381

(12a)
(12b)

F., a temperature correction factor equal to [{(®+
273)/1000]°2° and Fg, 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

+The word control is used to indicate that there is a flow
control device placed in the gas stream.
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appears in the control equations (9, 10). It is given by
the expression {13)
C’ = b1+b2®'+b3®'2 (13)

with b, = 987.1, b, = 02360 and b; = —0.3974
x 1074,

It is shown in Appendix 2, that with introduction of
the dimensionless variables, ¢, &, n, ', the differential
equations, the cyclic and boundary conditions, and the
control equations become

AU /8¢ = F(A)V =U) (14)

av/en = FQ)U =V) (15)
KoU'joE = FAY)U = V') (16)
av'jon = FQ)(V' =U"). (17

For0<Z<A0<8 <A, 0<n<TLO<y <TV

V(0,¢) = V'[IT, (A" =&)] (18a)

V(L &) = V[0, (A= &) (18b)

Vi= fn) (19a)

Vi=f'(n) {19b)
XUL(By+B,U.+B,U?)

= U,(B,+B,U,+B;U}) (20)
MUy —U)[By + By (Upy + Uyy)
+B3(UA+ UL Ui+ UJ)]
= (Up~U,)[ B+ Bo(Up+ U,3)
+B3(UA+ U, U+ UB] (21)
where By, B, B, are constants and equation (20) refers

to the series arrangement and (21) to the staggered.
The function F(1) (see Appendix 2)is

F(4) = h*/h3,.

_ Ky + K){K + [F () + K] (22)
where K, K,, K, constants and
Fi{A)=h/hemuy = (Co+ C1A)YC, laminar (23a)
F{A)=C,A%® turbulent (23b)

where C,, C, and C, are constants. If for m,,, or m,,
the flow is laminar, the denominator of (23a) should be
replaced by C, + C,. 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

A =1 . (24a)
. } at ¢ = [T “series”
U, =U, (24b)
A+A, =1 (25a)
Ay =1 (25b)
at y'=IT'/2 “staggered”.
01 = U,,} 1 f &8 (25¢)

3. FINITE DIFFERENCE REPRESENTATION

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 ¢ to ¢+ A& according to the
trapezoidal rule|[14].

ALt AL i ~oE AL
MU g dE = J FU)V=U)di (26a)

v <

AU +A = U ()] = (AL2)[ V(< +AS)

FV) U+ A - U] +0(AE) . (26b)
Let the positions £, i be

&= nAé (27a)
n = jAn (27b)

where n,j are integers 0 < n < N,0 <j < J.

Here

A¢ = A/N N total space node (28a)
Ay =T1/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,

UL, - U)

= (AE2)FIWV]  + V] =Ul UL (29)
VI =W = A2 =
~FUL=vil (0)

AU =UD)
= (AZ2)FTUF + U =l = V) 31)
V,‘,fj+ 1 V"/,j' — (An'//z)[Fj’ + 1(V,,/rj/+ 1 L,v;’j/Jr 1 )

FFVE UL (32)
The cyclic equilibrium conditions are,
Vo = vy, (33a)
=V (33b)
and the boundary conditions,
Uj=F (34a)
Uy =1 (34b)

where 0 < n, v’ < N space points (air and gas)
0<j<J .
time steps.
0 <J }
The control equations (20, 21) take now the form.+

Series:
HUL[B, + B,U4 + By (U4)?]
= U,(B,+B,U,+ B, U’z)) (35a)
=1 {35b)
Staggered:
j‘jl(l-jjl.’\'_ UJZZ'V){BI + B2(UVJIN+ b’{?\)
+ B3 [(U4 ) + UL Uiy + (USR]
= (Up—US){B, + Bo(Up+ Uhy)
+ By [UZ+ UpUly+ (USy)*]} (36a)

where
J2 :j—J/Z.

+For simplicity the ' from the equations (35)—(36¢c) has
been deleted.

We also have the auxiliary conditions

MAtak =1

= {6c)

The heat transferred from the gas to the solid can be
found by integrating equations (1} and {2}

o -
Y ot
Q,= —cL . m- dodi
Jooco ¢
CkreeT
:(I\' | o ded: (37
o Jn

Q, = c(m[O0)—O(L)] >

= CV[T(te)— T} {38}
Let Qy = ¢t A® then Q, is equal to,
Q, = Qo (MU, ~ 1>
= (ATDQ,[ V(I — F(O)]. {39)

If the integration of {37) is performed according to
the trapezoidal rule, then identical results are obtained
from the finite-difference equations.

0, = Qo CAUS— L)

= (A/TDHQu[ V(M) — F,(0)]. {40)
Similarly for the air side
0, = QWY )
~ (ATINQ,[ F(0) — I, 1)

A criterion that the cyclic equilibrium has been
reached is the quality of Q, = @, and since F,(IT)
= 17(0), ¥,(0) = T(IT") we have the condition

UL = UK = (Qo/Qu ) AU ) > (424)

where

006/Q0 = (NTH/(A/TT). (42b}

4. METHOD OF SOLUTION OF THE FINITE
DIFFERENCE EQUATIONS

We start with an initial guess of (©@>, (@), (T, V.
The space-time average temperatures will determine
the quantities IT, IT', A, A", A¢, Ay and the constants in
the functions F(4)and F(1'). Let us now assume that at
time j all the ¥/ are known.

{a) Equation (29)isused to determine U} since U} s
known. From equation (30) we determine Vj'" Then
the two equations (29) (written for. j+ 1) and (30)
solved simultaneously will determine U}''. ¥/*!
Continued in this fashion, we determine, step by step.
all the U271, 17/* 1. When the gas period is completed,
air flows through the regenerator in the counterflow
direction.

{b) Here the program assumes a value for U, The
equations (31), (32) are solved as in step (a), but A"
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 cyclic equilibrium is achieved, which s
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determined with the aid of equation (42).

At each cycle, the program corrects for the new
calculated values of (@), (@) and { T>. 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.

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 1/2 air period out of phase
while the two stoves of gas are also 1/2 air period out of
phase.

6. EXAMPLES

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].

(A) Physical dimensions of the regenerator
(i) Total heat-transfer area = 32940 m?

(ii) Volume of the solid = 572.8 m*?
(iii) Cross section of flues = 12.7 m?
(iv) Height (3 zones) = 32.93m

(iva) zone 1 high duty = 20.73m

(ivb) zone 2 ufala = 6.10m

(ivc) zone 3 mullite = 6.10m
(v) Cylindrical flues diameter = 0.0508 m

(B) 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)

(C) Air composition, pressure 4 atm

Air 0.94
H,0 0.06

(by volume)
(by volume)

(D) Roughness correction factor 1.16
Emissivity of the solid 0.8

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

(G) Blast air conditions

Required blast flow-rate 59 scms

Air period 5400s

Desired blast temperature  1093°C (2000°F)
Reversal time 1800s

(H) Maximum gas exit temperature < 343°C
For any stove arrangement, the gas period i, is
determined by the equation

No. of stoves on gas

X ty—t,. (43)

to = N
No. of stoves on air

In order to have a meaningful comparison of the two
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systems, the hourly gas consumption of each stove
should be kept constant. Thus, the gas flow-rate
should satisfy the equation,

(m)-to

— = constant.
to+t+t,

(44)
In this example for the “series” arrangement i
= 15.73 scms. Therefore, according to the above equa-
tions, we have the following data for the gas side,

(I) *“Series” arrangement
m = 15.73 scms
to = 14400s.

(J) “Staggered” arrangement
m = 31.46 scms
to = 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, V;© 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,

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 (@), (0", (T).

Case II1. “Series” with the heat-transfer coefficients
evaluated at (@), (0>, (T).

Case IV. “Series” with constant air flow-rate and
equal to the average flow-rate of Case II1.

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 I1I 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 I1Iis 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 11
give very close results while the computer time re-
quired is almost six times higher in Case 1 than in Case
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Table 1.
Computed values Case ] Case 1l Case {11 Case IV
Blast temperature, “C H06 1096 1092 w7
Max. gas exit temp., 'C 135 140 194 195
Average gas flow-rate, scms 29.50 29.50 52.40 3246
Average air flow-rate. scms 31.46 3146 1573 1573
Efficiency air side, #; 0.787 0.768 0.852 (852
Efficiency gas side, 5, 0977 0974 0954 04953
Regenerator efficiency, 7, 0.872 0339 (:.900 0.900
Required computer time. min 9.183 [.564 00358 132
Table 2.
Computed values Case | Case 11 Case 1 Case 1V
M emax W/m?°C 379 R4 39.6 36
s Wim?°C 279 274 36 36
<hy s W/m?"C 236 239 14.2 14.2
< W/m?°C 8.1 7.6 10.8 10.8
<he+ by W/m2eC 317 RIS 25.0 25.0
3kjog W/m?"C 237.8 2378 2345 2342
(B> C 561 350 662 664
(T> °C 523 512 623 622
(® C 466 485 350 349
1.0 1.0
oot Blast temp. —o.s
| Air exit temp)
08— 08
Ue
o7k . —o.7 & Measured{0.77) 0.75
0.6 -{o.70
Blast temp,
2 05—
W Air flow rate
€ 04— —10.04 —10.08
O ' . “-emp
£ N R *\‘Y
;o3 Gas exit temp. °-°3U Gos & 0.06
~ o2 0.02 oo0a"
0.1t~ l0.01 ~o.02
S I N S l I S IS USROS N N S |
i 2 3 4 5 6 7 8 9 | 0.l 02 03 04 05 06 07 08 09 |0
AP V4 38 t/te, /1)

F1G. 1. Variation of dimensionless air exit temperature U,
gas exit temperature U, and air flow-rate 1’ in the staggered
system.

I1. The results for Case I 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 I and IV give very close
results. The influence of the stove arrangement is

FiG. 2. Variation of dimenstonless air exit temperature L,
gas exit temperature U, and air flow-rate 4’ in the series four
stove system.

shown from the results of Cases H and I where
similar type of calculations have been performed. Here
the biast temperatures are almost the same in both
cases (differ by 0.36%) but the maximum gas exit
temperature in Case I1 is much lower (289, lower) than
in Case I11.

From Fig. 1 we can see that the blast temperature in
a “staggered” arrangement is not the minimum air exit
temperature through the stove as it is in a “series”
arrangement (see Fig. 2) since the stove continues to
operate for 1/2 period more. The gas exit temperature
exhibits the same behavior in both arrangements. The
air flow-rate is radically different in the two arrange-
ments. In the “series” arrangement the variation is
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1.0
/ '7
09f— «=+=-— Staggered . ’/
Series
0.8/~ & Measured . /
2 ot /
N End of cooling /
0.6 period . Y,
£ osb- N
=d
¥ -
£ 04 ,/ End of heating period
@ 0.3 !
3 F / Q
£
& o2 ;
ol 1 Bottom of regenerator
[ I 1 ] ] 1
0 200 400 600 800 1000 1200 1400

Solid temperature, °C

F1G. 3. Solid temperature distribution at the end of the

periods.
Staggered Series
|
0.95 —.00
0.90 —0.95
0.85 Z/L=0 090
0.80 0.85
Q.6Q! —o70

0.55— 0.65

Q.50 0.60

0.35 0.45

0.30 Z2/L=04 0.40
S 0.20 0.30
2 o.15 .25
o
> 0.80 0.20

0.70,

0.60 Z/L=0.8 0.10
2.00 —o:50
1.501— "\ s
1.00 z/L;o —0.30
102x0.5 Z/L=0 —o.20
oo T ' Tttf° oxi0™?
60 120 180 240 330

30 6lo 90 120 150
t, min t, min

F1G. 4. Variation of solid temperature with time.

almost linear from 80%; to 100% 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
cycleis 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 ® (equation 31) which is now
violated. However, the values of the wall conductance
in the two Cases Il and III differ only by 1.4%,
Moreover, the wall conductance which is
237.8 W/m?°C (see Table 2) is 7.5 times higher than

the fluid conductance of 31.5W/m?°C. Thus, small
variations in the correction factor ®, 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 69; resulting in a blast temperature
of 1124°C, while in the “staggered” arrangement, the
gas flow-rate can be increased by 28%; 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 289, 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,°C 0,°C n; e n,
0 1096 190  0.768 0974 0.859
10 1147 209 0843 0949 0.893
15 1174 240  0.868 0.035 0.900
20 1200 275 0.890 0920 0904
28 1296 343 0921 0.889 0905

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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APPENDIX 1
Derivation of the control equations (9), (10), (20} and (21).
Consider the adiabatic mixing of two streams of air with
flow-rates mi,;, m, and specific enthalpies /4, and /4, re-
spectively. The resulting stream will have a flow-rate m; and
specific enthalpy /5 which will obey the following equations

My Ay Wyl = W3/ (Ln
iy, = My (1.2)
where A
7= cd® (1.3)
J Oy
and O, a reference temperature.
From (1.1)and (1.2) we obtain
MLy — fog} = W3y — 13) (1.4)
which by virtue of equation (1.3) becomes
1 [¢1(O — Oy = (0, - Oy)]
= m}[ﬁ (O3 -0y)— 1O, _(')n)] (1.5)
where
I (5]
= e [ cd® (1.6)
(C] ‘(“)n e

Substituting the equation (1.5) of the values m; = m,, m,
=m0, =0,0, =0,and ®, = O; we obtainequation (Y.
Similarly for ©, = ©,,, ©®, = ©/, we obtain equation (10).
The average volumetric specific heat is determined from (1.6)
with the aid of the expression {13). thus

O -0y =h (O-0y)
/72 3 2 f"‘ 33 ]

+ (@ -0+ 1 (@7 ~05. (1.7}

For the most common case of constant air inlet tempera-

ture @y = @, = O, >U? =0 and ® = UA® + 8O, equation
(1.7) takes the form

}7
HO—Oy) = ABH, U+AO > U(©+0,)

b s
+AG® ,;, U(O©'+0 Oy +03%) (1.84)
QO
HO—0,) = AOU {h, + A0 +20,)

, ,
+ ;UUA@)Z+3<~)é+3U®0A®]%- (1.8b)

Collecting the terms of equal powers of { in (1.8a) we obtain
the expression

(O—0,)=AOU[B,+ B, + B, U] (1.9)
where
B, = b, +0,0,+b,6} {1.10a)
B, = b; A® +h,0,A0 (1.10b)
B, =" Ao (1.10¢)

A

With the appropriate substitution of L' = U}, etc. into the
equation (1.9) we obtain the corresponding control equations
(20) and (21).

If the specific heats can be considered constant (evaluated
at their time average temperatures) then By = b,. B, = B,
= 0 and the control equations take the simple form

RS

AU =1, “series”

AU —=U,,) = U,—U., “staggered”. (112}

APPENDIX 2
Derivation of the dimensionless differential equations (14)
and (15).
The differential equations are.
T

\»«"
¢

hW*A4O-T)=CV

- a0 .
AT —0) = mcL . (2.2}

{2

Let h*,, be the corrected heat-transfer coefficient evaluated
at the maximum flow-rate and at the time-space average
temperatures (O, (T, (@) and h_p,, the convective heat-
transfer coefficient evaluated at the maximum flow-rate and

at temperature (® . Introducing the variables
w h’:l'dXAZ

: 2.3y
° My CL
h¥ oA
§o= et 2.4)
v,
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and the function

Co, Cy and C, are

e Cy = 5.4080F - F, (2.11a)
F{i) = 8
(W= 25) L3665F F th)
we obtain the equations (14) and (15). ' Do
The function F(1) is equal to, 3.881F Fp
= D 2.

py Vs _ Utk 1) + 00/ 06 2T TpeEs (@11e)
i/r* 1/(he+h)+®5/3% We notice that the function F(1) depends explicitly on 2

or and implicitly on the temperatures ¢(©>, (T) and (®'>.

1L+ B, B e ) + OO e /3K
F(3) Al = 27 APPENDIX 3

T 1/t + By P man) + B0 P/ 3

When cyclic equilibrium has been established, A mas, i, 20d
$8/3k are constants and the function F{1) becomes

The effect of longitudinal conduction in the Cowper stove
regenerators is discussed by Willmott [16] and in a more
general way by Bahnke and Howard [17].

K +K, 28) According to [17] this effect is expressed in terms of a
P it A R i i i ter v defined as:
F(4) Kot (D Ka] ( dimensionless cenduct;on parzme zr v Ae ned as
A ViL—
where A T __{M/.__L} (3.1
1 ncL el
K;=———r (2.9a} . ilable for loneitudinal
[ W - where A, = the total solid area available for longitudina
conduction and 4, = the cross section area of the flues. It is
K 385}'"““’5 (29b) shown that this effect for y < 0.1 and A> 10 is directly
z 3K proportional to y. The regenerators discussed in this paper
5 have values of y <« 1 and A > 10.In the example given here we
Ky=r (29c) have,
Pemax A= V/L—A;=572.8m%/3293m— 127 m? = 469 m”.
and b CotC Anaverage k = 1.34 Wa/rnzK
e _LotChh o e m=315m’/s
Fi{l)= . = WCz laminar (2.10a} e = 1140/m* K.
h. o N Substituting the above values into (3.1} we obtain y = 5.3
Fi(2) = T C,A% “turbulent (2.10b) %107, The value of A in this example for all cases is greater

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

than 15. Therefore the effect of longitudinal conduction is
negligible.

MODELE DE CALCUL DES REGENERATEURS THERMIQUES
AVEC DES DEBITS MASSIQUES VARIABLES

Résumé—Les echangeurs régénérateurs qui fonctionnent a température de sortie constante pour le fluide
froid sont équipés avec un mécanisme de commande qui assure soit le contournement du régénérateur par
une certaine quantité de fluide entrant et le mélange direct avec le fluide sortant, soit le contréle du mélange
de deux ecoulements de sortie qui sont en déphasage moiti¢ avec la période froide, de fagon a4 maintenir
constante la température. Dans les deux cas, le débit variable du fluide froid est commandé par sa
température de sortie. Cet article décrit la solution des équations différentielles qui gouvernent ce processus
thermique non linéaire. La dépendance des propriétés du solide et du fluide vis-a-vis de la température et le
coefficient de transfert thermique sont pris en compte. Cette méthode peut étre utilisée pour faciliter la
conception de nouveaux régénérateurs ou pour vérifier les performances d'installations existantes. La
solution est générale et applicable 4 n'importe quel type de régénérateur.

RECHENMODELL FUR REGENERATOREN MIT VARIABLEN
MASSENDURCHSATZEN

Zusammenfassung—Regenerative Wirmetauscher, die konstante Austrittstemperaturen auf der kalten Seite
bendtigen, sind mit Reglern ausgestattet, die entweder eine bestimmte Menge des einstrdmenden Fluids
unter Umgehung des Regenerators direkt mit dem ausstrdmenden Fluid mischen, oder sie regeln bei zwei
Regeneratoren die Mischung der beiden Austrittsstrome. Die beiden Regeneratoren sind dabei um die Halfte
der kalten Periode phasenverschoben, um die konstante Temperatur zu erhalten. In beiden Fillen wird der
unterschiedliche Massendurchsatz auf der kalten Seite mit der Austrittstemperatur geregelt. Diese Arbeit
beschreibt die Lésung der Differentialgleichungen, welche diesen nicht-linearen Wirmeiibergang be-
stimmen. Die Temperaturabhiingigkeit des festen und fliissigen Zustandes und der Wirmeiibergangskoeffi-
zienten werden beriicksichtigt. Diese Methode kann beim Entwurf von neuen Regeneratoren niitzlich sein
oder bei vorhandenen Regeneratoren die Wirksamkeit verbessern. Die Lésung ist allgemein und fiir jeden
Regeneratortyp anwendbar.
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PACUYETHAS MOJAEJIb AJiS TEIJIOBBIX PETEHEPATOPOB C MEPEMEHHON
CKOPOCTBKO TEYEHUSA KNUIKOCTU

Annoranus — PereHepaTuBHble TENI00OMEHHHKH, B KOTOPbIX OXAAXJIEHHAS MXHAKOCTHL [A0JIKHa
MMETb MOCTOSIHHY1O TEMNEPaTypy Ha BbiX0/I€, CHAOKEHbI [1/151 3TOM LE/IM KOHTPOILHBIM YCTPOHCTBOM.
MO3IBOJINIOIIMM HIM OTBOAUTHL ONPEIeSIEHHOE KOJHYECTBO TMOCTYNAIOWIECH XKWAKOCTH 33 [peaeib!
pereHepaTopa ¥ 3aTeM CMELIHBATL €€ HENOCPEACTBEHHO ¢ BLIXOJSLUMM NOTOKOM XKAKOCTH, WM
pETyIMpOBaTh CMELUEHHE ABYX MOTOKOB XUAKOCTH, UCXOISLUMX H3 [ABYX pereHepatopos, paborta
KOTOpbIX CABHMHYTA 110 ta3ze Ha 1/2 xonoaHoro pexuma. B noboM 43 OByx ciiydaeB nepemMeHHas
CKOpPOCTb TEYEHHSl OXJIAMACHHOH >XUJAKOCTH KOHTPOJMPYETCA ee TeMrepaTypoil Ha Buixo/je. B
CTAaTbE NPUBOIMTCS peileHue anddepeHLnanbHbIX YPaBHEHHI, ONTHCHIBAIOILNX NAHHbIA HETMHEHHbIH
11poLecc nepexnoca Tenia. B pelneHun yuuToiBacTcs TEMNepaTypHas 3aBUCHMOCTb MEXAY Tenaoduiu-
4ECKHMM CBOICTBAMM Kapkaca pereHepatopa # XUAKOCTH, a Takxke kodpuLHMeHT TernnoodMeHa.
IlpennaraeMsblit METOA MOXHO MCMNONB3OBATH [/ PACYETA HOBbIX PEICHEPATOPOB WK YIIYUILEHUS
pabounx XapaKTEPUCTHK CYLLIECTBYIOWIMX YCTAHOBOK. Pelnenne aBiisieTcs OOLIMM M MOXKET ObiTob
NMPUMEHEHO K 1H000MY THMY pPereHepaTopos.



