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1. INTRODUCTION

By comparing the online measurements of the chamber wall temperatures in the spe-
cific plant under consideration, the method proposed by Professor H. Hottel Hottel
(1967) was validated for chamber sizes comparable to the one employed in this plant.

The analysis of the waste gas composition involved the calculation of the compo-
nent’spartial pressures through Dalton’s law.

It was assumed that the waste gas components (vapor and carbon dioxide) were
grey and followed Lambert’s law.

The model of this mixture representing the waste gas assumed a composition of
vapor, CO2 and a non-reacting gas.

The energy exchange among two surfaces of the chamber were evaluated with the
help of the beam attenuation constants provided by H. Hottel Hottel (1967), These
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data were supplied in the form of diagrams as functions of the parameter pL, where p
represents the partial pressure of either the water vapor or the carbon dioxide, and
the gaseous mixture temperature. The length L represents the mean beam length
between the two surfaces under consideration. The correct value of the attenua-
tion parameter was evaluated through a regression analysis from the experimen-
tal data provided by these graphs at a temperature 750°C. The weak influence of
the overlapping interaction of the emission wavelengths of water vapor and carbon
dioxide were added to the above analysis. A final correction was introduced for the
fact that the chamber pressure was sub-atmospheric. These experimental data were
next inserted into the conservation equations for the energy exchanged among any
two surfaces. These equations were essentially those provided by R.]J. Tucker Tucker
(19851986). The details of the theoretical model employed for the energy exchange
analysis will be discussed below.

This paper compares the values of the thermal coefficients of heat absorption
obtained using the classical HOTTEL method and the values from the proposed LECK-
NER equation necessary to calculate the thermal fluxes in the combustion chamber
applied to an operating plant. for neutralizing gaseous pollutants with simultaneous
energy recovery.

The calculation of the absorption coefficients of heat radiation is necessary to cal-
culate the thermal radiation between the surfaces, between the surfaces and volumes
of the gas mixture and between the volumes of gases into which the inner surface is
divided and the volume of the combustion chamber by diagrams of HOTTEL or the
polynomials of ]. TUCKER.
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Figure 1 The division of the oxidizer facility into smaller zones.
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The schematic depicted of the combustion chamber is shown below, Figure 1, and
this element is an integral part of the gas pollutant heat processor with simultaneous
energy recovery and it’s the upper part of it.

Figure 2 The three-bed thermal regenerative oxidizer plant in Lecheo-Corinth operated by
ZOONOMISA

2. ANALYSIS

2.1 DETERMINATION OF THE MEAN BEAM LENGTH OF THE
COMBUSTION CHAMBER

The evaluation of the elemental partial pressures was based upon Dalton’s law and
the measured gaseous concentrations. These pressures were combined with the
mean beam lengths of the radiation exchanges among the chamber wall surfaces in
order to evaluate the free parameter known as “the wave length” p x L (atm x ft).

The prediction of the average spatial distribution of the gas temperatures inside
the chamber space and the temperature and heat-flux distribution on the walls of the
combustion chamber whose geometry and size as well as the enclosed gas properties
are specified is presented in the following analysis:

It was assumed that the gaseous mixture inside the chamber was equivalent to a
mixture of two grey gases (Carbon Dioxide (CO2) and water steam (H30)) as well as
a neutral gas (Nitrogen (N3)). The total emissivity of this gaseous mixture may be
evaluated by the following relationship:

eg. =0g1(1-e%L) +ogo(1-e%;0) (1)
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Were

eg;=emissivity

ag;=absorption coefficient

K; =attenuation coefficient

L =mean beam length

The emissivity for each of the active exhaust gases i (water vapor (i=1) and carbon
dioxide (i=2)) was taken from the data provided in Reference Hottel (1967) as func-
tions of the corresponding values of the wavelength parameters p,, L, and p¢oaLin,.

The actual in situ measurements of the gaseous and the wall temperatures were
conducted by a specialized company (ENCO LTD), which provided as well the gaseous
concentrations and the corresponding partial pressures for the running conditions
of the facility. As reported above, these data provided the basis for the evaluation
of the free parameters (p;L) needed for the final evaluation of the gaseous emissivity
for an assumed constant gaseous temperature equal to 750°C inside the entire cham-
ber. The emissivity evaluation was based on the experimental data provided by the
relevant charts in .11 (page 232), Fig 6.9 (page 229), Fig. 6.12 (page 233) of Refer-
ence Hottel (1967), with the constant temperature of the enclosed gases inside the
chamber transformed into the Rankine scale, i.e. T=1841°R,.Actually, the emissivity
parameter was evaluated by the following relationship:

EE= EE-W + E-Emj_' ‘.&E {2}

whereAe = The wavelength overlap parameter

These charts apply for a chamber pressurized to a pressure equal to that of the
surrounding atmosphere (i.e., 1 atm). When the chamber pressure differs from the
atmospheric (in the plant under consideration it was regulated so that it was main-
tained steady at a magnitude of 0.4 atm) it was necessary to readjust the emissivities
determined above by introducing correction coefficients Cz20 and Cco2, which mul-
tiplied the corresponding two emissivities.

The determination of the correction factors Cxop and Cop2 was based on
experimental data provided in charts (Fig.13.56 and Fig13.57 in Rathore, Kapuno “(
Engineeringheattransfer/Rathore, Kapuno 2011 Fig.13.56, Fig.13.57)” (2011)).

The gas absorptivity and emissivity of the entire mixture were evaluated in a sim-
ilar manner as the weighted sum of the corresponding contributions for each partic-
ular grey gas, i.e.
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Eg:zrﬂl[ag,n('rg)(l - e_kan)] (3)
afEE[as.n(Tg)(l - e_—kr,pL)] (4)
Were

€g=emissivity

ag=coefficient of gas absorption

as=coefficient of surface absorption

The emissivity-pL relationship for the gaseous mixture may be depicted as the
weighted sum of the particular contributions of the gray gases participating in it and
this relationship can be expressed as

gi(1 —e P (5)

In other words,¢ is an increasing function of pL with an upper limit unity for a
large value of the pL parameter. In this limit

Tag~1 (6)

Hence all ¢, values are positive.
For k = 0 there exists no active grey gas component inside the mixture. For non-
zero values of k, it may be shown that

131 = 1~ 30 (7)
?:1 Agj — Bg = agle—klpL + aglze—ksz 4ot agme—kan. (8)
ki > ks ... ky ©)
£y = ago(l—e L) ta (1 —e&Pl) = a_ (1 —eWPL) = 5, (1 — eapL) (10)

Defining the pL,,, and 2pL,, values in the above equation, results into the following
relations
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Egiy = agi(l —e7Pim), £gop =2y, (1 — e ?aPim)

a
gl 28g Ly ~Eg2ly : gLy

kypLy = In(—2m )

fgaLg —Egly

by replacing the product k;p = K;

L £y T
Ky=—In(_—22—)
Lm £gzlm ~EgLm

For the chamber under consideration, K;becomes

1 £y L
K, =—In —&lm
Lm fgely ~Egly

For wavelength of a double magnitude

1 Egar
K, =—1In Ezim)
2Lm Egaly —€pzly

The mean beam length was defined by H. Hottel Hottel (1967)to represent the
radius of an equivalent hemisphere so that the incident radiation flow at the center

_ _“lm®8lm~ —k,pLy _ “fElm fgelm

(11)

(12)

(13)

(14)

(15)

(16)

of the hemispherical base equals the average radiation flux incident to the surfaces

surrounding the gas volume. According to this Reference this flux may be given by

(Fig. 7.1, page 257) H. Hottel Hottel (1967))

Quk=1-¢"

(17)
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Figure 3 Mean beam length for a sphere according to Hottel Hottel (1967).

3. APPLICATION

The determination of the mean beam length for every combustion chamber is fun-
damental for the calculation of the heat radiation exchange between the isothermal
zones on which the combustion chamber is divided. This representation allows for
the implementation of the theory of thermal zones. The volume of the combustion
chamber under consideration is equal to

We consider the dimensions of the interior walls of the combustion chamber

L =9.15m = 30 ft. Elongated and the other two sides each 3.05 m = 10ft.

So, the geometric volume of the combustion chamber is

V= 10x10x30 = 3000 ft* (L8)

And the area surrounding it equals

A =2x100+ 2x300 + 2x300 = 14001t2 (19)

The mean beam length is obtained

v
Lo=0.88x4x—2=0 88 x4X=7 54ft (20)
A 1400
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This empirical formula applies to rectangular shaped combustion chambers and
so finallyL,, = 7.54ft, and because the percentage of LPG combustion gases in the
combustion chamber during the passage of 22,000 Nm?/h was measured to con-
tain19.8% 02, 0.6% C02, 6% H20.

3.1 CALCULATION EMISSIONS, OF WATER VAPOR AND CO. AND ITS
MIXTURE IN THE COMBUSTION CHAMBER AND CALCULATION OF
ABSORPTION COEFFICIENTS

Dalton’s law gives the partial pressures and multiplying the mean beam length corre-
sponding to the orbit to obtain the necessary pL parameters for each component of
the waste gas mixture to calculate the corresponding CO, and water vapor emissions.

pr20L=0.06x7.54=0.452 atmft (21).

pCO:L=0.006x7.54=0.0452 atmft (22

We look at Hottel’s tables for CO2 and water vapor emission with PL parameter.

The tables are applicable to radiant gases at atmospheric pressure. If they do vary
the atmospheric pressure then the corrective factor must be taken into account.

We consider the mixture of constituent gases as a gray gas following Lambert’s
law so as to reduce the emission calculations in the existing diagrams.

We’re counting now

2xL,=2x7.54=15.081t

Pa20X2L=0.9048 atmft (23)
pCOX2L,=0.0904 atmft (24)
€820y ~Cgy,0.2Lm Eco, 2L AF (25)

The water vapor emission is calculated from Chart 6-1 and equals

Eguy02Lm = 021 (26)

Fromchart6.2 we obtains =0.075 (27)

Ecog-2lm

From chart 6.3 become Ae where we have
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pHZO‘.ZLn-. :U.Oé,pcoz'zllm = OOOGand fOl‘ pHEDlszé::}_'—pCDE'ZLmE:' =0.0066 (28]

become the value of ordinates is equal to 0.9.

PH;0.2Lm _0.06

(29)

PH,0z2Ly, PO, 2Ly,  0.066

T=1382 F?

The parameter value in the curves with a corresponding trajectory is calculated
by defining the following product:
Replacing the values ofAcand theeg,, ., ,, ~=0.202 ofeg,,, ,, =0.075becomes

€g21,~0-21%0.7+0.075x0.75-0.0015=0.1952 (32)

Because the combustion chamber is at a 0.4 atm pressure, we must multiply each
of the terms H,0 and CO; by the corresponding correction coefficients resulting from
diagrams 8 and 9 (Source Engineering Heat Transfer / Rathore, KapunoFig.13.56,
Fig.13.57, Fig.13, respectively, in which the path length is expressed by atm.m rather
than atm.ft (as depicted in Fig. 6-10 Hottel) by one atmosphere at a pressure of 0.4
atm.

Further we have

Pr20XLy=0.4522 (33)

pCOXL;=0.0452 (34)

(Pr 01, *Pco, L, ) X L =0.066x7.54=0.4975 (35)

pHEOiI:jﬁznoz,Lm N ﬂT;s—O'g (30)
T=1382 F¢

€e00m 010 (37)

£aco, 1y =0-06 (38)
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From the diagrams 8 and 9 and taking into account

Pr:0XLn=0.452 ftatm =0.137matm

Kopco:XLm=0.0452 ftatm =0.0137matm

(39)
(40)
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we obtain
Crz0=0.62 (41)
CCO~=0.8 (42)
€81 =Egn,0n. FEgc0,, — A€ = 0.15x0.62 + 0.06x0.8 — 0.000005 (43)
€g1,=0.146 (44)
. e 1 So1 .
Sinceag; = Em K = —In(—=*2 ) Replacing the values
28g Ly, gLy Lim Eg2lm ~EgLm
2
ags = (0146 00213 o 45)
- 20.146-0.195 0.097
And K= In(—>1%% )= K;=0.143 (46)
754  “0.195-0.146

It should be noted that the overall emissivity of the gas mixture is less than the sum
of the individual emissions (as if each of the two gases were emitted separately) by a
correction factor Ag, because each gas behaves as a duplicate in areas between 2.7 m

and 15m. Thus, the total radiation is reduced and this correction factor is drastically
reduced at temperatures above 1200°K. And so, because

PH0X Lip=0.4522 (47) pCOXL=0.0452

(48)

(Ph,0.L, TPco, L, ) X Lo =0.066x7.54=0.4975 (49)

PH,0.Lm __0.06 0.9 (50)
PH, 0Ly TPCOaLy 0.066

T=1382 F¢
Egmony =01 3:Egco, 1, =0-06,  As=0.001
From the diagrams depicted on the Figures4xa:5we obtain
Cr0=0.62 Cco:=0.8 (50A)
€g L= Ee, 00, X0-02 TEg.,_, X 0.8 -A£=0.15x0.62+0.06x0.8-

0.0000082=0.146=¢gy, =0.146 (51)

By similar way how calculated K;we will calculate Ksanday 2.
And because
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2

K G2 L

Further L,=7.54 and 4 L,=4.7.54=30.16
pr20X4L = 0.06x30.16=1.809 (52)
pCO:zx4L = 0.006%30.16=0.1809 (53)

From diagrams 6.1, 6.2, 6.3, and because

(Pi,0.L,, T Pco, 4L, ) X4 Lm =0.066x30.16=1.99 (54)

Pu,oL 0.06 i
2 m — _0'9 {3 5)
PH 0Ly, TPcogL,, 0.066

byT=1382 Fobecomes

=028 (56).g,,,,,, =0.091 (57), Ae=0.03 (58)

€
BHz0.4Lm

From diagrams depicted on the figure8 and 9 because the pressure is 0.4 atm

becomes

(przo+p1)/2 = (0.06+0.4)/2 =0.23 (59)

and so, we obtain

Ci0=0.7 (60) CC0O=0.81 (61)
EBaLm=EEH20,4.Lm' 0'7+Egc02.4.1.m0'81 -Ag=
=(.28 .0.7+0.091.0.81 -0.03=0.244 (62)
€ im =0.244

1 0.195 1, 0195

1 £
In( —=S2m ) — n = In-
2x7.54 (0.266—-0.195) 2x7.54 0.049

2Lm -

Definitively we obtain Kz
£, 1m  Eg2nm

=—1 In3.97=0.0908 (63) K,=0.0908  (64)
15.08

3.2 CALCULATION OF ABSORPTION COEFFICIENTS BY LECKNER

Another way to calculate the absorption coefficients with a large approximation is

given algebraically by Leckner’s relations.
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In order to calculate the vapor emissions as well as the COy and therefore the
absorption coefficients we will use another algebraic way of calculating the Leckner
equation.

Coefficients of the LECKNER equation for water vapor and CO4

J oy Cyj €2y C3j Caj

Steam7T =400 K, M=2, N=2

0 —2.2118 —1.1987 0.035596

1 0.85667 093048 —0.1439]

2 —0.10838 —0.17156 0.045915

Carbon Dioxide (CO3z), T= 400 K, M=3, N=4

0 —3.9781 2.7353 —1.9822 031054 0.015719

L 1.9326  —3.5932 3.7247 —1.4535 0.20132

I

—0.35366 0.61766 —0.84207 0.39859 —0.063356

Ll

—0.080181 031466 —0.19973 0.046532 —0.0033086

We consider that Ny has no significant emissivity, so we will calculate according
to the model the water vapor and carbon dioxide emissivities.

T

The equation LECKNER pylLe.a; (log(pwle)). aj, Cij(muo)’ ag +
E?ilai( log(pw[‘e))j
e T.pLe)= exp(a+ X)L, aj(log(pyLe))) (65)

cij(%)iwhereTmeasuredbyK 0 p. partial pressure of vapor measured by bar
and the wave length L. by cm. Int his case L.=7.54ft/3.05ft/m=2.15m=215cmand
latm=1,01325bar

T Y.
ai-Coit ey Oy (ﬁ) : -
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Calculate now ,,the temperature of combustion chamber is 750 °C= 1023 °K
For j=0

ap=coo tc10(1023/1000) +c2p(1023/1000)?
ag=-2.21118-1.1987x1.023+0.035596x (1.023)2=-2.2118-1.226+0.0372=

ag=-3.4006

Forj=1

.':11=Cc|1+011(l.023)1+021(l .023)2
a1=0.85667+0.93048x1.023-0.14391x (1.023)2=0.85667+0.95188-0.15060=1.65795

a1=1.65793

For j=2

az=cgptecia(1.023) +e2(1.023)2= -0.10838-0.17156x1.023+0.045915(1.023 )=-
0.10838-0.17550+0.04805=-0.23583

a>=-0.23583

consequently becomes

sw=exp(aptas(log(0.06atm.1,01235bar/atm.2 1 5cm))+ax(log(0.06.1.01235.215))%)=
exp (-3.4006+1.65795x1.116-0.23583x (1.116)3) =

¢-3.4006+1.8502.0.2037—5-1844=() | 58] =£,=0.1581 (67)

Calculate now the emissivity €52

For j=0 we obtainag=cgptc1o(1.023)+c20(1.023 ) +c30( 1.023)3+cag( 1.023)4

0p=-3.9781+2.7353.1.023-1.9822x(1.023)2+0.31054x(1.023)*+0.015719x(1.023)*=
-3.9781+2.7982-2.0744-3.2543+0.33246+0.01721=-2.9046

og=-2.9046
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For j=1 we have

a1=cor+c11( 1.023)4¢21(1.023)2+¢31(1.023)3+c41(1.023)*=
1.9326-3.5932x(1.023)1+3.7247x(1.023)2-1.4535x%(1.023)3+0.20132x(1.023)*=
1.9326-3.6758+3,8980-1.5561+0,22049=0.81919

01=0.81919

For j=2 we have

aa=cgatc11.(1,023)4¢12(1.023)2+¢2(1.023)3+caz(1.023 4=
-0.35366+0.61766.1,023-0.84207.1,0232+0.39859.1,0233-0.063356.1.0234=
-0.35360+0.63186-0.88125+0.42673-0.069388=-0.20513

oy=-0.20513

For j=3 we have

as=cpatcis(1.023) +cos. (1 023)24cs3( 1.023}3+C43(l 023)4=
-0.080181+0.31466x1.023-0.19973x (1.023)2+0.046532x (1.023)3-0.0033086x
(1.023)4=
0.080181+0.32189-0.20902+0.04981-0.00362=0.07587

a3;=0.07887

Because seaa=exp( a'3+2;1: 12j(log(pco,Le ))) (68)

we have

Sco=eXp(ag+ailog(0.006x1.01325x215)+az(log(0.006x1.01235x215))2
+a3(log(0.006x1.01235x215))%)=
exp (-2.9046+0.81919x (0.1162)-0.20513x (0.1162)*+0.07887x (0,1162)%) =
—p-2.9046+0.09518-0.00276+0.00012

=e2812=0.06

£.0:=0.06 (69)
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Calculate now Ace from the Leckner relations.
From Leck nerrelation we have

= pw/PutPez =0.06/0.06+0.006 =0.909 (70)
{=0.909 and further (pwtpes2)Le =0.066atm x 215cm x 1.01235bar/atm =14.3bar.cm
(71)

As=({/10.7+101Z-0.0089Z104)(log14.3)2-76=0.909/10.7+101x0.909
=0.0089x0.909104x ] 4884=0.0082 (72)

Calculate now &y21m (T, p L) =exp(a°+E?’zlai( log(py, 2L (73)
taking account 2L,,=430cm.
Because ag=-3.4006, a;=1.65795, a;=-0.23585 becomes
EvaLa=eXpP(-3.4006+1.65795%(1.41730)-0.3583x(1.4173)2)=e-1-3246=0,217
€w212—=0.217 (74)

Calculate now

£eor2La( T.pLe)=exp(a®+ %L, aj(log(peo, 2Le))) (75)

Because ag=-2.9046, a;=0.81919, a;=-0.20513, a3=0.07887 become
sco;,sz(T,pZLe)=exp(-2.0046+Z?f=l aj( 1og(0.006x1.01325x430 ))) =

=p-2.9046+0.81919=x (0.417)-0.20513x0.4172+0.0783T=0.4173=
= p-2.9046+0.3416-0.03566+0.0723=a-2,526=0) ()79

5co:,2£.m{T1p2Le): 0.079 (76)

Calculate now &y 4rzandecq: 41 and becauseag=-3.4006, a;=1.65795, a;=-0.23585 and
taking into account 4L.=860cmandp—0.06atm, p.,>=0.006 atm becomes

EwaL==exp(a+ L1, a;( log(py2Le))) =exp (-3.4016+1.65795x1.718-0.23583x
(1.718)2=e-3-4006-2.848-0.696 = 1.248=() 287 =>£,41 =0.287 (77)

Calculate NOWeeor a1 (T, pALe) = exp(a®+X L, a;(log(peo, Le) M) (78)
Sinceag=-2.9046, a;=0.81919, a;=-0.20513, a;=0.07887 becomes

Ecor4Lm( T p4Le)=eXp(-2.9046+0.588-0.1057+0.02919 )=e-23%5=0.09 1
=Ecodlml T.p4L:)=0.091 (79)

We now calculate the final emissivities taking into account the correction factors
because the combustion chamber operates at a pressure of 0.4 atm. For these wave-
lengths.
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For the wave length L,,=2.15,2L,,,4Lm corresponding

€Lo—Ew LuCwT Eco: LuCoom AEWIthLy=215cm=2.1 5mko1p.-0.06x2.15m=0.129
Because pr=0.4atmioipws (pw + Pes2) =0.909 (80)
(pw + Peoz) Lm=0.066x7.54=0.454 (81
fromdiagram6.3 tovHOTTELweobtainAs=0 (81)
And from diagrams depicted on the Figuresdial5 corresponding the correction
factorsC,=0.62 (82)
and becausepco:L»=0.006x2.15atmm=0.0129 (83)
becomes C,.=0.8 (84)
we obtain £1,=0.1581x0.62+0.06x0.8-0=0.146 £.=0.146 (85)
Now we calculatees, L m=€w, 2Lm Cw 4L=TEC0: 2LC0--Ag and
becausepyw,1.=0.06Xx2x2.15 atmxm=0.258atmxm (86)
becomesCy=0.7 (87)
ForCO; wehave pcor 2. Lp=0.006x2x2.15atmxm=0.0258 atmxm (88)
And becomesC.,=0.70 (89)

Sincepu2Lmtpco2Ly=0.066x2x7.54=0.99 andpw; (pw + Peoz) =0.909 we obtain

Ae=0.015 (90)
Therefore
£1w— 0.217x0.7+0.079x0.75-0.015=0.1952 (91)
£1x=0.1952 (92)
Calculate now £47 w=w 41 uCo 41wt €02 41Cr02-As (93)

And because p4Lm=0.06x4x2.15 atmxm=0.516atmxm (94) becomes C, 41 m=0.7(95)

ForCO; we havepcoi4Ly=0.006x4%2.15atmxm=0.0516 atmxm (96)
BecomesCcoz 41.=0.81 (97)
and because pydLutpco4Lln==0.066x4x7.54=1.99 kaipw(pw - pco:)=0.909

(98)

becomesAs=0.03 (99)
And then 41»= 0.287x0.7+0.091x0.81-0.03=0.244 =4 .-0.244 (100)
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Replacing the values €, 1., , €4,21.m» €¢,4minto the relations (15) and (16)

= Lintem ) 15

Lm fgelm T EgLlm

Ky

For wavelength of a double magnitude becomes

K, =Lln(sgz¢) (16)

2Lm EgaLm ~Eg 2Ly

1 0.146 1, 0.146 1
Ki=—Ih—————=—In—+=—-——In2.97 = 0.143
754  01952—-0.146 754 0.049  7.54

K;1=0.143(101)

1 0.195 L 0495 1o 137 oo
29x754 10244—0195 1508 0049 1508 ' " 1508
K>=0.0908 (102)

4. CONCLUSIONS

From the above calculus becomes thesamevaluesK 1, K sfor attenuation coefficients
using the method of HOTTEL or the relations of LECKNER. In other words, the vali-
dation of the LECKNER proposal relations.
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