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Abstract-A mathematical model is presented which may be used to predict the temperature at any point 
in a multilayer chimney under the unsteady state conditions encountered with variable inlet temperature 
and mass flow rate of the chimney gases, and variable ambient temperature. The model satisfactorily 
predicts the temperatures measured in a three-layer experimental chimney over both the heating and 
cooling periods of operation. In particular, the model correctly determines the period of time for which 
any portion of the inner chimney liner is below the acid and water dewpoint temperatures of the chimney 
gases. By ensuring that this time is minimized by modifications in domestic chimney design and boiler 
onerating conditions, the tendency for acid and water condensation and the attendant chimney corrosion . - 

can be substantially reduced. 

NOMENCLATURE 

Biot number ; 
mass specific heat; 
function, &(7/p)/%(t); 
function, [ti(t)/ti(0)]-“.Z; 
function, [ti(t)/ti(O)] +“.8; 
function, &(z, t); 
heat-transfer coefficient; 
thermal conductivity; 
height of chimney; 
mass flow rate of chimney gases; 
counter for radial position within a solid 
layer; 
total number of radial increments within a 
solid layer; 
counter for time steps; 
radial distance; 
dimensionless radial distance; 
time; 
gas velocity in chimney; 
dummy variable; 
dimensionless distance from base of 
chimney (= EZ); 
distance from base of chimney. 

Greek symbols 

4 thermal diffusivity; 

B7 constant defined as ccl/& 

Y, function of increment lengths in the radial 
position-time plane; 

6 constant defined as 2h,(0)/rl PsC, U(0); 

yI9 the product B,F3(i, n+&; 

8, temperature; 
4 ratio of thermal diffusivities (a/a& 

P? density; 
7, dimensionless time = P(t - to); 

6% dimensionless temperature = 0/0,(O); 

ratio of dimensionless radius and 
dimensionless radial step length. 

Subscripts 

ambient conditions (cooling air conditions 
in experimental work); 
cooling air; 
cooling down portion of a complete cycle; 
retarded (or delay); 
on the first pass; 
chimney gas; 
heating up portion of a complete cycle; 
at chimney inlet ; 
(= 1,2 or 3) in jth solid layer; 
at the outer solid layer-ambient air interface; 
at the inner liner-chimney gas interface. 

1. INTRODUCTION 

THE DEVELOPMENT of domestic and industrial boilers 
with increased thermal efficiencies, and consequently 
lower exhaust gas temperatures, has increased the 
tendency for water and acid condensation to occur in 
conventional chimneys. Such condensation gives rise 
to chimney liner corrosion, the staining and gradual 
disintegration of internal wall surfaces and cost and 
inconvenience to the user. It is therefore essential to 
identify and avoid boiler and chimney operating con- 
ditions which might lead to condensation from the 
exhaust gases. To the best of the authors’ knowledge, 
no attempt has been made to put the subject of con- 
densation in chimneys on a firm theoretical basis. 

In a typical operating cycle in a domestic heating 
system, the boiler is switched on from cold, the fuel 
ignites and the exhaust gases enter the base of the 
chimney. The temperature of the exhaust gases at the 
chimney base increases rapidly with time until it attains 
a steady value. The chimney temperature also increases 
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with time, and will be below .the acid and water 
dewpoint temperatures for a portion of the heating 
period. Once sufficient heat has been supplied for 
domestic requirements, the burner switches off. and the 
mass flow of exhaust gases rapidly diminishes as does 

the exhaust gas temperature. Cold air moving under 
natural draught then replaces the exhaust gas and its 
mass flow rate decreases with time as the chimney 
cools. The chimney temperature will, for part of the 

cooling period. be below the acid and water dewpoint 
~e~ll~~er~~turcs. Once a certain time has elapsed, the 

burner is automatically switched on and 50 the cycle 
is rcpeatcd. After several cycles have been completed 

the cycling pattern becomes steady and each cycle is 
identical. 

The i~~~~llc~lat~cal model described in this paper 
predicts the tem~e~ture of the inside of a muttilayer 

chimney at any position during operation. The model 
essentially solves the unsteady state heat-conduction 
equation within the chimney wall and this is coupled 
to a dityerential equation describing the energy balance 
for gas flowing up the chimney. The resulting equations 
have been solved n~lmcrjcally. The computer output 

is both in the form of numerical data and also 
graphical, whereby the temperatures of the inner 
chimney liner are plotted for heating, cooling and 
cycling conditions. A knowledge of the acid and water 
dcwpoint temperatures will then determine the length 
of time the chimney is subject to acid and water con- 

densation for any of these conditions. No attempt has 
been made in this paper to estimate amounts of fluid 

deposited on the chimney liner. 
The ultimate aim of the mathematical model is to 

predict actual chimney behaviour. As a first step, the 
model was \et up to predict the behaviour of an 
experimental chimney and the practical m~surcments 

served to test the accuracy of the model. In this paper 
the model predictions have been compared with the 
experimental measurements made in the chimney. 

2. THE: EXPERIMENTAL CHIMNEY AND 
~I~AS~~R~~~~NTS MADE 

Experimental tests were carried out by DOBETA 
(Domestic Oil Burning Equipment Testing Associ- 

ation) on the chimney shown in Fig. 1. Measurements 
were carried out over 6 ft of the 4-in I.D. steel chimney 
which was attached to a boiler fired on kerosene fuel. 
Cooling air was forced through a surrounding jacket 

of 7% dia in an attempt to simulate the most severe 

conditions likely to be encountered in practice with 
high winds. These are the conditions which produce 

greatest condensation. 
The purpose of the experimental work was to deter- 

mine the input quantities required by the mathematical 
model ;mi to compare the measured gas and chimney 
temperatures taken occr ;I complete cycle with the 
corresponding predictions. 

The following quantities were measured: 

(i) The mass flow rate of fuel. 

(ii) The concentration of carbon dioxide which 
determined the mass Row rate of air. 

flue gas fefnovai 

To extractor fan 

xand n are the solid and 

Vermiculite insulati 

Aluminium sheeting 

Cooling air in -- 

Boiler/ burner prototype 
f ved on kerosene , 

FIG I. Diagram of~~perimental chimnuy rig. 

(iii) The velocity of the residual air fiow during the 
cooling period. 

(iv) The gas temperatures at the inlet and outlet 

of the test section, which were recorded con- 
tinuously. 

(v) The temperature of the inner liner at the top 

of the test section, which was recorded con- 
tinuously. 

(vi) Inner liner temperatures 1 Measured at 
1 posit!ons fhown 

(vii) Outer liner temperatures > by x m Fig. 1 
j and recorded at 

(viii) Cooling air temperatures ,! 20-s intervals. 

A typical measured inlet gas ~enl~r~~~Llrc w time 
curve is shown in Fig. 7(a). This is taken over a 
complete cycle, i.e. one heating period and one cooling 
period. Figure 2(b) shows the corresponding curve of 
total mass flow rate of gas through the chimney vs 
time. Both these sets of information are required as 
input data for the mathemati~dl model. 

3. A MATHEMATICAL MODEL TO PREDICT THE 
EXPERIMENTAL CHIMNEY BEHAVIOI!R 

3.1. Physical model und ussufnpt iofn 

Figure 3 shows a cross section of a typical cylindrical 
three layer chimney consisting of a thin melat inner 
liner. a layer of insulating material and an outer la!cr. 
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(ii) As it is required to study the worst conditions 
that can occur (from the condensation aspect), the 
entire chimney structure is assumed to be initially at 
the ambient air temperature for the first heating period, 
and forced convective cooling conditions are assumed 
for the outer face. 

0 5 IO 15 20 25 M 35 40 45 

Time, min 

(iii) A linear heat loss law is assumed at the outer 
face of the chimney. In the case of the experimental 
chimney this will be true because radiation is negligible 
compared with convection. 

(iv) On the basis of preliminary order of magnitude 
calculations, conduction in the z direction (i.e. along 
the chimney height) is neglected in comparison with 
radial conduction for both the chimney structure and 
the chimney gas. 

c I, 
E 

-x-x_ 
I I I I I I I 

0 5 10 15 al 25 Y) 35 40 

(v) Thermal properties of the solid layers are assumed 
independent of temperature. 

(vi) The gas temperature is assumed uniform in any 
cross-section due to turbulent flow conditions. For the 
test chimney a typical entry Reynolds number is of the 
order of 6OOO. 

Time, min 

FIG. 2. Mass flow rate and temperature of flue gases vs time 
for Test A (firing rate 57.7 g/min, 12.6% C02). 

(vii) The mass flow rate of the gas is assumed to be 
independent of temperature although it may vary with 
time, particularly in a cooling period. 

(viii) For the purposes of simplification, the specific 
heat and density of the chimney gases are taken to be 
constant. 

The hot exhaust gases pass through the chimney trans- 
ferring heat to the inner liner surface by convection in 
the heating period. An energy balance equation is 
required for the gas flowing up the chimney. Heat is 
conducted through the inner liner, the insulation and 
the outer layer which, in practice, loses heat by con- 
vection and radiation to the surroundings. The un- 
steady state heat-conduction equation applies to each 
of the three layers. 

For the chimney under test, several physical assump- 
tions are used in order to simplify the formulation and 
solution of the mathematical model. These are: 

(i) As a first approximation, the effect of conden- 
sation on heat transfer is assumed to be negligible, so 
that the variation of liner temperature can be predicted 
without consideration of any mass transfer. 

I k 
a 
CL 

i 

? 2 
LA 

r4 - 

r3 - 
r2 - 

5 + 
----7 
Ease of flue 

3.2. Mathematical formulation of the problem 
3.2.1. D@erential equations for conduction in the 

chimney wall. The unsteady state equation applies in 
each layer : 

ao,_ 1 ~5 raOj 

af -“j;g 7 
c 1 

for j = 1,2, 3 (1) 

wherej = 1 corresponds to the inner layer, j = 2 to the 
insulation and j = 3 to the outer layer. In the equation 
0 is temperature, CI is thermal diffusivity, t is time and 
r is radial position. 

3.2.2. Boundary conditions for the solid. The bound- 
ary conditions on the 0, are: 

-ICI 2 = h,(t)(O,-0,) at r = r, (2) 

Ambient air 

FIG. 3. Cross-section of a typical cylindrical three-dimensional chimney. 
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Oj-1 = lli 7 (3) 

and 

- K3 (‘t3 = ho(03 -0,) at I’ = rA. 

i-r (5) 

Equations (3) and (4) express the continuity of tem- 
perature and of heat flux at a solid interface on the 

assumption of perfect thermal contact. In these equa- 
tions O8 is the exhaust gas temperature, 0, is the 

ambient air temperature, K is the thermal conductivity, 
and h,(t) and ho are the heat-transfer coefficients for 
the interfaces between the flue gas and liner and the 

outer layer and ambient air, respectively. 
3.2.3. Difirentiu! rquation,for thejlue (exhuusr) gus. 

Assuming incompressible flow and constant heat 

capacity, the thermal energy balance for the gas can 
be written as : 

where z is distance measured from the base of the 
chimney, /)9 is the density of gas and C, is its heat 
capacity per unit mass. II is the gas velocity. which at 

any instant is equal to 

where )+I is the mass flow rate of the gas. 
Assuming incompressible flow, the continuity equa- 

tion for the gas is : 

This shows that the mass flow rate within the chimney 

is independent of position within the chimney. Hence 
ril may be taken as the inlet mass flow rate, i.e. 

r<?(t) = riQ(t). (8) 

The boundary condition on 0, is: 

0, = (Ii(r) at ; = 0. (9) 

Initial corulirinru The initial condition for the solid 

temperature is: 

0, = 112 = 03 = (I,, (10) 

for zf(t) < z < L. r, < I’ ,< r4 and t > 0, on the assump- 
tion that the whole of the chimney structure is initially 
at the ambient air temperature. This condition is a 
statement of the fact that the solid temperature cannot 
change until gas comes into contact with it, owing to 
the assumed lack of conduction in the z direction. 
z,(t) gives the position of the gas front on its first travel 
through the chimney. 

The initial condition for the gas is: 

(I4 = (Ii(O) at z = 0 for t = 0. (11) 

3.3. C’haf?yr to dirnensionlr.s.5 uwiil~k~ 

The equations to be solced can be simplified by the 
following change of variables: 

Dimensionless dis’tance from the chimney base 
: 1:: l 121 

Dimensionless time 7 .- /ijl !,,J I il) 

Dimensionless temperature = CP = !’ 
I),(O) 

I14 

Dimensionless radial distance = R = ” IIS, 
I’.$ 

where t,) is the time taken by the fluid at height I a[ 

time t to travel from the chimney entrance to height 2. 
and is given by the equation : 

and 

and 

/r = X,,,‘J$ 118) 

With these transformations, the differential equations 
to be solved (which are derived in Appendix I) are as 

follows : 
Equation ( I) becomes: 

for Ri < R d Ri+, ,j = I, 2.3, where 

Equation (6) for the gas becomes : 

assuming h, ‘x [ri~iz(t)]~.~, (Dittius-Boelter equatlon [l I!. 
The corresponding dimensionless boundary and 

initial conditions are: 

where 

and B, = [hq(0)r4]:K, 

where LU,~ = K,/K,_ , 
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where l%, = ~~r~~K~~ and 

rp1 = #2 = 43 = &I@1 

atz=OforR1 <RdlandOby<&L (25) 

#, = &(t) = Oj(t)/Oi(0) at y = 0. (26) 

It should be noted that B, and B0 are Biot numbers 
for the inner and outer surfaces of the chimney, both 
based on the outer radius. 

4. SOLUTION OF THE EQUATIONS 

The equations are solved numerically by finite differ- 
ence methods. A finite difference scheme for solving 
equations similar in form to those occurring in the 
present paper has been reported by Handley and 

Heggs [21. 

4.1. Gas temperature on thefirst pass 
Asafirst step in the numerical solution it is necessary 

to know the gas and solid ~~rn~ratur~ at t = 0. 
Neglecting heat transfer from the chimney structure to 
(or from) the surrounding air (whose temperature 
varies) in the early stages, it can be assumed that the 
gas front encounters a liner temperature of 8,(O) at 
each height, i.e. 

(B&+R, = ~~(0) at z = z,(t). 

Now, 

J 

w=f 

zr(t) = u(w) dw = -f.-- 
w=o s 

!W=t 
riz(w) dw 

nrlpg w=~ 

i.e. t = tD at the gas front. 
This can be written in dimensionless form as: 

((PI)R=R~ = hdo)at r = 0. 

therefore, at t = 0, equation (20) can be written: 

$(#,),=o = Fz(y,O)t~,fO)--~,),=~l. 

4.3. Thefinite d@erence equations 

R2 

FIG. 4. T~re~dimen~iffnal unite-difference grid system. 

Integrating and using the condition that (c$,J,,~ = 1 
at y = 0 gives: 

127) 
The corresponding solid temperatures are given by 
equation (25). 

4.2. Thejinire difSerence grid 
The solid temperature can be represented by a three 

dimensional grid, and the gas temperature by a two 
dimensiona grid as shown in Fig. 4. The general 
temperatures at the grid points are: 

(h&y, r) = &GAY, nAr) 

4.3.1. Far the gas. The finite difference form of equation (20) is: 

&~,(i-:>n+l) Fa(i-), nt 1) AY 2 1 &f& fl -I- 1) - 
2 

Mi n + 1) 

1 F,(i-3, nt -1) 
&(i-l,n+l)+ 2 

_ 
&(I- 1, n+ 1) (28) 

where &(i, n f 1) = 4 I (0, i, n + 1) is the inner liner temperature. 
4.3.2, Within .&e jrh solid layer (j = I, 2,3). Equation (19) can be expressed in the Crank-Nicholson [3J six- 

point implicit form about the point [(Rj + mj A$), idy, (n + +&AZ] as : 

= (1_2yj)+j(mj, i,Vr)+y. l+ J[ &] #j(f?lj+ 1, i, fl) + yj 

for 1 < mj < Mi_l 
where Mj = (Rj+,-Rj)/AjR 

yj =L kjF,(i, u-+&)AT/~(A~R)~ 
~~ = RjIAjR. 
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The derivation of the finite difherence forms of the boundary conditions. which are given below, can br: li,una) 
in Appendix 2. 

4.3.3. At the intr+ce hetwren the (j- l)th irrfd j/h soiifis (j ~-. 9. 3). The continuity of temperature condttion~ 
[equation (22)] become: 

*, IL&f, 1 5 i, I1 + I) z Cbj(O, i, II t 1 ) i, iOi 

(i,; ,(M, ,, i. fl) = c/1,(0, i, f?) 1.: 1 i 

and the continuity of flux condition [equation (23)] can be expressed for (raf$As as: 

4.3.4. Al the ycrs- liner intnffirtv. Equation i2 I) can be written in finite difference form a\;: 

where $,(O. i, n+ 1) and cb,(O, i. n) have been replaced by &,(i.n-t- 1) and &i, n) respectively and where 

P/ = F3(i, II + $)R,. 
4.35 A/ tlrr outer la!w--rrir inte@~e. The boundary condition [equation (24)j can be replaced in finite 

difference form by: 

where &(.I.$ 5) = &,(z, r). 

Equations (2X), (29), (32)-(34) are a set of 
(M, + Mz f IM3 + 2) linear simultaneous equations in 
the (MI + M2 -t-M, +2) unknown temperatures at iAy, 
(n+ I)Ar. These temperatures are: 

The gas and solid temperatures at any position and 
time are calculated from the known temperatures at 
5 = 0 in the following way. For the first time step 

T = Az, equations (29), (32) --(34) are solved at the bust 
of the chimney i = 0. Then equations (28). (29).- (341 
are sofved for each chimney height step for the first 
time step. The procedure is then repeated for each 
time step. 

5.1. Input pant if ies required h,v r/w compzc/w propurr 

The computer program simulates the three 1aye1 
experimental chimney (Fig. if and the following yuan- 
tities are required as input data for the program : 

/ii = /k(l) = mass How rate of gases through the 
chimney as a function of time for both 
heating and cooling periods: 
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h, = inside heat-transfer coefficient for 

both periods; 
ho = outside heat-transfer coefficient; 

Pp c,, = density and specific heat of gases for 
both periods (these are based on the 
average inlet temperature for the 
period under consideration); 

K1, Kz, K3 = thermal conductivity of each of the 
three chimney layers; 

PI? P2, P3 = density of each layer; 
Cr, C2, C3 = specific heat of the three chimney 

layers; 

rlr ~2, r3 = inner radius of each layer; 

r4 = outer radius of chimney; 

Q* = cooling air temperature as a function 
of time and chimney height; 

and the curve of chimney inlet gas temperature vs time 
for both heating and cooling periods. 

In the test apparatus (Fig. 1) the mass flow rate was 

kept constant for the heating period but varied during 
the cooling period. Time is measured from the begin- 
ning of the heating period and the solid and gas tem- 
peratures are calculated for each time step until the 
end of the heating period is reached. In the transition 
period, i.e. in the change from heating to cooling, the 
exhaust gases are being replaced by cooling air in 
practice and the program assumes that the exhaust gas 
is replaced instantaneously with air, which assumes the 

temperature of the gas it replaces. The error in such 
an assumption is very small since the time of the travel 
of gases up the experimental chimney for the heating 
period is 

L Lnrfpg 
-= ~ = 1.6s 
u ni 

compared with the time step in the computer program 
which was set at 30s. 

The cooling period is calculated in exactly the same 

way as a heating period. Time is measured afresh and 
the solid and gas temperatures calculated at the end 
of the heating period provide the starting values for 
the cooling period. A new inlet flue gas transient, mass 
flow rate of air [m(t)] and heat-transfer coefficient 
[h,(t)], are required for the residual gas flow. It should 
be observed that the grid will also change for the 
cooling period-it will either stretch or contract at the 
instant of changeover. Whilst AZ-the actual chimney 
height step-remains fixed, the dimensionless height 
steps (Ay) during a heating and a cooling period are 
given by : 

AyH = .sH AZ and Aye = E~AZ respectively, 

where 

and where the subscripts H and C refer to the heating 
and cooling periods respectively. 

At the end of a cooling period, the program assumes 

that the air is replaced instantaneously by the exhaust 
gases for the new heating period, the exhaust gases 

l Real grid pomts 
x Fictitious grid points 

(M,_,+ljA,_,R A,R M,_,AF,R -A,R (M,_,-IM,-,R 

H,- 

(j-ljthand jth solids 

(a)Section of grid at the interface between the (j-l )th and 
j th solids 

(b) Section of grid at the gas-liner interface 

(n+ljA,r 

(cj Se;t$ of grid at the interface between the outer layer 

FIG. 5. (a) Section of the finite difference grid at the inter- 
face between the (j- 1)th and jth solids. (b) Section of the 
finite difference grid at the gas-liner interface. (c) Section of 
the finite difference grid at the interface between the outer 

chimney layer and the ambient air. 

taking on the temperatures of the air. In this case a 
typical time taken for the cooling gases to pass through 

the chimney is 

L L&p, 
-= ~ = 1.2s 
U rfl 

compared with a time step of At = 30s. 
Thus the program can predict heating and cooling 

periods and consequently complete cycles. It is the 
behaviour of the chimney under cycling conditions 
which is of particular interest to the heating engineer 
and so the facility of plotting the inside chimney tem- 
perature transients (for complete cycles) was incorpor- 
ated into the program (see Fig. 6). 

5.2. Accuracy of the computer solution 
The stability of the equations is enhanced by their 

implicit nature-in particular the use of the Crank- 
Nicholson [3] finite difference formula. 

The convergence and accuracy of the numerical 
solution obviously depend on the values chosen for 
Al R, AZ R, A3 R. Ay and AZ (see discussion by Handley 
and Heggs [2]). The values chosen should give a 
reasonable compromise between accuracy and com- 
puting time. 

Table 1 shows the effect on the calculated solid and 
gas temperatures of varying the time step At from 1 to 
60s. Table 2 shows the effect on the calculated inner 
liner temperature of varying the height step (AZ) from 
0.5 to 2 ft, keeping At = 30 s. These predictions apply 
to the six feet test section of the experimental chimney 
shown in Fig. 1. 

HMT Vol. 20, No 8--B 
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X Measured temperoture of bottom inner surface 
* Measured temperature of top inner surface 

profile of bottom inner surface 
profile of cehtre inner surface 
profite of top inner surface 

Table 1. Variation of predicted liner and gas temperatures 
for different time steps 

The height step A?lr = 1 ft. 
The predicted temperatures are those after 605. 

----_. 
Inner liner base Gas temperature 

At(s) temperature (<C) at chimney exit (“C) 
~_ ._.. ~._ .~~~~_ _ 

I 25.05 32.99 

3: 
25.04 32.9x 
24.96 32.97 

60 24.86 32.95 
- ~-~._._ .~ _ 

Table 2. Variation of chimne! 
liner temperature for two 

different height steps 
The time step Ar = 30s. 
The predicted temperatures are 
those after 60s. 
-.- - 

Inside chimney liner 
AZ (ft) at a height of 4 ft (T) 

0.5 61.74 
2.0 61.73 

___I- I. 

For the experinlental chimney under consideration 
in Fig. I, ail predicted temperatures for the above 
time and height steps are within 0.5”C of each other 
at corresponding heights and times. 

All computer ca~cuiations were done on the 
UNIVAC 1108 computer. A typical heating and cool- 
ing cycle of 40min at At = 30s and AZ = 1 ft took 
7.8 s computing time, the number of different tempera- 
ture predictions being 9400. 

6. COiMPARlSON OF THEORETICAL PREDICTIONS 
WITH EXPERIMENTAL VALUES 

The quantities measured by DOBETA on the experi- 
mental chimney (Section 2) permitted the calculation 
of the input data for the program (Section 5.1). The 
hear-transfer coefficients k, and ho were calculated 
from the standard formuia of Dittius-Boelter [It], 
averaged over the temperature range involved. In the 

case of it<), the convective Row rates in the test apparatub 
were so great that the radiative contribution could be 

neglected by comparison. The values of C, and py were 
the average of their values evaluated at the initial and 
ultimate inlet gas temperatures in any period. The 
thermal properties of all the three layers were obtained 
from tables with the exception of the thermal conduc- 
tivity of vermiculite which was obtained from steady 
state measurements on the apparatus. In the cooling 
period, ah and consequently 11, were calculated from 
measurements of the residual gas How velocity. 

Six separate tests were carried out by DOBETA. 
For three tests (A, B and C) the boiler was switched on 
for about 30min so that temperatures wcrc steady 
before cooling down. A different firing rate and quan,- 
tity of excess air was used in each case. These three 

tests are tabulated in Table 3. 

Table .I 

Carbon dioxldr 
~~)n~ent~~~o~ in Maximum inlet 

Firing rate exhaust chimney i’ C) exhaust 
TN (kg’s) gases (“,,I temperature 

“i 9.6 x IO-’ 12.6 350 
B 6.0 x lo-* x. I 350 
c 6.3 x lo-* KS 350 

.-_--“-~ ______ _--._ ._.“.. . . ..-. .._” 

Figures 7-9 show the comparison between the pre- 

dicted and experimental temperatures for each of the 
three tests A, B and C taken ovst- a complete cycle. 
The curves show the predicted and measured outlet 
flue gas temperatures and top inner skin temperature 
as functions of time. These three curves show that 
predicted temperatures and measured temperatures 
were within loo;, of each other over most of the range. 
The predictions for all the tests were similar in accuracy. 
Measured and predicted outer surface temperatLlres 
were also found to be in good agreement. However, 
as the primary purpose of the model is to predict inner 
liner temperatures. which govern condensation. this 

comparison has not been shown. 
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Time, min 

Frc. ‘7. Comparison of predicted and measured tempera- 
tures-Test A. (Firing rate = 57.7 g/mitt.) 

wed top flue gas temperature 
edicted top flue gas temperature 

eosured top inner skin temperature 
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FIG. 8. Comnarison of uredicted and measured temnera- 
tures’-Test B. (Firing rate = 36.0 g/min.) ’ 
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Figure 6 shows a computer plot of a cycling test 
for five consecutive cycles. This corresponds to test A 
under cycling conditions. Its usefumess in predicting 
the tendency to water and acid condensation can be 
clearly seen by taking the water dewpoint temperature 
as 45°C and the acid dewpoint temperature as 140°C. 
Under these boiler cycling conditions, and with this 
design of chimney, it can be seen that the chimney 

FIG. 9. Comparison of predicted and measured tempera- is given in graphical or tabular form for any period 
tures-Test C. (Firing rate = 37.6g/m~n.) Since in practice the mass flow rate &(t) may be 

given in graphical or tabular form (cf. Fig. lo), it is 
convenient to tabulate t as a function of y and z and 
hence F1, F2 and F3 as functions of y and r. These 
~lculations are performed prior to the be~nning of 
the finite difference solutions. In the finite difference 
solution, the temperatures are calculated at all points 
for t = Ar given starting values at z = 0:The procedure 
is then repeated for r = 2Ar, 367 etc. Hence values of 
f must be calculated for each value of y (= iAy where 

suffers from water condensation for only 200s in the 
first heating period. All the inner liner temperatures 
are below the acid dewpoint at all times and extensive 
acid condensation can be anticipated. 

Concerning Figs. 7-9, an interesting observation is 
that during the early part of the heating period, the 
gradient of the measured values of inner skin tem- 
peratures suddenly rises and falls again, whereas the 
predicted gradients have a smooth slope. This could 
be due to latent heat effects as this observation occurs 
when the wall temperature is about 3370°C. Thus it 
might be suspected that of the heat passing from the 
gas to the surface, a high proportion will cause the 
water to change its state into gas and so the tempera- 
ture of the metal will not rise so rapidly at that point. 
This would not be predicted theoretically as no account 
has been taken of the effect of condensation on the heat 
transfer. This observation is not apparent in the cooling 
cycle, because only air is passing through the chimney 
and it contains only ambient moisture. Thus there is 
negligible condensation in a cooling period by com- 
parison with a heating period. 

7. MODIFICATIONS FOR A PRACTICAL CHIMNEY 

A practical chimney is sometimes of square cross 
section with a cylindrical liner. To simplify the math- 
ematical treatment, the actual cross section can be 
replaced by an equivalent three layer circular section 
(liner, insulation, outer layer), with the radii chosen so 
that each layer contains the same amount of the 
material as the actual chimney. Here the assumption 
is that the mass of the layer (which governs its thermal 
capacity) is more important than its surface area. 

The outer face of a practical chimney may lose heat 
by a considerable amount of radiation as well as con- 
vection. The existing model can still be applied by 
combining both the heat loss processes as a linearized 
heat loss law for the outer face. 

The ambient air temperature will be a function of 
time alone and independent of chimney height for a 
practical chimney. 

It must be emphasised that to predict the thermal 
performance of any chimney design, a typical cycle 
for mass flow rate and tem~rature at the base of the 
chimney must be known in advance. A qualitative 
indication of the variation with time of flow in a 
practical domestic boiler/chimney system is shown in 
Fig. 10. 

7.10. Evaluation oft as a function of y and r when m(t) 
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FIG. 10. Qualitative variation with time of mass flow in a 
boiler (burner) chimney system. 

O~~~~)atagivenT(=~~7whereO~~~N~~.The 
procedure is as follows: 

(i) Equation (16) can be written in the form: 

5 = A(r)-A(I-ffn) 

(iii) For one value of 7 = nA7, 

(ii) A table of values of A(t) vs t can be drawn up 
for t = nbt, 0 < n d N,. This can be achieved by 
numerical integration using the graphical or tabular 
values of e(f) vs f. 

From the A(t) vs t table, the value of A(nAr/fl) can be 
found by interpolation. For one value p of ,)‘ = iAy. 
z = iA)liz and since a(t) = z+ A(r-re). this gives a 
value for 4(t). From the table of Aft) vs r the corre- 
sponding value of t can be found. Hence I for the 
chosen J. The calculation is repeated for all y values 
in the mesh to give a table of values of I vs y for all _t 
values on the mesh for the fixed value of 7. 

(iv) Stage (iii) is repeated for all T values on the mesh. 
A series of tables of f vs JJ can thus be obtained for 
all 7 values. 

(v) Since t is now known in terms of ~8 for all 7 
values, F,, Fz and F3 can be calculated and tables 
of values of F,, F2 and F3 vs ~1 for each value of 7 
can be produced. 

It should be noted that after the first few values of 
A7 in any time period, rD will be very much less than 7, 
and hence after the first few AZ, t + T/B. 

Then 

FI(.T,Q- 1 

thus eliminating the need to obtain tabular values of 
F,. F2 and F3 as in steps (i)-(v) for more than the 
first few time steps. 

8. CONCLUSlONS 

The mathematical model for prediction of tcmpcra- 
tures in a multilayer chimney under the unsteady st:+tc 
conditions encountered with variable Rue gas inlet con- 
ditions and variable ambient ten?peratLlre has been 
successfully compared with measurements on an Llh- 
perimental chimney. For known acid and w;ttcr &XL- 
point temperatures for the chimney gases, a realiatrc 
forecast can be made of the time period for which an! 
part of the chimney liner is subject to acid and vva~:- 
condensation. In consequence the model c;ln hc w~i 

to aid the selection of chimney designs anti jhc 
identification of boiler operating conditions tshicb M ill 
minimize low temperature corrosion resulting from I IIW 
formation of condensates within the chimney. 

The model should find wide apphcation. partt~- 
larly in oil fired installations where acid anct \\ait:r 
condensation can seriously fimit the life of a chin-irtiX!. 

Following the present verification of tht: rnod~l :: 
is intended to utilize it for the production of design 
curves for practical chimney/boiler systems which u 111 
lead to minimum condensation. 

~c~~~)~v~e~~g~~~~nr -The authors wish to thank research \!:lll 
at Shell Research Ltd./Egham Research Labor:~toriss ;br 
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in writing the computer program. 
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APPENDIX t 

Derivation ofthe Dimensionless ~j~er~~z?j~~~ Eqrrrrf imr 
for the C’ase when the Inlet Mass Flow Rate VLtrit~s \vith 7’tm, 

In equation (16) tn is defined as the time taken h> the 
fluid at height z and time t to travel from the chimne\ 
entrance to height z. 

t 

r 

w=i 
2 /~~~~~~~~ = (iii. ini hay. ; lhl 

~flPp,w=I-i,, 
Suppose it is required to tind r?G;ir and i’G’;s gi\zn I 
function F(z, I) = G(y, 5). Using equations (12) ~IKI t 1 ii. 
since /I and E are independent oft and z. 

To find the partial derivatives of tD the result 

is used. 
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Differentiating (16) partially with respect to z and t and substituting for E from (17) reduces (6) to the form 
using the above result, we have: ,L 

“4j# h(f) -o.2 
-: =- - * [4,-@dR=R;l. Q.0) 

ar, 1 at, u(t) QY i 1 Wf 
_=-.------ 
a2 

; and r=l--. 
u(t-tD) ‘ n(r - to) 

This is the dimensionless equation for the gas in the text. 
The differential equation for any solid layer is: 

Hence 

and 

(1) 

(Al) Using result (Al) and putting 

(18) 

64 
equation (1) becomes : 

Using results (Al) and (A2), dividing through by ei(O), and where rlj = aJar. This is equation (19) in the text, 

APPENDIX 2 

Expression ofthe 3ou~ary Co~itio~ in Finite D@rence Fororm 

Af the interface between the (j - 1)th and jth solids (j = 2,3) 
The relevant section of the grid is shown in Fig. 5(a). At the interface in the (j- 1)th layer, the finite difference equation 

within the solid can be applied if the (j- l)th solid is assumed to be on both sides.of the interface. The equation is from 
[equation (29)] : 

(1+21;j-I)~j-1(Mj-1,i,n+l)-Tj-l 1+ 
I 

2(+j_,:M._ ) 1 $f-r(Mj-r+l,Lh+l) 

=(i-Zyj-t)#j-t(Mj-t,i,n)+Yj-l 
I 

#?-‘-1(Mj-~+1,i,n) 

2(iji:Mj_3 #j-t(iwi-~-l,kn) 
I 

(A3) 

where the temperatures marked with an asterisk are fictitious temperatures at the fictitious grid points in the extended 
(j - 1)th solid. 

At the same interface in thejth solid (assuming solid j material on both sides of the interface) the equation is: 

(1+2yj)#j(0,i,n+1)-yj 
C 1 

I+$ 4j(1>i,n+1)-Yj 
I C > 

1-k #!(-Li9n+l) 
I 

=(l-2yj)oj(O,i,n)+yj (A4) 

The continuity conditions at the interface are: 

$j_1 = @j[equation (22)] and F = oj 2 [equation (23)]. 

The continuity of temperature conditions are: 

tpj-t(Mj-1, i h+ 1) = (6j(O> i, n+ 1) 

+j-r(Mj-r,Ln)= (bj(O,i,n). 

The continuity of flux condition can be written for (n+#Ar as: 

+ [~j4.~(~j-~+l,i,~+l)-~j-~(Mj-~-l,i,~-t1)]+[~~-~(Mj-~+l,i,n)-~j-~(Mj-~-l,i,~)J 

2Aj-r R 2Aj_ 1 R 

~~j(l~i,n+l)-~~(-1,i,n+l)l _._~ + [dj(l,in)-~j*(-l,tn)l’ 

2Aj R 2AjR (A5) 

Elimination of the fictitious temperatures between (A3), (A4) and (AS), followed by rearrangement, gives equation (32) 
in Section 53.3. 

At the gas/liner and outer layer/liner interfaces 
Theselevant sections of the grid for the gas/finer interface and the outer layer/air interface are shown in Figs. S(b) and 

S(c) respectively. The final finite difference equations (33) and (34) are obtained in a similar manner by elimination of 
the fictitious temperatures. 
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CALCUL DES TEMPERATURES DUNE (‘HEMINEE MULTICOUC HJ 
DANS DES CONDITIONS DE REGIME VARIABLE 

Rksumk--- On prkente un mod+le mathCmatique pour prcdire la tempbaturc cn un point yuciconqu< 
d’une chemink multicoucIle dam dcs conditions instatiollnair~s avec une temp~rat~~~-~ d’entree et iin 
debit de gaz variables et aussi une temperature ambiante \,ariabie. Le mod& rcdonnc ds fayon %air.. 
faisante les temperatures mesurees sur une chcmmec exp?rimentale h trois couches. ;I !,I iti\ dans !i:\ 
periodes de chaufiage et de refroidissement. En particulier. le mod& d&ermine correctcmcnt la pcriodc 
de temps pendant laquelle unc portion quelconque de la rone intcrne ust au dcssous de Ia tcmp~ratuic 
du point de rosCe acide des fumees. On peut reduire sensiblement la condensation de I’acidc et 4~. 
I’eau ainsi que la corrosion dans /es cherninects en minimisant ce temps par des modifications din\. 

la conception d‘unc chemin& Jomestiqae et dcs condiiinns operatoires xur la ~~h,irrtliei-c. 

DIE ERMITTLUNG DER WANDTEMPERATUREN EINES MEHRSCHIC’H’I’IGEN 
KAMINS CJNTER INSTATlONAREN BEDINGUNGEN 

Zusammenfassung--Es wird ein mathematisches Model1 v orgestellt, das die Berechnung tier ‘Tempwcl- 
turen an jedem Punkt eines mehr5chichtigcn Kamins unter inst~tion~ren Bedingungen. we sic hci 
variahlen RauchgaseintrittstemperatureIl und Rati~hgasmengenstr~me~l, sowie \ ariablcn Umgebung+ 
temperaturen anzutreffen sind. erlaubt. Die in einem dreischichtigen Versuchskamin iiber die Heiz- und 
Kiihlperioden gemessencn Temperaturen wurden mit Hilfe dieses Modells in befriedigender Weise 
vorausberechnet. Insbesondere gibt das Model1 korrekt die Zeitspanne, wlhrend der die innere Ober- 
flachentemperatur an jeder Stelle des Kamins tinter den Saure- und Wassertaupunkttemperaturen dcs 
Rauchgases liegt. Diese &it l&St sich durch Modifikationen in Wohnhauskamincn und in den 
Kesselb~triebsb~dingungen zu einem Millimuln machen. wodurch die Gefahr der Same- uad Wasser- 

kondensation und der damit verb~lndencn Kam~nkorr~~sion erheblich vermindert wird. 

PACYET TEMITEPATYP MHOI-OCnOfiHOti Ol3I.IMBKM TPYGbl 
B CTAL@iOHAPHbIX YCBOBMRX 

~o~a~~ - ~~~cTaBneH~ MaTeMaTn~~c~a~ iwojxenb, tio~opyto ~0X050 ~c~o~b3oBaTb ajfa pac- 

WTa TeMiPZpaTypbi B nio6oii TOWE ~~OrOC~O~HO~ Tpy661 a HeCTaWfOHapHblX yCJlOBHaX C iIepe- 

MeHKOzi TeMIIepaTypOI? Ha BXOAe II IIepeMeHHbIM MaCCOBbiM paCXOnOM Ta303, a TaKW(e IIepeMeHHOii 

TeMIlepaTypOZi OKpy~alOLlIe2i CpeJtbl. Monenb yJlOBneTBOpHTeJIbH0 IIpeACKa3blBaeT 3HaYeHAII TeM- 

IIepaTypJS, HJMepeHHbIe B TpeXCJIOiiHOti 3KCIIepUMeHTaJlbHOit .rpy6e KaK B IIepHOflbl HarpeBaHkia, 

TaK Ei ITpU OXJIaWJeHEiH. B YBCTHOCTII, C lTOMO!JJbIO naHHOfi MOEJIA MOlKHO TOYHO OIIpeJWlHTb 

IlepHO& BpeMeHH, a Te’IeHHe KOTOPOFO Ha JEO6OM y’IaCTKe BHyTpeHHeZi 06IIIIiBKH Tpy6bI TeMIlepaTypa 

Ta30B HHXe TO’LKH POCbI JVIS KUCJIOTM )I BOabI. YMeHbUlaR 3TOT IIepUOZ IIyTeM HeKOTOpblX U3Me- 

HeEEzt B KOH~pyK~~ Tpy6, UC~Offb3yeMb~X B 6bITOBblX Z@JlnX, U U3MeHeH~~ ,XXKMOB pa6OTbl 

6OtiepOB, MOmHO 3Ha%iTWlbHO CHn31ITb KOHll&%iCaUNfO KUCJlOTbi If BOP,bI, a, CJtWiOBaTelIbHO, A 

KOpp03UW) Tpy6bl. 


