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0.0 ABSTRACT

Scale formation studies on aluminum indicate:

1. Ordinary demineralized water is pure enough to be used in the
pile process water system without fear of scale formation
by deposition of scale-forming substances from the water.

2. There is formed on the aluminum surfaces an oxide scale

whose thickness is proportional to the severity of the corrosion
conditions. This scale is protective against further corrosion,

3. The optimum pH range is 5.5-6.5 for minimum scale thickness
on untreated 2S aluminum surfaces.

U» Chromium hydroxide films formed on aluminum in steam autoclaves
using 1/2$ sodium dichromate are highly resistant to all types
of corrosion and are very thin with negligible thermal resistance,
but are very brittle and subject to damage by abrasion.

5. Demineralized water can be recirculated continuously at pH 6 with
virtually no purge without build-up of the products of corrosion
in the water to concentrations that would cause scale formation

by deposition, if stainless steel piping is used.

6. There is a possibility that cast iron piping in the process
water svstem may be satisfactory since corrosion Fe causes no
scale formation under the conditions expected to be encountered
in the pile.

7. Maximum metal surface temperatures of 223° F. may be encountered
in 30 days at the point of maximum heat flux, although some
edge-cooling will probably reduce this value at least 10° F.
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1.0 INTRODUCTION

The maximum metal temperature at which aluminum can be operated in the high flux

pile without fear of excessive corrosion is not known. On the basis of corrosion

tests that limit has been arbitrarily placed at 212 F. Recent design data (since

the completion of the scale formation studies) show that the maximum heat flux will

be about 595,000 Btu/hr-ft and that the bulk water temperature will be approximately

113 F. at the point of maximum heat flux. An overall heat transfer coefficient of

6000 Btu/hr-ft -°F is required to maintain the metal surface temperature at 212° F.

at the point of maximum heat flux.

According to calculations using the simplified McAdams equation for water,

the maximum (clean) surface temperature will be 199 F.

In order to keep the maximum metal surface temperature at or below 212 F.,

the scale coefficient of any dirt or scale formed on the ^aluminum heat transfer

surfaces must be kept higher than 4.8,000 Btu/hr-ft -°F. When the scale formation

studies were begun, the maximum heat flux was estimated to be 502,000 Btu/hr-ft ,

which allowed the scale coefficient to be as low as 27,000 Btu/hr-ft2-°F. This

lower value of maximum heat flux allowed more scale than the current maximum

heat flux of 595,000 Btu/hr-ft2 allows.

Difficulties have been experienced in the past in attempting to maintain

scale coefficients greater than 5000 to 10,000 when using ordinary filtered

water. Much greater success has been experienced with demineralized water for

the pile cooling system. Hence, nearly all of the scale formation studies were

done using demineralized water.

The main objectives of the scale formation studies described in this report

are: (l) To specify a water treatment which would allow an active assembly

of the high flux pile to operate for about 30 days without forming a scale

whose coefficient is below 27,000 Btu/hr-ft -°F (based on the original maximum
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1.0 INTRODUCTION (Con't.)

heat flux estimation of 502,000 Btu/hr-ft2)j (2) To measure scale formation
on aluminum under various water conditions at the design maximum metal surface

temperature; and (3) To determine maximum allowable concentrations of iron

and aluminum in the water to prevent scale formation by deposition.

At the beginning of the study the observed rates of scale formation were

attributed entirely to deposition of scale forming substances from the water.

As the work progressed it became evident that the scales being formed were

caused almost entirely by the naturally-formed corrosion scale, and that

measurable scales would not form by deposition of iron and aluminum from the

water if these concentrations were kept below certain maximum allowable

values. The allowable concentrations of iron and aluminum in the cooling water

are dependent upon the pH and the temperature of the water.

It has also been observed that the naturally-formed alumina on the

surface of the metal becomes protective against corrosion, and that after about

20 to 30 days scale build-up decreases to a negligible value, or even ceases.

It is thought that the thickness of the protective scale will be proportional

to the severity of the corrosion conditions; therefore, the water conditions

which give a minimum rate of corrosion will also give a minimum rate of scale

formation, and a minimum scale resistance.

2.0 METHOD

2.1 Description of the Tube Assemblies

Tube A - This assembly consists of a 1 3A inch O.D., 0.049 inch wall

thickness, aluminum heat transfer tube which is inside a 2 inch I.D. glass

pipe, forming an annulus whose equivalent diameter is about 0.250 inch and
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2.1 Description of the Tube Assemblies (Con'jt.)

length is 39# inches (about 100 cm). The space between the aluminum tube

and the glass pipe formed the water annulus through which the demineralized

water was passed, corresponding to the process water of the pile system.

The cooling area of the tube inside the annulus was about 1.51 square

feet. Heat was originally supplied to the heat transfer tube by passing

hot water through an inner annulus whose equivalent diameter was about the

same as the outer annulus. After six runs, steam was used for heating

in the inner annulus. Figure 1 is an assembly diagram of the Tube A

apparatus.

Tube B and Tube D - These two assemblies are identical. They

consist of a 1 inch glass pipe for the outer tube, a 3/4 inch O.D., .035

inch wall, stainless steel tube for the heat transfer tube, and a 1/2 inch

rod for the inner spacer to form the steam annulus. The length of the

anrmli in these assemblies is 25 inches. Tube B was used in the later

runs in parallel with Tube A and served as a control to measure the amount

of scale being deposited from the water. Tube D was used as the control

tube in parallel with Tube C.

Tphe C - Tube C was identical with Tube A, except that the length

of the annulus in Tube C was 25 inches to correspond with the length of

the active assembly.

2.2 Water System

Figure 4 is the flow sheet of the whole system, showing the water

reservoir, pump, piping, tube assembly, orifice, and cooler. There

were two complete systems used, known as the Tube A system, and the Tube C

system. In the Tube A system, the tfilfley stainless steel pump supplied

about 70-80 gallons per minute of water to Tubes A and B at a pressure of



y

FIGURE I

TUBE A ASSEMBLY

Dr.«lng t 7054

NOT CLASSIFIED

ql hermometer Well

./

\s

-l(M

& 3

MM
Thermometer Well

-•/ r /• 7 7 t~y t

7ZA
n

3*ater Out

Corrpreseioa Gasket

- 2" 1.0- Glass Pipe

\ -1^ O.Q Al Tube .049 Wall Thieknett
4

1.46" Diameter Spacer

rH5M3.
34-I.D.

-Thermometer Well

s\

^ZZZLT^TJ^ZI/JiZ

TJ

^3

Thermometer Well

M
Steam Exhaust

NOT CLASSIFIED



Thermometer Well

Woter Out-«-

Thermometer Well

-10-

FIGURE 2
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FIGURE 4
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2.2 Water System (Con't.)

about 55 psig. The falling film cooler cooled the water to the desired

temperature and returned it to the reservoir for recycling. In most of the

runs, make-up water was added to the tank to make up for losses by leakage,

and to simulate the purge rate specified in the pile design. The make-up

flow was measured by a rotameter, and was kept constant during a run. The

water flow through each tube was measured by a calibrated orifice and

manometer.

2.3 Determination of U. the Over-all Coefficient of Heat Transfer

All the temperatures are measured by thermocouples in the inlet and

outlet thermometer wells of the steam and water lines, as indicated by

the diagram in Figure U» A Brown Electronik Temperature indicator was

used. The temperatures could be estimated to the nearest tenth of a

degree centigrade using this instrument. The thermocouples were checked

frequently with a standard thermometer.

W s Water flow, lbs/hr

Tt_ s Steam temperature in, °G.

T2 s Water temperature out, °C.

To ^ Water temperature in, C.

T/ z Steam temperature out, G.

Pj z Steam pressure in, psig.

Pj - Steam pressure out, psig.

A - Heat transfer area in water side annulus, sq. ft.

Q = W(T2 -T3), Pcu/hr.

LT± z Ti - T2, °C.

&T2 •T4 - T3> °c«
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2.3 Determination of P. the Over-all Coefficient of Heat Transfer (Con't.)

AT In mean =^IiAJ2_ °G.
In &1-J T2

U = Q/& T In mean x A, Btu/hr-ft2-°F.*

(Vu)corr s (l/U)obs. * Correction for water temperature.

A P Steam =P± -P^, psl
2

Heat Flux sUx q/a, Btu/hr-ft

(a) Correction for water temperature

Although constant- average water temperatures were desired, to achieve

a constant water film coefficient, it is usually very difficult to

balance the cooling in the falling film cooler with the heating in the

tube to give exactly the desired average water temperature. Hence, it

became necessary to correct l/U from the observed average water temperature

to the l/U that would be obtained at the desired water temperature. The

expression h = 150(1 f .Ollt) v• .* is used to correct l/U from various
De0.2

temperatures to the desired temperature.

is calculated from the equation above for severalftl. .'water, film , , , ^ ,
temperatures above and below the desired temperature.

For example, for a velocity of 10 ft/sec

Temp. °C i wa*er Correction
a film

45 .000321 f .000006

47 .000315 0

49 ,000310 - .000005

'Use of ^T In mean assumes that h on both glides does not ehange along
the tube. This is not really true, however,

MeAdams, "Heat Transmission*, Eq, (9-o), p.183
**
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2.3 nptsT-rnination of U. the Over-all Coefficient of Heat Transfer (Con't.)

If 47° C. is chosen as the desired average water temperature, but

(l/UJflog was determined a* 45° G., acorrection of .000006 would have

to be added to (l/U)obs# to correct l/U to 47° C.

Let (1/U)cbs. a* 45° C. =.000556 ^^g^j--^
hr ft^-°F

then (l/U)Gorr. at 47 C. s .000562 —^

Or another example (l/U)obs> at 49° C. =.000475

then (l/U)Corr#at 47° C. = .000470

2.4 Experimental Procedure

A. Evolution of Experimental Procedures and Techniques

The earliest scale formation tests at this laboratory were

performed by J. N. Butler and M. W. Goodman early in 1946. Using

a horizontal concentric tube assembly vdth a 9^ ft. long annular space

they transferred heat from hot water in the inner annulus to cooling

water in the outer annulus. Tests were run with filtered water

passed through the tube once and then discarded, filtered water

recycled through a cooling tower with a make-up of 30 to 50$, de

mineralized water recycled with essentially no make-up and de

mineralized water with 10$ make-up. The water contained from .02

to 2 ppm of dissolved iron with 0 to 100 ppm of suspended ferric

hydroxide, and 0.02 to 0.6 ppm of dissolved aluminum with 0 to 300

ppm of suspended aluminum hydroxide. The scale formation data were

obtained on the basis of changes in the overall coefficient; therefore,

it was not possible to separate the effect of the scales present on

the two sides of the tube wall at any given time. However, it was
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2.4 Experimental Procedure (Con't.)

A. Evolution of Experimental Procedures and Techniques (.Con't.)

usually observed when the tube walls were cleaned that each scale

(hot side and cold side) contributed between 40 and 60$ to the total

scale resistance, so for these preliminary experiments it was assumed

that each scale contributed 50$ to the total resistance. On the

basis of the operating curves and this assumption initial values for

/ -6
(l/h)s were calculated to vary between 0.4 x 10"° and 0.7 x 10~

hr.-ft - F/Btu per hour, or 9.6 to 16.8 scale resistance units per day.

In these initial tests the mechanism of scale formation on

aluminum was not understood. It was thought that all of the scale

resulted from deposition of hydrous oxides of iron and aluminum from

the water. Ho particular attention was given to heat fluxes and metal

surface temperatures«

In the latter part of 1946 a vertical tube apparatus was installed

using ~ 65 ft/sec hot demineralized water in the inner annulus and

^_«30 ft/sec demineralized water for cooling in the outer annulus.

The effect of metal temperatures was still not considered until after

six scale formation runs had been completed when it was realized that

o

the metal surface temperature on the cool side was only about 55 C

and the pile was being designed for a maximum metal surface temperature

of about 90° - 100° C. In order to achieve these metal temperatures

it was necessary to pass steam through the inner annulus. By keeping

the inlet and outlet steam pressure constant, it was assumed that the

steam coefficient remained constant. Hence, any decrease in U(the over

all coefficient) during a run was caused by the added resistance of the

scale which was formed on both sides of the tube during the run.

However, the steam coefficient may be affected by heat flux, so the
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2.4 Experimental Procedure (Con't.)

A. Evolution of Experimental Procedures and Techniques (Con't.)

change in l/U may not be caused solely by scale formation.

This method did not duplicate expected pile conditions for, if

all individual resistances except the scale resistance were kept

constant, the heat flux would decrease as the scale resistance

increased whereas the pile would generate a constant heat flux for a

given power level regardless of any amount of scale formation.

In the scale formation apparatus a constant heat flux was

finally maintained by adjusting the steam pressure drop through the

tube to give a constant increase in water temperature for a given

flow of water. To estimate the total scale resistance at any time

it became necessary to correct for the varying steam film

coefficient.

Section 2.5, Part (a) describes the method of calculation and

the corrections to obtain total scale resistance on both sides of the

tube.

B. Final Experimental Procedure

In the recent runs the following procedure was followed:

1. The aluminum tube was cleaned by etching with 5$ HF.

2. After rinsing and measuring the outside diameter of the tube,
the tube was installed in the apparatus.

3. later was circulated through the outside annulus at a measured
rate, usually 30 ft/sec.

4. A steam calibration was taken - that is, for various steam
pressure drops through the apparatus, heat transfer data were
taken. Data taken were; Steam temperatures and pressures in
and out, water temperatures and pressures in and out, and a
manometer reading for water flow. Steam flow was not measured;
hence, no heat balances are shown in the data sheets. The
various temperatures were measured using thermocouples in
thermometer wells, and a Brown Electronik temperature indicator.
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2.4 Experimental Procedure (Gon't.)

B. Final Experimental Procedure (Con't.)

4. (Gon't.)

The thermocouples were checked frequently against a thermometer.

5. The regular run was begun after the steam calibration by adjusting
the steam pressures to give a calculated heat flux of usually

Btu
500,000 r—~7Z2~ ° The water temperatures were adjusted so that

the average water temperature through the tube was 50 C.

6. As scale formed on both sides of the tube, the steam pressure
drop through the tube had to be steadily increased during the
course of the run to maintain a constant heat flux. Calculated

and corrected values of l/U were plotted daily from semi-hourly
readings of temperatures and pressures.

7. Peroxide content and pH were closely controlled by semi-hourly
titration and pH measurement using a glass electrode pH meter.

8. At the end of the test (usually 14 to 21 days after the beginning)
a steam calibration was again taken and the curve of l/U versus
A P steam was plotted.

9. The scale was then dissolved from the water side by using the
standard de-scaling solution of 5$ phosphoric acid and 2$ chromic
acid.

10. After de-scaling, another steam calibration was taken. The
difference in the curves of step (8) and step (10) represents
the scale that was dissolved in step (9). If only part of the
scale were dissolved, low values of the water side scale
resistance would be indicated. Usually, however, the scale was
completely dissolved.

11. The steam side scale resistances were usually greater than the
scale resistances on the water side because of the more severe

conditions on the steam side (higher temperatures, for example).

12. Before de-scaling, the surfaces were usually dark gray (slate
colored) and smooth. After de-scaling, the surfaces had a
pearly, etched appearance, and were quite smooth.

2.5 Determination of Scale Resistance

A. Using hot water for heating.

With a new tube there are three resistances to heat transfer.

Expressed mathematically
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2.5 Determination of Scale Resistance (Con't.)

A. (Con't.)

(1/U)Q =̂ Jwater film T(k)metal wal] W hjwater film ^
hot side cold side

By maintaining constant water velocities and constant average

water temperatures, these three resistances will remain constant.

Hence,

(l/U)0 s a constant

When scale forms on both sides

(1/D,Fi„,i = (1/u)c * &*>.„.„ ♦ (VM^j, (2)
hot side cold side

If the cold side is then de-scaled

^De-BoalBd - (l/U)o f <Vh)BCalB 0)
hot side

Then the value of the scale resistance on the cold side may

be calculated

(Vh)Scaie : (l/U)Finai - (Vu)De.SCaled U)
cold side

and

(l/h)scale = (lA)De-scaled " (Vu)0 (5)
hot side

B. Steam Calibration Method

A steam calibration is the measurement of l/U at several

different steam pressure drops using a constant water velocity

and a constant average water temperature. l/U is calculated

according to the equations in Section 2.3 (page 12). On a log log

plot of l/U versus ^P-steam, a straight line results in the

pressure range used in these experiments. In Figure 9 are plots

of the data from Run 25-A.
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2.5 Determination of Scale Resistance (Con'to)

B. Steam Calibration Method (Con't.)

It is assumed that for a given pressure drop (with a constant

outlet steam pressure) the value of the steam film coefficient

will remain essentially constant. Therefore in Figure 9 the

difference between the l/U curves (2) and (3) f (2) end of run

and (3) after de-scaling the water side 1, at any given A P-steam,

represents the value of the water side scale resistance - (l/h)scaie»

hr=ft2-°F/BtUo

C. l/U versus Time Method

During the course of a run l/U is determined at regular intervals.

In order to achieve a constant heat flux the steam pressure has to be

increased as scale forms on both sides of the tube. Increasing the

steam pressure decreases the steam film coefficient, which makes

(l/U)Qb lower than it would be if (l/h) steam were constant. Therefore

A (l/U)obs. would not equal the A (l/h)total scale. In order to

estimate the total scale resistance from changes in (l/U)

it is necessary to correct (l/U)obs. for the varying steam pressure.

The (l/U) corrections are determined as follows?

At the beginning of a run both l/U vs A P steam, and heat flux

vs A P steam are plotted on log log paper (see Figure 9, curves (1).

Heat flux during a run is maintained at 500,000 Btu/hr. ft2; therefore

(l/U)obs<i is corrected from the steam pressure required to give a

heat flux of 500,000 to that steam pressure which gave a heat flux

of 500,000 with a new tube.

For example, in Figure 9> steam corrections are taken from the

number (l) l/U curve. At the beginning of Run 25-A a A P-steam s
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2.5 Determination of Scale Resistance (Gon't.)

C. i/U versus Time Method (Con't.)

18 psi gave a heat flux of 500,000. From (l/U) curve (l), the value

of (l/U) at this steam pressure is .000261. This then is the zero

value for the steam corrections. The (l/U) curve (1) is used to

obtain the steam corrections at various values of AP steam. At

A P-steam = 30, for instance, l/U = .000227.

For^P steam • 30, Steam correction s (l/U)ig - (1/^)30 =

.000261 - .000227

Steam correction s .000034

This steam correction would then be added to the value of

(1/U)q^s> when A P steam = 30 is required to give a heat flux of

500,000 Btu/hr-ft2. Figure 10 is a plot of (l/U) corrected in this

manner vs. time for Run 25-A.

Thus A (l/U)corr. represents the total scale resistance on

both sides of the tube.

A (l/u)corr, vs« T*me Pl°t merely serves to indicate the changes

from day to day in the total scale, and says nothing about the

magnitude of the individual scale resistances on the steam side and

the water side. Usually the water side scale resistance was less

than the steam side scale resistance; therefore, the (l/U)r vs.

Time plot gives only a semi-quantitative estimate of the value of

the water scale resistance.

D. Dial Gage Extensometer Method

After a scale has been formed on the water side of a heat

transfer tube it becomes necessary to. determine the thermal

resistance of this water-side scale.
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2.5 Determination of Scale Resistance (Con't.)

D. Dial Gage Extensometer Method (Con't.)

An aluminum tube that has been exposed for several days in

a scale formation test has five separate thermal resistances -

the steam film, the steam side scale, the metal tube wall,

the water-side scale and the water film.

Expressed mathematically

l/U s (l/h)steam film *(lA)steam side scale *(*A)metal wall

+ (l/h)water side scale f (l/h)water film (6'

where Usoverall coefficient of heat transfer; Btu/hr-ft -°F.

t s wall thickness, ft.

k.thermal conductivity of the metal, BWhr-ft2-°F/ft.

hsan individual coefficient of heat transfer, Btu/hr-ft -°F.

Steam Side Seal

Steam Film

Metal Wall

Water Side Scale

Water Film

TWater
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2.5 Determination of Scale Resistance (Con'tJ,

D. Dial Gage Extensometer Method (Con't.j

For agiven heat flux, the temperature drop from the center of

the metal tube wall to the bulk water will be

Tjj -Tw .r"(l/h)£M +(lA)scaie +WhKater film | (7)

x Heat flux

Th =Metal temperature at center of tube wall, before cleaning
Let (1/h)^ f(lA)water film :Jsa constant

T =a constant, the average bulk water temperature.
W

Heat flux z a constant s F

(8)Then TM - Tw = F

and %-%.FU^f(lA)acaie]=|*dA)scale *F
TM -Tw s TMo -% «- Fx (l/h)scale

(lA)SCale = ™ -™P (9)
Flux

T» z Metal temperature after cleaning, for the given heat flux.
Mq ~

Thus the scale resistance, (l/h)scaie, may be estimated by

measuring the average tube wall temperature at a given heat flux,

agiven water velocity and agiven average water temperature, first

with the water side scale on the tube and then after the water

side scale has been removed from the tube.

So by merely measuring average tube wall temperatures before

and after cleaning, the scale resistance may be calculated by

dividing this temperature difference by the heat flux.

However, measuring the average tube wall temperature is rather

difficult, especially since the annular spaces on both sides of the

tube are very small and contain high velocity water on one side and

high velocity steam on the other,
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2.5 Determination of Scale Resistance (Con't.)

D. Dial Gage Extensometer Method (Gon't.)

An indirect method of measuring average tube wall temperatures

rather easily consists in measuring changes of length of the tube,

knowing the length at some given temperature.

A dial gage extensometer was used for measuring changes in

length of the tube. Figure 11 is a diagram of the dial gage apparatus,

A bar and collar assembly was mounted at each end of the heat

transfer tube and held securely in position by set screws. As the

tube becomes hotter the distance between the two bars increases. An

extensometer tube passes through the two bars. It is fixed to the

bottom bar by means of set screws and it slides freely through the

top bar. Thus, in essence, the bottom bar is fixed, and the top

bar moves up and down as the average tube temperature increases and

decreases. Cooling water from the tap was passed through the

extensometer tube to keep it at constant temperature and constant

length. The dial gage deflection indicator was mounted on the exten

someter tube with its actuating plunger resting on the surface of the

top bar.

With this arrangement small changes of temperature in the tube

could be measured by observing the changes in the dial gage readings.

The dial gage could be calibrated in terms of actual tube

temperature by passing water at a measured temperature through the

tube (both sides, in fact) and reading the dial gage. A dial gage

calibration consisted of getting dial gage readings at several

o

different temperatures ranging from about 85° C to 40 C. Table 1

is a typical dial gage calibration. These data are plotted in
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D. Dial Gage Extensometer Method (Gon't.)

Figure 12. All dial gage calibrations had a slope of about 1.19 mils

per degree centigrade, where one mil = 0.001 inch.

To demonstrate how scale resistance may be actually calculated

from dial gage readings, data from Run 25-A are presented in Table 2

and plotted on Figure 13.
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2.5 Determination of Scale Resistance (Gon't.)

D, Dial Gage Extensometer Method (Con't.)

TABLE 1

Dial Gage Calibration

Average Dial Gage
Water Temp. Reading

82.6 68.0-68.5
82.0 66.5
81.1 65.6
80.4 65.2
79.5 63.5-64
78.4 62.5
76.4 60.4
75.4 58.0

73.5 56.5
72.0 55.0

70.6 53.0

69o4 51.0

66.6 49.0
65.6 47.5
63.5 46.0
61.7 44.5
60.8 43.0

59.5 41.5
58,7 40.0
57.0 38.0
56.3 37.0

55.4 35.5
53.0 31.5
51o2 30.0

49oO 28.5
48 o0 27.0
46 o2 24.0
43.2 21.0

ORNL-315





-vi-nniicvw

rwijujo*-wadms*i^ui%*m•*uixoi
Iltt»OHAN'-03DIES]«la^jnBX



- 36 -

2.5 Determination of Scale Resistance (Con't.)

D. Dial Gage Extensometer Method (Con't.)

TABLE 2

Dial Gage vs. Flux Readings - Run 25-A

ORNL-315

Tube with scale

Heat Flux Obs. Dial Gage Ave. Water Water Temp. Corrected Dial

Btu/hr.ft2 Reading Temp. Correction Gage Reading
mils °C mils mils

588,000 31.4 51.9 -2.0 29.4
510,000 23.6 52.5 -2.7 20.9
449,000 19.0 52.6 -2.8 16.2
400,000 10.0 52.3 -2.5 7.5
377,000 5.5 51.8 -1.9 3.6
344,000 1.3 50.8 -0.8 0.5

Tube after cleaning the scale from the water side

Heat Flux Obs. Dial Gage Ave. Water Water Temp. Corrected Dial

Btu/hr.ft2 Reading Temp. Correction Gage Reading
mils oc mils mils

372,000 2.2 52.0 -2.2 0

422,000 6.0 51.7 -1.8 4.2
467,000 9.7 51.7 -1.8 7.9
530,000 13.2 52.4 -2.6 10.6
592,000 20.2 51.8 -1.9 18.3
640,000 26.1 52.7 -2.9 23.2
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2.5 Determination of Scale Resistance (Gon't.)

D. Dial Gage Extensometer Method (Con't.)

From the curves in Figure 13 (p. 35) the water-side scale

resistance in Run 25-A may be calculated as followss

(Vh)scaie = TM - TMo Eq. 9 p. 29
Flux

T -Tu - L(pial Reading)scale "(Dlal Readi"g)clean!x 1'8 o
M M°" 1.19mils/oc F

(VMscaie = L(Dial Reading>Seale "<Dlal Reading)cleanJx 1>8
1.19 x Heat Flux

At a heat flux of 400,000 (taking values from the curves in Figure 13.)

(Vh)„flla -<7-S -1'7) 1-8 -.000022 **-*f"°*'scale -lol9 x400>00Q stu

hscale =-45,000 Btu/hr.ft2~°F

At a heat flux of 500,000

(l/h) , ,Hi-? -10.5) 1-8 -.000027 hr.ft2-°F
'scale lol9 x 500,000 Btu

hscale s37,000 Btu/hr. ft2~°F

At a heat flux of 590.000

(Vhjgeaie s ^M ' 18-6) 1.8 = o000030
1.19 x 590,000

hscale = 33,000 Btu/hr. ft2-°F.

Thus the observed water-side scale resistance for Run 25-A

varied between .000022 and .000030 hr-ft2-°F/Btu according to the

dial gage method of determining scale resistance. These values

compare favorably with the resistance .000022 - .000023 as

determined by the "steam calibration* method.

This dial gage method of determining scale resistance was

developed as a check on the values which had been obtained from
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2.5 Determination of Scale Resistance (Con't.)

D. Dial Gage Extensometer Method (Con't..).

the "steam calibration" method. The agreement obtained between the

two methods was good enough to justify the use of the steam cali

brations as a means of determining scale resistances.

3.0 RESULTS AND DISCUSSION

3.1 Theoretical Discussion

It was stated in the introduction that there were two mechanisms

of scale formation on aluminum: (a) deposition of scale-forming

substances from the cooling water, and (b) formation of a dense, closely

adherent scale of alumina at the metal surface by corrosion.

Some of the factors which might affect the thickness or properties

of scale are: (1) temperature of the aluminum heat transfer surfaces;

(2) pH of the cooling water; (3) presence or absence of hydrogen peroxide

in the cooling water; (4) concentrations and colloidal properties of

scale forming substances in the water; (5) presence of corrosion inhibitors;

(6) velocity of the cooling water past the heat transfer surfaces; and

(7) pre-formed protective films such as (a) a plain anodized oxide film,

(b) a chromium-sealed oxide film or (c) a very thin chromium hydroxide

film coated directly on the metal.

Scale formation by deposition would be affected chiefly by factors

(1), (2), (4) and (6) above.

The thickness cr heat transfer resistance of the alumina scale

formed by corrosion would be affected by the severity of the corrosion

conditions existing between the metal and water. These corrosion

conditions are functions of factors (1), (2), (3), (5), and (7) above,
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whose combined effect might be dubbed the corrosion potential between

the metal and the water stream in order to make an analogy between

electrolytic deposition of oxide coats and the ordinary corrosion of

aluminum in water.

The mechanism of electrolytic oxidation of aluminum is postulated

as follows by Scott Anderson, J. Applied Physics, 1£, 477-480 (1940)

Metal

Extremely thin,
compact barrier layer

Porous Oxide coat

FIGURE 14

The mechanism of electrolysis will not be dealt with other than

to require that 0" ions be made available at the anode by the passage

of current through the electrolyte.

The compact barrier layer separating the base of the pores from the

aluminum metal is continuous, unbroken, and is the seat of growth

processes which result in the formation of the oxide coating. It is

proposed that oxide growth occurs by virtue of an outward diffusion of

Al ions from the metal to the solution and an inward diffusion of

oxygen ions supplied at the base of the pores by the electrolyte.

Continued growth of the film is dependent upon the ability of the Al and

0= ions to penetrate the barrier layer. The mode of electrical conductance
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is such that aluminum ions dissolve from the sheet into the oxide, thus

leaving spaces into which oxygen ions may be forced by the electrical

field. As the thickness of the film increases, the field intensity

decreases, and the rate of growth of the barrier film diminishes until

equilibrium is reached between the rate of acid attack and the rate of

growth. (This is for electrolytic oxidation in sulfuric acid solutions).

Scales formed in this fashion are extremely thick compared to scales

formed by corrosion in water.

It may be that oxidation of aluminum in water occurs because there

is some sort of a difference of potential between aluminum and water -

a difference which would be very small but which would depend on pH, water

temperature, metal temperature, and other factors which affect the corrosion

conditions. A maximum thickness of scale would then be reached when the

rate of growth equals the rate of attack of the oxide layer. Thus, a

protective layer of alumina is postulated from an analogy with electrolytic

deposition of oxide coats.

The following paragraph is a quotation from a paper in a British

publication - "Protective Films - Natural Formation on Aluminum and Its

Alloys", by F. A. Champion, Metal Industry, May 28, 1948, page 440.

"The nature and thickness of the film formed
depends on the environment to which the metal is exposed,
and the thicker, more protective films, tending to be
formed in the more corrosive environment. Thus the film
found by simple exposure of aluminum to air is usually
inadequate for protection against corrosion by natural
waters, so that a new film is formed on immersion in the
latter. The formation of such films involves the
conversion of metallic aluminum to alumina, but the
consequent attack on the metal is often negligible. In
some media, however, appreciable corrosion occurs before
the corrosion rate has been reduced to a negligible value
by the formation of the film. In any case it is to be
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expected ihat the corrosion rate, whether appreciable
or not, will tend to decrease with increasing time of
exposure,"

A figure from the above paper shows a corrosion-time curve to

have approximately the following shape;

Time >-

Some of the conclusions drawn by F. A. Champion in the article

mentioned above are listed as follows:

"1. Corrosion observed in the early stages of exposure under
severe conditions may give an unduly pessimistic impression
of the probable useful life of the metal unless the decrease
and eventual cessation of corrosion is borne in mind.

"2. Exposure of test specimens for a single period of arbitrary
duration is of little use for predicting behavior in
service."

It appears that the water conditions which minimize corrosion will

also minimize scale formation, neglecting scale formation by deposition.

According to these considerations, it should be expected that if a

suitable pre-formed protective film were used, corrosion of aluminum

under expected pile conditions could be practically completely eliminated.

Elimination of corrosion would automatically eliminate fouling of the

heat transfer surfaces by scale formation from oxidation of the metal.

Most anodized oxide scales are much thicker than the naturally

formed corrosion scale, and therefore would decrease the ovor-all heat

transfer coefficient more than if the ordinary untreated aluminum were
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allowed to form its own protective scales. Hence, no scale formation

experiments were conducted using anodized specimens. A pre-formed

protective film for heat transfer use would have to be very thin so

that its thermal resistance would be low enough so as not to decrease

the over-all coefficient of heat transfer appreciably. Such a thin

film would be mechanically weak and easily subject to damage by abrasion

or careless handling.

Scale formation by deposition of scale-forming substances from the

water can to be eliminated by merely removing these substances from the

water. In boiler plant practice, boiler feed water is often times

prepared by first softening the filtered water in a sodium cycle zeolite

and then distilling it to oroduce high purity water. Use of de-ionized

water in industry has become a common answer to many problems involving

scale formation. One of the questions remaining to be settled by experi

ment is: How long will de-ionized water remain pure enough for pile use

if it is recirculated many times through the pile? The answer involves

knowledge of the materials of construction of the pile piping system, the

corrosion' rates of the various pile components and piping in contact with

the water stream, the scale forming properties of the corrosion products,

and the water conditions chosen to minimize corrosion.

3.2 Experimental Results

A. Preliminary Results

Runs 1 through 6 were conducted using water at a velocity of

65 ft./sec. and inlet temperature of 80 C for heating. The esti

mated surface temperature of these runs was about 55 C.
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3.2 Experimental Results (Gon't.)

A. Preliminary Results (Gon't.)

The demineralized water used in these runs was of a rather poor

quality. Specific resistances of 40,000 -60,000 ohms were average,

with 80,000 being considered good. These waters had enough calcium to

cause calcium scales to form under certain conditions.

The results of the first six runs are not applicable to the pile

design because of the low metal surface temperature and therefore will

not be discussed.

Run 7-A was the first run using steam in the inner annulus. An

aluminum outer tube was used, so the formation of the scale could not

be observed visually. In this test, P-l (inlet steam pressure) was

kept constant at 80 psig, and P-4 (outlet steam pressure) was held at

5psig. Thus, it was assumed that the steam coefficient remained

constant. However, the heat flux decreased as scale formed on both

sides of the tube, therefore the surface temperature of the metal was

not constant. Total scale formed in two days was equal to 66 scale

units. Spectroscopic analysis showed the following constituents in

the water side scale: Cu, Al, strong; Si, Mg, Fe, Ca, weak. Results

of this test were inconclusive.

Run 8-A was a repeat of 7-A. Run 8-A lasted twelve days. Water

scale resistance was measured to be 34 scale units.

Runs 9-A, 10-A, and 11-A utilized a Lucite outer tube, enabling

the scale formation to be observed visually. These runs were not valid

however, for the Lucite tubes were softened by the hot water and became

warped and distorted, thereby changing the water flow and water film

coefficients.
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A. Preliminary Results (Gon't.)

The apparatus was modified to allow the use of a 2" glass pipe for

the outer tube. Run 12-A was the first test in which glass was used.

Runs 12-A through 17-A were all conducted with constant inlet and

outlet steam pressures, with decreasing heat flux. Therefore the

results from these runs are not especially significant.

The Tube-C apparatus was then installed, and Run 18~C was conducted

at the same time as Run 18-A. These two were the first runs in which the

heat flux was kept constant. They are also the first runs from which

significant and useful results were obtained. The temperature and flow

readings were interpreted using the steam calibration method.

Table 7 is a summary of the conditions and results from all of

the scale formation tests. The information contained in Table 7 1s

sufficiently self explanatory in most cases so that a discussion of each

individual run will not be included in this report.

Some especially significant correlations and findings will be

listed in the remaining paragraphs of this section of the report.

These ares

B. Scale Formation by Deposition

After Runs 24-A and 24-C had been completed, it was realized that

the scale formed by deposition was probably insignificant compared to

the scale formed by the corrosion of surface aluminum to alumina. It

was then that tube assemblies B and D were installed in parallel with

tubes A and C respectively. Tubes B and D were stainless steel. Any

scale formed on these stainless steel tubes would be solely by

deposition. All of the runs which were made to measure scale by

deposition are listed in Table No. 3.
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TABLE 3

COMPARISON RUNS, TOTAL WATER SIDE SCALE VS DEPOSITED SCALE

Run Type of Days Water Scale

Water Conditions

PH Fe Al H202 Dichromate

Number Tube Velocity Water Side ppm ppm Molarity ppm

25-C Al 12 30 60-66 4.5-5.0 0.14 0.22 0 0

25-D S.S. 11 14 172-195

26-A Al 7 30 108-128

26-B S.S. 7 14 50 5.0-5.5 0.05 0.16 0 0

26-C Al 26 30 15-22

26-D S.S. 26 14 8-17 5.4 0.05 0.08 .005 0

27-C Al 9 30 41-50

27-D S.S. 9 14 8-10 7.4 0.03 0.18 0 0

28-G Al 15 30 9-19

28-D S.S. 15 14 0 7.3 0.03 0.10 0 5

27-A ai 20 30 34-38

27-B S.S. 10 14 0 6.3 0.03 0.07 0 0

30-G Al 14 30 76-90

30-D S.S. 15 14 15-30 7.1 0.03 0.21 .005 5

28-A Al 18 30 16-20

28-Be Be 2 30 0 6.6 0.03 0.06 .005 0

29-A Al 13 30 12

29-Be Be 19 30 0 7.8 0.04 1.37 0 0

31-C Al 19 30 75-83

31-D S.S. 19 14 0 7.0-7.5 0.025 0.11 .005 5

33-C Al 3 30 19

33-D S.S. 3 14 0 6.5 0.03 0.09 .005 0
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B. Scale Formation by Deposition (Con't.)

Runs 25-C and 25-D seemingly demonstrate the effect of velocity

on deposited scale, with more scale forming at the lower velocity.

They also demonstrate that in the pH range 4.5-5.0 the Fe and Al

concentrations in the water will be high enough to cause excessive

scale formation by deposition.

Runs 27-C, 27-D, 28-C, 28-D, 30-C, 30-D, 31-C and 31-D are

companion tests intended to investigate the effect of peroxide and

dichromate inhibitor at a pH of about 7.5. Results indicated are:

Runs 27-C, 27-D show a relatively thick protective scale with a

moderate amount of deposition at a pH of 7.4 with no peroxide or

dichromate added to the water. Runs 28-C and 28-D show that a

relatively thin protective scale is formed, with no deposition at

a pH of 7.3 with 5 ppm of sodium dichromate and no peroxide added to

the water.

Runs 30-C and 30-D show a heavy protective scale forming with a

moderate amount of deposition at a pH of 7.1 with 5 ppm of sodium

dichromate and .005 molar hydrogen peroxide added to the water. The

addition of peroxide appears to destroy the inhibiting effect of the

dichromate completely and even worsen the severity of the corrosion.

It should be noted that with 0.21 ppm of Al in the water at this pH

some deposition occurred. Runs 31-C and 31-D had the same water

conditions as Runs 30-C and 30-D, except for a lower concentration

of Al in the water, which resulted in no measurable deposition, but

the same thickness of protective scale. Such good agreement between

identical runs should be considered fortuitous, for in this type of
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B. Scale Formation by Depositionj_(GonJ tjj.

experiment good reproducibility of results is difficult to achieve.

Runs 26-C, and 28-A are the only two runs of this group which

show allowable scale thickness in the presence of peroxide. The pH

of 26-C was 5.4 and a small amount of deposition occurred. The Al'

concentration was about .08 ppm. The pH of 28-A was 6.6, Al s .06 ppm

and no deposition occurred. Thus a pH range of 5.4 - 6.6 appears to

be satisfactory for minimum scale formation (from the results of this

particular group of tests). It should be noticed that the Al

concentrations are usually low for minimum scale thickness, although

under certain conditions the Al concentration may be high with no

deposition occurring. (See Run 29-A as an example).

Runs 25-D and 26-B are examples of very high rates of deposition.

A concentration of 0.22 ppm Al at pH 4*5-5.0 gave about 180 scale

units in 11 days, while a concentration of 0.16 ppm Al at pH 5.0-5.5

gave about 50 scale units in 7 days. The other extreme (Run 29-Be)

shows no deposition in 19 days at a pH of 7.8 and Al concentration of

1.37 ppm. The effect of pH on the solubility of alumina probably

influences the differences in rates of deposition.

In all of the tests from Run 1 to the end of the experimental work,

deposition of Fe was always negligible, even when the average Fe

concentration was as high as 0.65 ppm for 20 days at pH 5.5 - 6.5.

(See Run 30-A). These high Fe concentrations were achieved by placing

large sheets of black iron into the water tank. Corrosion Fe in a

recirculating stream appears to be flucculated and non-scale forming,

and easily removed from the water stream by ordinary filtration

through sand. '
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B. Scale Formation by Deposition (Con't.)

It has been observed that at low velocities Fe will deposit a

little, forming a gelatinous scale that is removed by merely increasing

the velocity momentarily (say from 3 ft./sec. to about 6 ft./sec).

Fe does not deposit appreciably at a velocity of 10 ft./sec. or

greater under the water conditions encountered in these tests.

C. Scale Formation by Oxidation of Surface Aluminum to Alumina

The factors which might affect the thickness of the protective

scale have been listed previously. They are:

1. Temperature of the aluminum heat transfer surface

2. pH of cooling water

3. Presence or absence of hydrogen peroxide

4. Corrosion inhibitors

5. Pre-formed protective films

Nearly all of the scale formation tests were conducted using

an estimated average wall temperature of 87 C. The tests conducted

at other temperatures were either not complete or were inconclusive

for various reasons so that a temperature correlation has not been

obtained.. Higher wall temperatures than 87° gives higher initial

rates of scale formation, but the maximum thickness of protective

scale never was reached because the maximum steam pressure available

was not high enough to maintain the required constant heat flux on

account of the formation of scale on both sides of the tube.

Runs 31-B and 32-B were high heat flux runs with estimated

average wall temperatures of 118 C.



- 49 - ORNL-315

3.2 Experimental Results (Con't.)

G. Scale Formation by Oxidation of Surface Aluminum to Alumina (Gon't.)

The tube in Run 31-B was pre-coated with a chromium hydroxide

film. It lasted 17 days before the high velocity steam (inlet

pressure about 90 psig and outlet pressure of 8 psig) eroded holes

through the .035" wall. The inside rod which formed the steam

annulus with the 3/4" O.D, aluminum heat transfer tube, had 3

buttons welded at each end to center the rod inside the tube. Steam

eroded through the tube at each spacer button; hence, the usual data

taken at the end of a run could not be obtained, making it impossible

to measure the water side scale. However, the total scale was

measured as 31 scale units before the holes appeared.

In Run 32-B (using an untreated Al tube) the total scale formed

in 3 days was .000040 hr. ft2 - °F/Btu (or 40 scale units) which was

enough extra resistance to make it impossible to maintain the desired

constant heat flux. So the test was ended and the water side scale

was measured as 16 units.

Run 32-C is of special interest for it was conducted in the

same manner as the usual corrosion tests run by various groups at

this laboratory. At the beginning of Run 32=6, the usual steam

calibration was taken, and then the steam to the tube was shut off.

Instead of maintaining the tube surface temperature by transferring

heat, hot water at 87° G. was circulated past the tube for 9 days.
o

At the end of the test, the process water was cooled from 87 C.

to 45° G. and a final steam calibration was taken. The increase in

l/U here was then due entirely to scale formed by the hot water.

After cleaning the water side, the initial steam calibration curve
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C. Scale Formation by Oxidation of Surface Aluminum to Alumina (Gon't.)

was obtained, indicating that the cleaning technique is valid, and

in this case, that all of the scale was on the water.side, since

steam was used on the inside only long enough to obtain the

necessary steam calibrations. Table 4 shows that the scale formed

in this manner has about the same thermal resistivity as scale formed

under heat transfer conditions.

In each of the runs listed in Table 4 that lasted for more than

10 or 15 days, the l/U vs time curve had flattened out, indicating

that the maximum thickness of scale had been approached or nearly

reached. The duration of the tests listed above does not necessarily

indicate the length of time required to form the full thickness of

the protective scales for any given test. The very long tests were

continued merely to demonstrate that little if any scale forms after

15 to 20 days.

The results listed in Table 4 indicates

1. Below a pH of 6.5 the presence of .005 M HpOp decreases the
thickness of the scale by a factor of about two, i.e.
peroxide appears to be beneficial rather than detrimental
to the general corrosion of aluminum below pH 6.5.

2. Above a pH of 7.0 the presence of .005 M H2O2 about
doubles the scale thickness.

3. Peroxide seems to destroy the effectiveness of sodium
dichromate as a corrosion inhibitor above a pH of 7.0,
even though at these pH's, the dichromate is not reduced
by the peroxide.

4. From the standpoint of scale formation, there exists an
optimum pH. Using water with or without peroxide, the
optimum pH is in the range 5.5-6.5.

5. If pH exceeds 7.5, corrosion becomes excessive as evidenced
by high aluminum concentrations in the water - see runs
29-A and 32-G especially, where the aluminum concentration
exceeds 1 ppm.
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TABLE 4

SCALE RESISTANCES AT VARIOUS pH's

Runs with no Peroxide Runs with .005 M. Peroxide

Run No* Days PH Al Scale Run No. Days PH Al Scale

24-A 6 4.0-4.5 0.18 206-223 35-C 66 5.0-6.0 0.16 8

25-C 12 4.5-5.0 0.22 60-66 ♦35-D 35 5.0-6.0 0.16 7

26-A 7 5.0-5.5 0.16 108-128 *30-A 94 5.5-6.5 0.10 12-14

23-A 11 5.3 0.04 20-22 34-C 26 5.6 0.16 22

*24-C 30 5.8 0.06 5-10 26-C 26 5.8 0.08 15-22

25-A 3 6.0 0.09 23-24 33-C 3 6.5 0.09 19

22-A 14 6.1 0.10 34-38 28-A 18 6.6 0.06 16-20

21-A 24 6.2 0.09 30-33 ♦30-C 14 7.1 0.21 76-90

21-C 10 6.3 0.11 4-11 ♦31-C 19 7.0-7.5 0.11 75-83

♦28-C 15 7.3 0.10 9-19 ♦32-C1 9 7.5 4.6 60-71

27-C 9 7.4 0.18 41-50

29-A 13 7.8 1.37 12

* Al tube pre-coated with film from dichromate-autoclave treatment.

♦ 5 ppm sodium dichromate added to water.

1 Metal temperature maintained by circulating 87° C. water, with no
heat transfer. Water velocity 30 ft/sec, in all the runs in Table 4»
Estimated surface temperature 87° C in all the runs in Table 4.
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C. Scale Formation by Oxidation of Surface Aluminum to Alumina (Con't.)

6. In all cases where pre~formed chromium films were used,
definite reduction in the amount of scale formation
resulted. The subject of pre-formed films will be
discussed more fully in the next paragraph.

3.3 Pre-formed Protective Films

Scale formation tests up to September 1, 1947, indicated that the

scale formation being observed and measured in 2S aluminum tubes exposed

to flowing demineralized cooling water was the result of adherence of

corrosion products to the tube - not deposition of scale forming material

from the water.

Tests had shown the order of magnitude of the thermal resistance

of the scales formed under the heat transfer conditions of the proposed

pile. It was decided on about September 15, 1947 to measure the

thermal resistance of an oxide scale formed on 2S aluminum under higher

metal temperatures in a static test. A steam autoclave was constructed

out of a length of 4" pipe. The aluminum tube to be tested was given the

following treatment.

Step 1 - A new 1 3/4™ aluminum heat transfer tube was etched
with 5% HF, The outside diameter was carefully
measured.

Step 2 - This tube was installed in the heat transfer system and
its &P steam vs l/U curve was determined.

Step 3 - The tube was then removed from the heat transfer system
and placed inside a 2 1/2" aluminum tube which contained
a solution of-->_1/2/6 sodium dichromate. It was thought
that a fairly thick oxide scale would form under the
steam exposure and the dichromate was added to inhibit
pitting, which has been known to occur under static
corrosion conditions.
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3.3 Pre-formed Protective Films (Con't.)

Step 4 - The 1 3/4" aluminum tube and its 2.1/2" container were
placed inside the steam autoclave, and exposed to 15 -
20 psig steam (temperature about 125° C) for 30 days.

Step 5 - After 30 days, the tube was removed from the autoclave,
lightly rinsed with demineralized water and installed
in the heat transfer system. The tube was slightly
yellowish in appearance. Outside diameter was again
carefully measured. No change was observed.

Step 6 - The second &P - steam vs l/U calibration curve was
determined. Results of this test show that the tube

had less resistance to heat transfer after the treat

ment than before - i.e., no measurable scale was
formed by the 30 day treatment in dichromate.

Step 7-A 440 ppm HF solution was circulated past the tube at
60° C. for 3 hours. Except for localized points where
the very thin film of chromium compound had been
scuffed off by careless handling, no attack by the HF
occurred. In the places where the film had been
broken, severe pitting occurred.

Step 8-A third steam calibration curve was taken. The l/U of
the tube was decreased by about 12 resistance units
by this HF treatment of Step 7. The error in determining
l/U may be of the order of magnitude of about 5 to 10
resistance units.

Step 9 - A regular scale formation run was performed for 30 days
under the ordinary conditions of some of the previous
scale formation tests.

Step 10 - Total Al/U for the 30 day test was about 20 - 30
resistance units.

Step 11 - A 200 ppm HF 50 ppm oxalic acid solution was circulated
past the tube for 90 minutes at 60° C. A new steam
calibration curve was taken. This last treatment

caused no measurable change in l/U, indicating that the
20 - 30 unit increase during the 30 day test occurred on
the steam side. This proves that no measurable scale
was formed on the water cooled side, and indicates that
the chromium film protected against corrosion and
scale formation, for ordinarily about 20 to 30 units of
scale have been formed on the water side of an untreated

aluminum tube. The first 30 day test indicated the
possibility of forming very thin, hard and protective
scales to minimize or even eliminate corrosion of

aluminum under pile water conditions.
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3.3 Pre-formed Protective Films (Con't.)

Subsequent tests have verified this preliminary finding. In order

to determine some of the physical and chemical properties of this

protective film, several short specimens of aluminum tubing were exposed

for various lengths of time in a 1/2$ sodium dichromate solution at

125° C and the gain in weight of each specimen was determined. After

weighing, the tubes were sent to Dr. Newman of the Chemistry Division

to be studied with the electron microscope for scale thickness and

crystal indentity. He estimated that the scale thickness varied from

about 300 Angstroms for one day's exposure to about 1000 Angstroms for

the 31 day sample. It should be stressed that the film which forms in

one month under these conditions is considerable thinner than that

which forms in one day in the heat transfer apparatus under the usual

conditions of the scale formation tests. The electron diffraction

patterns were so broad that they could not be compared very accurately

with standard patterns, but it seems fairly certain that they represent

neither boehraite nor gamma-alumina. From the line broadening it can be

concluded that the crystallite size of the material is only a few tens

of Angstroms, and since the patterns do not become sharper in the samples

exposed for one month it can be concluded that the material is quite

insoluble under the conditions of the experiment.

Upon heating scale specimens, no new crystalline material developed

but there was a slight change in d-values which could indicate the

formation of a solid solution of 0^03 and AI2O3. This could be re

garded as possible since these materials form crystals of the same type

and only differ in size by about 4$» Quantitative spectrographic analysis

of the film from the 31 day sample showed the following amounts of

aluminum and chromiums
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2.3 Pre-formed Protective Films (Con't.)
2

Aluminum equals 6 £ 1 microgram per cm

Chromium equals 28.4 i 0.9 microgram per cm2

Detailed description of Dr. Newman's tests, with electron micro

graphs of the various specimens, is contained in areport — CLM-LN #12

"Corrosion Films on Aluminum Tubes in Hot Dichromate Solution," by L. T.

Newman, and T. E. Willmarth, January 19, 1948.

Table 5 contains the results of the weight gain tests.

TABLE 5

WEIGHT GAIN rESTS

Test Number 1 2 3 4 5

Solution 1/256 Cro0„ 1/2$ OroOn Water 1/2$ Cr90,7 Water

Temperature 125. °Q.
Wt. Gain

mg/cm2

__I25...^_ 165° C

Wt. Ga|n
mg/cm

0.122

Exposure

Time

Wt. Gain

mg/cm2

0.061

Wt. Gain

mg/cm2

0.112

Wt. Gain

mg/cm

0.0173 hours 0.037

6 hours 0.006 0.009 0.101 0.025 0.134

1 day 0.012 0.011 0.133 0.156 0.144

2 days 0.029 0.020 0.147 0.076 0.171

3 days 0.015 0,020 0.142 0.111 0.185

8 days 0.230 0.049 0.172 0.155 0.238

16 days 0.180 0.105 0.205

31 days 0.270 0.136 0.240
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3.3 Pre-formed Protective Films (Con't.)

Table 6 is a list of the runs in which dichromate treated tubes were

used, showing effectiveness of the pre-formed scale in preventing scale

formation compared with untreated tubes.

TABLE 6

PROTECTIVE EFFECT OF DICHROMATE FILMS

Run No. Days
1/2$

Exposure to

Dichromate

Length of
Run-Days

Estimated ISall

Temp. pHi
Scale

Total Water Side

24-C 31 30 87 5.8 27-41 5-10

21-A 0 24 87 6.2 100-134 30-33

22-A 0 14 87 6.1 69-73 34-38

30-A 14 94 87 5.5-6.5 47 12-14

35-D 1 35 87 5.0-6.0 67 7

31-A, 10 112 87 6.0 44(?) 30(?)

31-B 14 17 118 6.1 31

32-B 0 3 118 6.0 40 16

It is believed that a pre-formed protective film may offer only

temporary protection against corrosion in a high velocity stream of water.

Of the various films listed in Table 6, those of Run 35-D and 31-A did

disappear.

The tube in Run 35-D was exposed for only 24 hours in the autoclave.

Thus its protective film was very thin, and the protective effect lasted

only about 5 days.

The pre-formed protective film of Run 31-A was almost gone at

the end of the run, which lasted 112 days; however, the tube was still
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3.3 Pre-formed Protective Films (Gon't.)

bright and clean instead of being dark gray as it would have been if an

untreated 2S aluminum tube had been used.

It appears from these five tests that at least 7-10 days exposure

to 1/2$ sodium dichromate solution in a 15 psig steam autoclave are

required to give a thin pre-formed chromium hydroxide film which will

protect against the corrosion expected to be encountered in the high flux

reactor, and that this film is of such a thermal conductivity and thickness

as not to measurably increase the metal temperature by its added thermal

resistance. The very thinness of this film makes it subject to fracture

and damage by the mildest of abrasion.

3.4 Scale Formation on Beryllium

A beryllium tube was used in Runs 28-Be, 29-Be and 30-Be in the

Tube B assembly.

Run 29-Be lasted 19 days at a pH of 7.8 and no scale formation

occurred on the beryllium tube. Its appearance did not change, nor did

any pitting occur.

Run 30-Be lasted 18 days at a pH range of 5.5-6.4 and no scale

formation or pitting occurred.

From the results of these runs it appears that beryllium is free

of scale formation in a pH range of 5.4 to 7.8. However, it should be

pointed out that if a beryllia scale did form, it would be difficult to

measure with this method, for the thermal conductivity of BeO differs

from that of beryllium metal by only a factor of about 3, and therefore,

a beryllia scale would not add materially to the thermal resistance of

the metal.
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TABLE 7

SUMMARY OF SCALE FORMATION TESTS

Run No. 1 2-a 2-b 3-a 3-b 4

Type Cooler Tower Tower Tower Tower Tower Tower

Type Tube 2S Al 2S Al 2S Al 2S Al 2S Al 2& Al

Duration - days 28 10 11 9 2 9

Heat Flux -BTU/(hr)(ft2) 320,000 380,000 370,000 370,000 355,000 385,000

Water Velocity, ft/sec. 30 30 30 30 30 30

Avg. Water Temp., °C 35 35 35 35 35 35

Est. Surface Temp. °C 55 55 55 55 55 55

Water Make-up, $ 10 10 10 10 10 10

Dichromate in water, ppm 0 3 2 2 1.5 2

Peroxide in water - Molarity 0 0 .0005 .002 .002 . .003

Fe in Make-up Waterf ppm — «D w _ _ -

Fe in Coolant Stream, ppm 0.09 0.18 0.31 0.14 0.08 0.14

Al in Make-up Water, pam — _ «. _ — —

Al in Coolant Stream, ppm 0.12 0.13 0.18 0.12 0.21 0.14

pH of Make-up later 5.1 5.0 5.0 5.2 4.7 5.1

pH of Coolant Stream 5.8 6.0 5.6 5.6 7.0 7.5

Total A(fT)» Scale Units 25 4 4 4 16 72
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TABLE 7 (Gon't.)
SUMMARY OF SCALE FORMATION TESTS

Bun Ho. 5-a 5-b 6 7-a 8-a 9-a

Type Cooler Tower Tower Tower

Spray
Tower

Spray
Tower

Spray
Tower

Type Tube 2S Al 2S Al 2S Al 2S Al 2S Al 2S Al

Duration <= days 2 8 10 2 12 1

Heat Flux - BTU/(hr)(ft2) 325.000

30

350,000 335,000 900,000

900,000-
620,000 „

Water Velocity* £t/sec. 30 30 2L<L„ 30 30

Ave. Water Temp., °C 35 35 40

Est. Surface Temp. °C 55 55 60 98 ...98-— 98

Water Make-up,, $ 10 10 10 10 10 10

Dichromate in water„ ppm 0 1.5 0 0 0 0

Peroxide in water -• Molarity .002 .002.. .0005 0 o r 0

Fe in Make=up Water, ppm p—fcJPA— .06

Fe in Coolant Stream, ppm o03 .09 .05 .07 .08 .02

Al in Make-up Water, ppm e=. • .05 .05

Al in Coolant Streams ppm .04 .15 .04 .05 .08 .03

pH of Make=up Water 5.0 5.0 5.5 6.6 6.7 6.6

pH of Coolant Stream 6.0 6.8 6.4 6.9 6.9 6.5

TotalA(pL Scale Units 6 18 35 66 78 —

——•-"- ""VUt'' •

Distribution of Scales 44

Steam Side 34

Water Side 1 ..
Al Outer

Tube

Al Outer Lucite
Tube
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TABLE 7 (Con't.)
SUMMARY OF SCALE FORMATION TESTS

Run No. 10-a 11-a 12-a 14-a 15^a 16-a

Type Cooler

Spray
Tower

Spray
Tower

Spray
Tower Tower Tower Tower

Type Tube 2S Al 2S Al 2S Al 2S Al 2S Al 2S Al

Duration - days 1 3 6 3 6 12

Heat Flux - BTU/(hr)(ft2)
780,000-
590,000

780,000-
650.000 700.000

S80,000-
560,000

680,000-
550.000

Water Velocity, ft/sec. 30 30 30 30 30 30

Ave. Water Temp.. °C • 50 50 50

Est. Surface Temp. °C 98 98 98 100 100 100

Water Make-up. % 10 10 10 7fr 7* 7*

Dichromate in water, pom 0 0 0 0 0 0

Peroxide in water - Molarity 0 0 0 0 0 0

Fe in Make-up Water, ppp , .03 •04 0.10 0.03 0.04

Fe in Coolant Stream, ppm m .05 .03 0.15 0.04 0.07

Al in Make-up Water, ppm 0.16 0.12 0.29 0.13 0.07

Al in Coolant Stream, ppm to- 0.18 0.14 0.52 0.12 0.14

pH of Make-up Water 6.5 6.7 5.5 6.6 6.6 5.8

pH of Coolant Stream — 7.1 5.9 7.3 7.3 6.6

Total A/-) ,Scale Units 69 40 45 48 48
^lur-'

Distribution of Scale:

Steam Side 4

Water Side 44
Lucite Lucite Glass
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TABLE 7 (Con't.)
SUMMARY OF SCALE FORMATION TESTS

Run No.

Type Cooler

Type Tube

.Duration - days

Heat Flux - BTU/(hr)(ft2)

Water Velocity, ft/sec.

Avg. Water Temp.. C

Est. Surface Temp. °C

.Water Make-up. %

Dichromate in water, ppm

.Peroxide in water - Molarity

Fe in Make-up Water, ppm

17-a

Tower

2S Al

12_
600,000-
505,000

30

50

1.9.0.

_2i.

0

AtQl,

Fe in Coolant Stream, ppm 0.04

Al in Make-up Water, ppm

Al in Coolant Stream, ppm

pH of Make-up Water

pH of Coolant Stream

TotalA/f j , Scale Units[$/"* ——
Distribution of Scales __

Steam Side

Water Side

0.05

0.07

6.7

6.6

18-a

Tower

-2S_A1_

10

600,000

J9-

50

90

JL

0.06

0.06

0.12

0.16

-5i2.

JL2.

25-18

17-26

18-c 19-a

Tower iQwer

2S Al ^2&J&.

10 8

600,000 350.000

3Q JO.

50 50

-22. 73

JL

0.06 .0B

0.06 .12

0.12 dL

0.14 .17

£&. &SL

6.9 6.8

JBL

ORNL-315

19-c 20-a.

Ipwer .Tjsxeji

JSlAL 3S Al

11

550.000 JOO^OOO.

JP_ 20.

JO. 50

87 70

_,_ojl .09.

-—*Q£. 03.

-*M_ dL

.16 .13

££. JL1

±m3l J^i.

Jl
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TABLE 7 (Con't.)
SUMMARY. OF SCALE FORMATION TESTS

Run No. 2Q=c 21-a 21=e 22-a 22-c 22-d

Type Cooler Tower S„S„ Tower Tower Tower

Type Tube 2S Al ~_2£LA1_ 2S Al 2S Al 1A-* S.S. li" S.S.

Duration <= days -_JA_ 24 10 14 __A_™ L

Heat Flux -BTU/(hr)|ft2) 6009000 500,000 5009000 500,000 270,000 190,000

Water Velocity« ft/sec.

Avg. Water Temp.« °G

30 30 30 30 26.6 9.8

50 50 50 50 50 50

Est. Surface Temp. °G 90 87 87 87 70 80

Water Make-up? $ 7
1

7 i 7 20

Dichromate in water. gpm

Peroxide in water = Molarity

0 0 0 0 0 0

0 0 0

o03

0 0 0

Fe in Make=up Water, ppm .09 .03 .03 .03 .03

Fe in Coolant Stream, ppm o08 .03 .03 .03 SB

— _

Al in Make-up Water, ppm ol4 .08 „08 .07

.10

.07 .07

Al in Coolant Stream, ppm .15 .09 .11

pH of Make=up Water 6„3 5.6 5.6

6»3

5.4 5.4

0

5.4

pH of Coolant Stream 6.9 6„2 6.1

0TotalA/IN scale Units 75 100-34 69-73
10 /

Distribution of Scales

Steam Side 70-101 35 0 0

Water Side 30-33 4-11 34=38 0 0

Water Side, Dial Gage 43 0 ...
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TABLE 7 (Con't.)
SUMMARY OF SCALE FORMATION TESTS

-

Run No. 23-a 23-c 24-a 24-c 25-a 25-c

Type Cooler Oowo Tower Aluminum Tower Aluminum S.S.

Type Tube 2S Al l£« S.S. 2S Al

)ichromat«

ftlnminirm 2S Al 2S Al

Duration - days 11 7 6 30 3 12

Heat Flux - BTU/(hr)(ft2) 500,000 225,000 500,000 500,000 500,000 500,000

Water Velocity, ft/sect 30 9.8 30 30 30 30

Avg. Water Temp., °C 50 50 50 50 50 50

Est. Surface Temp. °£ 87 83 87 87 87 87

Water Make-up, $

0

20 0 7 0 0

Dichromate in water, ppm

Filtered

Water 0 0 0 0

Peroxide in water - Molarity

Fe in Make-up Water, ppm

0 __

.03

„..° __ .__.0

.03 .02

0 0

Fe in Coolant Stream± ppm .02 0.12 .03 .03 .06 0.14

Al in Make-up Water, ppm .05 <s> .08 .04 _

Al in Coolant Stream, ppm .04 0.33 .18 .06 .09 0.22

pH of Make-up later 5.3 en 5.1 4.9 _ •*

pH of Coolant Stream 5.3 4.0-4.5 5.8 6.0 4.5-5.0

Total^/Al .Scale Units 48-51 246-277 27-41 51-87 126-156
——— ""^O i * --—— • .——-•

Distribution of Scales

Steam Side 28-29 40-54 22-31 28-63 66-90

Water Side 20-22 206-223 5-10 23-24 60-66

Water Side, Dial Gage 37 186 22-30
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TABLE 7 (Con't.)
SUMMARY OF SCALE FORMATION TESTS

Bun No. 25-d 26-a 26-b 26-c 26-d 27-c

Type Cooler S.S. Al Al S.S. S.S. S.S.

Type Tube S.S. 2S Al S.S. 2S Al S.S. 2S Al

Duration - days 11 7 7 26 26 9

Heat Flux -BTU/(hr)(ft2) 250,000 500,000 250,000 500,000 250,000 500,000

Water Velocity, ft/sec. Ik 30 14 30 Ik 30

0

Av«. Water Temp., C 1*8 50 h9 50 k9 50

Est. Surface Temp. C 87 87 87 87 87 87

Water Make-up, £ 0 0 0 1 1 1

Dichromate in water, ppm 0 0 0 0 0 0

Peroxide in water - Molarity 0 0 0 .005 .005 0

Fe in Make-up Water, ppm _ — — .03 .03 .03

Fe in Coolant Stream, ppm o.iu 0.05 0.05 •05 .05 .03

Al in Make-up Water, ppm _ _ — .06 .06 .06

Al in Coolant Stream, ppm 0.22 .0.16 0.16 .08 .08 .18

pH of Make-up Water
— 5 .4 5.4 5-1

pH of Coolant Stream 4.5-5-0 5.0-5.5 5.0-5.5 5.8 5.8 7*

Total /d—\ .Scale Units 172-195 130-148 50 117-134 12-41 50-64
f*\uJ ' •

Distribution of Scales
_ _

Steam Side 0 20-22 0 102-112 k-2k 9-l4

Water Side 172-195 108-128 50 15-22 8-17 41-50

Water Side, Dial Gage - 70 - -
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TABLE 7 (Con't.)

SUMMARY OF SCALE FORMATION TESTE

Run No. 27-d 28-c 28-d 29-c 29-d 27-a

Type Cooler S.S. S.S. S.S. S.S. S.S. S.S.

Type Tube S.S. 2S Al S.S. 2S Al S.S. 2S Al

Duration - days 9 15 15 6 6 20

Heat Flux - BTU/(hr)(ft2) 250,000 500,000 250,000 500,000 250,000 300,000

Water Velocity, ft/sec. 14 40 14 30 14 30

0

Avk. Water Temp., C 49 50 *?. 50 .. h? - 50

0

Est. Surface Temp., C 87 87 87 87 87 65

Water Make-up, & 1 1 1 1 1 1

Dichromate in waterf ppm 0 5 5 5 5 0

Peroxide in water - Molarity 0 0 0 .005 .005 0

Fe in Make-up Water, ppm .03 .02 .02 .02 .02 ,03

Fe in Coolant Stream, ppm .03 .03 •03 .04 .04 .03

Al in Make-up Water, ppm .06 .05 .05 .06 .06 .05

Al in Coolant Stream, ppm .18 .10 .10 .22 .22 .07

pH of Make-up Water 5.1 4.9 *.9 4.9 h.9 4.8
r f— •

pH of Coolant Stream 7* 7-3 7.3 7-3 7-3 6.3

Total a/"1 ^,Scale Units 8-10 14-29 0

40 (in
3 days)

Not Meas

urable . 56-60

W
Distribution of Scale:

— _ - - - -

Steam Side 0 5-10 0

lube was

sorroded 22

Water Side 8-10 9-19 0

through
3H 10.5

•y -
ater. 34-38
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TABLE 7 (Con't.)
SUMMARY OF SCALE FORMATION TESTS

Run No. 27-1? 30-c 3Q-4. ., 38-* __22=fl„
- ' •• •

Type Cooler Oidt S.S. S.S. S.S.

Be

_ s.,s. __.

2S AlType Tube , beO« 2S Al Oe d* 2S Al

Duration - days 10 14 15 18 2 13

Heat Flux - BTU/(hr)(ft2) 250,000 500,000 250,000 500,000 540,000 500,000

Water Velocity, ft/sec,

Avg, Water Temp., °C

25

50

..... 30

50

14 30 _ ..jq

53

30...

5049 52

Est. Surface Temp. °C 65 87 87 89 84 87

Water Make-up, % 1

0

1 1 A 1 0

Dichromate in waters ppm- 5 5 0 0 0

Peroxide in water - Molarity

Fe in Make-up Water, ppm

0 .005 .005 .005 .005 o

..._-iQ3.._

•03_

.05

...03

.Q3 ___

^2i_ ,

.01. .025 __*Q21_

Fe in Coolant Stream, ppm .03

.05

_.03__,

.05

.;.-±21...

,05

.04_

Al in Make-up Water, ppm

Al in Coolant Stream, ppm

••—»—"' ••-- •

.07 .21 .21 .06 .06 1-J.7,.

pH of Make-up Water

—

4.8 4.8 4.8 5-4 5.4

pH of Coolant Stream 6.3 7.1 7.1 6.6 6.6 7.8

Total hi*), Scale Units
not

measurabl e 106-131 53-80 0 ,A7.
——*"• \y J"*

Distribution of Scalei

Steam Side 30-41 37-57 0 35

Water Side 76-90 16-20 0__, 12
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TABLE 7 (Con't.)
SUMMARY OF SCALE FORMATION TESTS

Run No. 29-Be 31-c 31-d 32=c 32-d 30-a

Type Cooler bobo Oo uo dobo None None £>.£>•

Type Tube Be 2S Al wo we 2S Al 2S Al

)ichromat 3

Aluminum

Duration = days 19 _i2_ 19 __™2_™„ 6 94

Heat Flux - £TU/(hr)(ft2) MOaPJX) _5op_y_ooo

30

250s00p 0 0

30

500,000

Water Velocity. ft/sec. 30 u 30 30

Avg. Water Temp., C 53 50 50 87 87 50

Est. Surface Temp. °C 84 87 86 87 87 87

Water Make-up, % 0 1 1 0 0 0

Dichromate in water<, ppm 0 5 5 5 5 0

Peroxide in water - Molarity 0 .005 .005 .005 .005 .005

Fe in Make-up Waterj, ppm .026 „026

Fe in Coolant Stream^ ppm .04 .025 .025 iP4_„ .04
.05*

.65

Al in Make-up Water, ppm .05 .05

Al in Coolant Stream, ppm 1.37 .11 .11 4.6 4.6 .10

pH of Make-up Water 5.1 5.1

pH of Coolant Stream 7.8 7.0-7.5 7.0-7.5 7.5 7.5 5.5-6.5

TotalA^J^JScale Units
Distribution of Scales

0 99=119

Results

indicate 60-71 48 _£7
neg. sea! .e

Steam Side 0 24-36 0 33-35

12-14Water Side 75-83 60-71

* .05 first 74 days
065 last 20 days
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TABLE 7 (Cc

SUMMARY OF SCALE FORM/

>n't.)

LTION TESTS

Run No. 30-Be 33 -o 33-d 34-c 34-d 35-o

Type Cooler S.S. S.S. S.S. S.S. S.S. S.S.

Type Tube Be 2S Al S.S. 2S Al S.S. 2S Al

Duration - da^rs 18 3 3 26 24 66

2
Heat Flux - BTU/(hr)(ft ) 500,000 500,000 250,000 500,000 250,000 500,000

Water Velocity, ft/sec. 30 30 14 30 14 30

o

Avg. Water Temp., C 50 50 50 50 50 50

Est. Surface Temp. °C 84 87 89 87 87 87

Water Make-up, % 0 0 0 0 0 0

Dichromate in water, ppm 0 0 0 0 0 0

Peroxide in water - Molarity .005 .005 .005 .005 .005 .005

Fe in Make-up Water, ppm - - - - - -

Fe in Coolant Stream, ppm 0.04 .03 .03 .03 .03 .03

Al in Make-up Water, pjam _ - „ - _

Al in Coolant Stream, ppm 0ol3 .09 .09 0.16 0.16 .16

pH of Make-up Water - - _ . _ .

pH of Coolant Stream 5.5-6.4 6.5 6.5 5.6 5.6 5.0-6.0

Total^/_LJj, Scale Units 0 5^ 0 78 13 133

Distribution of Scale; - - - - - -

Steam Side 0 35 0 56 - 125

Water Side
0

19 0 22 - 8
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SUM

TABLE 7 (Con't.)

vJARY OF SCALE FORMATION TESrs

Run No. 35 -a" 36-c 36-d 37-c 37-d 31-a

Type Cooler S.S. S.S. S.S. S.S. S.S. S.S

Type Tube

Dichro

mate Al 2S Al 2S Al 2S Al 2S Al

Dichro

mate Al

Duration - days 35 1 23 70 1 112

Heat Flux -BTU/(hr)(ft2) 500,000 235,000 90,000 235,000 88,000 130,000

Water Velocity, ft/sec. 30 10 3 10 3 10

Avg. Water Temp., C " 50 ^7 50 *7 45 ^7

Est. Surface Temp., C ' 87 87 87 87 87 87

Water Make-up, # 0 0 0 0 0 0

Dichromate in water, ppm 0 0 0 0 0 0

Peroxide in water - Molarity .005 .005 .005 .005 .005 .005

Fe in Make-up Water, ppm - - - - - -

Fe in Coolant Stream, ppm .04 0.10 .02 0.10 0.38

Al in Make-up Water, ppm - - - - - -

Al in Coolant Stream, ppm .16 ., 2.4 .04 2.4 0.11

pH of Make-up Water — - _ _ - -

pH of Coolant Stream 5.0-6.C 5-3 5.5-6.0 5=3 6.0

TotalA (2l}\ ,Scale Units 61 100-135 90 44(?)

Distribution of Scales
_ _ - _ - -

Steam Side 60 _ 71 14

Water Side 7 - 19 30(?)
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TABLE 7(Con't.)

SUMMARY OF SCALE FORMATION TESTS

Run No. 31-b 32-b

Type Cooler S.S. S.S.

Type Tube
Dichro

mate Al 2S Al

Duration - days 17 3

Heat Flux -BTU/(hr) (ft2) 1,000,00(i1,000,0DO

Water Velocity, ft/sec. 30 30

o
Avg. Water Temp., C h9 ^9

Est. Surface Temp. °C 118 118

Water Make-up, # 0 0

Dichromate in water, ppm 0 0

Peroxide in water - Molarity .005 .005

Fe in Make-up Water, ppm - -

Fe in Coolant Stream, ppm 0.44 0,18

Al in Make-up Water, ppm - -

Al in Coolant Stream, ppm 0.12 0.03

pH of Make-up Water - -

pH of Coolant Stream 6.1 6.0

TotalA/-^-\ Scale Units 31 40

Distribution of Scale: - -

Steam Side - 24

Water Side 16
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TABLE 8

AVERAGE ANALYSIS OF DEMINERALIZED WATER

JANUARY THROUGH SEPTEMBER, 1948

Constituent Result

PH 5.5

o

Specific Resistance at 18 C 391,000 ohms

Dissolved C02 5.6 ppm

Dissolved Solids 8.6 ppm

Non-Volat:Lie Solids 6.05 ppm

Si02 3.3 ppm

Fe 0.03

Al 0.04

Cu 0.04

Ni 0.05

Cr 0.05

Ca 0.51

Mg 0.24

Na 1.3

so4~" 8.6

CI 0.76

The above mentioned table is an average of the weeklŷ analysis of random

samples taken from the sink tap in Building 205.

This water was produced by treatment of X-10 filtered water in commercial

ion exchange units using Zeo-Carb and De-Acidite resins followed by de-aeration in

a steam jet de-aerator. The capacity of these units is about 40 gallons per minute.
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4.0 GENERAL CONCLUSIONS

1. Although the steam film coefficient may be affected by varying
heat flux, the use of the steam calibration method in determining
scale coefficients was proved to be valid within an order of magnitude
of the scale coefficients by the use of the independent dial gage
method in several different runs. The use of very high velocity steam
in an annulus probably aids in keeping the steam film coefficient
fairly constant for a given steam flow in spite of varying values of
heat flux.

2. The scale resistances reported here are relative and probably
accurate to an order of magnitude.

3. There is formed on the aluminum surfaces an oxide scale whose thickness
is proportional to the severity of the corrosion conditions. This
scale reaches a maximum thickness in 15=30 days (usually) and is
protective against further corrosion. The heat transfer coefficient
of the protective scale formed in the pH range 5.5-6.5 has been
measured to be 45,000 - 60,000 Btu/hr-ft2-9F, although because of
the uncertainty of the validity of the method, this value may be as
low as 25,000. Thus, metal temperatures as high as 223° F. may be
encountered in the pile at the point of maximum heat flux after about
15 days of operation of the particular assembly located in the
position of highest neutron flux. This temperature will not increase
after the maximum thickness of protective scale has been reached,

4. The use of demineralized water prevents scale formation by deposition
of scale-forming substances from the water. The make-up water
specifications ares minimum specific resistance at 18° C, 100,000
ohms; Ca^, ^.1.0 ppm; MgU,^[0.5 ppm; CI", ^1.0 ppm; Al, Z 0.05 ppm;
Fe, Z.0.05 ppm; total solids, ^.10 ppm.

5. The optimum pH range for minimum scale thickness on untreated 2S
Aluminum surfaces is 5.5-6.5.

6. a protective chromium hydroxide film may be formed on the aluminum
surfaces before exposure to water. This chromium hydroxide film is
protective against corrosion and is thin enough so that its thermal
resistance is negligible. The use of this film appears to be the only
way of keeping the maximum metal temperature below 212° F, but its
use is not believed to be necessary,

7. The Fe concentration from corrosion will not exceed about 0.05 - 0.10 ppm
in a stainless steel piping system in which demineralized water is
recirculated continuously with no purge.

8. Fe concentrations as high as 1 ppm from corrosion cause no measurable scale
formation, indicating the possibility of using cast iron piping in the
pile piping system instead of stainless steel. Corrosion iron and
aluminum in a recirculating system can be removed by simple filtration
through a 30* bed of commercial filter sand.
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4.0 GENERAL CONCLUSIONS (Con't.)

9. To prevent scale formation by deposition of Al, the Al
concentration in the pile process water should not exceed
0.15 ppm.

10. Although some of the scale formation tests have run as long
as 3 months with no purge, without exceeding 0.15 ppm of Al
in the process water, the fact that new, bare aluminum
surfaces will be present with each replacement of spent
active assemblies by new active assemblies indicates that
greater pick-up of corrosion aluminum by the water might
occur. It appears possible that the Al concentration in
the pile process water could exceed 0.15 ppm if continuous
recycle with no purge were used. Some means of removing
suspended Al will probably have to be provided. Filtration
through sand, blow-down of precipitates collected in a low
stagnant place in the system, or continuous purge are three
simple methods that would remove corrosion Al from the
process water. Based on the meager data from two brief tests,
a 150 gallon per minute filter unit would be large enough
to use in the 250,000 gallon pile system.

11. Sodium dichromate inhibitor, in the presence of .005 molar
hydrogen peroxide does not appear to inhibit general corrosion
or reduce the thickness of the corrosion scale.
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