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ABSTRACT

The efficiency of gas~turbine engines can be
increased at constant turbine inlet tempera-
tures with the addition of a bottoming waste-
heat recovery cycle. The waste-heat recovery
unit introduces several additional problems,
one of which is corrosion due to the conden-
sation of sulfuric acid vapors in the low-
temperature section of the waste-heat
recovery unit and the downstream stack.

A review is made of past investigations into
the formation of sulfur oxides and sulfuric
acid in exhaust gases and the determination
of the acid dew-point temperature. The
influence of such items as the sulfur content
of the fuel, quantity of excess air in the
combustion process, and humidity of the com-
bustion air were examined and the results

are presented in such a manner that the acid
dew point can be predicted for marine gas-
turbine conditions. The available experimen-
tal data were compared with these results.

Exhaust characteristics of a General Electric
ILM2500 gas-turbine engine were investigated
with respect to the acid dew-point tempera-
ture. It was concluded that the minimum sur-
face temperature for corrosion-free operation
of a waste-heat recovery unit would be

275° P (135" € ).
INTRODUCTION

Improvement in the efficiency of the gas-turbine cycle can
be obtained in various ways, one of which is the use of waste-
heat recovery as accomplished with bottoming cycles and recuper-
ation. An advantage of using waste-heat recovery is that the
efficiency improvement is obtained without increasing the maxi-
mum cycle temperature. However, other problems are introduced,
such as corrosion in the waste-heat recovery unit. One of the
corrosion problems is caused by the formation and condensation
of sulfuric acid. The acid is formed in the combustion process
from the sulfur introduced into the system with the fuel.

The sulfur content in the fuels used in naval ship gas-
turbine engines can vary from 0.4% maximum in JP-5 fuel® to 1.3%

1 Superscripts refer to similarly numbered entries in the Techni-
cal References at the end of the text.
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maximum in Navy distillate fuel.® The standard Navy marine
diesel fuel,® which is generally used in gas-turbine-powered
ships, can have a maximum sulfur content of 1%. In the combus-
tion process some of this sulfur is converted to sulfur dioxide,
sulfur trioxide, and ultimately to sulfuric acid. The relation-
ship of these sulfur compounds with each other, the overall
exhaust emissions and adjacent materials is summarized herein.

The formation of sulfur dioxide and sulfur trioxide has been
examined for many years in relation to stationary power plants
where the amount of excess air in the combustion process is
small. The gas~turbine engine, however, operates with a com-
paratively large amount of excess air, and additional investiga-
tions are required to determine the behavior of the sulfur in the
exhaust under these conditions. The present study was motivated
by the various interpretations of this stationary power plant
information to determine the acid dew point of gas-turbine
exhaust gases.

This report reviews past work in the general area of the
formation, in the combustion process, of sulfur oxides and sul-
furic acid, and the determination of the acid dew point in
exhaust gases. The effects of other parameters such as the
amount of sulfur in the fuel, the amount of excess air in the
combustion process, and humidity are also examined. Plots of
analytical data are made for varying conditions to aid in the
prediction of the acid dew point. Available experimental data
are compared with these plots. The characteristics of an actual
engine (General Electric LM2500 gas turbine) are investigated
with respect to acid dew point, and a recommendation is made for
the minimum temperature to be employed in a waste-heat recovery
unit.

A translation from German of work by Peter Muller on acid
dew point determination is included herein as appendix A.
Muller's work is often referred to by other investigators and
also in this report. Since an English translation is not readily
available, it has been included here.

The work in this report was performed with the English
system of measurements. The metric conversions are shown for
temperatures only.

THE COMBUSTION PROCESS

Prior to discussing the effect of sulfur and its compounds
in the combustion gas it will be of interest to review the chem-
ical equations for simple combustion process in order to estab-
lish the various relationships needed in the report. For this
report the air used in the combustion of the fuel was considered
to consist of nitrogen, oxygen, and argon in the following
amounts:*

PAS-77-29 2




% by Volume M.W.*%

Nitrogen (Np) 78.03 28.016
oxygen (0p) 20.99 32.00
Argon (A) 0.98 39.95

M.W, air = (28.016 X 0.7803) + (32.0 X 20.99)

+ (39.95 X 0.0098) = 28.97

ft-1b
1b °R

Gas constant, R = 53.342

The weight fractions (£fyx) then are:

f02 = 32X 0.2099 i 0.2319
28.97

) = (28.016 x o.7803)8+ (39.95 X 0.0098) _ o,7681
26.97

.

f(N2 + A

For simplification, the argon and nitrogen weights were combined
and treated as nitrogen so that its weight fraction then equals
0.7681, and its volume fraction equals 0.7901l.

A representative fuel for this analysis was considered to be
basically, Cj Hz8. The other elements in the fuel, except sul-
fur, were neglected. The chemical equation for the combustion of
the fuel can be used to determine the combustion products.

If we first consider 100% combustion efficiency, the sulfur
content to be zero, and using stoichiometric air, the chemical
equation in molar form is:

CigHsg + 27.5 Op + (27.5 X %f%%%%) Np

-~ 18 COp + 19 H20 + (27.5 X 3.76) N2 .

*A list of definitions of abbreviations used in this text is
given on page i.

PAS-TT7-29 3




Oon a weight basis the equation is:

254 1b [CcygHzg] + 880 1b 0] + 2895 1b INpT

- 792 1b [COo] + 342 1b [HoO] + 2895 1b [Ny]

Then the air fuel ratio on « weight basis, for stoichiometric
air, is:

Wa_
W 14,86 .

If the above equation is written in more general terms for
any amount of air and fuel, it becomes:

MgCigH=zg + (0.2099 Ma) Op + (0.7901 My) Np - 18 Mg COp

+ 19 Mg HoO + (0.2099 M, - 27.5 Mg) Op + (0.7901 M,) Np

where M, and Mg are the moles of air and fuel, respectively. 1In
terms of weight, the equation becomes:

254 (Mg) 1b [CigH3g] + 32 X 0.2099 (Ma) 1b [0p]

+ 28.016 X 0.7901 (M) 1b [Npo] - 792 (Mg) lb [COp]
+ 342 (Mg) 1b [H0] + 32 (0.2099 My - 27.5 Mg) 1b [05]

+ 28.016 (0.7901 Ma) 1b N, .

PAS-TT7-29 4
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If sulfur is included in the fuel, the chemical equation in terms
of moles is:

(Mg) C18H38 + (0.2099 M) Op + (0.7901 M,) Np + (Mg) S

- (18 Mg) COo + (19 Mg) HpO + (0.2099 M -Mg) -(27.5 Mg) Oo

+ (0.7901 Ma) No + (Ms) SO0o .

Assuming that all of the sulfur in the fuel is converted to SOop,
the SO, concentration by volume in dry exhaust gas is:

Mso, Mg
Meg 18 Mg + 0.2099 Mgy - 27.5 Mg + 0.7901 My

- 95

The amount of sulfur in the fuel or weight fraction is:

bin~
S T Wg + wWg

Then in molar terms:

& 32.07 Mg
S 254 Mg + 32.07 Mg
or
Mg 7.92 £

PAS=TT=29 5




If we let X equal that portion of sulfur in the fuel that
is converted to sulfur trioxide, then:

Assume that the remaining sulfur in the fuel is converted to sul-
fur dioxide, then:

M
1-x__;’r‘l2_
S
and

M
SOQ
g 2.99 (EaXY fs .
T 7.92 (1-x) fg

From the composition of air we know
M, = 4.76 Mo, .

From the chemical equation for stoichiometric combustion, the
air required is:

Mga = (27.5 Mg + Mg) 4.76 .

The ratio, Ttar of actual air in the combustion process to the
stoichiometric air required is:

Pr = o8
t = e—
? M
or
M
0.2099 o

il AN, by

Tta
Mg

275 4 i
5 Mg

PAS~TT7-29 6




then

M
%} = 4.76 riq (27.5 S '54'%) :

From the chemical equation, in weight terms, for the com-
bustion of fuel, the weight of air per unit weight of fuel would
be

Wa _28.97 Ma
Wg _EE%ZEE— g

This expression can be set equal to the mass flow rate of air
(mg) in an engine divided by the fuel flow rate (mg). Then

28.%1 My _ g
254 Mg e

=__'.“_a_
sfc P
3600

or

k4
Mg _ 3.156 x 104 Ma
Mg sfc P

where sfc is the specific fuel consumption and P is the output
power of the gas turbine.

The partial pressure of the water in the exhaust gas to the
atmosphere is equal to the molecular weight ratios of these
items. If we neglect the humidity in the engine inlet air and
use the chemical equation for stoichiometric combustion, the
relationship is:

PAS-TT7-29 4




pH20 - MH20
Ptotal Miotal

19 Mg
186 Mg + 19 Mg + Ma ~ 27.5 Mg

1.2 S
9.5 + Ma
Mg

A plot of the variation of the air to fuel ratio with power
for the General Electric LM2500 engine appears in figure 1.
This plot shows that the ratio (my/mf) varies between 50 and 90
over the power range of the engine. At high powers the engine
operates at high turbine inlet temperatures and relatively low
air/fuel ratios.

Figure 2 is a plot similar to figure 1 that shows variation
of the ratio of actual air to stoichiometric air (ri,) with power
for the same engine. 1In this plot, ry, varies from approximately
3.4 at high powers to 6 at idle power. The values of the ratios
in figures 1 and 2 would be even higher for gas-turbine engines
that operate at lower maximum cycle temperatures. Comparable
values of riy, for steam power plants would be on the order of
1.02 to 1.25.

Referring to previous derivations, we can see that the SO
in the exhaust is dependent on the S content of the fuel and the
ratio of actual air to stoichiometric air. Figure 3 is a plot
of SO, concentrations versus ry, for various amounts of sulfur
in the fuel under the assumption that all the sulfur is converted
to SO2. The SO2 concentrations decrease with increasing rta
because of the proportionately greater amount of air in the pro-
cess. As the sulfur in the fuel increases, the SO, concentra-
tions in the exhaust also increase.

The formation of sulfur oxides in the combustion process has
been extensively investigated and references on this subject are
included in appendix B at the end of this report. Sulfur
trioxide is formed by several reactions such as the combining of
SO with atomic oxygen which is present in the flame, or mole-~
cular oxygen which is present downstream of the flame, and the
combining of SO with molecular oxygen. These reactions have been
explained by Barrett, et al,® and Palmer and Beer.®

PAS-T77-29 8




The formation of SOz is influenced by several factors:®

e Amount of sulfur in the fuel.
® The flame temperature.

® Air/fuel ratio.

® Catalysts present.

The influence of the amount of sulfur in the fuel on the SO, con-
tent of the exhaust gases has already been shown in figure %.

The work of Rendel, et al,” with a laboratory combustor indicates
this. Their data, figures 4 and 5, show that with increasing
sulfur content in the fuel, the S0z concentration in the exhaust
gases increases while the percentage conversion of SO, to SO
decreases. Barrett, et al,® working with a laboratory combustor
that provided a noncatalytic environment, show similar results,
figure 6, for the concentration of S03.

The amount of excess air available in the combustion process
also influences the amount of SOz generated as shown by
Reese, et al,® in their test restlts for an actual boiler. Fig-.
ure 7 illustrates this relationship and shows a sharp rate of
increase in the S03 concentration at the low values of excess
air. The rate of increase of the SOz concentration levels off
somewhat at excess air of 8% to 10% and increases gradually
after that. These tests were conducted with fuel containing
2.0% to 2.5% sulfur and at three power settings. Barrett, et a1,®
show a similar trend in their work, figure 8, with a fuel con-
taining 5 1/2% sulfur burned in a laboratory combustor. The
SOz concentrations shown in figures 7 and 8 do not agree, how-
evéer, and are the reverse of what might be expected; i.e., the
higher sulfur-content fuel (figure 8) gave the lower SOz concen-
trations. This difference can be attributed to other factors or
influences that are present in an actual boiler (figure 7& and
not in a laboratory burner (figure 8). Comparing figure 4, also
derived from laboratory combustor data, with figure 8, good
agreement is apparent.

The flame temperature in the combustion process influences
the amount of SOz formed. Several investigators’—? indicate that
the higher flame” temperature and also higher metal temperatures
are conducive to increased SO3 formation. Boilers operated at
above design ratings can acce?erate the formation of SOz while
operation at part loads reduces the formation. This is”shown in
figure 7 where Reese, et al,® reported on three load conditions.
The exact mechanism of the increased formation of SOz with
higher flame temperatures is not well defined. One é&xplanation®
would be that there is a reaction of SO,, produced in the flame,
with atomic oxygen (SOp + O = 803) which is also present in the
flame and immediately Eeyond the” flame front, to produce the SOx.

PAS-TT-29 9




Catalysts play an important part in the formation of SOz.
The reaction of SOp with molecular oxygen (SO2 + 1/2 02 - S03)
would, in the absence of a catalyst, proceed very slowly and pro-
duce only an insignificant amount of SO%x. However, in the
presence of an active catalyst, this re ctlon can occur very
rapidly and form objectlonal amounts of SO3. This reaction, for
the most part, takes place in the cooler regions of the system!?©
where it will adversely affect the waste-heat recovery unit.
Many materials will act as catalysts, some of which are generated
in the combustion systems. These materials range from vanadium

oxides, where the vanadium is introduced with the fuel, to
nitrous oxides, produced by the combustion process, and to fer-
rous oxides found in the gas-turbine engine and the waste-heat
recovery unit.

Sulfur trioxide in the exhaust gas exists as a dry vapor at
temperatures above 600° F $315° Z At temperatures of approxi-
mately 300° to 400° F (149 204° c), there is association of
sulfur trioxide and water to form sulfuric acid so + H -

Hy SO ). Varying degrees of association exist between 380° and
600° F (149° to 315° ¢).® The sulfuric acid is, of course, in a
vapor state at temperatures above the dew point. In the vapor
state, the sulfuric acid has little or no effect on the materials
in the exhaust system;1° however, when it condenses severe cor-
rosion problems exist. An accurate determination of the dew-
point temperature is, therefore, very important.

The sulfur trioxide content of exhaust gases is monitored
closely in steam generating plants and large quantities of data
on this subject have been reported. Such plants operate with low
excess air and even approach stoichiometric combustion. Opera-
tion with 1% and less excess air has been achieved, and the maxi-
mum value is approximately 25%. This is done not only for
increased efficiency but also to reduce or practically eliminate
the formation of sulfur trioxide. Figure 7 shows how rapidly the
formation of sulfur trioxide increases with additional excess air.

Similar quantities of test data for the sulfur trioxide con-
tent of the exhaust gas from gas-turbine engines are not availa-
ble. The testing of gas-turbine engine exhaust gases has so far
been conducted primarily on aircraft engines. Slusher!!of FAA
reported test data from the operation of a Pratt and Whitney
TF30 engine. The fuels used in the many aircraft applications
have a low sulfur content, and because of this, the sulfur oxides
in the exhaust are low and are not measured. Sometimes the sul-
fur oxides are caliculated from the sulfur content in the fuel,
and frequently they are ignored completely. The shaft power
version of the gas-turbine engine, which is used in ships and
stationary power plants, is operated with fuels that have higher
sulfur content and the sulfur oxide emissions are then larger
and become more important.

The fuel used in the FAA test was Jet-A fuel, and it con-
tained 0.05% sulfur by weight. The S03 and SO2 concentrations in
the exhaust were 0.2 ppm and 1.45 ppm, respectlvely, giving a
ratio of SO3/502 of 13.8%. This percentage is in general

PAS-TT7-29 10
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agreement with data shown in figure 5 even though Slusher's was
obtained at a much larger excess air value. Slusher's data show
that 44% of the sulfur in the fuel was converted to SO» and 6%
to S03; the remaining sulfur passed out of the exhaust in the
form of sulfates and sulfides. If this information is used in
conjunction with data shown later in the report, it indicates
that the acid dew point would be approximately 200° F (93° C).
This temperature may seem low, but it must be remembered that
the sulfur content of the fuel was extremely low. Additional
trials should be conducted on gas-turbine engine exhaust gases
to accumulate a representative quantity of sulfur oxide emission
data which should provide a better prediction of the acid dew
point.

Since contaminants in the fuels and oxides in the various
parts of the gas-turbine engine and exhaust duct can influence
the sulfur trioxide formation, the tests should be performed in a
realistic installation. In fact, measurements should be made in
a waste-heat boiler installation of various materials since
ferric oxide is an important catalyst in forming SOz from SOp at
the lower gas temperatures.

Figure 9 summarizes available data on conversion of the sul-
fur in the fuel to sulfur trioxide. The data points shown were
determined from trials by several investigators. The data points
at the low air ratios are from steam boiler plants where many
measurements have been made. Only a small portion of these data
is shown in fi?ure 9. The single data point at 4.3 air ratio is
from Slusher's®’' test on an aircraft engine. This plot again
points out the lack of data at the higher air ratios, and addi-
tional data are required to establish this relationship firmly
so that the waste-heat recovery units can be designed with con-
fidence.

ACID DEW-POINT TEMPERATURE DETERMINATION

Many investigators over the past 50 years or so have
studied means of measuring SO3 concentrations in exhaust gases
and the associated acid dew point. As previously indicated, the
greater part of this work has been done in conjunction with steam
power plants which run at a relatively low excess air level.
Early investigators were aware of the effect of a trace of sul-
furic acid vapor in the combustion gas on the dew point. Also,
the electrical conductivity of acid condensate was much greater
than pure water condensate. The early dew-point meters were then
electrical devices which measured the temperature.at which elec-
trical continuity between two electrodes was established. This
type of dew-point meter is still produced today. After the
development of the electric type of dew-point meter, practical
chemical procedures were developed for determining the SOz con-
tent of combustion gas. Since there is a relationship between
the acid dew point and the sulfuric acid concentration in the
combustion gases, this procedure can be used for determining the
dew point. These methods absorbed the SOz in an isopropyl

PAS-TT-29 11




alcohol solution and then analyzed the solution. This process is
time consuming and limited in accuracy. A wide discrepancy also
existed between the various investigators of the acid dew point,
whether using electrical or chemical methods as shown in figure
10. This plot was first published by Miiller'? who used thermo-
dynamic relationships for calculating the dew points of flue
gases with low sulfuric acid concentrations. A translation of
Muller's article is included in this report as appendix A. Some
of the test data are in fair agreement with the analytical work
while other data deviate as much as 17£6° F (80° C) for the dew-
point temperature at low concentrations of H5SO). If a steam
boiler is operated in a manner to take advantage of the apparent
lower dew—point"temperature, severe corrosion problems could be
encountered. Muller's analytical expression is now generally
accepted as being the most accurate value of dew-point tempera-
ture with respect to sulfuric acid concentrations. In fact, one
journal article® states that the most accurate method of deter-
mining acid dew point is through measuring the HpSO) concentra-
tion in the flue gas and using Muller's correlation. Several
investigators'2.,'4 have, through careful laboratory experiments,
produced experimental results that are in agreement with Muller's
work. The method used was an equilibrium vapor pressure deter-
mination at various temperatures and sulfuric acid concentra-
tions. In this method a gas containing a known quantity of
sulfuric acid is passed through a condenser which is held at a
specific temperature. After a known volume of gas is passed,
the sulfuric acid that is condensed is washed out with an iso-
propyl alcohol solution and analyzed. The amount of acid that
was not condensed can then be determined and is a measure of the
partial pressure of the H5SO) at the condenser temperature.

This partial pressure represents the HpSO) concentration corres-
ponding to a dew point of that temperature. Lisle and Sensen-
baugh have explained the above method in their paper'® and have
compared their results with Miller's analytical work in figure
11. As can be seen, the experimental laboratory data are in very
close agreement with the analytical work. .-This method of dew-
point determination can be used to measure the dew point in
actual installations. However, it would be time consuming, and
care must be taken in designing the probe to prevent condensa-
tion, reaction, or absorption of the acid within it.

Verhoff and Banchero have reviewed the problem of predicting
acid dew points and the work of other investigators.'® 1In con-
trast with the work of Miiller they state that "An accurate
thermodynamic prediction of dew point appears impossible at the
present time and, because it is important to be able to predict
the dew point of flue gases, an empirical correlation of the
experimental data of dew point as a function of the sulfuric acid
and water vapor pressures would be desirable." By utilizing
equations and test data developed by other investigators, Ver-
hoff and Banchero developed a formula for the dew-point tempera-
tures with respect to the partial pressures of sulfuric acid
and water. Their formula is:
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T = 0,002276 - 0.00002943 1n (pH20) - 0.0000858 1n (PHoSOY )

DP
+ 0.00000620 (1n PH2S0) ) (1n pHO)
where
po = dew-point temperature, °K
P = partial pressure, mm Hg.

This formula gives values which generally agree with Miiller's
analytical work and is relatively simple to use.

A comparison of Muller's data and the Verhoff and Banchero
formula appears in figure 12. Air ratios varying from stoichio-
metric to four times stoichiometric were used in plotting the
Verhoff and Banchero formula. The Miller data are calculated
for stoichiometric conditions. The figure shows that in a range
of dew-point temperatures of 200° to 400° F (93° to 204° C) the
Verhoff and Banchero formula gives lower values at the low dew
points and higher values at the high dew points for the
stoichiometric condition. The crossover point is at 230° F
(110° c). The plot also shows that for a full power air ratio
and a range of temperatures (250° to 300° F) (121° to 149° c)
that are of most interest to the waste-heat boiler program, the
Verhoff and Banchero dew points are approximately 8° lower than
Milller's. The increased air or higher air ratios in the com-
bustion process have a diluting effect on the sulfur trioxide
concentration, thereby giving lower dew-point temperatures.

Verhoff and Banchero used data from several investigators
for dew-point temperatures which varied from 212° to 446° F
(100 to 230° C). Their formula does not fit any one set of data
conpletely. However, the deviations are generally less than
12° F (6.7° Cc) from the test data. These differences indicate
that varigtions in test conditions and inaccuracies of data
exist to the extent that the dew-point temperatures are not
firmly defined. The vapor-liquid characteristics of the
H,S0)/H,O system are such that the first drop of H,SO, to con-
dgnsg ‘g a highly concentrated acid. A heat exchagge that is
designed to operate close to the dew-point temperature must then
give careful consideration to the prediction of this temperature.
In determining the dew-point temperature, the Verhoff and
Banchero correlation is easier to use than Muller's graphical
data. It will, therefore, be used for the remainder of the
report.

A plot, figure 13, was produced by combining several
parameters that are associated with the acid dew point of a
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gas-turbine exhaust. The formulas derived in the combustion pro-
cess section of this report and the dew point/partial pressure
relationship developed by Verhoff and Banchero!® were used to
develop this figure. It is configured to allow the determination
of the dew point if the fraction of SOz in the exhaust gas to
sulfur in the fuel, and the ratio of ag¢tual air to theoretical
air is known. As an example, if 2 1/2% of the sulfur in a 1%
sulfur fuel is converted to SOz (X = 0.0l) in an engine operating
at an actual to theoretical air ratio of 4, the acid dew point
would be 243° F (117° C).

The humidity of the combustion air influences the acid
dew-point temperature and must be considered for the determina-
tion of this temperature. The effect of the humidity is to
dilute the acid vapor which then slightly reduces the dew-point
temperature increment (acid dew-point temperature - H,0 in
exhaust dew-point temperature) as shown in Muller's data, fig-
ure 10. The partial pressure of the water in the exhaust is
increased by the humidity and results in a significantly higher
water saturation temperature, more than offsetting the slight
change in the dew-point temperature increment noted above. The
net effect of increased humidity is always to increase the acid
dew-point temperature.

To determine the magnitude of the effect of humidity, let
us refer to the section on the combustion process.

Then

The weight of sulfur trioxide is:

Wsoz = 80 Mgo

80 MgX.

Then the weight ratio of sulfur trioxide to sulfur is:

Wso3 _ 80 MX

= 2.5 x
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or

w
SO
X = Onu'_z
Ws
The relationship of sulfur trioxide to the water in the incoming -
combustion air can be derived as follows:

Wy = Wag Tta hg

where
Wy = weight of water in combustion air
Wag = wWeight of air for stoichiometric conditions
hg = specific humidity.

Then moles of water in the inlet air equals:

14.86 Mg 254 riy hg
29 18

2007 M £g, By .

The ratio of sulfur trioxide to total water then is:

Msoj - X Mg

- X ns
I9 + 209.7 Tea N M

& T.92 X.fs
= I9 + 209.7 Tta hs
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The partial pressure of the water in terms of the total gas flow
is: .

pH2O < MH20 e 19 Mf + 209.7 Mf ryg hg
Ptotal Mtotal 18 Mg + 19 Mg + My = 27.5 Mg + 209.7 Mg riay hg

19 + 209.7 ryy hg

Ll . e
9 5 9 ' rta hs =t M

or for zero inlet humidity

pHQO - 19

M L]
Piotal 9.5 4 E%

.

In order to realize the magnitude of the effect of humidity,
let us then take a case where 1.0% sulfur content fuel is used
with an air ratio of 3.4 and an ambient temperature of 100° F
(38° Cc). A realistic figure for the conversion of sulfur into
sulfur trioxide in the combustion process is 6% by weight. 1If
this value is used with a 70% relative humiditg (hg = 0.03), the
partial pressure, pSO3 /Py orequals 4,71 x 1072. With a 0%
relative humidity, this raglo 18 1.0 X% 10P4, At an air ratio of
6 the partial pressure ratio would be 3.3 x 10-5 for the T0%
humidity and 1.0 x 10-4 for zero humidity. Plotting these values
on figure 14 reveals that the effect of humidity is to increase
the dew-point temperature, in this case approximately 12° F
(6.7° C) for the air ratio of 3.4. Figure 14 is similar to fig-
ure 1% but shows only the lines of two air ratios for specific
humidities of 0.0 and 0.03. The data for this plot were gener-
ated from Verhoff and Banchero's correlation for a 1% sulfur fuel
and a SOz conversion of 6% by weight (X = 0.024). The increase
of dew-point temperatures at low power settings (or high air
ratios) is even greater than at the low air ratios. For an air
ratio of 6 this dew-point temperature increase is approximately
19° F (10.5° ¢). This is due to the additional moisture brought
into the system with the higher excess air which in turn raises
the dew point. This example shows that humidity cannot be
neglected in the design of a WHB.
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EXHAUST EVALUATION FOR LM2500 ENGINE

An application of the dew-point temperature determination
developed in this study was made for the LM2500 gas turbine to
determine the conditions which would be encountered in the actual
installation of a waste-heat boiler. Since the humidity of the
engine inlet air has considerable effect on the dew-point temper-
ature, some of the available data were reviewed in order to
determine realistic ambient humidity limits for this study.
Humidity conditions at sea vary appreciably with location and
time of year. For instance, areas in the Persian Gulf rarely
exceed 70% relative humidity with an average being 55%, while in
the North Sea relative humidities are 70% to 90% at ambient tem-
peratures of approximately 60° F (15.6° C).ls It was decided to
use specific humidity (1lb H,0/1b dry air) for the application
study rather than relative %umidity, thereby eliminating tem-
perature from the calculations. The range of specific humidity
selected for this work is O to 0.03 lb Hp0/lb dry air. The
0.03 1b Hpo0/1lb dry air figure corresponds to relative humidities
of approximately 70% at 100° F (38° C) ambient and 100% at 90° F
(32° C) ambient temperature which appears to be a realistic max-
imum. Relative humidities of 100% do exist at sea, especially
during rainstorms, but 100% relative humidity with 100° F
(38° c) ambient temperature is most likely never encountered.

The fuel used in this case has the same composition as that
used in the combustion process section. The maximum sulfur con-
tent of the available fuels varies from 0.4% for JpP-5 to 1l.3%®
for naval distillate. The value used in this case is 1.0% sul-
fur. This figure is the same as the maximum allowed in the U. S.
Navy Marine Diesel Fuel oil specification.® It is expected that
the present fuel or energy crisis will cause a gradual decrease
in the fuel quality so that the 1.0% sulfur content will soon be
a reality.

As discussed previously, an analysis of the exhaust gas com-
position from stationary power plants and one gas-turbine engine
indicate that approximately 6.0% by weight (X = 0.024) of the
sulfur in the fuel is converted to sulfur trioxide.®+*! Recent
information from Environmental Protection Agency personnel at
Research Triangle Park, North Carolina, indicates that 10% by
weight (X = 0.04) conversion of the sulfur in the fuel to sulfur
trioxide is not uncommon. The study was, therefore, performed
with "X" values varying from 0.024 to 0.04.

The dew-point temperature analysis for the LM2500 gas tur-
bine was made within the above limits and for engine operating
conditions of full power and idle. The data for these conditions
are plotted in figure 15 and show the variation of dew-point tem-
peratures with specific humidity, sulfur conversion amounts (X)
and engine power level. At full power the air ratio, r¢z, equals
3.4, and at idle, ryy equals 6. The lines of zero specific
humidity are identical to the lines of constant air ratio in fig-
ure 13. The figure 13 data do not account for any moisture in

PAS-TT7-29 17




the engine inlet air. 1In figure 15 it can easily be seen how
increased humidity elevates the dew-point temperature. The dew-
point temperature at full power with a specific humidity of 0.03%
1b Ho0/1lb dry air and a sulfur conversion amount of X = 0.04 is
269°F (132° C). This may be an extreme condition in that the
relative humidity would be at least 70% at 100° F (38° C)
ambient temperature, and the sulfur conversion amount is possibly
high but realistic for an upper limit. As mentioned previously,
additional test work is required to better define the amount of
conversion of sulfur in the fuel to sulfur trioxide in gas-
turbine engine exhausts.

The data plotted in figure 15 also show clearly how the
humidity affects the dew-point temperature. An increase in the
humidity from O to 0.03 1lb HpoO/lb dry air gives approximately
a 12° F (6.7° C) increase in the dew-point temperature when at
maximum power and an even greater increase, 19° F (10.5° c), at
idle power. The plot for full power is similar to the plot for
idle power except for the greater temperature span at idle. The
development program for a waste-heat boiler should include the
effect of humidity conditions in order to produce a successful
design.

The study shows that the minimum operating surface
temperature of a waste-heat boiler should be 275° F (135° C) to
prevent acid condensation for normal operating conditions.
Extremely high humidities along with high ambient temperatures
and high-power operation would give even higher acid condensation
temperatures. The walls of the exhaust systems perhaps should be
operated at a somewhat higher temperature than the boiler if
there is any amount of fouling present. The fouling deposits on
low~temperature surfaces are acidic in nature and often are damp
and hygroscopic which is very undesirable.® The fouling deposits
also increase the boundary layer thickness which lowers the gas
velocity near the wall surface. The lower velocities favor the
formation of sulfur trioxide, especially near catalytic particles
and surfaces as iron oxides (FepOs and Fes0y).'7”

CONCLUSIONS

The acid dew point study has reviewed methods for predicting
the dew-point temperature of exhaust gases and has provided some
insight into the formation of sulfur trioxide in the exhaust
system. This study concludes that waste-heat boilers for gas-
turbine engines should be designed to operate at a surface tem-
perature of no less than 275° F (135° C) if the condensation of
sulfur acid and serious corrosion is to be avoided.

\

Any corrosion problems resulting from operating temperatures
below the acid dew point must be carefully weighed. Tradeoff
studies addressing such things as corrosion rate or useful life
of a waste heat boiler, power settings, length of time at various
powers, fuels specified, possible use of additives, and costs may
be required to resolve such problems.
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RECOMMENDATIONS

Additional work is required in the acid dew-point area in
order to accumulate a representative amount of data on gas-
turbine installations similar to what is available for steam
plants. Data are particularly needed for the amount of conver-
sion of the sulfur in the fuel to sulfur trioxide at high
excess—-air levels. Only one applicable data point was found in
the literature. Since the amount cf excess air present influences
this conversion value, steam-boiler data are not completely
applicable.
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CoOPRPY
APPENDIX A¥

CONTRIBUTION TO THE QUESTION OF THE EFFECT OF /345
SULFURIC ACID ON THE DEW POINT TEMPERATURE
OF FLUE GASES®

Graduate Engineer Peter Mueller**

(From the Institute for Piston Engines of
the Technical Advanced School, Hannover)

SUMMARY

The dew points within the range of small sulfuric
acid concentrations in flue gas are determined by uti-
lizing thermodynamic relationships. The theoretical
values obtained are compared with previously known test
results.

The dew point increase in flue gas due to the pres-
ence of sulfuric acid has become a problem frequently
dealt with in boiler construction bibliographies espe-
cially in the postwar period and when discussing ques-
tions of corrosion (1,26). Indeed, it has achieved a
special timeliness in view of the increasing use of oil
firing techniques (26,27). In the last few years, the
dew point problem in engines has also been dealt with to
an increasing extent (2,3,4,5). The need for this
resulted from the increase in the sulfur content of die-
sel fuels, use of heavy oils and, not the least, from the
requirement for a longer service life. The questions are
unequally more difficult to solve than in boiler con-
struction mainly owing to the rapidly changing thermody-
namic state variables. This is because the equilibriums
are rarely completely established gwing to reaction-
kinetic reasons. 1In addition, hardly negligible cataly-
tic processes act to inhibit as well as accelerate the
speed of equilibrium adjustment. There is dependence,
for one part, on experience gained from boiler

©raken from reference 12. Reproduced by permission of
Verlag Chemie, Weinheim, Germany.

*¥Numbers in the right margin indicate pagination in the
original text.

**The work is within the scope of temperature investiga-
tions of engines which was accomplished with the
encouragement of Dr. Eng. E. Groth for whose capable
support in this project we are grateful. The author
also expresses his appreciation to Dr. W. Naucke, Turf
Institute of Hannover for copious data supplied and
encouragements.
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construction and neutralizing lubricant and fuel addi-
tives and efforts are made, usually with the help of wear
measurements, to obtain some degree of insight into these
conditions. In addition, reports have already beem made
concerning tests with dew point measuring cells on the
cylinder wall (2). Further, it is noteworthy that, as a
result of the special characteristic of the sulfuric acid/
water vapor state diagram, high concentrated condensate
already occurs with low surfuric acid/vapor concentra-
tions. At least in the case of cast iron, this has, how-
ever, little corrosive effect according to previous
experience (6,28). A condensate with a higher aggressiv-
ity is obtained only in the vicinity of the dew point of
pure steam.

The S and SOy formation in flue gases using sul-
fur containing fuels has been investigated by computa-
tional methods by Gumz (1) using equilibrium conditions.
His work deals with the questionable dew point increase
using the test results of Francis (7) as done quite simi-
larly in earlier works (8) and with a limited range of
sulfuric acid concentration. 1in addition, the same
author has for about 25 years steadily generated informa-
tion concerning the status of theoretical and experimen-
tal research in this area. /346

The various presently still unexplained influences
on the reaction to be expected in the various tempera-
tures of the sulfur contained in the fuel leading to SOo,
S and HpSO) and the question as to what extent equili-
brium states are reached, are discussed in great detail
by Gumz (1). The present work will investigate the dew
line of a sulfuric acid/steam mixture for small partial
pressure ratios.

EFFECT OF FOREIGN GASES

In the treatment of the sulfur/water vapor system,
consideration must first be given to the fact that there
are other gases in the flue gas, e.g., Np, COp, CO, SOp,
and nitric oxide in traces.*

*Hydrochloric acid which can occur in the combustion of
many fuels with chloride contents is not taken into con-
sideration here. An investigation of the state diagram
HpO/HC1 nevertheless suggests that the increase in dew
point owing to hydrochloric acid is small and is probably
under 5° C for all practical cases., This has been con-
firmed by measurements made by Rylands and Jenkinson (19).
These authors determined that HCl in the presence of

SOy only condenses in the case of the lower tempera-
tire. Cf., however (29).
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These flue gas components, in contrast to generally
accepted opinion to the extent that they do not react with
SO3 and H2SO), should have no noticeable effect on the
condensation.

Conceivable effects of foreign gases on the vapor
partial pressure are:

1. Partial pressure increase AP, caused by interac-
tion between nonideal foreign gases and steam.

2. Partial pressure increase Ap, caused by the for-
eign gas pressure. 1

The vapor pressure increase Ap, caused by the pres-
sure of foreign gases is exactly computable (9) but, how-
ever, does not need to be taken into general consideration
in boiler firings owing to their low flue gas pressure.

The interaction of foreign gases is a function of
their nature and temperature and is somewhat propor-
tional to the foreign gas pressure. It can cause a par-
tial pressure increase. According to available
investigations (9), this influence can likewise be disre-
garded. It is in the same order of magnitude as the par-
tial pressure increase Apl mentioned above.

Finally, the solubility of flue gas components --
these are mainly N,, CO,, CO and SO, -- is to be consid-
ered in water. Thére namely occurs~a dew point increase
to the extent that solubility is present. The solubility
of the delivered gases is slight especially when small
partial pressures are present. The dew point increase can
accordintly be computed by means of Henry's law. It is
again negligibly small (7).

The previously available experience leads to the con-
clusion that practically no error can be made if the pres-
ence of the foreign gases is disregarded and the sulfuric
acid/steam system is considered to be the only one present.

THE SULFURIC ACID/STEAM STATE DIAGRAM

Difficulties Occurring in Determination of the Dew Line

The vapor line of the state diagram is quite well
known (10,11,12). On the other hand, only approximate
statements are possible so far concerning the liquid line.
The available data frequently contradict each other
especially in the practical important range of small con-
centrations (7,13,14,15,16,17,18,19,28,30). The theory of
dilute solutions (20) cannot be used because, in addition
to the strong electrical dissociation of the sulfuric acid
in the questionable area of small vapor concentration, a
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concentrated condensate also precipitates. The last is,
as initially mentioned, the special characteristic of
this state diagram, cf. Figure 1.
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Figure 1
State Diagram of Sulfuric
Acid/Steam for PH,0

It is indeed possible to derive the steam partial
pressures in the decisive temperature range from a number
of sources (10,21) in order to compute the sulfuric acid
concentration of the vapor and thereby be able to deter-
mine the dew line. Data is lacking concerning the sul-
furic acid partial pressure in the range of the small
values, i.e., low temperatures (df. Figure 1).

COMPUTATION OF THE SULFURIC ACID/STEAM PARTIAL PRESSURES
ACCORDING TO ABEL

Abel (22) succeeded, by using the third principle of
chemical thermodynamics, in deriving a relationship for
the sulfuric acid/water vapor pressure over the system
sulfuric acid/water. This was based on a rather large
number of sufficiently reliable test results of caloric
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and thermal quantities of the individual components and
mixture. Since the present work is based on the paper by
Abel and for the sake of a better understanding, the
derivation in a brief form as given by Abel is presented
in detail.* The basic thought is: In the thermodynamic
equilibrium between liquid and vapor, the chemical poten-
tials of every component must be equally large in all
phases.** Accordingly, in the present case, uj’ for the
sulfuric acid vapor must be equal to u;‘’ for the ligquid
sulfuric acid components both referred to the liquid
concentration cj. They are dependent on the total pres-
sure P and the temperature T.

If sulfuric acid vapor is treated as an ideal gas,
which in the case of the smaller partial pressures may
be admissible according to rsbel, it follows that it is
possible to use partial pressures in place of fugacities
(23). For the pressure dependency of My"e it follows
then that:

Wi = ui"®4 R in(Py/Py) (1).

In this, P; is the partial pressure of the sulfuric
acid vapor, R tﬁe general gas constant, T the absolute
temperature and u;”O the so-called chemical standard
potential of the pure sulfuric acid vapor with reference
pressure P, and temperature T. It is independent from
the partia? pressure. It is customary to have P, =1
atm generally as reference pressure.

In the case of an ideal mixture, computation is
carried out according to Equation (1) with concentra-
tions or partial pressures. In the case of real liquid
mixtures, consideration is given to the effect of inter-
actions by introduction of the activity concept in place
of concentrations (23).

My - M{’CO + RT 1n aj (2).

*Extract from the Thesis by Peter Mueller, Technical
Advanced School, Hannover, 1956.

**This basic thought and concepts "chemical potential,"
“fugacity," and "activity" are extensively described for
example by G. Kortum: Introduction Into Chemical Ther-
modynamics, Goettingen, 1949; further by Ulich-Jost:
Short Text of Physical Chemistry, Darmstadt, 1956, 9th Ed.
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This relation is applied to the liquid sulfuric acid
components. W;”“0 again refers to the standard state of
the components), according to that of the sulfuric acid
but still is a function only of T. aj is, on the other
hand, a function of P, T, and the concentration Ci.

From the previous equation in equilibrium state, there is
obtained:

or

TR ER L - .
RT 1ln P, My uy @ + RT In a; (l{.)

The pressure dependency of the activity is negli-
gible. Therefore, the partial pressure P, in Equation
(4) is practically independent from P.

The dependency of T reguires, on the other hand, a
number of conversions. The vapors from water and sulfur
trioxide may react to sulfuric acid vapor according Lo
Equation (5):

HpOg + SO3g o HoSOpqg (5)

The equilibrium constants of this reaction is, in
the case of an isothermal-isobar development:

p .P
e 503 (6)
FH80y

Using the assumption that the partial pressures in the
pressure and temperature range in which K was experimen-
tally determined* are equal to the fugacities, we find that:

RT 1n Kp = ui"% - uw'® = uy'"°

*Cf. for example, M. Bodenstein and M. Katayama, Z. physik.
Chem. 60, 26 51, 1909
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The temperature dependency of K? is well known.
For this the following is valid (24)%

1g Ky = - 2202 + 1,75 1g T
-5.7 « 10°% 7 + 3,00 (8),

1g Kp = bl/T + bolgT + bzE + by (9).

First of all, there is obtained from Equations (4)
and (7):

RPEIN Py =y © = Hy'© - “(7”0

- RT 1n K, + RT 1n aj (10).

If the standard potentials are taken together with
the quantity

Tu® = Hi’0 - "0 - u,"0 (11),
it then follows that

o
RT In P; = Ty = RT ln Kp + RT 1ln a;

(10a).
In this case, the temperature dependency of Zuo ¢

i.e., of uj’o, uUy”o and Hg7O as well as those of aj must
be determined.

For the temperature dependency of the chemical poten-
tials, the following general relation is true ((23),

Pe 132) :
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T b

is the partial molar enthalpy of a random sub=-

(12},

3

in which ﬁj
stance j.

When considering the temperature dependency of the
enthalpy, there results:

> 4 T

L = -1 [F28 + [ 5oad

3T s p Y (13),
298

in which Hiog8 is the partial molar enthalpy at 298° K and
Cpj the partial molar heat.

If Equation (13) is used on the y,” combined poten-
tials, instead of u; and is written owing to P = con-
stant, the absolute differentials, it follows that for the
dependency of the chemical potentials on the temperature:

ZO
d =4 T
T .
—ar -k [ )
298 (14)*

For the temperature dependency of the activity, it
follows that under the assumption P = const. ((23), p.
148, Equation (152)):

d ln aj Ei 1

fi is, with constant pressure, the partial molar mix-
ing heat referred to the standard state of sulfuric acid.
Using the partial molar, Ebio' for the sulfuric acid solu-

*Here and in the following, it will formally be disre-
garded that among the quantities combined to ¥X° there
are contained some with pure substances.

L
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solution of the standard state and the partial molar heat
c,i» for the sulfuric acid components of the mixture,
Equation (15) can be written

d 1n a. i 1
d—T“‘ " - T [ 1298
T
+J' (Epi - ¢p3°) dT]
298 (16).

16) provides, if

The integration of Equationsﬁélh) and
and are indepen-
%9§low1ng¥298

consideration is given that ¥
dent from the temperature, the

o o P
T TU og8 THO THO
- - e - - il
T T
[ -;-2' / zEPOdT dar

298 298 (14a).
T;o Ljog
R(ln aj - 1n a1298) = —i-‘;-ag — 3388
j — €p3©) dr ar

(16a).

I1f Equations (lha) and (l16a) are inserted into Equation
(10a), the following is true:

—o —

O o
_ ZH"298 + I
298
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T

L.
_%Sgﬁ_/ %’z/ ZEp°deT
98

T T
= %‘? (cpi - cpio) by dT]
298 298

- In Ky + 1n aj,93 (37

A number of simplifications are possible here.

1. The two double integrals can be summarized taking
into consideration the meaning of ZEbo corresponding to
Equation (11):

T T
298 298
+ Ebi - ’pio)dT dar (18).

When the quantities for pure water vapor, pure sulfur
trioxide and liquid sulfuric acid in the sulfuric acid/
water vapor mixture are recombined as in the case of Equa-
tion (11) (all in reference to 1 atm), we have:

Zu = u’i’ e uwﬂo e uallo (19).
or the molar heat:
Zcp = cpi' - cpw”O - cpa’o (20).
It then follows that:
T " T
21l).
f = FEpdT AT (1)
298 238 {
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2. According to the Gibbs-Helmholtz Equation
((23), p. 132, Equation (108); p. 121), the following is
true:

£HOpgg = ZMOpgg +298 ¥S%qg (22).
THO298 _ IM%298 _ 30 23).
298 298 298 S

Therein, 80298 is the standard entropy (1 atm, 298° K).

3. In the terms TH%598/T + Ljogg/T, THC + T
is equal to the following 2ntha1piés? 298 i298

PH%2g8 + Ling8 = Hi%gg - Hw’298
- Ha°298 + Ljog8 (24).
The sum
= =0 =
Liogg + Hj p98 = Hizgg (25).
represents nothing further than the partial molar enthalpy

of the sulfuric acid of concentration c; at 298° K.
Accordingly, we can write with Equation (19):

TH%p98 + Tingg = Hipgg — Hy®po8

. Ha°298 = THpgg (26).
_.9_2ﬁ°§8+__j.29._z'!8=;}_%9.8. (27)'
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If the quantities found in (21), (23), and (27) are
used, it follows that:

H

T .
_f r-rlE "_'.E'pdT dT] - 1n Kp + In ajo08
298 298 (2%«

If the temperature dependency of the molar heat is
developed in a power series, it follows then that it will
be possible to interrupt after the first term with suffi-
cient accuracy for the case of not too high temperatures.

There then results:

ZCP = cho + zaT (29).

Therein Y€, is the molar heat extrapolated to the absolute
zero point. Now, the double integral can be solved in
Equation (28):

1. Inner integral:

T
= 2 - = T a me 3 2
29/8$cpdT_ZEpoT RIS 298+-—2—-T ——52298
(30).
2. Outer integral:
i i T
i o~ = T < 298
szf Zcp dar dT=ECp° ln§§'g‘+2°po—%‘
298 298
- = I a L a
cho S gk AR 298
L a 2982 T a 31).
i e o - e i Gl
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Therein can still be combined:

H
]

=T = E-C-p298 (33).

There is finally obtained from Equations (9), (28),
and (33):

lgPi=Lg

e [Y-Hi98 _ 159, Li2g8

R 98 — T288

TS, ia ) 298 P
(%0 + 2 299 28 1z, 10

}': —

+ 1lg aj298 _[;_1+ by, 1g T + b3 T + b)-l] (34)

Therewith a function is available which contains no
longer any of the quantities depending on T. It can be
put in the following form (P; in torr in order to coin-
cide with the work by Abel

lgPi=Ai+%'L+Dj_19T+EiT (35).
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Therein, the constants have the following values:

.

1 L; = - v

in which:

550 independent from
A= — 2—3_5%9-3- — 0.12 concentration cj

(37)-

By = 5_3%)_11[23298 z, <Z'Epo + 2—2—a298> 298] 0 b1

(38).

Tc,
Dl=——§m~b2 (39)'
e L 40).
o1 2+2.30 R 3 e

Abel computed these constants from a number of pub-
lications concerning the sulfuric acid/water vapor system
as a function of concentration, ey, and presented them in
tabular form, cf. Table 1.
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TABLE 1
COEFFICIENTS OF VAPOR PRESSURE FORMULA
ACCORDING TO ABEL

€i Wgt | Aj [(-Bj*50)°10-3| Dj |Ej-103
5 +21,2 755 - 5,58 + 6.7
10 +45,4 8430 -14,60( +10,5
15 +59.5 8.64 -19,90| +13.3
20 +66. 4 8,66 -22,70| +15,9
25 +40,1 7.85 -12,00| + 7.7
30 +23.,5 7.05 - 5.88| + 5.6
35 +11,3 6,50 - 1.10| + 2.5
40 - 3.8 5.84 + 4.73| - 0.§
45 - 4.1 5.66 + 5.03| - 1.8
50 ~ 4,7 5.56 + 5.62| - 4.2
55 + 3.1 5.59 + 2.71( - 3.0
60 + 74,0 5 .60 +1.76| - 4.5
65 - 5.0 5.00 + 3B - 7.7
70 - 4.8 4,86 + 6.73| - 9.9
75 +29.2 5,62 - 6.73| - 1.2
80 +47,1 5.98 -13,60| + 2.4
85 +45,7 5.54 -13,65| + 5.0
90 + 4,8 4,19 + 2,46 - 4.8
95 +14,6 4, 44 -1,25| -2.,8
98,3 +16.3 L,18 @ LT =P

DETERMINATION OF THE DEW LINE WITH THE COMPUTED SULFURIC
ACID VAPOR PARTIAL PRESSURES

Equation (35) supplies the pertinent sulfuric acid
vapor partial pressures for the acid concentrations c;
with 5 to 85 wgt % used here and temperatures ranging
from 60 to 220° C.

The water vapor partial pressures (in the question-
able area can be made approximately equal to the total
pressures of the sulfuric acid/water vapor system
through the liquid phase were taken from various documen-
tations for the selected temperatures and acid concen-
trations (10,21).

The partial pressure ratios for the selected tem-
peratures were determined and plotted in an auxiliary dia-
gram (Figure 2) from the computed sulfuric acid partial
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The partial

pressures and the derived total pressures.
pressure ratios were finally taken from this diagram for

specific total pressures and temperatures.
Here, for

Figure 3 represents the overall result.
specific water vapor partial pressures, the dew point
increase with respect to the dew point of pure water
vapor is given as a function of the partial pressure

ratio Py,50),/PHy0.
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and the Temperature or Liquid Concentration
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Increase At, due to Sulfuric Acid Vapor, above the
Vapor Dew Point, Comparison with Available Measurements

u = and

Since the range encompassed here does not essen-
tially go beyond the value of 1%, this may be set equal
to the volume percentage of sulfuric acid in water vapor.
For higher contents than 1%, it is to be considered that
the partial pressures were used in the Abel formula in
the place of fugacities.

Documentation was not available for higher vapor
pressures than 2.5 atm. The pressure effect on the dew
point increase is nevertheless only slight as can be
seen in Figure 3.

COMPUTATIONAL EXAMPLE

The determination of the dew point for a steam
boiler owing to the effect of sulfuric acid vapor is
carried out as follows:

The content of 10 vol % water vapor and 0.0l vol %
sulfur trioxide was determined for the flue gases in
the dew point endangered boiler components. (The con-
version from sulfur trioxide to sulfuric acid vapor
takes place quite rapidly (25) so that the following is

true for practical purposes: Pgp

If the

= Pu,s0y,)
flue gas total pressure amounts tg 1 atﬁ, %e then have
a steam partial pressure of
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The SO3 or HpSO) partial pressure in percent referred
to the steam partial pressure is

pHQSOLl- — 0.0l loo . O,l%
Pr,0 10

With pPy,0 and PHps04/PHp0, there results from Figure 3
a dew point increase of

At = 105° C.

The pure steam dew point amounts for Pyop according to
customary tables, for example VDI steam tables, to

gy = A5% C, /350
Accordingly, the total dew point

t = 1500 Co

With this temperature, the condensate according to
Figure 1 has a concentration of 83 wgt % sulfuric acid.

COMPARISON OF THE COMPUTED DEW POINT INCREASE WITH
EARLIER FINDINGS

The comparison with previously known findings is
advantageous,*¥cf. Figure 3. Thus, the measurements made
by Thomas and Barker (13) and according to Koglin (14)
in the area above 1% sulfuric acid vapor check quite
well with the findings of the computation. The values
according to Koglin are located, on the other hand, in
the case of the lesser concentrations, under the com-
puted values.

*For the sake of completeness, reference is made to an
American work (29) which became known shortly before
printing. Therein, likewise based on Abel, the dew
points are computed confirming those given here.
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The deviations reported by Taylor (15), Whitting-
ham (17), and Dooley and Whittingham (16) are similar.
The reasons for this can only be surmised. Drop conden-
sation probably appeared on the measuring surfaces of
the dew point equipments so that the increase in elec-
trical conductivity no longer coincided with the start
of dew point (19). There is naturally also the possi-
bility that the sampling and determination of partial
pressure ratios was performed with some errors. This is
because the dew points measured according to the same
principle by Francis (7) coordinate quite well with the
computed values such as the test results by Burnside,
Marskell and Miller (30) (not shown in Figure 3). In
addition, the data determined from corrosion measure-
ments performed by Rylands and Jenkinson (19) and
Wickert and Pilz (18) agree quite well with the computa-
tion.

In conclusion, it should be stated that the dew
lines given are only valid in the case when the equili-
brium state is achieved. 1Insofar as this is done on a
practical basis is a question of condensation kinetics.

(Received 21 February 1957 (B 1012))
NOTATIONS

For derivation of the sulfuric acid/vapor pressure
formula:

1. Subscripts with the symbol

referred to the sulfuric acid component

referred to any random component

referred to HpO

referred to sulfur trioxide

with constant pressure

98 r?f.oto)standard temperature of 298° K
25° ¢c

ref. to absolute zero (0° K) except with

pressure P,

Y Q € u.p.

(o)

2. Superscripts with the symbol

o component located in standard state, i.e.,
with gases: 1 atm and ideal behavior
liquids: 1 atm, stable state form

mixed phases: 1 atm, activity of observed
component equal to 1

liquid phase (can also be missing)

gas phase

quantity x is a partial molar quantity

E] RN
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3. Symbols

a; activity of the sulfuric acid component
in the liquid phase

bbybsb) constants of Equation (9)

Cp molar heat with constant pressure

ci concentration of sulfuric acid in liquid
phase in wgt %

H molar enthalpy

Kp equilibrium constants of the reaction

£ referred to the partial pressures

Lji partial molar mixing of heat of sulfur
acid components in water

P total pressure of system

Py ref. pressure = 1 atm

R general gas constant (not to be confused
w/individual gas constant which has same
symbol in technical biblio.)

S molar entropy

i absolute temperature of system (°K)

TXO = Xj’0 ~ Xw”0 - X,”0 ) combination of certain

X = Xi'0- %% - x "0 zquant. X corrgspondlng
& % g to the subscripts

o temp. coef. of molar heat acc. to Eq. (29)

u chemical potential
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