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Fig. 14 Solubility of copper, cuprous oxide, and cupric oxide in 1150 F 
at 4500 psig at pH levels noted 

at the low flow rate used, because of the evolution of hydrogen gas 
at extremely low flow rates. 

After Run 70, the autoclave was filled with purified helium, 
allowed to cool, and opened. X-ray diffraction and visual 
examination (Fig. 7 and Table 5), of the tray contents indicated 
that copper metal (Cu) and cuprous oxide (Cu20) were pres-
ent. The copper was more highly concentrated in the top tray 
(6 per cent copper) than in the bottom tray (0.5 per cent copper). 

Summary 
As a result of this copper-solubility investigation, we believe 

that the following conclusions can be drawn: 

1 Copper and its oxides have a significant solubility in 4500 
psi, 1150 F steam. 

2 The maximum solubility measured for the various oxida-
tion states of copper at two different pH levels under these condi-
tions are as follows: 

pH — 7.5 
Copper metal, ppb 6.3 
Cuprous oxide, ppb 8 .9 
Cupric oxide, ppb 15.4 

pH — 9.5 
6.3 

10.2 
17.2 

3 It is apparent from the data obtained that the solubility 
of copper in superheated steam is a function primarily of pressure. 
Although it is quite probable that temperature also affects 
solubility, its effect over the temperature range tested (900-1150 
F) appeared to be negligible. Cupric oxide, the highest oxida-
tion state, had the greatest solubility of the three materials 
tested; therefore, errors resulting from a tendency toward reduc-
ing conditions would cause the results to be on the conservative 
side. 

4 The lower solubility of copper metal shows the advisability 
of maintaining deaerated conditions in boiler feedwater in order 
to reduce the possible formation of the oxides. 

5 Since as much as two thirds of the copper was found to 
remain deposited in the sampling coil during each run, it is ap-
parent that errors of several orders of magnitude can occur 
in sampling superheated steam for copper content (dependent 
upon temperature and pressure reduction and length of sampling 
line). 

6 The solubility of copper and its oxides in superheated steam 
appeai-s to be dependent on the specific volume of the steam; i.e., 
the quantity of water present. This effect of fluid density on the 
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Fig. 15 Solubility of cuprous oxide in 1150 F steam at various pressures, 
feedwater pH 9.5 

solubility of copper and copper oxide is analogous to that observed 
by Morey, et al. [3] in their study of the solubility of silica and 
other minerals in superheated steam. 
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D I S C U S S I O N 
R. C. Ulmer2 

With the continued problem of copper deposits in supercritical 
pressure turbines, the authors have presented an interesting and 

2 Manager, Research, Combustion Engineering, Inc., Windsor, 
Conn. 
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pertinent paper. My comments deal with some similar work by 
mjr Company. 

At the ASME Annual Meeting in 1959 the writer's Company 
presented a paper on tests with a 5000 psi 1200 F supercritical 
pressure test boiler. Fig. 2 from that paper (59—A-147) 
shows the equipment used. Since that paper was presented in 
1959, the equipment has been modified to study solubility of 
copper in steam. Essentially the test vessels, shown in Fig. 2, 
were connected in parallel and filled with copper, Cu20 and CuO. 
Supercritical steam was passed through the vessels and that leav-
ing the vessels tested for copper content. Table 8 shows repre-
entative data obtained in the work. 

Table 8 Solubility of copper compounds in supercritical pressure 
steam 

Material 
Cu 
CuoO 
CuO 

Psi 
5000 
5000 
5000 

Temp F 
1150 
1075 
1040 

Amount, ppb 
20 
25 
30 

It will be noted that all the forms of copper are soluble in 
supercritical steam with CuO being the most soluble. These 
findings agree with those presented in the paper. 

H. J . Vyhnalek3 

It is impossible to do justice to a paper of this magnitude in this 
short discussion. This paper should rank along with the previous 
classic reports on silica and sodium as a significant contribution 
to our meager knowledge of the chemistry of high temperature, 
highly compressed fluids. To the few of us who are at present 
actively affected with the copper infectations of a portion of a 
supercritical turbine, these data are especially welcome and will 
receive continued study. Ever since that first historic opening 
of the Philo Turbine, we realized that there was a large void in 
our knowledge of the chemistry of supercritical fluids. A sig-
nificant part of that void is now filled. 

Inspection of the supercritical turbine at the Avon Plant of 
The Cleveland Electric Illuminating Company after one year's 
operation revealed a condition similar to that found in the Philo 
unit. Copper oxide deposition started at the last stage (5th) of 
the Superpressure Turbine and extended throughout the 10 
stages of the Very High Pressure machine. A maximum thick-
ness of about 20 mils, with an average thickness of 10 mils was 
found. While this is somewhat less deposition than that re-
ported for the Philo machine, the effect on the turbine was still 
very significant. It should be noted that the Avon operation 
had the benefit of the reported experiences at Philo and, there-
fore, the control of copper during the whole history of the plant 
was extremely meticulous. Despite this care the turbine lost ef-
ficiency and capability. Significant solubility of copper and its 
oxides was suspected. The authors leave no doubt about the 
validity of these suspicions. 

The authors' Fig. 13, showing the influence of specific volume 
on copper solubility, is extremely interesting. However, since 

3 Supervisor, Plant Chemistry Unit, The Cleveland Electric 
Illuminating Company, Cleveland, Ohio. 

copper deposition is not only in the Avon turbine but also in the 
3500 psi Avon steam generator, perhaps other factors besides 
specific volume have significant effects. Copper deposition 
occurred in the water walls of the boiler and extended into the 
transition zone. Here the specific volume may be between 0.03 
and 0.07 ft3/lb—within significant copper solubility limits. 
Copper deposition then stops in the transition zone (0.07 ft3 / lb), 
and does not appear in the superheaters (0.07 ft3 / lb to 0.0245 ft 3 / 
lb), nor in the first four stages of the Supercritical Turbine 
(0.245 to 0.30 ft3 / lb). It reappears in the last stage of the SP 
Turbine and continues through all stages of the Very High Pres-
sure Turbine (0.380 ft3 / lb to 0.865 ft3 / lb). 

While it is not now surprising that deposition took place in the 
VHP turbine, since the specific volume condition was close to zero 
copper solubility, it does not provide explanation for the deposi-
tion in the water walls where solubility should have been sig-
nificajit. It may be that the data are only pertinent to super-
critical steam and cannot be extended into the water area of the 
boiler. 

It is not hard to visualize the implications of this study. It 
can mean that "ultrapure" water, whose contamination con-
tents are now measured in ppb, is not satisfactory. We are now 
concerned with such tremendous flows that solubilities of even 
fractional ppb's can cause significant concentrations of material 
at strategic areas resulting in vital performance disturbances. 

While removal of copper and its alloys from the cycle at present 
seems to be a solution, it is still not known how other materials 
will behave once the "fall guy" is gone. Already we have had 
some ominous overtones of unusual behavior of nickel and zinc. 
Perhaps papers bearing a title similar to the one just presented, 
inserting, instead of copper, the name of other components of 
a modern system will be necessary. 

Authors' Closure 
We thank the discussers for their evaluation of this paper 

and their significant contributions to our growing knowledge of 
the chemical characteristics of dense supercritical water. Al-
though there is, as yet, no overwhelming evidence that materials 
other than copper will be critical factors in supercritical steam 
turbines, it is of course true that all deposition should be held to 
a minimum. The solubility of other materials in the super-
critical fluid may play an important part in turbine deposition 
phenomena as we continue the trend toward higher tempera-
tures and pressures. 

In addition to this situation as it applies to conventional 
power cycles, one can postulate that solubility of materials in 
steam may become increasingly important in efforts to produce 
more economical nuclear power through the use of higher pres-
sures and temperatures. 

With particular reference to Mr. Vyhnalek's discussion re-
garding the deposition of copper within the boiler proper, our 
research was directed toward the solubility of this constituent 
in dense steam only. No measurements were made of the 
solubility of copper in the water portion of the circuit and we 
have no evidence to indicate that we can extrapolate these data 
to conditions pertaining in the water portion of the circuit. 
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