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Temperature rise on the catalyst as a function
of the hydrocarbon concentration of the exhaust gas

The combustion of the hydrocarbons on the catalyst takes place with liberation of the
heat of combustion of the hydrocarbons contained in the exhaust gas. The liberated
heat of combustion is transferred to the catalyst discharge gas, which consequently
leaves the catalyst with a higher temperature.

The complete conversion of the hydrocarbons on the catalyst into CO, and H,O
effects a proportional temperature increase of the hydrocarbon concentration of the
exhaust gas.

Moreover, the rise in temperature depends upon the composition of the hydrocarbons,
since every type of hydrocarbon has a specific heat of combustion.

The composition of the exhaust gas also has an effect on the temperature rise owing
to the different specific heats of the individual gas components.

Calculation of the temperature rise (delta t) on the catalyst
from the hydrocarbon concentration of the exhaust gas

If the hydrocarbon concentration of the exhaust gas, or rather the effective
hydrocarbon flow per hour and the waste gas volume per hour, the heats of
combustion of the hydrocarbons and the composition of the flue gas are known, the
theoretical temperature rise on the catalyst (theoretical delta t) can be calculated. By
a comparison with the really measured temperature rise (actual delta t) a conclusion
regarding the combustion efficiency on the catalyst can be drawn. This is naturally
easier at high temperature rises on the catalyst, as there are high hydrocarbon
concentrations in the exhaust gas.

By way of an illustration two examples will be given for the calculation of the
theoretical temperature rise on the catalyst from the application in the wire
enamelling industry.

Conversion rate of the catalyst

The catalyst activity inserts normally at a ignition temperature of 350 °C. Above this
temperature almost a complete conversion of the hydrocarbons H,O and CO, can
be reached. The conversion depends on the composition of the hydrocarbons and
can be up to 99 % according to the temperatures.
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Example 1

The catalyst is installed in the off gas outlet tube of a wire enamelling machine and
the waste gas is passing directly via the catalyst in the exhaust stack.

Muffel temperature in wire path 400 °C
Exhaust air upstream of catalyst 400 °C
Exhaust air volume 750 Nm3/h
Varnish consumption 4 kg/h

Varnish composition:
20 % binder — base phenol-formaldehyde resin.

At varnish hardening 20 % of the binder are evaporated, or rather 0,08 kg/h with
net calorific value H, = 6.500 kcal/kg.

80 % of the solvent, base gasoline hydrocarbons or rather 3,2 kg/h with
Hy, = 10.000 kcal/kg

Calculated delta t:

The delta t on the catalyst is calculated according to:
Q

deltat =
Volumen x cp

Volume = as stated above 750 Nm®h (can be measured by Pitot tube in the
exhaust duct)

Q = total heat of combustion, results from the above mentioned varnish
data as follows:
Q = 0,08 x 6.500 + 3,2 x 10.000 = 32.500 kcal/h

cp = specific heat for waste gas at mean catalyst temperature

In wire enamelling machines with simple air passage the gas
compostion may be assumed like air.
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The mean catalyst temperature is calculated approximately in the
first place, in that the true specific heat for air at catalyst inlet
temperature, e. g. 400 °C is assumed.

cp for air at 400 °C = 0,33 kcal/Nm?.

This specific heat together with values for Q + volume put in gives:

32.500
deltat = — = 135°C
750 x 0,33

The mean catalyst temperature according to:

135
— + 400 = 467,5°C
2

cp for air at 467,5 °C = 0,335 kcal/Nm?®
From the numerical values for Q, volume and cp we now obtain the theoretical delta t
on the catalyst as follows:
32.500

deltat = — = 129,56°C
750 x 0,335

Example 2

The catalyst is installed in the duct of a wire enamelling machine with air circulation
for the purpose of exhaust air pollution control.

Muffel temperature in the wire path 400 °C
Circulation air temperature upstream of catalyst 400 °C
Exhaust air volume 4.000 Nm*/h

of this approximately 4/5ths of the volume are circulated, 1/5th is fresh air which is
sucked in via the wire slots. As much exhaust air as fresh air, that is 1/5th of the
circulation volume, is discharged to atmosphere by way of the off gas stack.
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Varnish consumption: 60 kg/h

Varnish composition:
35 % binder on polyesterimide resin base.

At varnish hardening 5 % of the resin are evaporated, or rather 1,05 kg/h with net
calorific value H, = 7.500 kcal’kg

65 % solvents, basis 30 % solvent naphtha + 70 % cresol resp. 11,7 kg solvent
naphtha/h with H, = 10.000 kcal/kg and 27,3 kg cresol/h with 7.820 kcal/kg.

Calculation delta t:

In accordance with example 1 the delta t is calculated thus
Q

deltat =
volume x cp

as specified above 4.000 Nm*/h

Volume

Q total combustion heat. It results from the

above mentioned varnish data as follows:

Q=1,05x7.500 + 11,7 x 10.000 + 27,3 x 7.820 = 338.000 kcal/h

cp = specific heat for off gas at mean catalyst temperature.

In machines with air circulation it is necessary for more accurate
calculations to take into consideration the combustion of the off gas,
because the same may depart considerably from the composition of
air. In accordance with the above example approx. 1/5th of the total
volume consists of fresh air and 4/5ths of a gas mixture of N, and
O, together with additional CO, + H,O owing to the enrichment
during circulation. For the mixture a composition of 78 % No,
11,85 % O3, 6,7 % CO, and 3,35 % HO was determined.

For this mixture the average value of the sgecmc heat at 400 °C
catalyst inlet temperature is 0,344 kcal/Nm®. By comparlson the
specific heat for air at the same temperature is 0,332 kcal/Nm®.
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When this value is put in (see exmaple 1) we obtain at first an
approximation value for the temperature rise for the determination of
the mean catalyst temperature as follows:

338.000
deltat = = 246 °C
4.000 x 0,344

The mean catalyst temperature accordingly is approx.:

246
— + 400 = 523 °C
2

The mean value of the specific heat for this gas mixture at 523 °C is
0,353 kcal/Nm®,

From the numerical values for Q, volume and cp the theoretical delta t on the catalyst
results :

338.000
deltat = = 239°C
4.000 x 0,353

For both examples it must be considered, that owing to heat loss on the catalyst
(heat discharge) in the order of magnitude of approx. 10 % the theoretical delta t
cannot be reached.

Moreover, on transferring the calculated temperature rises to practical use it has to
be considered sometimes, that according to the design of the machine proportions of
readily flammable solvents may burn in the supplementary heating of the machine.
The off gas may be up to 10 %, and in extreme cases it may be still higher.

Diagram of temperature rise delta t

In the enclosed diagram page 9 the temperature rise on the catalyst is shown as a
function of the delta t values in catalyst combustion.

The great number of hydrocarbons occurring in different off gases is here represented
by three types with stepped heats of combustion or net calorific values H,.
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Type | stands for the group of hydrocarbons with high calorific values = 10.000 kcal/kg,
type Il for the group with H, = 7.500 kcal/kg and type Il for the group with the high
calorific values H, = 5.000 kcal/kg.

The specific heat was assumed to be cp = 0,326 kcal/Nm3, which corresponds to the
specific heat of air at 400 °C. This temperature was assumed as mean catalyst
temperature.

In many instances conditions will depart from the above in the individual case and will
have to be taken into account in more accurate calculations. For the practical worker,
however, the diagram of the temperature rises represents a sufficiently accurate
survey of actual circumstances.

In the enclosed tables on pages 10, 11 and 12 a series of the more important solvents
have been put together with formulae, molecular weights, net calorific values etc. For
practical application, the calorific values are to be taken from these for the
hydrocarbons concerned and to be classified into the nearest group with one of the
three calorific value types in the delta t diagram.

The table on page 13 contains the cp values for the more important gases as a
function of the temperature and can be used for more accurate calculations.

Calculation of air volume throughput from delta t

If practically complete combustion of the hydrocarbons on the catalyst is assumed, it is
possible to determine the off gas volume by calculation from the effective hydrocarbon
charge quantities/h, the heat of combustion of the hydrocarbons, the measured rise in
temperature on the catalyst and the cp. This method is of interest for example where
knowledge of the off gas volume is of interest in respect of the catalyst volume loading
and local conditions do not permit a measurement of the volume.

This may be the case for example on wire enamelling machines with air circulation,

where flow measurements with Pitot tubes etc. can hardly be carried out owing to the
lack of laminar air flows.
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Here too we have chosen an example from the wire enamelling industry.

Varnish consumption e. g. 1 kg/h

Solvent proportion 70 %, or rather 700 g/h, as cresol
with H, = 7.820 kcal/kg

Temperature rise on catalyst 200 °C

Input temperature on catalyst 400 °C

For the sake of simplicity it is assumed for the calculation, that during the lacquering
no binder is evaporated, that no hydrocarbons are burnt off on the supplementary
heating of the enamelling machine and that the composition of the flue gases can be
put equal to air.

The air volume is then as follows:

Q
Volume = —
deltat x cp
Q =  Total heat of combustion, corresponding to 0,7 kg
cresol x 7.820 kcal/kg = 5.475 kcal/h
delta t = 200 °C, corresponding to the measured values
cp = 0,338 kcal/Nm?® corresponding to air at a mean catalyst temperature

of 500 °C.

From the numerical values for Q, delta t and cp the volume of throughput at the
catalyst is as follows:

5.474
= 81 Nm®h

Volume _—
200 x 0,338
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Limitation of temperature rise in view of the thermal resistance
of the catalyst

According to the data given in “Technical Information” No. 1, concerning the life of the
catalyst, the catalyst outlet temperature should not exceed 750 °C in continuous
operation. This means according to the diagram on page 9, that for hydrocarbons
with high calorific values H, = 10.000 kcal’kg a maximum concentration of approx.
12 g/Nm*® and for hydrocarbons with low calorific values H,=5.000 kcallkg a
maximum concentration of approx. 25 g/Nm?® waste gas should not be exceeded.

With a view to the preservation and life time of the catalyst as well as the plant

concerned it is necessary to avoid higher concentrations. In case that those seldom
high concentrations occur the exhaust gases have to be diluted with fresh air.
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True specific heat ¢, of pure gases and air, kcal/Nm® °C

t°C air O, N2 CO, H,O
vapour

0 0,311 0,312 0,310 0,384 0,356
20 0,311 0,312 0,310 0,404 0,357
100 0,312 0,319 0,312 0,432 0,361
200 0,318 0,329 0,315 0,467 0,371
300 0,324 0,340 0,320 0,501 0,382
400 0,330 0,350 0,326 0,526 0,394
500 0,337 0,358 0,333 0,547 0,407
600 0,344 0,365 0,340 0,564 0,420
700 0,351 0,371 0,347 0,578 0,434
800 0,358 0,375 0,353 0,589 0,447
900 0,363 0,380 0,358 0,599 0,460
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	Conversion rate of the catalyst
	Technical Information	              No. 4 · page 2
	Example 1
	Muffel temperature in wire path	400	°C
	Exhaust air upstream of catalyst	400	°C
	Exhaust air volume	750	Nm3/h
	 	Q
		Volumen  x  cp
	Q  =  0,08  x  6.500  +  3,2  x  10.000  =  32.500 kcal/h




	Technical Information	No. 4 · page 3
	The mean catalyst temperature is calculated approximately in the first place, in that the true specific heat for air at catalyst inlet temperature, e. g.  400 °C is assumed.
	cp for air at 400 °C = 0,33 kcal/Nm3.
	cp for air at 467,5 °C  =  0,335 kcal/Nm3
	From the numerical values for Q, volume and cp we now obtain the theoretical delta t on the catalyst as follows:
	Example  2
	Muffel temperature in the wire path	   	400 °C
	Circulation air temperature upstream of catalyst	   	400 °C
	Exhaust air volume		4.000 Nm3/h


	Technical Information	No. 4 · page 4
	 	Q
	volume  x  cp

	In machines with air circulation it is necessary for more accurate calculations to take into consideration the combustion of the off gas, because the same may depart considerably from the composition of air. In accordance with the above example approx. 1/5th of the total volume consists of fresh air and 4/5ths of a gas mixture of N2 and O2 together with additional CO2 + H2O owing to the enrichment during circulation. For the mixture a composition of 78 % N2, 11,85 % O2, 6,7 % CO2 and 3,35 % H2O was determined.
	For this mixture the average value of the specific heat at 400 °C catalyst inlet temperature is 0,344 kcal/Nm3. By comparison the specific heat for air at the same temperature is 0,332 kcal/Nm3.
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	The mean value of the specific heat for this gas mixture at 523 °C is 0,353 kcal/Nm3.
	From the numerical values for Q, volume and cp the theoretical delta t on the catalyst results :

	Technical Information	No. 4 · page 6
	Calculation of air volume throughput from delta t

	Technical Information	No. 4 · page 7
	Here too we have chosen an example from the wire enamelling industry.
	Solvent proportion	70 %, or rather 700 g/h, as cresol

		     Q
	Q	=	Total heat of combustion, corresponding to 0,7 kg
			cresol  x  7.820 kcal/kg  = 5.475 kcal/h
	Volume       =        _______________    =   81 Nm3/h

	Limitation of temperature rise in view of the thermal resistance
	of the catalyst
	According to the data given in “Technical Information” No. 1, concerning the life of the catalyst, the catalyst outlet temperature should not exceed 750 °C in continuous operation. This means according to the diagram on page 9, that for hydrocarbons with high calorific values Hu = 10.000 kcal/kg a maximum concentration of approx. 12 g/Nm3 and for hydrocarbons with low calorific values Hu = 5.000 kcal/kg a maximum concentration of approx. 25 g/Nm3 waste gas should not be exceeded.
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