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l 1. INTRODUCTION "

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

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 recommendatlons resulted from this effort.

2. BACKGROUND

A sublimator is to be used 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 s,ibcontractor test of a test section
B

of the module resulted in unexplained phenomena when chlorinated

water was used as feed water. A green color was formed, ice or

m snow appeared on the downstream side of the sublimator slntered

plate, and this seemed to occur in a cyclic manner. Details

I appear In contractor report No. PMP-LEM-140 of May I, 1967.

I 3 • O B JE CTI VE
As stated summarily in Task Order No. 5 and subsequently

i elaborated verbally by Mr. W.W. Guy and staff, HRI Inc. wasretained to analyze and explain the unusual phenomena which

occur when chlorine is used as a bactericide, and also to

I comment about the probability of llke or similar happenings

which might occur when Icdlne is used as a bactericide.

I 4. ANALYSIS OF BREAKTHROUGH PHENOMENA (Dr. WIH)

i The breakthrough phenomena occurring with the use ofchlorinated feed water may be explained (1) by examining the

chemistry of the chlorlne-water-nlckel system and (2) by

I considering the consequent effects on the physical and

hydrodynamic behavior of the system.

I 4.1 Solubility of Chlorine

i When chlorine gas is bubbled through water, several reactionstake place consecutlvely. Some of the chlorine gas is dissolved

I
I -1-

• *
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but at low concentration alm6st all of it reacts with water

according to _^_,=reaction:

Cl 2 + H20---_HCI + HOCI (I)

In fact, at a total chlorine concentration of 6 ppm, the

amount of CI 2 unreacted, i.e. present as dissolved gas, is in

the order of 10-10Z (See Figure I).

The covalent HCI almost completely dissociates in dilute

aqueous solution.

HCf + H20-_H30+ + CI" (II)

HOC1 is a weak acid and only partly dissociates according to

HOCl d 1/2 02 (zzz)

4.2 Reaction with Nickel

A dilute solution of HCf will react with nickel to give

the salt nlckelous chloride. 413)

Ni + HCf (dilute)--_H 2 + NiCl 2 (IV)

An additional effect of the presence of HCf on this reaction

is to reduce the solubility of the NIC12.(14) Removal of NiCl 2

from solution by this mechanism will tend to displace reaction

(_V) toward completion. This reaction further has the effect

that it removes HCI from its equilibrium feed water concentration

causing reaction (I) to proceed further toward completion.

One would expect that the concentration of HOCI would build

up as reaction (Z) shift8 toward the right. This will not occur

with Ni present for two reasons. Even though the HOCI dlssoclates

only 8lightly by reaction (III), the removal of HC1 by reaction

(IV) will consequently shift (III) to the right and its equilibrium

concentration will decrease. A second reason involves the rate

-2-
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of HOCI dissociation. Normally, the reaction proceeds very

slowly. Ilowe_er, in the presence oF_ a rough surface and ,,I0_'",
(I)

the reaction proceeds readily.

Both of these conditions are present in the sintered

nickel plate of the sub lima to r .

The validity of the above mechanism is substantiated by

the experimental results of the sublimator tests. First of all,

NiCI 2 was found to be the principal compound on the surface 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 Formation

The possibility of chlorine hydrate formation has been

sugges=ed. It is true that chlorine can form hydrates at l:_w

temperatures. However, all of these are difficult to form

under ordinary concentrations (they are all unstable above 9°C).

At the very low concentrations of C12 present in the feed water

(refer to Figure I), the formation of chlorine hydrates is

virtually impossible. Further, they areyellow in color,

whereas the ice formation on the sublimator was indicated to be

green.

4.4 Concentration Calculations

4.41 Solubillty of Chlorine

The concentration of chlorine present as dissolved gas or

as the hydrolytic products HCf or HOCI may be calculated from

the equilibrium constant for reaction (I).

K 1
[_1_] [H2 o]

The brackets indicate the activities of each of the cora-

l ponent8. In dilute solutions the activity coefficients are

unity (3)--the ideal solution approximation--and the activities

I may replaced with tool fractions or other suitable concentration
be

uni t8 •

| -3-
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Since the HCf ionizes r.eadily according to reaction (If),

the equilibrium constant is more frequently reported as

[.+]
K -=

where the mol fraction of water in dilute solutlon is assumed

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

From the stoichiometry of the reaction the concentration

of HOCI will be the same as that for H+ and Ct" in the event

that it dissociates only sllghtly. Since the equillbrium con-

stant for reaction (III), dissociation of HOC1, is about 10 "8,

this will indeed be the case. (4) Therefore, we can solve

for the concentration of chloride ion:

[01 °] = {'_12]]1/3 ..

The total chlorine present in solution may thus be

expressed as:

Total Chlorine = Chlorine as + Chlorine present as

present dissolved gas Hydrolytic products

.Experimental values for K have been reported by Whitney

and Vivian. ($)

Tenperature *C K(Ib-moles/cu.ft) 2

I0 7.10

15 8.55

20 10.7

25 12.8

-4-
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Examining the percent of chlorine present as dissolved gas,

i we have at 25°C.:

Percent Dissolved [C12]

The results with chlorine expressed as lb. Cl21ft3 are

I plotted in Figure I.

I 4.42 Salt AccumulationNiCl 2

For the reasons discussed above, the total amount of

I NiCI 2 salt formed will be equivalent to the total amount of
C12 put into the sublimator feed water. The CI 2 concentration

of 6 ppm gives an equivalent amount of 6.9 x 10-4 lb. NiCl2/ft 3

I solution. At a feed water rate of 0.5 lb. solutioD per hour,

this amounts to the accumulation of

!
6.9 X I0-4 (62.4) -I 0.5 = 5.5 X I0 "6 lb. NiCl21hr.

!
In the 10 hour period between observed cycles, about

I 5.5 X 10 -5 lb. of could have accumulated. As shownNICl 2

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

I caused the observed breakthrough phenomena.

5. Alternate Possible Mechanism for NICI 2 Formation (AHB)

i , ,,,An alternate possible mechanism c f NIC12 formation can be

expressed as follows:

I ci2+ ,,2o----,,oci+ Hc, (1)
II

I _,)cl--...cl + [0] (v,)

I [o] + ,,._.,,,.o (,,,)
I -5-

I&
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NiO + 2HCI----_NiCI 2 + I{20 (VIII)

Since the porous nickel plate presents an enormous sur-

face area per unit volume to the HOCI,'HCI, and nascent oxygen

reactants, the likelihood of such reactlov.s occurring at a rapid

rate is very great.

6. Performance of Iodine Solution in the Subllmator (Dr. W.I.H.)

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

It is much less electronegatlve and accordingly a much poorer

ox_.dizing agent (6). In aqueous solution the tendency is for

the 12 to remain in solutlon rather than to form hydrolodlc

acid analogous to the chlorine reaction (I). The reaction

12 + H20 _ HI + HOI (V)

has an equilibrium constant of 3 X 10 "13 at 25°C (7) and is

therefore of no practical importance. This reaction has no

chance to be shifted to the right by decomposition of HOI

constant (8) is also 10 -13since the dissociation . The re-

action of water with iodine takes place in a compllcated way (9)

giving th_ end products hypolodlte, IO', and polylodlde ions

e,,ch as I3".

Another posslble reaction

312 + 3H20 :IO 3- + 51" + 6H + (Vl)

lles 8o far to the left that it is used to estimate the presence

of free hydrogen ion (10).

The presence of iodine in aqueous 8olutlon is therefore

mostly confined to the form 12. Thus, the solubillty of thl8

species should be examined. At 25°C. It 18 soluble to the

extent of 0.34 gin/ llter and decreases solubillty rapldly to

0.16 gin/ llter at GoC. (11). The effect of these solubllltle8 on

the operation of the subltmator t8 examined below.

The posslbillty of formation of the salt NIZ 2 Is small

slnee it requires a deflnltely alkallne 8olutlon of the hydzoxlde

-6-
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in hydroiodic acid (12) Th_ possibility of any significant

form of iodine besides 12 in the subllmator is therefore

discounted.

7. Analysis of Chlorine Case (Dr. F. L. W.)
It has been experimentally observed that breakthrough

cf liquid water does occur under certain conditions. This

effect appears to offer a source of potential operating

problems when the feedwater has been treated with chlorine.

I 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 chlcrlde by the action of the
chlorine acids on nlckel present in the system. The presence

I of this salt in the water will cause several physical
properties of the water phase to change. The changes arise

i because water is selectively removed from this phase byvaporization in the porous plate of the evaporator.

A material balance around this porous element requires

I that the concentration of nickel chloride increase with time

in direct proportion to the amount of chlorine entering the

I system, increase causes the density of
This concentration

the water phase to increase, the vapor pressure (Figure 2)

I and the free=ing point of the solutlon (Figure 3) to decrease•
The latter two are the changes of interest as they have a

I direct effect on the breakthrough.
The observations reported in the "Prelimlnary Test

Repozt" Test Results on Subllmer Performance with Chlorlne

I 'Yeedwater, dated Ma_, I, 1967, indicate several events which

are reported to be unique with the chlortnated feedwater

I supply. These are: (a) green film formation and subsequent

disappearance, (b) wetting of the surface and (c) formation

J of low density ice on the surface. These items be
are to

discussed and probable mechanisms presented in the following

sections.

1967028226-009



7.1 Green film: The ._ppearance of the green film is

due to the formation of nl ,._ic_=_ chloride and the subsequent

formation of a very thin film of nickel chloride solution

on or at the surface of the porous mefal. The appearance

of the green color and its intensification is directly re-

lated to the vaporization of the water from the pores a.d

the increase in nickel chloride concentration due to the

selection process.

At the higher heat load_ _,apor is formed at a

higher rate and the l.rerface between the vapor phase and

the water-ice phase recedeslnto 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 thlp. 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 appear 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". If breakthrough., foes 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 to. minor local

breakthrough which providas a temporary surplus of liquid

which forms a solution wtth the nickel c_'oride previously

deposited in and on the porous plate. This breakthrough was

observed to be closely connected with external variables

such as change in heat load, feedwater, pressure variation,

etc. In general, this is a self-correcting effect in that

the water expelled has a high vapor pressure and will

* See Appendix: Experimental gork/Czeen Film

- 8-
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I vaporize at a very high rate causing rap_d cooling and
freezin_ in the region. Thi's ice then sublimes and the

"wet" region ,_auishes as soon as the ice layer retreats

I into the pore_;.

7.3 Ice fozme,tion: The formatLon of ice masses on the sur-

i face of the plate is due to local breakthrot,_h at a rate such

that: I) a vapor cloud forms, producing ice crystals, 2) small

jets of water streamers ice. Although results in
form of this

large masses of ice on the surfaoe, the effect 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 reportcovering the preliminary test, The following section presents

i a mechanism by which this can occur. It should be noted thatthe 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, but is also related to the

I local heat flux which provides energy to vaporize water. The
nickel chloride associated with the solution is deposited in the

I pore structure causing a lowering c f the local vapor pressureand freezing point. The gross effects observed are due to an

i average for any particular area on the plate. Thus, it ispcssible for breakthrough to occur in any isolated region if

the 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

: I structure does not contain ice, as the pressure drop for feed
gl

rates expected (0.30 to 0.70 lbs/hr for a plate having about

I In2)
: 25 is much less than the 4 to 6 psi pressure differential

available. This is true even if the flow is through less than

• _ I_ of the superficial area.
An estimate of the location of the ice f_ont at the time of

i vaporization may be obtained by calculating the thickness of por-ous plate required to yleld the gas phase pressure drop known to

exist. The concentration of nlckel ehlorlde at the interface was

!
- 9'-
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I assumed to be between I0 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 thickness of plate required for a gas phase pressure drop of

this m-_nitude at a feed rate of 0.5 Ib/hr for the test module

I is 0.023 i_.-he_. The thickness of the actual plate was 0.024 +o

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 breakthrough 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 notable to withstand the 4 to 6 psi gradient. An idealized view

of this model is presented as Figure 4. Any sharp change inthis pressure due to external 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

,I accumulated nickel c_loride associated with the pore. The flow
l

can be visualized as a plug of high concentration solution

I 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 NiCI2 salt appears as a contaminate
and causes coloration of this mass.

i

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 vaporization 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

-10-
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i
I at the surface due to local and fall from thetemperature

surface if a gravity field is present), the nickel chloride

I will again be do.poslted on the porous metal surface. This
accumulation must occur because the water present in the ice will

sublime, leaving the non-volative nickel chloride. Thus, the

I breakthrough will not remove the cause of the upset when the ice

is removed by sublimation. However, when the surface ice sublimes,

I the net energy removed from the c(olant system will not be changed

by the breakthrough if the heat exchanger does not obtain heat

i from external This does not that
sources. imply satisfactory

operation can be obtained under breakthrough conditions, as

I secondary effects such as loss of l_quid through the steam
exhaust system are very undesirable.

i The magnitude of this breakthrough will be depende_tt upon
several factors, namely, magnitude and duration of the pressure

i pulse, temperature of the local feed water, total NICI 2 depositedin the pore structure, or inability of the steam-side chamber

to remove the vapor formed by the breakthrough. These factors

I are closely tied to the actual design material and construction

of module and physical test system.

i 8. Iodine Case (Dr. F.L.W.)

Investigation of the iodine-water system properties in

I the presence of nickel metal has been presented in Section 6.

The following deals with the potential problems associated with

I use of iodine (dissolved in the feed water) as a bactericide
the

in the concentration range I to I0 parts per million (ppm).

I The feed water rate is taken to be between 0.30 and 0.70 Ibs/hr.
The results are reported in terms of the amount of iodine del-

l Ivered to the test module per test module porous surface.
A searc1_ of the literature reveals that elemental iodine

i is very insoluble in water (0.16 gins iodine/liter solution at32°I;') .

The desired requ_'rement is that all of the iodine entering

I the module with the feed be removed by some mechanism.

I -11-
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If the iodine does not accumulate or react to form acids and

subsequently salts, the module will perform the sam_ as the

pure water feed case.

In the prevlouJ sections it was shown that iodine does

J not form acids or react and therefore remalns in solution as

elemental iodine. It is therefore necessary to determine if

I the partial of iodine will be such that it will
pressure

vaporize at the rate it enters with the feed water.

An important factor in this situation is the state of
the iodlne--watcr system. If the iodine exists in a homogeneous

solution it exe1_s one partial pressure; however, if it existsin a heterogeneous solution it will exert a substantially

different partial pressure. Both cases will be examined.

I Because iodine is very insoluble it will b=_ necessary to

determine if the concentration in the liquid (or solid) phase

I required to provide this partial pressure is greater than the

known solubility for iodine.

• This calculation was made by assuming ideal solutions

(both phases), loca] conditions of 32°F in the porous plate

I and a local total pressure equal to the vapor pressure of
water. This implies that the vapor is formed in the interior

m of the porous plate at a depth such that the pressure drop (dueto gas flow) is equal to the difference between the vapor

pressure and the steam jacket pressure. The result of this

I calculation yi__Ids a required concentration of iodine equal to

1.54xi0 -3 gm iodine/gm solutlon. The literature value of iodine

I solubility at this temperature is 1.4xlO -4 Era/Era solution. Thus,
It is certain that iodine will accumulate in the porous metal

I and will crystallize out of solution.
The question which must now be answered is whether or not

i the amount of solid iodine formed will be detrimental to theoperation of the module, Tl, e following operating conditions

were employed: 1) a basis of 100 hours of operation, 2) 10_

I vaporization factor for iodine (90Z to crystal), 3) feed rates

of 0.30 to 0.70 lbs/hr, 4) feed water containing 1.0 to
g

10 ppm iodine, 5) a porous plate unit 0.024 inches thick

1967028226-014



I

having 2_ square inches of sdperficial 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 I0 iodine
ppm as a maximum;

any reduction below this level will result in an equal

I reduction in residual solid iodine. This reduction will
continue until a feed water iodine concentration of 0.91 ppm

I is reached. At this level all incoming iodine will bevaporized and no residual solid iodine will be present in

the porous metal. However, this approach (homogeuous case)

I has ignored the fact that any ic_ine solid surface in co_tact

with the gas pbase will be generating iodine (vapor) at its

I vapor pressure (Figure 6) and thus aid in reducin_ the amount
of residual solid iodine.

I Examination of the heterogeneous case leads to the
result that the equilibrium partial pressure of iodine in

I the vapor phase at 32°F is equal to its vapor pressure
(.0299 mmHg). This situation results from tile vapor pressure

i property of immlscrible mixtures - each exerts a partialpressure equal to its vapor pressure and the total pressure

is the sum of the vapor pressures. At 32°F, this yields a

I possible gas phase iodine concentration of 8900 ppm iodine.

This is much greater than the required 10 ppm and as a result

I there will not be difficulty in removing iodine entering
any

in the feed water at any concentration up to the level

I dictated by saturation data.
Although the permissible level is sixteen times the 10 ppm

I specified, this favorable situation will exlst only if the iodinecrystallizes in the porous plate and the resulting crystal sur-

face is exposed to the gas phase. This is certain to occur

I during normal operation of the module although the effect will

be cyclic in nature. A buildup of iodine crystals will be

I by rapid vaporization until all free iodine is exhausted.
followed

Any wetting of the surface by water will change the mechanism

to that of a homogeneous solution: As soom as the iodine
crystals are exposed the system will again behave according to

-13-
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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 NiC12: 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 HOC1).

(B) If iodine is used as a bactericide there will not be

any reaction between the iodine and the nickel. _herefore

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 plate cannot be determined. It is probable that the

iodine removal rate will vary with time, resulting in a variabl, e

concentration of iodine both in the porous plate and in the

effluent vapor (this effect is not to be confused with the

cyclic breakthrough phenomena _.ssoclated with the chlorinated

feed water).

Whether the iodine removal is cyclic or uniform however,

is irrelevant. In 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 sub l ima to r .

(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 up to

10 ppm of iodine in the feed water should cause no appreciable

• degradation of performance.

-14-
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i

i I0. Recommendations •

n Since the mechanism controlling the rate of removal of

iodine is very dependent upon the physical configuration and

operating conditions, it is recommended for safety considera-

I 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 this with a small test module in a

manner similar to the tests previously conducted, although the

data collected should include more exact pressure control, feed

m water analysis, etc., and must also include means to monitor

continously (or at frequent intervals) the Iodine content

of the effluent water vapor.
o

I
I
I
I
I
I
I
_" - 1"5-
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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 prelimi_lary test, a

simple experiment was carried out. This experimental work
consisted of preparing aqueous solutions of nickel chloride

NiCI 2 in the concentration range0.76% by weight to 21.17_. In
order to approximate the condlt_ons 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 NICI 2 concentratio_

between I0 and 20 for films .002" .005% thick
percent to

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 (I_ is readily observed against

a diffuse white surface), and the angle and intensity of

I incident light•

I
I
I
I
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F IGURE 2

NiCI 2 - H_O System
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•I. FIGURE 3 :

!:.:.i!'i::,!i.i: Water-NiCIFreezlngPoint2....Svs tern _

Concentration NIC12 - (wtZ)
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FIGURE 4

! •
• Idealized Cross-Section

Porous Plate
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Surface Surface
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See Detail
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