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3. INTRCDUCTION .

On June 23, 1967 NASA-MSC directed Houston Research Institute

Inc., to perform Task Order No. 5 under contract NAS 9-6698.

After several meetings with technical personnel to obtain

background and other information, the below-described information,

conclusions, and recommendations resulted from this effort,

2. BACKGROUND

A sublimator is to be ueged to remove excess heat from

the LM. This device vaporizes water into steam, which is
exhausted into the vacuum of space, ice being an intermediate
material in the process. A subcontractor test of a test section
of the module resulted in unexplained phenomena when chlorinated
water was used as f¢ed water. A green color was formed, ice or
snow appeared on the downstream side of the sublimator sintered
plate, and this seemed to occur in a cyclic manner. Details

appear in contractor report No. PMP-LEM-140 of May 1, 1967.

3. OB.JECTIVE

As stated summarily in Task Order No. 5 and subsequently

elaborated verbally by Mr. W.W. Guy and staff, HRI Inc. was
retained to analyze and explain the unusual phenomena which
occur when chlorine is used as a bactericide, and also to
comment about the probability of like or similar happenings
which might occur when chxﬂe is used as a bactericide.

4, ANALYSIS OF BREAKTHROUGH PHENOMENA (Dr. WIH)
The breakthrough phenomena occurring with the use of

chlorinated feed water may be explained (1) by examining the
chemistry of the chlorine-water-nickel system and (2) by
considering the consequent effects cn the physical and
hydrodynamic behavior of the system.

4.1 Solubility of Chlorine

When chlorine gas is bubbled through water, several reactions

take place consecutively. Some of the chlorine gas is dissolved



but at low concentration almdst all of it reacts with water

according to the reaction:

cl, + H,0—+HC1 + HOCI ) (1)
In fact, at a total chlorine concentration of 6 ppm, the
amount of 012 unreacted, i.e. present as dissolved gas, is in
the order of 10'10% (see Figure 1).
The covalent HCl almost completely dissociates in dilute

aqueous solution.

HC1 + H20->H30+ + c1” (11)

HOCl is a weak acid z2nd only partly dissociates according to
HOCL /= HC1 4 1/2 02 (1i1)

4,2 Reaction with Nickel

A dilute solution of HCl will react with nickel to give
the salt nickelous chloride. (13)

Ni + HC1 (dilute)—~>H2 + Nicl, (1iv)

An additional effect of the presence of HCl on this reaction
is to reduce the solubility of the Niclz.(la) Removal of NicCl
from solution by this mechanism will tend to displace reaction

(V) toward completion. This reaction further has the efiect
[

that it removes HCl from its equilibrium feed water concentration

2

causing reaction (I) to proceed.further toward completion.

One would expect that the concentration of HOCl would build
up as reaction (I) shifts toward the right., This will not occur
with Ni present for two reasons. Even though the HOCl dissociates
onfy slightly by reaction (III), the removal of HCl by reaction
(1V) will consequently shift (III) to the right and its equilibrium
concentration will decrease. A second reason involves the rate
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of HOCl dissociation. Normally, the reaction proceeds very

slowly. However, in the presence of a rough surface and NiO,

(1)

the reaction proceeds readily.
Both of these conditions are presént in the sintered
nickel plate of the sublimator,
The validity of the above mechanism is substantiated by
the experimental results of the sublimator tests. First of all,
Nicl2 was found to be the principgl compound on the sgrface of
the sublimator at the end of the tests. Secondly, the presence
of a green film on the sublimator during the test suggests that
nickel chloride was present, since it forms several hydrates,

(2)

all of which are green.

4.3 Chlorine Hydrate Formaticn

The possibility of chlorine hydrate formationm has been
suggested. It is true that chlorine can form hydrates at low
temperatures. However, all of these are difficult to form
under ordinary concentrations (they are all unétable above 9°C).
At the very low concentrations of 012 present in the feed water
(refer to Figure I), the formation of chlorine hydrates is
virtually impossible. Further, they are yellow in color,
whereas the ice formation on the sublimator was indicated to beé

green,

4.4 Concentration Calculations

4.41 Solubility of Chlorine

The concentration of chlorine present as dissolved gas or

as the hydrolytic products HCl or HOCl may be calculated from
the equilibrium constant for reaction (I).

[mci] [roci]
K. =
1 =
[ctz] [nzo]
The brackets indicate the activities of each of the com-

ponents. In dilute solutions the activity coefficients are
unity (3)--the ideal solution approximation--.and the activities

may be replaced with mol fractions or other suitable concentration
units. -
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Since the HCl1l ionizes rieadily according to reaction (Il),

the equilibrium constant is more frequently reported as

:_-[H+J [c17] [moci]
[e1,]

where the mol fraction of water in dilute solution is assumed

K

to be unity. The hydrated ion H30+ is written for simplicity
as H+. )

From the stoichiometry of the reaction the concentration
of HOCl will be the same as that for H' and C1” in the event
that it dissociates only slightly. Since the equilibrium con-
stant for reaction (XII), dissociation of HOCl, is about 10-8
this will indeed be the case. )

for the concentration of chloride ion:

[01'} = {x {012]}1/3

The total chlorine present in solution may thus be

Therefore, we can solve

expressed as:

Total Chlorine = Chlorine as + Chlorine present as -

present dissolved gas Hydrolytic products

- [er] * {‘[‘“z]}m

Experimental values for K have been reported by Whitney

and Vivian.(s)
Temperature °C K(Ib-moles/cu.ft)z
10 7.10
15 8.55
20 10.7
25 ' 12.8
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Examining the percent of chlorine present as dissolved gas,

we have at 25°C.:

Percent Dissolved - ' [612]
Chlorine Gas ) [Clz] + {K [Clz}}1[3
1

1+2.34 [e1,] " 2/3

The results with chlorine expressed as 1b. Clzlft3 are
plotted in Figure 1.

4,42 NiCl, Salt Accumulation

For the reasons discussed above, the total amount of
Nicl
Ccl
of 6 ppm gives an equivalent amount of 6.9 x 10~

2 salt formed will be equivalent to thc tota. amount of

2 put into the subiimator feed water. The C124concentration3
1b. NicCl,/ft

solution. At a feed water rate of 0.5 1b. solution per hour,

this amounts to the accumulation of

-4 -6

6.9 X 10 (62.4)'1 0.5 = 5.5 X 10 1b. N1c12/hr.

In the 10 hour period between observed cycles, about
5.5 X 107

below (Section 7.3) this accumulation is large enough to have

1ib. of N1012 could have accumulated. As shown

caused the observed breakthrough phenomena.

5. Alternate Possible Mechanism for NiCl, Formation (AHB)
An alternate possible mechanism of Nicl2 formation can be

expressed as follows:

Cl, + H,0-—s HOC1l + HC1 (1)
£9ct —-Hel + [0] (vI)
[o] + wt—eni0 (V1I)
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NiO + 2HCl—~“’NiC12 + HZO (VIiI)

Since the porous nickel plate presents an enormous sur-
face area per unit volume to the HCCl, HCl, and nascent oxygen
reactants, the likelihood of such reactions occurring at a rapid

rate is very great.

6. Performance of Iodine Solution in the Sublimator (br. W.I.H.)

The reactivity of iodine is much less than that of chlorine.

It is much less clectronegative and accordingly a much poorer

(6)

ovidizing agent . In aqueous solution the tendeacy is for
the I, to remain in solution rather than to form hyuroiodic
acid analogous to the chlorine reaction (I). The reaction

I

4+ H,0 > HI + HOI (V)

2 2

13 at 25°C (7), and is

therefore of no practical importance. This reaction has no

has an equilibrium constant of 3 X 10~

chance to be shifted to the right by decomposition of HOI
since the dissociation constant<8) is also 10'13. The re-
action of water with iodine takes place in a complicated way (9)
giving th. end products hypoiodite, I0”, and polyiodide ions
such as 13-.
Another possible reaction
3, + 3M,0 TTI0,7 4+ SI7 + 6H' (VI)

lies so far to the left that it is used to estimate the presence
(10).

The presence of iodine in aqueous solution is therefore
mostly confined to the form 12. Thus, the solubility of this
species should be examined. At 25°C., it is soluble to the
extent of 0.34 gm/ liter and decreases solubility rapidly to
0.16 gm/ liter at 0‘6.(11). The effect of these solubilities on
the operation of the sublimator is examined below.

The possibility of formation of the salt Rilz is small
gince 1t requires a definitely alkaline solution of the hydroxide

of free hydxogen ion
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in hydroiodic acid (12{ Th¢ possibility of any significant

form of iodine besides I2 in the sublimator is therefore
discounted,

7. Analysis of Chlorine Case (Dr, F, L., W.)

It has been experimentally observed that breakthrough
¢f 1iquid water does occur under certain conditions. This
effect appears to offer a source of potential cperating
problems when the feedwater has been treated with chlorine.

In previous sections of this report it has been con-
cluded that the use of chlorine as a bactericide will lead
to the formation of nickel chlcride by the action of the
chlorine acids on nickel present in the system. The presence
of this salt in the water will cause several physical
properties of the water phase to change. The changes arise
because water is selectively removed from this phase by
vaporization in the porous plate of the evaporator.

A material balance around this porous element requires
that the concentration of nickel chloride increase with time
in direct proportion to the amount of chlorine entering the
system., This concentration increase causes the density of
the water phase to increase, the vapor pressure (Figure 2)
and the freezing point of the solution (Figure 3) to decrease.
The latter two are the changes of interest as they have a
direct effect on the breakthrough,

The observations reported in the "Preliminary Test
Repoxt”, Test Results on Sublimer Performance with Chlorine
Feedwater, dated May 1, 1967, indicate several events which.
are reported to be unique with the chlorinaqad feedwater
supply. These are: (a) green film formation and subsequent
disappearance, (b) wetting of the surface and (c) formation
of low density ice onr the surface. These items are to be

discussed and probable mechanisms presented in the following
sections.



7.1 Green film: The dppearauce of the green film is

Gue to the formationm of nickel chloride and the subsequent
formation of a very thin film of nickel chloride solution
on or at the surface of the porous metal, The appearance
of the green color and its intensification is directly re-
lated to the vaporization of the wa%“er from the pores aud
the increase in nickel chloride concentration due to the
selection process, .

At the higher heat loads vapor is formed at a
higher rate and the interface between the vapor phase and
the water-ice phase recedesinto the porous plate. This
effect causes the nickel chloride solution to be drawn back
into the pore structure by surface tension, Although the
exterior surface may still be wetted by the solution, the
effective thickness on the peaks will be extremely thir, If
the solution has not concentrated to a high enough level,
local freezing will also occur,

Such a very thin layer will not be visible* to the
observer even though the nickel chloride is still present at
the surface, To the observer the surface will zppear dry,.
Any local breakthrough which will provide fluid to increase
the fluid volume (as ice or solution) will cause the green
color to "re-appear'. 1If breakthroug: .oes not occur the
plate will be dry and have the appearance and color of the
porous nickel plate,

7.2 Wetting of the surface: The appearance of the

slush and wet areas on the surface is due tc minor local
breakthrouzh which provides a temporary surplus of liquid
which forms a solution with the nickel c**oride previously
deposited in and on the porous plate, This breakthrough was
observed to be closely connected with external vsriables
such as change in heat load, feedwater, pressure variation,
etc, In general, this is a self-correcting effect in thst
the water expelled has a high vapor pressure and will

* See Appendix: Experimental Work/Graen Film



L T

T —— ] e - E ) ) —a— —— —_—— - — v

vaporize at a very high rate causing rapsid cooling and

freezinz in the region. This ice then sublimes and the
Hwet"™ region vauishes as soon as the ice layer retreats
into the pores.

7.3 Ice formation: The formaticn of ice masses on the sur-

face of the plate is due to local breakthrovgh at a rate such
that: 1) a vapor cloud forms, producing ice crystals, 2) small
jets of water form streamers of ice., Although this results in
large masses of ice on the surface, the éffect is self-correcting
as previously noted.

In all of these cases the effects are related to the
phenomena called "breakthrough!" by the observer in the report
covering the preliminary test. The following section presents
a8 mechanism by which this can occur, It should be noted that
the presentation is related to local or isolated effects and
that the effects are time dependent. One area will be at one
"age™ and another at another "age"., This "age" is not just a
certain number of clock hours, put is also related to the
local heat flux which provides energy to vaporize water. The
nickel chloride associated with the solution is deposited In the
pore structure causing a lowering c¢f the local vapor pressure
and freezing point. The gross effects observed are due to an -
average for any particular area on the plate. Thus, it is
pcssible for breakthrough to occur in any isolated region if
ine average age reaches the critical value.

Breakthrough requires that water flow to the surface at a
relatively high rate. This is easily accomplished if the pore
structure does not contain ice, as the pressure drop for feed
rates expected (0.30 to 0.70 1lbs/hr for a plate having about
25 inz) is much less than the 4 to 6 psi pressure differential
available. This is true eveﬁ if the flow is through less than
12 of the superficial area.

An estimate of the location of the ice front at the time of
vaporization may be obtained by calculating the thickness of por-
ous plate required to yield the gas phase pressure drop known to
exist. The concentration of nickel chloride at the interface was
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assumed to be between 10 and 20 % by weight. This concentration
corresponds to the amount of salt as calculated in Section 4.42%
The equilibrium vapor pressure in this solution is about 1.5 psia.
The thickress of plate required for a gas phase pressure drop of
this mrznitude at a feed rate of 0.5 lélhr for the test module

is 0.023 iz :hes. The thickness of the actual plate was 0.024 %
inches. While the accuracy of the calculation is not the best,

it is felt that the result obtained is reasonable.

This implies that just before breakfhrough the ice inter-
face has moved to the feed water side of the porous plate. At
this location the ice layer.becomes very thin due to freezing
point depression by the nickel chloride and as a result not
able to withstand the 4 to 6 psi gradient. An idealized view
of this model is presented as Figure 4. Any sharp change in
this pressure due to exterral conditions will result in the
rupturing of ice although breakthrough would eventually occur
in either case. Breakthrough is followed by a rapid influ< of
water into the pore structure. This water carries with it the
accumulated nickel caloride associated with the pore. The flow
can be visualized as a plug of high concentration solution
followed by relative pure feed water. As soon as the feed water
reaches the low pressure side, rapid vaporization occurs and
generates a local dense water vapor cloud which condenses on the
adjacent surfaces as low density ice or snow. If the break-
through is large enough, streams of liquid will jet into the
free space, forming ice. The Nicxz salt appears as a contaminate
and causes coloration of this mass.

This local effect can spread (due to heating) due to the
influx of feed water, which can cause adjacent pores to break-
through "ahead of schedule". The self-propogating feature of
the system is damped by the Qaporization of feed water and within
a short period of time the region again returns to the initial
condition (ice and low temperature feed water) in the pore
structure.

However, unless the ice mass can be physically lifted
and removed from the surface (for example, it might separate

% See appendix: Experimental Work/Green Film
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at the surface due to local temperature and fall from the

surface if a gravity field i; present), the nickel chloride

will again be deposited on the porous metal surface. This
accumulation must occur because the water present in the ice will
sublime, leaving the non~volative nickél chloride. Thus, the
breakthrough will not remove the cause of the upset when the ice
is removed by sublimation. However, when the surface ice sublimes,
the net energy removed from the ccolant system will not be changed
by the breakthrough if the heat exchanger does not obtain heat
from extermnal scurces. This does not imply that satisfactory
operation can be obtained under breakthrough conditions, as
gsecondary effects such as loss of liquid through the steam

exhaust system are very undesirable. _

The magnitude of this breakthrough will be dependént upon
several factors, namely, magnitude and duration of the pressure
pulse, temperature of the local feed water, total Niclz deposited
in the pore structure, or inability of the steam-side chamber
to remove the vapor formed by the breakthrough. These factors
are closely tied to the actual design material and construction

of module and physical test system.

8. 1Iodine Case (Dr. F.L.W.)
Investigation of the iodine~water system properties in

the presence of nickel metal has been presented in Section 6.
The following deals with the potential problems associated with
the use of iodine (dissolved in the feed water) as a bactericide
in the concentration range 1 to 10 parts per million (ppm).

The feed water rate is taken to be between 0.30 and 0.70 1bs/hr.

The results are reported in terms of the amount of ifiodine del-

ivered to the test module per test module porous surface.,

A searcli of the literature reveals that elemental iodine
is very insoluble in water (0.16 gms iodine/liter solution at
32°F).

The desired requirement is that all of the ifodine entering
the module with the feed be removed by some mechanism.

-1l
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If the iodine does not accumulate or react to form acids and
subsequently salts, the module will perform the same as the
pure water feed case,

In the previous sections it was shown that iodine does
not form acids or react and therefore remains in solution as
élemental iodine, It is therefore necessary to determine if
the partial pressure of iodine will be such that it will
vaporize at the rate it enters with the feed water.

An important factor in this situation is the state of
the iodine-water system, If the iodine exists in a homogeneous
solution it ~xerts one partial pressure; however, if it exists
in a heterogeneous solution it will exert a substantiaglly
different partial pressure, Both cases will be examined,

Because iodine is very insoluble it will be necessary to
determine if the concentration in the liquid (or solid) phase
required to provide this partial pressure is greater than the
known solubility for iodine,

This calculation was made by assuming ideal solutions
(both phases), local conditions of 32°F in the porous plate
and a local total pressure equal to the vapor pressure of
water, This implies that the vapor is formed in the interior
of the porous plate at a depth such that the pressure drop (due
to gas flow) is equal to the difference between the vapor
pressure and the steam jackeé pressure., The result of this
calculation yields a required concentration of iodine equal to
1.54x10°3 gm iodine/gm solution, The literature value of iodine
solubility at this temperature is 1.4x10'4 gm/gm solution, Thus,
it is certain that iodine will accumulate in the porous metal
and will crystallize out of solution,

The question which must now be answered is whether or not
the amount of solid iodine formed will be detrimental to the
operation of the module., TLe following operating conditions
vere employed: 1) a basis of 100 hours of operation, 2) 10%
vaporization factor for iodine (90% to crystal), 3) feed rates
of 0.30 to 0.70 1bs/hr, 4) feed water containing 1.0 to
10 ppm iodine, 5) a porous plate unit 0,024 inches thick

-« 12 -



having 2> square inches of sidperficial surface area. A
graph has been constructed to indicate the percent of the
pore volume occupied by the iodine crystal. This is pre-
sented in Figure 5. As these calculations are based upon an
inlet feed water concentration of 10 ppm iodine as a maximum;
any reduction below this level will result in an equzl
reduction in residual solid iodine. This reduction will
continue until a feed water ioding concentration of 0.91 ppm
is reached. At this level all incoming iodine will bé
vaporized and no residual solid iodine will be present in

the porous metal. However, this approach (homogenous case)
has ignored the fact that any icdine solid surface in contact
with the gas phase will be generating iodine (vapor) at its
vapor pressure (Figure 6) and thus aid in reducing the amount
of residual solid iodine.

Examination of the heterogeneous case leads to the
result that the equilibrium partial pressure of iodine in
the vapor phase at 32°F is equal to its vaporxr pressure
(.0299 mmHg). This situation results from ti.e vapor pressure
property of immiscrible mixtures - each exerts a partial
pressure equal to its vapor pressure and the total pressure
is the sum of the vapor pressures. At 32°F, this yieldé a
possible gas phase iodine concentration of 8900 ppm iodine.
This is much greater than the required 10 ppm and as a result
there will not be any difficulty in removing iodine entering
in the feed water at any concentration up to the level
dictated by saturation data.

Although the permissible level is sixteen times the 10 ppm
specified, this favorable situation will exist only if the iodine
crystallizes in the porous'plate_ggg the resulting crystal sur-
face is exposed to the gas phase. This is certaim to occur
during normal operation of the module although the effect will
be cyclic in nature. A buildup of iodine crystals will be
followed by rapid vaporization until all free iodine is exhausted.
Any wetting of the surface by water will change the mechanism
to that of a homogeneous solution. As soom as the iodimne

crystals are‘exposed the system will again behave according to

-13



the heterogeneous mechanism.’

9. Conclusions

In summary, the following conclusions have been reached
as a result of this study:

(A) The phenomenon called "breakthrough'" is the result
of vapor pressure and freezing point depression caused by
an accumulation of the salt Niclz, This salt is produced
when chlorinated water is exposed to the highly divided
nickel surface in the sublimator plate, particularly in the
presence of nickel oxide (which is present intiially and also
may be formed by oxidation due to the nascent oxygen formed
by decomposition of HOCLl).

(B) If iodine is used as a bactericide there will not be
any reaction between the iodine and the nickel. Therefore
there cannot be an accumulation of soluble salts to cause the
kind of undesirable effects observed with chlorinated feed
water.

(C) The exact mechanism for removal of the iodine from the
porous pléte cannot be determined., It is probable that the
iodine removal rate will vary with time, resulting in a variable
concentration of iodine both in the porous plate and in the
effluent vapor (this effect is not to be confused with the
cyclic breakthrough phenomené gssociated with the chlorinated
feed water).

Whether the iodine removal is c¢yclic or uniform however,
is irrelevant. 1In either case the rate of iodine removal
will be adequate to prevent any long-range accumulation, and
short-term cyclic accumulations probably will not have a period
or amplitude great enough to be detrimental to the operation of
the sublimator,

(D) Based on B and C above; it is concluded that the system
should operate on iodated feed water in the same manner as it
does with pure feed water, and that the presence of ub to
10 ppm of fodine in the feed water should cause no appreciable
-degradation of performance.,

-1l4-



10. Recommendations .

Since the mechanism controlling the rate of removal of
iodine is very dependent upon the physical configuration and
operating conditions, it 1is recommended for safety considera-
tion that empirical physical tests of the iodine system be
conducted, Adequate reliable data should be collected to make
an accurate quantitative analysis of the system to determine
whether the Iodine will accumulate under actual flight con-
ditions during the time period anticipated for the flight
duration.

It is possible to do tnis with a small test module in a
manner similar to the tests previously conducted, althoughk the
data collected should include more exact pressure control, feed
water analysis, etc., and must also include means to monitor
continously (or at frequent intervals) the Iodine content

of the effluent water vapor.

-15-
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APPENDIX

EXPERIMENTAL WORK/GREEN FILM

In order to verify the observations (contractor) concerning
the green film and ice formed in the prelimiuary test, a
simple experiment was carried out, This experimental work
congsisted of preparing aqueous soluticns of nickel chloride
NiCl, in the concentration range0.76% by weight to 21.1%. 1In
orde; to approximate the conditions believed to exist on the
module surface, thin films of these solutions were prepared.
These films were placed against a surface similar to the
porous nickel reportedly used in the module,.
From these tests, it was concluded that a NiCIZ concentration
between 10 and 20 percent for films ,002" to ,0057% thick

must exist if the green color is to be readily seen. Sub-
sequently the films were frozen and the observation repeated

with the same conclusions.

It should be pointed out, that the ability to "see" the green
color associated with the nickel chloride is very dependent
upon the background material (1% is readily observed against
a diffuse white surface), and the angle and intensity of
incident 1light,
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See Detail "A"
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