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DEPOSITION OF CORROSION PRODUCTS BY CATAPHORESIS 

by 

Walter Fagan 

ABSTRACT 

This r e po r t i s a r eco rd of exper imenta t ion conducted i n t e r m i t 
tently over a per iod of two y e a r s and d i rec ted toward preventing 
deposit ion of t r a n s p o r t c o r r o s i o n products on fuel e lements and 
other c r i t i ca l components in h igh - t empe ra tu r e , c i rculat ing water 
nuclear r e a c t o r . It includes the postulated m e c h a n i s m for depos i 
tions a descr ip t ion of exper imenta l equipment, exper imenta l data^ 
r e s u l t s obtained f rom the exper iments , and recomrnendat ions for 
future study, 

I. INTRODUCTION 

In the Spring of 1951, an invest igat ion was ini t iated to develop methods 
of preventing deposi t ion of t r a n s p o r t cor ros ion products on fuel e lements and 
other c r i t i ca l components of a c i rcula t ing water nuclear r e a c t o r . Exper imenta l 
evidence-^ indicated that deposit ion could occur on fuel e l ement s with d i s a s 
t rous r e s u l t s to both heat t r an s f e r and p r e s s u r e drop in a r eac to r c o r e . The 
deposit ion observed was cimiJar to those where i ron filings a r e used to observe 
the magnet ic field of a ho r seshoe magnet . The observat ions suggested that the 
phenomenon of deposit ion was e lec t r i c or magnet ic in n a t u r e . 

It i s well known that a fluid flowing at a high velocity past a surface may 
cause an e lec t r i c charge separa t ion at the sur face . This i s known as a s t r e a m 
ing potent ial . Another phenomenon that i s well known is ca taphores i s , the m i 
gra t ion of colloidal pa r t i c l e s in an e lec t r i c field, the charge of the colloid being 
due to the absorpt ion of ions . It s e e m s poss ible that colloidal t r a n s p o r t c o r 
ros ion products could acqui re an e lec t r i c charge and be deposited on a metal l ic 
surface at high velocity, 

II. PURPOSE 

The purpose of the invest igat ion was to design an appara tus which would 
confirm the postulated deposit ion m e c h a n i s m by inducing or preventing p r e 
cipitation in p re se l ec t ed a r e a s in the appa ra tus . 

III. TEST APPARATUS AND PROCEDURE 

The t e s t assenably, shown in F igure 1, consis ted of four t e s t sec t ions , 
in s e r i e s (Figure 2), housed in a 2-foot length of Schedule 80, 4- inch Type 347 
s ta in less s teel pipe with 2500-lb flanges on each end. The f i r s t t es t section, 

^C, Wohlberg, F . W. Kleimola, " F a c t o r s Which Affect Format ion and Deposi
tion of T ranspo r t Cor ros ion products in H igh -Tempera tu re Recircula t ing 
Water Loops, " R E D Technical Memoran^TSm 2;* Aj^]4-ff£--r4lC3»ie^ ' | 1952. . f 
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which c i rcula t ing water f i r s t e n t e r s , cons i s t s of a s tack of five c rys t a l b a r 
z i rconium flat p la tes followed by a second identical t e s t sect ion except that 
a potential difference is external ly applied a c r o s s the pla tes (Figure 3), 
Tes t sect ions 3 and 4 a r e identical to 1 and 2 except Type 347 s ta in less steel 
p la tes a r e used. The uncharged plates in Sections 1 and 3 a r e e lec t r ica l ly 
floating. All p la tes a r e mounted in a Teflon holder . Each of the four t e s t 
plate sect ions i s separa ted from, i t s neighbors by a Teflon space r of length 
1.25 in. (F igure 4) . The p la tes mieasure 2.50 in. long by 2,25 in. wide by 
0.100 in, thick and a r e so i n s e r t e d in the holder that the fluid moving p a r 
allel to the p la tes ro.ust t r ave l pas t a 2,50 in, long p la te . The holder and 
p la tes a r e so spaced that the c r o s s - s e c t i o n a l a r e a available for flow will be 
4 r ec tang les , each measur ing 0.087 in, by 2,0 in . P r e s s u r e drop m e a s u r e 
ment s a c r o s s the individual plate sect ions a r e made by means of hypodermic 
needles acting as p r e s s u r e taps and extending i.-'-to die Teilon spacer (Figure 5). 
P r e s s u r e drop readings a r e taken with a h i g h - p r e s s u r e , m e r c u r y - g l a s s 
U- tube . A valve manifold i s used to feed the four different p r e s s u r e d rops 
into the one U- tube , The d-c source for potential input i s 1-1/2 volt dry 
ce l l s and potential rheos ta t . A mi l l i ame te r m e a s u r e s the c u r r e n t drawn by 
the plate sec t ions . The t e s t a s sembly may be in se r t ed in any high-pressurCs 
c i rculat ing water loop by m e r e l y providing two companion flanges to a c c o m 
modate the t e s t a s s e m b l y . Thus the water flowing in the loop mus t pa s s 
through the pipe sect ion which, in turn , houses the tes t assem.bly. 

The exper iment i s per formed by bolting the pipe section into place 
and c i rcula t ing water through the t e s t sect ion. The flow ra te i s adjusted so 
that the des i r ed fluid velocity i s obtained. The c r o s s sect ion available for 
flow i s such that a l inear velocity of 25 fps., which co r r e sponds to a flow ra te 
of 54 gpm, i s a t ta ined. The potential input i s tu rned on and maintained con
stant at the de s i r ed value. Mi l l i amete r readings a r e taken per iodica l ly . It 
was des i r ed in all t e s t s that the i m p r e s s e d voltage would not exceed the d e 
composit ion voltage of water , although th is might be a good way of prevent ing 
deposit ion by bubble form.ation assuming that the anode does not d i sso lve . 
The t e m p e r a t u r e of the loop i s r a i s ed to the optimmm value and maintained 
throughout the t e s t . It i s deemed unwise to exceed 450F owing to the d imen
sional instabi l i ty of Teflon at high t e m p e r a t u r e under the dynamic load. 

P r e s s u r e drop data a r e taken per iodical ly and used a s a m e a s u r e of 
deposit ion. The drop i s mainly due to the i nc r ea se in surface roughness a s 
caused by the deposi t ion. 

A. Tes t No. 1 (P re l im ina ry Test) 

The ca t aphores i s pipe sect ion was in se r t ed in a Small Scale Heat 
Throughput Loop used to c i rcu la te h i g h - p r e s s u r e , h i g h - t e m p e r a t u r e water 
through Type 347 s ta in less s tee l piping. Opera t ions were not very steady with 
many shutdowns, down t ime and other pe r tu rba t ions . However, the total t es t 
t ime was 32 h r at a t e m p e r a t u r e of 240F and a p r e s s u r e of 315 ps ig . The flow 
ra te was 50 fps. A d-c voltage of 1.5 was i m p r e s s e d on the charged p la tes . 
In o rde r to de te rmine if decomposi t ion of water was taking place due to e l e c -
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II 
trolysls, the current-voltage relation, was plotted while the apparatus was in 
operation. Up to and incliidiiig a ¥oltage of 1„5, the curve is linear, having a 
negative intercept on the zero voltage ordinate due to a back emf. The l in
earity proves that electrolysis was aot taking place 

Since the operating conditions were so variable and so far away 
froKi optlnnam, and since the operating time was so short, detailed results 
will not be reported since they a r e rather wieaningless and only show trends. 

All -uncharged plates al l of the charged zirconimn plates and 
the negatively charged stainless steel plates were cleam and bright^ while 
the positively charged stainless steel plates had a tigMly adherent dark 
brown film on, them (Figure 6)< Spectrographic analysis was made of this 
film; the relative weights of the constituents a re tabulated. 

F e 
P b 
C r 
Ni 
Mn 

Tes t No ̂ (Bi lgi 

8 
20 

0.8 
0,7 
1,0 

Bwater Test) 

Mg 
Ca 
Z r 
Cu 

0.05 
0.05 

< 0 . 0 5 
1.0 

The preliminarf test showed that a preferential precipitation 
was obtainedj therefore it was decided to condiict the same experiment under 
much more favorable operating conditions. The previously described test 
section was inserted im a Large Scale Component Test Facility which Is used 
to circmlate Mgh-temperature. high-pressure water through Type 34? stain
less steel piping. The test was operated continuomsly for 362 hr. The operat
ing conditions were: 

Voltage 1,0 
Velocity, fps 27 
Temperature, F 450 
P res su re , psi 1000 
pH 6 to 7 
Oxygen concentration cc / l 0,2 
Water resistivity, ohm-cm 100.000 to 300,000 

At the conclusioH of tte test, the apparatus was disassembled and 
the plates inspected and photographed (Figure 7), The uncharged plates had 
a tightly adherent thin film which is characteristic of good corrosion r e s i s t 
ant samples in such an environme-ftt. The negatively charged zircomium 
plates had a tightly adherent film which appeared to be much less than that 
on the uncharged zirconium.. The negatively charged stainless steel plates 
were perfectly cleaa with a black matte surface appearance. The positively 
charged zirconium plates and the positively charged stainless steel plates 
had very generous deposits of a dark brown solid. This solid, while not 
being as tightly adherent as a film, was well beaded to the plate and sc rap 
ing with a sharp tool was necessary to dislodge the^degos/,ts,». 
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The deposit on the s ta in less s teel p la tes weighed 0.84 gmi which 
r e p r e s e n t s a concentrat ion of 42 m g / s q in. The deposit on the z i rconium 
pla tes weighed 1.01 gm which r e p r e s e n t s a concentrat ion of 50 m g / s q in. 

X- r ay diffraction showed that the deposi ts removed from the 
s ta in less s teel and z i rconium plates were identical and were essent ia l ly 
cupric oxide. Wet chemical analys is of deposit from a z i rconium plate 
showed 58.2 per cent copper and 5.41 per cent i ron . The deposit showed a 
weak a t t rac t ion for a l abora tory- type horseshoe magnet . The deposit f rom 
the s ta in less s tee l plate yielded the following spec t rographic analysis-

Element 

F e 
C u 
P b 
Ni 
C r 
Mn 
Z r 
Al 

P e r c 

10 
>20 

2 
1 
0.4 
4 
0.1 
0.4 

P r e s s u r e drop data a r e plotted in F igu re 8. It is noted that the 
p r e s s u r e drop a c r o s s the uncharged sect ions remained essent ia l ly constant 
throughout the t e s t . The charged z i r con ium sect ion suffered a very la rge in 
crease in p r e s s u r e drop in the f i r s t 60 hr of running times leveled off̂  and 
then slowly r o s e . The charged s ta in less s teel section showed the same gen
e r a l cha rac t e r except that the sha rp r i s e in p r e s s u r e drop took place after 
the z i rconium p r e s s u r e drop was essent ia l ly sa tura ted . 

The cu r ren t drawn by the charged plate was recordedj but due 
to the poor water r e s i s t iv i ty during the f i r s t 100 hr of the run, the cu r ren t 
fluctuated cons iderably . 

^ - Tes t No. 3 (SOS Test) 

In view of the exis tence of a la rge quantity of copper observed 
in the Bilgewater T e s t , it was decided to repea t the tes t in a loop which was 
known to be quite c lean. It i s not to be in fe r red that the Bilgewater Tes t was 
per formed in an "as i s " loop^ but it is fact that the loop had been cleaned by 
var ious and sundry cleaning agen t s . The Small Scale Heat Throughput Loop 
was cleaned by mechanica l f i l t rat ion followed by circulat ing a hot, s t rong 
solution of n i t r i c acid . Repeated flushing with water was undertaken to r e 
move the las t t r a c e of n i t r ic acid . The operating var iab les for the SOS Test 
were a s follows* 
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Velocity 
pH 
Resis t iv i ty 
T e m p e r a t u r e 
p r e s s u r e 
Oxygen concentrat ion 
Voltage a c r o s s t es t 

sect ion 

16 

25 fps 
5-6 
200,000 to 500,000 o h m - c m 
450F 
1000 ps ia 
0.2 c c / l 

1,0 d~c 

The t e s t began October 21» 1952, and was concluded two weeks 
l a t e r . The uncharged and negatively charged zdrconium pla tes have a c h a r 
ac t e r i s t i c tightly adherents i r idescen t appea rance . The posit ively charged 
z i rconium plate has , super imposed upon its film, smal l specks of solid 
which look not unlike the appearance of a plate spr inkled with finely divided 
black pepper . The m a s s quantity appears very sma l l but the "pepper" is 
definitely p r e sen t and very loosely adherent . The rubbing of a finger a c r o s s 
the surface is sufficient to remove the "pepper.* 

The posit ively and negatively charged s ta in less s tee l plates have 
generous quanti t ies of deposits upon them. The appearance of the posi t ively 
charged pla tes s e e m s identical to the Bilgewater deposition color , whereas 
the negatively charged pla tes have the same type deposit but da rk olive in 
color . The uncharged s ta in less s teel plate has a fine f i lamentary deposit on 
it which is loosely adherent . The deposit is s imi l a r to the i ron powder-
horseshoe magnet exper iment descr ibed previous ly . T r a c e s of the deposit 
pa t t e rn look not unlike that of the m a c r o gra in s t ruc tu re of the p la te . The 
posit ively charged s ta in less s teel deposit weighs 46 mg which r e p r e s e n t s a 
deposition density of 2.3 m g / s q in., while the negatively charged s ta in less 
s teel deposit weighs 96 mg which r e p r e s e n t s a deposition density of 4,8 m g / 
sq in. The weight gain on al l other p la tes is negligible as compared to the 
charged s ta in less s teel p l a t e s . The r e su l t s of spec t rographic analys is of 
the deposi ts on the posit ively charged s ta in less s tee l p la tes a r e tabulated. 

Element 

F e 
Ni 
C r 
C u 
P b 
Mn 

P e r cent 

25 
3 
2 
6 

10 
15 

The r e su l t s of spec t rographic ana lys is of the deposits on the 
reinaining plates a r e tabulated in t e r m s of approximate re la t ive magnitude 
of concentrat ion of e lements on the r e spec t ive p l a t e s . 

.Ir-
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I'7 
uncharged uncharged 

Element -34'^ 347 +Zr - Z r Zr 

Fe 
Ni 
Cr 
Cu 
Pb 
Mn 
Zr 

The p r e s s u r e drop data a r e shown in F i g u r e 9. The s a m e gene ra l 
c h a r a c t e r i s t i c s a s in the Bilgewater T e s t p r e s s u r e drop a r e noted; however, 
the percen tage i n c r e a s e i s p r e s s u r e drop is not a s g r e a t a s in the c a s e of the 
heavier deposition, noted in the Bilgewater Tes t . 

^* T e s t No. 4 (Operation Slmshpump) 

1. Intro dmction 

Based on pas t exper iments using charged p l a t e s . Tes t No. 4 
known, a s "Operat ioa Slushpump" was m a d e to de t e rmlae whether fortuitously 
located charged p la tes could ac t through a d is tance and preven t deposit ion of 
sol ids on a long luel e lement . 

2. Tes t Apparatus and P r o c e d u r e 

The t e s t a s sembly cons i s t s of a s e r i e s of long and shor t t y p 
ical fuel e lement sec t ions (Flgwre lO). 

A typical long sec t ion cons i s t s of 14 z i rconium plates^ 0.087 in. 
by 2 - 3 / 8 in. by 43.5 in. The p la tes a r e miounted pa ra l l e l to each other on z i r 
conium s p a c e r s to provide th€ flow channels . The z i rconium p la tes and covers 
a r e placed In a Type 304 s t a in less s t ee l box which is designed to hold the pla tes 
without movement aad yet p e r m i t d i sa s sembly a t wil l . The a r e a avai lable for 
wa te r flow is r ep re sen t ed by 13 r ec t ang l e s , each measu r ing 0*087 in. by 2.25 in. 
To insttpe pos i t ive e l ec t r i ca l contact^ s m a l l tackwelds a r e m a d e by binding z i r -
comium. to zlrconiuEa and z i rconium to s t a in less s tee l . Two long assemiblies 
a r e made : one is msed a s a control sec t ion to de te rmine deposit ion that would 
take p lace without the inlluemce of the e l ec t r i ca l field? and the second is called 
the charged sect ion. It is des i red to p ro tec t the charged sec t ion by means of 
two s h o r t sec t ioas which a r e placed a t the u p s t r e a m and dowas t r eam ends of, 
and e lec t r ica l ly insulated f rom, the long charged sec t ion . As shown in F i g u r e 11 j 
wa te r flows into the long cont ro l sect ion, en t e r s the u p s t r e a m charged sect ion, 
continues through the long charged sect ion and out again through the downs t ream 
charged sec t ion . By charging the s m a l l sect ions posit ively with r e s p e c t to the 
loag charged sec t ion , deposition on the l a t t e r may be mininaized o r prevented . 

« ' . 

' t ' I % i \ \ '. .%,̂  Vii 'i t 
e » e 9 9 9 S 9 9 9 9 9 \ ^ * | ® ®®® ®« 

5 
2 
5 

50 
1 
3 
0,3 

50 
4 
3 
2 
0,5 
0.4 

^0.1 

4 
0.8 
0.5 
5 
6 
5 
0.4 

Typical 
Zr film 

Typical 
Zr film 
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LONG ASSEMBLY L « 43.5* 

SHORT ASSEMBLY L = 3" 

FIG. 10 
14-PLATE TEST SECTION 
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The long control test section is moimted m a 6-in.cli Schedule 40 
stainless steel pipe. Welding rings located near tiie- extremes of the pipe 
a r e usea to position the test section. A limiting stop Is bolted In place to p r e 
vent movement of the section and a Tefloa gasket seals off leakage water flow, 
msttflng that all flow through the pipe will be diverted through the plate s e c 
tion. Openings a re provided in, one welding ring so that compression exists 
on the plate assembly at all times,, 

The long, charged test section., along with the two short charged 
sections, Is similarly inserted in a 6-iiich pipe with gaskets, seal, and Umitlng 
stop. The long section is at grouad potential. The gap between the sections Is 
3/3Z In. with each 14-plate section, coplanar with the adjoiaimg section. 

The assembly of the short sections is identical to the long 
sections J the only essential diffeyeacc being that water flows past a 3-inch 
length as opposed to a 43.5«imch length im the long assembly. 

Electrical coanections a r e made from the three charged s e c 
tions by meaas of stainless steel wire through Teflon-ins-alated fittings in the 
pipe wall. P r e s su re taps a re installed so that pressure drops across the two 
pipe sections cam be measured. 

The test assembly Is bolted to a smperstrmctmre and base 
plate designed to accommodate a bottom ring located in. the pressure vessel 
of the Large Scale Compoaent Test Facility. The test assembly is shown 
in Figtire 12. P re s su re tmblng is broagM thromgh the pressure vessel wall. 
All pressure drop measmremeiits were made with a Barton differential p r e s 
sure gage and valve maBifoM. 

Gold wire imsmlated in Teflon tmbimg was msed to conaect the 
three voltage leads from the charged test section termiaals to the in.striii]a.en.t 
thimble in the -pressure vessel. The poteatial source was a No. 6 dry cell 
battery with potential rheostat control. 

All zirconiinn plates were pickled before tes t in aitric ac id-
hydroHuoric acid. P r io r to test, the loop was cleaned with citric acid, v e r -
sen€s oxalic acid, and water. 

On February 24, 1953, Operation Slmshpump began and 
formally emded 14 days later. The test comditioBs were: 

System Pressmrc 1000 psig 
System Temperature 45OF 
Flow Rate 1^0 gpm corresponding to a linear 

velocity of 24 fps. 
Dissolved Oxygen Coacemtratioa 0.2-0.7 cc / l 
pH 6-7 

i 
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FIG. 12 
SLUSHPUMP TEST ASSEMBLY 
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Water Resistivity 110,000 ohm-cm at startup 
290,000 ohm-cm at 24 hr 
500^000 ohm-cm at 48 hr 
1,000^000 ohm-cm 

Charged Section Voltage 1.3 

Milliameter readings followed the changes in resistivity quite well. The 
pressure drop readings a r e not significant even though they were essen
tially constant. 

At 118 hr after start-up» the mpstreami charged section first 
electrically opened and then shorted out. Since operational procedure for 
shutdown Is complex^ the decision was made to keep the test running rather 
than to shut down and Inquire into the nature of the malfunction. It was hoped 
that the remaining charged section would show a significant protective effect. 

3. Results 

At the end of the run the loop was depressmrizedj, drained^ 
and the test section removed from the pressure vessel. 

It was found that the upper section had shorted out because 
of a failure of the gold wire at the point where the wire was screwed into 
the thimble of the pressure vessel . The wire first broke, causing an open 
circuit and inim.edlately thereafter the free end grounded out. Upon inspec
tion of the Individual plates In the assenably, It was found that all 56 zlrconium.-
to-zlrconlum tack welds had corroded very seriously due to contamination of 
the inert atmosphere used in the dry box welding. Furthermore^ the weld 
corrosion and the complete lack of penetration of the welds caused 7 of the 
14 plates in the downstream charged section to fall out of Its cartridge and 
they were picked up from the bottom of the pressure vessel. Inspection of 
the plates in the long assemblies showed that severe buckling and warping 
of the plates had occurred. While positive alignment was provided at four 
positions along the lengthy three sections were unsupported and distorted, 
therefore^ the pressure drop data gave no clue to deposition. Explanation 
of this buckling cannot be made In t e rms of thermal expansion or s t ress r e 
lief. Yisual examination of the long, charged and uncharged plates showed 
no appreciable difference. 

The shorted-out upstream, charged section had a small loose 
deposit of a black solid on the edge adjacent to the long assembly. Evidently, 
deposition had taken place in the first H 8 hr and was either partially swept 
away afterwards or else fte deposition observed was accumulated In 118 hr. 
The small downstream charged plates which had fallen out had no deposition 
and looked quite clean, with the usual teiaper film. The seven plates which 
remained infect had a heavy coattog of black solids at the leading edge of the 
plate adjacent to the charged long section and the solid extended l / l 6 to l / 8 in. 

I 



downstream of this edge (Figure 13). It is significant that the two plates ad
jacent to the cavity produced by the loss of the plates had the heaviest deposi
tion which extended the furthest back. This might be due either to the lower 
velocity or to the favorable alteration of the electric field by the loss of the 
plates. 

Analyses of the deposition and the loop water a r e tabulated^ 

Elements 

Aluminum, 
Barium 
Calcium 
Chromium 
Cobalt 
Copper 
Iron 
Lead 
Magnesium 
Manganese 
Nickel 
Silicon 
Silver 
Sodium. 
Strontimm, 
Tin 
Zinc 
Zirconium 

Deposition, 
Per Cent 

0.2 
• « « 

<0.02 
0.1 

<0.i 
65 

2 
2 

<0,02 
1 
1 
1 

<0.1 
. _ « 
» . « 

<0.2 
<0.5 

4 

Loop Water, 
Pa r t s Per Billion 

15 
5 

150 
2 

<5 
150 
150 
40 
50 

5 
10 

1500 
<5 

300 
0.5 

<20 
40 

<10 

IV. DISCUSSION 

•A-' Test No. 1 (Preliminapf Test) 

The test showed that a preferential deposit is possible and, under 
the conditions of the test, it is noted that lead was removed in greater quan
tities than iron froin the loop by a factor of Z- l /z to 1. 

^' Test Mo. 2 (Bilgewater Test) 

The Bilgewater test showed the unexpected existence of large 
quantities of copper in the test loop. The fact that the large quantities were 
deposited shows that the procedure would be excellent under these operating 
conditions, for the removal of the transported material . The redox mech
anism is ruled out in the deposition becamse a deposit of copper would not 
plate out on a positively charged plate. The colloidal deposition mechanism 
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FIG. 13 
DEPOSITION ON DOWNSTREAM CHARGED PLATE 
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as postulated earlier seems consistent with the two factors that the deposition 
on both stainless and zirconium plates is identical^ and also that the zirconium 
plates had more deposition than its downstream neighbor» the stainless steel 
plates. It might be inferred that the downstream plate "saw" cleaner water. 

The appearance of the two negatively charged plates looks m.ost 
attractive. This would rule out the deposition of positive metallic ions since 
no deposition could be seen. It immediately suggests that the negative plate 
is a protected plate and it might be possible to negatively charge a critical 
location in the flow s t ream in order to prevent deposition of solids. It was 
noted that the leading edges of all uncharged plates have heavier films than 
the trailing edges. 

The Bilgewater pressure drop data a re plotted in Figure 8. The 
fact that the uncharged stainless and zirconiura sections have a constant p r e s 
sure drop throughout the run is evidence for the lack of deposition on the 
plates. The pressure drop curve for charged zirconium shows a marked r i se 
at the beginning of the run with perhaps a 1-l/2-fold increase in the first 60 hr. 
Because of the fact that zero time represents a cold loop, and since the oper 
ating temperature was reached at 20 hr with a large time rate of p ressure 
drop increase at that time, it seems likely that this large pressure drop change 
occurred in perhaps 45 hr. One must not necessarily assume that the leveling 
off of the curve means that no deposition, is taking place but rather that the 
worst case of surface roughness has been achieved and deposition can take 
place at constant surface roughness with relatively little decrease in water 
flow area. The charged stainless pressure drop has the same general char 
acter although the large time ra te of increase takes place at about 45 hr which 
seems to indicate that, as the upstream zirconium plates saturate^ the down
stream plates "carry the ball." The fact that the stainless pressure drop is 
smaller than the zirconium pressure drop and that the zirconium has leveled 
off and the stainless is very slowly risings leads to the conclusion that even
tually the two curves would coincide. 

^- Test No. 3 (SOS Test) 

The SOS Test results showed some similar features to Bilgewater 
and also m.arked differences. These differences a re largely due to the pH 
differences in the two tests . The pH in the SOS Test was on the acid side 
while Bilgewater was neutral. The acid cleaning given to the Small Scale 
Heat Throughput Loop left adsorbed and absorbed acid in packings, gaskets, 
etc., which was slowly liberated and tended to lower pH In the test. The Ion 
bed did not seem effective in removing the hydrogen ion, as is shown by data 
of pH before and after the exchange column. 

It is a known experimental fact that hydrogen ion concentration 
can affect the quantity and even the sign of the charge carried by a colloidal 
particle. It seems reasonable that the high hydrogen ion concentration in 
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the SOS Test caused by adsorption of hydrogen ions on copper colloids r e 
sulted In a relatively large deposition of copper on the negative Type 347 
plate. Evidently manganese, irons and lead a r e not as m.arkedly disturbed 
by this since the positive Type 347 plate is quite rich in these constituents. 

The fact that zirconiwn did not behave in the same manner as 
the stainless steel is disturbing. It is true that the positive zirconium, plate 
was rich im copper, lead, and manganese, bmt the quantity of deposit was 
small and had a discontinuous nature as mentioned. It is possible that the 
bonding between deposited solid and temper film fails at a low pH. 

The decrease in pressure drop across ttie charged plates at 140 hr 
is probably due to an unfaiown flow disturbance, such as a water hammer, 
which would tend to dislodge the deposit. The recovery from this shock Is 
speedy. 

D, Mathematical Analysis 

The following represents a calculation of the history of a charged 
particle in an electric field subject to a turbmlent-type resisting drag. 

Consider a particle of mass , M, moving from left to right between 
two charged plates in a fluid traveling with iHiiform velocity, u^, in the + x 
direction as shown in the illustration= The plates a r e located at y = 0 and 

Y 

Y = H 3 
Negatively 

Charged 
Particle 

yT4"+4 ^^^^±±£^M. ^ X 10,0) X = L 

y = H and extend from x = 0 to x = L. Under the influence of electric, drag, 
and inertial forces, the trajectory is indicated by the dotted line. The elec
tr ic force Is given as the product of field intensity and charge carried by the 
particle in question and is directed in the -y direction. 

Electric force = 

where n = num.ber of electronic charges carried by the particle 
e = absolute value of the electronic charge, 
V = voltage difference between the plates 
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The effect of space charge on the field is neglected since It is 
small and would require a solution of the Poisson Equation which would not 
be Justified in view of the poor value of n which Is to be msed and because of 
the lack of accuracy needed la the final result. 

The drag force is taken as acting m the + y direction and varying 
with the square of the y com.pon€nt of velocity. This is .somewhat arbitrary 
bmt it must be realized that the colloidal particle is moving with the s t ream 
without slip and deviations from its y velocity component cause the drag. 
Further, the flow Is in a turbulent regline and it would be presumptuous to 
use the classical Stokes Law for viscous regime drag. 

Drag Force = {4w^) c f e ] 

where r = radius of the spherical particle 
t = tim.e coordinate 
C = drag coefficient 

(2) 

The inertial force Is given ifi termis of the m^ass of the particle, M, 

d̂  
Inertial Force = M (3) 

To solve for the trajectory, the dynamic equailoAs'are written 
for the X and y directions 

d̂ : 
M 

dt^ 
= 0 (4) 

. n e | . 4 . r ^ c ( f = M | 

Equation (4) Is integrated with velocity %, and position x = 0 at t = 0, 

dx 
d F ^ ^ o 

X = Uot 

Equation (5) is integrated using dy/dt = 0 and y = y^ at t = 0. 

iz 
dt 

To - y 

r neV 1 »/2 , ^ r47rr2 Cne¥l »̂  

^ feiCne¥li/% 
In cosh [ — ^ J J - J t M 

47IT^ C 

(5) 

(6) 

(7) 

(8) 

(f) 

9 9 « « 9 9 e 0 e < I 

• I,« f • « « • • 
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The equations can be combined and simplified by using (?), (lO), and ( l l ) . 

M = {4/3)m^p (lO) 

n = 4 7 r r \ ( l l ) 

whe re "p" Is the m a s s densi ty of the pa r t i c l e and "a" Is the number of elec
t ronic cha rges pe r unit a r e a borne by the pa r t i c l e . 

To - y 
pr , t- 3x 
•^ In cosh —— 3C p r UQ 

"CaeVi 
. H J 

1/2 
(12) 

Set Y equal to the l a r g e s t yo t rapped. 

^ pr , , 31. |"Cae¥ y / ^ 
Y = -f^ In cosh —^r— 

3C pr UQ L H J 

The efficiency, F , can be Introduced 

Y pr , , 3L 

(13) 

^ =-W-= ^ - 1» cosh-
H 3HC p r UQ 

A useful approximat ion can now be used 

In cosh X = X 

r CaeV 1 l/z 
(14) 

(15) 

Equation (iS) Is valid for l a rge a r g u m e n t s , a s Is shown In F i g u r e 14. 

Using Eq. ( l5 ) , Eq. (l4) becomes 

F = 

1/4 

(16) 

It Is noticed that the efficiency for l a r g e a rgumen t s in Eq. (l4) 
Is Independent o l pa r t i c l e s i ze . The phys ica l s ignificance of this Is apparent 
from, the differential equation (5). The e lec t r i c force v a r i e s a s r^, the drag 
force v a r i e s a s r^, but the ine r t i a l force v a r i e s a s r ' . Thus , If the Iner t ia ! 
force Is neglected, a rad ius Independent differential equation r e s u l t s which, 
when integrated, y ie lds the r e su l t ident ical to the asymptot ic r e su l t , Eq. (16) 
given for l a rge a rgumen t s . 

Examinat ion of Eq. (5) can give a qual i ta t ive p ic tu re of the b e 
havior of efficiency v e r s u s pa r t i c l e s i z e , a l l o ther things being equal. The 
curve is independent of r ad ius for va lues of r f rom ze ro upwards until the 
rad ius gets so l a r g e that the iner t ia l force can no longer be neglected. At 
this r ad iu s , the efficiency s t a r t s to drop with Increasing r ad ius and does so 
monotonical ly. N u m e r i c a l va lues may be inse r ted in Eq . (16). 

L = 6.35 cm. 
H = 0.221 cm. 

UQ = 762 c m / a e c (25 fps) 
V = 1 praqtlc^J. xo\t .̂̂  ^.. ^.. , ... , ...^..1 
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The value of G is taken f rom exper imeata l ly de te rmined drag coefficients. 
At unit Reynolds N-umber and a s defined, C - 2.64 gm/cm.^„ TMs is c o n 
se rva t ive , with, a s m a l l e r value not unlikely. Due to the approximat ions used, 
and s ince C a p p e a r s to the - l / Z power , i t i s a r easonab le valme= 

The va lue of "a" is the weakes t l iak In. the chain. Since it is an 
exper imenta l quantity and a function of many va r i ab les ^ and s ince no e x p e r i 
m e n t s have been pe r fo rmed , a guided guess m u s t be made . Exper iments2 
have been pe r fo rmed on. FegOg colloids a t room t e m p e r a t u r e in, wa te r , to 
de t e rmine the migra t ion veloci t ies in a voltage gradient . Data w e r e p r e 
sented in t e r m s of mobi l i t i e s , the ra t io of velocity to field s t rength . To adapt 
for our applicat ion, the e lec t r i c and v iscous r e g i m e drag fo rces a r e equated. 

{(mixux) = neE (l?) 

where M = the v iscos i ty of the fluid 
E = the field s t rength . 

a e = -a^ 1 ) ('« 
Set /i = 0.01 gro./cm sec for wa te r 

^ = 3,5 1 0 - ^^^ 
E ' volt sec 

f rom the data 

r - 10 ' ^ c m 

No pa r t i c l e s i z e data appea r Im -Oie paper and i t Is es t imated that 0.01 m.icrons 
is r easonab le . 

F r o m Eq, (18), 

a e = 5.25 • f^ f 
volt s e c ' 

The efficiency of the deposition is calculated f rom Eq. ( l6 ) . 

F = 0.053 (19) 

To check the validi ty of Eq, ( l5) , the a rgwnen t of Eq. (14) i s evaluated a t 
r = 10"^ cm. 

p = 5,18 ^ . for Fej04 ^ cm3 * * 

Argument = 383 so Eq„ (l5) is m o s t valid, 

^ F , Hazel and G, Ayre s , "Migrat ion Studies with FejOs So ls , " J. P h y s . 
Chem. 35, 2930 ( l 93 l ) , >'^ '5 



32 

Bilgewater yields data from which efficiency may be calculated. As 
sume that the efficiency is independent of concentration and particle size. Let 
W be the m,ass of changed particles entering the test section, Wi the deposition 
on the upstream charged plates, and W2 the deposition on the downstream, plates. 

WF * Wi (20) 

FW(1-F)=W2 (21) 

Comblnrng Eqs. (20) and (21), t i e final result is obtained. 

F = 1 - H i (22) 

From tte data, W| « 1.01 gm aad Wg - .84 gm 

F = .17 (23) 

TMs result may be compared with Eq, (19). 

The calculation, showing a 5 per cent efficiency indicates that the 
cleaning up process could be improved considerably by decreasing the fluid 
velocity well below the 25 fps used in the calculatioa, A velocity of 1 fps would 
trap all part icles siace •flie efficiency womld then go to 125 per cent. Conceiv
ably a filter with such high efficiency could be installed in a low flow bypass 
circuit. 

V. RECOMMENDATIONS 

The mechanism of the transport corrosion, product deposition is of 
great interest. Since back voltages have been observed, as reported earl ier , 
and since the SOS Test showed that the nature of the deposit, both as to quan
tity and appearance, differs corns id erably on the zirconium and the stainless 
steel plates, the nature of the surface is important and extraneous electro-
chero.ical effects at the phase interface must be minimized. Thus for future 
experiments the use of metallic gold, charged surfaces is recormnended. 
Experiments could be performed using charged plate sections in ser ies with 
the linear velocity being the only varied parameter . Equation (l6) shows 
that the efficiency of ttie postulated mechanism, varies inversely as the inlet 
velocity and this one experim.ent in itself should be enomgh to show whether 
this mechanism is a reasonable one. The other parameters which appear 
in Equation (l6) could also be checked. 

Another suggestion is that the particle size of the deposition product 
may be increased by the deposition in a Bilgewater-type experim.ent. F u r 
thermore, it may be possible to dislodge the collected particles from the 
charged plates by a reversal of polarity. Assuming that the above stated 
facts a r e valid, which can be shown by experiment, one could conceive of 
a trapping mechanism for finely divided solids by means of the following 
procedure: -I 

e e /|i1 



1. Operate a charged plate section with a given polarity for 60 hr 
at which time a heavy deposit will have taken place on the positively charged 
plate, 

2. Reverse polarity and cause the fluid flow through the section to 
be diverted through a mechanical filter which would effectively remove the 
large diameter particles, 

3. Renaove and clean the line filter from the standby unit which would 
operate te parallel with the previously mentioned filter. 


