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CORROSION OF SERVO VALVES BY AN ELECTROKINETIC

STREAMING CURRENT
By

T. R. Beck, D. W. Mchaffey and J. H. Olsen

ABSTRACT

Corrosion driven by electrokinetic currents was found
to be responsible for damage to steel servo valves operatiug
in phosphate ester fluids. Calculations and test results
supporting this conclusion and measurewents of the electro-
kinetic and electrochemical properties of the steel to fluid

interface are deszribed. Possible fluid additives for re-

ducing the damage are discussed.
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1.0 INTRODUCTION

?
Since about 1965 a problem of rapid and severe damage has been ob-

served in the valves of some hydraulic systems using synthetic phosphate
ester based hydraulic fluids. Some of the systems suffering from this
problem are General Electric control systems for steam turbines [1]), and
the hydraulic systems of Hawker Siddeley Trident (2] and Boeing air-
planes [3]. U. S. military airplanes which use MIL-h-5606, a hydrocarbon
mixture, have not experienced severe damage. However, MIL-H-5606 is not
used in commercial aircraft because of its greate:s flasmmability.

Figure 1-1a is a schematic of an airplane slide and sleeve servo
valve. In Boeing airplanes such valves are typically made from hardered
steel. In operatiorn the pressurc drop across the meteiing edge is from
about 300C psi upstream to about 300 psi downstreum and in the nominally
closad position there is a hydraulic fluid flow rate of about iUQ cc per
minute throuch the metering orifices formed by the clearance between the
slide and sleeve. Damage occurs at and just upstream of the meterirg
edges. Figure 1-1b is a photograph of a damaged area on a Boeing 737
flap valve and Fig. 1-1¢ is an enlargement of this area. This danage
causes an increasingly large closed position flow rate which may ulti-
mat2ly reach the hydraulic system pump capacity.

Cavitation, particle erosion, electrical discharge machining and
corrosion of the metai surface had been variously suggected as causes of
the damage. Electrokinetic potentials had previously been measured in
floving phosphate ester hydrsulic fluids, but their connection with valve

damage was unexplained. It hsd been observed that the damage could be
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Fig. 1-1.

a) Valve schematic; b) damaged areas on slide;
c) enlargement of damaged area.
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reduced by treating the fluid by filtration through fuller's earth [.]
or by addition of water {2]). The fuller's earth treatment was thought
to remove ions affecting corrosion and the water addition was thought

to influence cavitation through vapor pressure changes. None of these
suggestions could explain all the observed date.

This document reports the results of an investigation which was
undertaken to determine the damage wechanism and to provide background
information which may assist in elimination of the damage. A brief sum-
mary of the investigation 1is given in S2c¢c. 2 and the most important coa-
cluszions concerning the damage mechanism are listed in Sec. 3 and recom-
mendations for eliminating the damage are given in Sec. 4. Sactions 5
turough 11 contain detailed descriptions of the investigation. Supple-~

mentary data and calculations are provided in the appendices.
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2.0 SUMMARY
A laboratory systea was developed which simulated the flow conditions
in hydraulic vaives. The flow rate and geometry of the system was ac- .
curately reproducible. Damage identical in appearance to that in the

valves was produced. Increasing the back pressure while maintaining con-

stant flov eliminated cavitation but not damage. This proved that cavi-

tation was not the primary dsmage mechanism. Experiments using a one-

micron membrane filte.: to remove foreign particles indiccted that particle

erosion vas not the primary process as the presence of this filter did not
ﬁ stop the dsmage. Optical observations and measurements with a small elec-
£

trode inserted in the wall at the orifice failed to show the presence of !

sparks. Bowever, a small steady current was observed flowing from the i

electrcde. This current normal to the wall, herein termed the wall cur-

rent, is produced by the generation of an electrical streaming current in
an accelerating fluid flow, and causes electrochemical corrosion damage of
the metal. The wall current was quantitatively accounted for from measured {

values of the electrical properties of the fluid and a calculation in- .8

volving Lydrodynamic and electrokinetic theory.

Supporting evideace for this corrosion mechanism includes the following
obsarvations: The current measured from an.electrode in the wezar area is
wore than sufficient to account for the amount of metal removed by electro-
chemical corrosfon; domage could be eliminated on the specimen through the
spplication of an electrical current from an external source to cancel
that produced by the flow; sn insulating sluminus oxide specimen. wiich

should not be subject to electrochemical pitting corrosion, was not

damaged even under cavitating conditions; the damage observed with various
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hydraulic fluids was related to their electrical properties; corrosion

damage similar to that in valves was obtained electrochemically without
fluid flow.

During the course of the investigation a considerable body of supple-
mental information pertinent to the problem was obtrained. A vhite insu-
lating film was observed on both the anode and cathode of an electro-
chemical cell and near the orifice in the flow experiments. The thickness
of the film increased with increasing water content. This may be an
important factor in the reduction of damage vhen vater is added to the
fluid bocause the fils formation affects the flow rate of the fluid and

may affect the flow of electrical current from the metal. The electrical

conductivity of the hydrauvlic fluid affects the amount of damage observed.
It is believed that either s substantial inccrease or a substantial de-
crease in conductivity would significantly decrease the amount of damage.
Experiments and analysis suggest that the conductiviiy of the fluid is

due to hydrolysis products. These products may contribute to the generatioa
of the streaming current. Filtration through fuller's earth is believed

to remove these hydrolysis products. Some experiments were performed to
deternine the effect of changes in fluid composition on streaming curreat
and electrochemical properties. The results of these experiments were

consistent with the proposed damage mechanism.
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3.0 CONCLUSIONS

The damage to airplame hydraulic system valves using phosphate
ester fluids is primarily due to corrosion driven by electrical
currents caused by the flaid flow.

Cavitation plays a minor role, if any.

Particle erosion if present plays a secondary role.

Electrical discharge machining is not a primary damage mechanism.
The magnitude and location of the electrical currents can be
predicted for various fluids by means of an equation relating

the fluid properties, and the hydrodynamic and electrokinetic
conditioas.

The amount of corrosion produced by the current is a function

of fluid composition because some species in the fluid may react
more readily than the steel valve.

The advantages of water addition for corrosicn reduction must

be balanced against the disadvantage of increas-d film formation.
The damage is a consequence of a chain of events enumerated above,
and mry be eliminated by breaking the chain at any one of its

links.
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4.0 RECOMMENDATIONS

The mechanism of the valve damage has been identified, which com-~

pletes the experimental investigation at BSRL, but workable solutions

remair to be found that are compatible with the whole hydraulic system.

The primary recommendation is that modifications be made to the

hydraulic fluid rather than to the valve geometry or material, because

other requirements on the valves preclude this approach. Moreover, hy-

draulic fluids already exist which do not cause electrochemical pitting

corrosion. On this basis, the following specific recommendations are

made:

1.

Develop new specifications for hydraulic fluids regarding tolerances
for streaming current and wall current.

Use BSRL developed instruments to screen new fluids and the effect
of additives or treatments. These instruments are

a) Wall current measuring device (Sec. 7.2)

b) Needle-to-plane electrochemical cell (Sec. 9.2)

c) Wear test apparatus (Sec. 5.2)

Re-evaluate selection of hydraulic fluid for new airplane fleets
considering the damage and deposit mechanisms described in this
report.

For the existing commercial fleet already committed to phosphate
ester based fluids evaluate the followiug possible cures:

a) Removal of chlorine containing compounds (Sec. 9.2)

b) Addition of conducting ionic species (Secs. 8.2 and 14.2)

c¢) Increase of fluid stability to hydrolysis (Sec. 8.2)
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In addition to (c) investigation of agents more effective than
fuller's earth to remove hydrolysis products
Addiction of neutral surfactants (Sec. 7.2)

Addition of reversible redox couples (Sec. 9.2).




3.0 CAVITATION

Cavitation is the formation of vapor cavities in a flowing liquid
at points where the pressure falls below the vapor pressure of the liquid.
Cavitation occurs in hydraulic valves used in airplanes, but it does not
necessarily cause damage. Damage from cavitation is thought to be the
result of high stresses caused by violent collapse of vapor bubbles as
they enter a region of high pressure. The stresses are determined by the

details of the bubble collapse.

5.1 Bubble Collapse Mechanism

The final stresses produced by a collapsing bubble depend on the
fluid properties, the initial bubble size, and the pressure of the sur-
rounding liquid. Among other parameters, the ratio of viscous forces to

pressure forces is important. It is expressed as [4]

4v

’(P"P)
© "o
RO -——7;———'

where p is the liquid density, v the kinematic viscosity, Ro the initial

radius, and (P - Po) the difference between the liquid pressure and the
pressure within the bubble.

S. S. Shu [4] has shown that for C > .46 the viscous forces are
dominant and cause the collapse to require an infinite time. Under
these circumstances no high stresses occur.

A minimum value for C can be estimated for a valve operating with
phosphate ester fluids. The maximum value for R° is about 5 micsons

because the bubble must fit in the clearance between the slide and sleeve
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(Fig. 1-la). The largest available pressure downstream of the minimum
pressure point to drive the collapse is 300 psi. The density and kine-
matic viscosity of phosphate ester fluids are lg/cc and .lcm?/sec re-
spectively. The computed value of C is then .2. This is close enough

to the critical value of .46 that viscous forces may significantly cushion
the peak collapse pressures. These large viscous forces may prevent cavi-
tation damage to the valves and explain the lack of cavitation damage in

the cavitatiu:g flow experiment described below.

5.2 Experiments

The apparatus shown in Fig. 5-1 was constructed to simulate the
constricted flow in a valve and yet produce damage on a polished flat
plate for easy observation. The blocks were made of 52100 steel hardened
to Rc62' The metering area was determined by the size of the inlet hole
and the .001" mylar gasket between the blocks. The flow for these and
all other high pressure flow experiments was provided by the pumping
system described in Appendix 14.7.

Flow in the absence of cavitation was obtained by raising the pres-
sure level of the flow until the lowest pressure at any point in the flow
was greater than the vapor pressure of the liquid. The above apparatus
was operated with Skydrol* 500A with 7000 psi upstream of the lip and 4300
psi downstream for a period of 2 1/2 hours. The absence of cavitation was
verified by the absence of sound output to a microphone at back pressures

greater than 1000 psi.

* A phosphate ester fluid manufactured by the Monsanto Chemical Company.
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Specimaen

Lapped Surfaces asket Thickness
Determines Flow Area

Edge Flush
with Surface

Fig. 5-1. Damage test apparatus.
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The damage produced on the flat plate in the absence of cavitation

is shown in Fig. 5-2. The positions of the edges of the metering lip

are superimposed on the photo to show the damage location relative to .

! the 1lip. All damage occurred upstream of or just within the orifice,
} whereas cavitation wear must occur downstream of the minimum pressure
‘ i point in the region of collapsing bubbles. In a second experiment with
; strong cavitation noise at a pressure drop from 3000 to 50 psi, no in-~
crease in damage rate was observed either upstream or downstream of the

l orifice.

f 5.3 Conclusions

In the above experiment cavitation damage, if any, is insignificant
compared to damage from other mechanisms. Viscous damping of the bubble

collapse is the mechanism thought to prevent damage.
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a) Damage on plate with 1lip position outlined.

b) Enlargement of damaged area.
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6.0 PARTICLE EROSION

Erosion by bombardment with solid particles is a well known pheno-
menon and is used in sandblasting processes. Airplane hydraulic systems
are equipped with filters, but a small amount of particle contamination
still circulates with the fluid. Usual aircraft filters are bulk filters
vhich catch particles in a fiber mat., Much finer filtration can be
achieved in the laboratory with a membrane filter which catches particles
on the surface of a membrane of known pore size. A one-micron membrane
filter placed immediately upstream of the apparatus of Fig. 5-1 caused
no observable decrease in damage rate. Particle erosion was, therefore,

not considered further during the search for the damage mechanism.
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7.0 STREAMING CURRENT

7.1 Theory of Streaming Current Production

Consider the electrical effects at a metal surface in a motionless
fluid. Three locations of interest are illustrated in Fig. 7-1. They
are: the metal surface, M; the center of a layer of ions from the fluid
bound to the metal, 0; and the outer edge of a diffuse charge layer, §.
The diffuse and bound charges are referred to as an electrical double
layer [5]. The net charge at 0 results from two effects. First, the
positive and negative ions in the fluid will, in general, differ in their
adsorption on the metal resulting in a net charge (n?gative in Fig. 7-1)
bound to the surface by chemical or Van der Waal's forces. Second, any
charges within the metal (positive in Fig. 7-1) can shift the equilibrium
of the adsorption through electrostatic forces. The total charge at the
surface (sum of charges at 0 and M) creates an electric field to draw
charges of the opposite sign (positive in Fig. 7-1) from the bulk of the
fluid toward the surface. At the same time molecular diffusion tends to
spread these charges evenly throughout the fiuid. The balance between
electrical conduction and diffusion determines the thickness, §, of the
resulting exponential distribution of free charge in the diffuse outer
portion of the double layer.

A fluid motion parallel to the wall sweeps the free charges of the
diffuse layer downstream resulting in a current, the streaming current.
The charges at O remain bound to the wall. The electrical double layer is
usually very thin (seversl hundred Angsiroms in phosphate ester hydraulic
fluids) compared to a hydrodynamic boundary layer so that the velocity

profile causing the current may be regarded as linear in y. If we

e e
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Important levels in the electrical double layer.




g TR

7-17

consider a parallel shear flow over an infinite flat metal plate, the

current density parallel to the plate is given by

J = pKy 7-1

where Ky 18 the fluid velocity. The charge density, p, is related to
the potential, ¢, in the thin double layer by Poisson's equation
2
g_g.--e_ . 7-2
y €e,
Combining Eqs. 7-1 and 7-2 and integrating by parts from the bound charge
layer to § where $ becomes constant in y, the current per unit length
flowing in the thin layer on the plate is found to be
)
Js = j J dy = ccol(“6 - ¢o) E ccoCK . 7-3
o
The result 7-3 is independent of the particular charge profile in
the double layer and depends only nn the potential difference, ¢,
between the bound charge layer at O, and the fluid outside the double

layer.

7.1.1 Flow in a Tube

For low velocity flow in a uniform circular tube, X, is related

to the tube dimensions and the pressure drop by

aldP
4 3ot 1-4

vhere a is the radius of the tube, & is the length, n is the dynamic
viscosity of the liquid and LP is the pressure difference between the

ends of the tube.
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The total streaming current, Is, is given by the Js times the

tube circumference

This result was given by Klinkenberg [5] and is used to calculate g

from the results of the simple flow experiment described in Sec. 7.2.1.

7.1.2 Accelerating Flow

Now, suppose that the flow is not a parallel shear flow, but that
K is a function of position due to fluid acceleration. If the length
scale for the variations in K is much larger than the double layer
thickness, the abcve relations can be used to relate local values of
the parameters, and Js can be regarded as a surface current flowing in
a thin sheet. However, conservation of charge requires that a diver-
gence of the surface current be compersated by a current flow normal to
the surface from either the fluid, Ji’ or the metal wall, Jw’ or bo.h.
If K varies only with x as in Fig. 7-2

aJ

- .8 _ 9K _
T €655 3x 7-6

Here, i has been assumed constant. The assumption should be a good
approximation for low velocities and current measurements described
later suggest that it is valid at high velocities.

The wall current density, Jw’ causes electrochemical reactions at
the interface, one of which could be corrosion of the metal (e.g. Fe ~»
Fe++ + 25). The resisrance to the flow of Jw depends on the reaction
kinetics at the metal and the resistance of any depcsited films (see

14,2, 14.6). The resistance to Jf depends on the fluid conductivity.

et 2 LA
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~

Fig. 7-2. Relation between surface currents and normal currents.
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If the conductivity is sufficiently low, J_. will be negligible, We

f
will calculate Jw on this basis. The current density Jw is then

= 9K -
Jw =ee b oy 7-7

where K is obtained from the hydrodynamic solution. The influence of

fluid conductivity is discussed in Appendix 14.2.

7.1.3 The Hydrodynamic Solution

As indicated in Fig. 1-la, the slide diameter is much larger than
the orifice formed by the clearance between the slide and sleeve. The
flow can, therefore, be approximated by a two-dimensional flow in a 90°
converging channel (Fig. 7-3). Fortunately, one of the few exact solutions
to the Navier-Stokes equations is for this problem. The problem was solved
by Jeffrey [6] and independently by Hamel [7]. 1In the solution as formu-

lated by Millsaps and Pohlhausen [8] the velocity is given by
=Y -
Y - F(0) i{ 7-8

where F(6) is expressed in terms of elliptic functions. The wall shear

is

avr v
K‘r30> ?.'ZF(O) . 7-9
(o]

F'(0) and the Reynolds number based on the flow per unit length of sink
were calculated from solutions for various channel centerline velocities
in a 90° channel using the formulation of Millsaps and Pohlhausen. The
relation between F'(0) and Reynolds number is shown in Fig. 7-4. The

relation
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Point Sink

Fig. 7-3. The hydrodynamic flow field.
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3/2
F'(0) = .585 (%) 7-10
is seen to be a good approximation at large Reynolds numbers.
Equations 7-8 and 7-9 are valid far from the orifice and become
poor approximations at the orifice. We would expect the shear to follow
Eq. 7-9 to the neighborhood of the orifice and then level off and de-

crease within the orifice where the accelerations are less severe.

*
The Wall Current Density

At the metal surface cos® = 1, and the r aprearing in Eq. 7-9 1is equal
to x so that Egqs. 7-7, 7-9 and 7-10 can be combined to give the current den-
sity as a function of sink strength, Q, and distance, x, from the sink.

1.17ee gv 4.\3/2
° (9- i 7-11

J = ~

W X v

JW is the wall current density flowing from the metal to 0 (Fig. 7-1)

causing the corrosion.

7.2 Experiment

7.2.1 Klinkenberg Apparatus

Measurements were made of the streaming current Is (Eq. 7-5) in
various hydraulic fluids. From these measurements the value of the sig-
nificant paramester €f can be determined f?om Eq. 7-5. The apparatus,
after Klinkenberg [5], used for the measurement of Is and its equivalent

circuit is illustrated in Fig. 7-5.

* Levich [9] presents a related treatment for surface current density

generated by mercury amalgam drops falling through an electrolyte.
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R¢ = Liquid Column Resistance
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Ig =Streaming Current
1 = Conduction Current Up
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Ig = Measured Current
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Fig. 7-5. a) Klinkenberg apparatus for measuring streaming current.
b) Equivalent circuit.
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The upper and lower cans, each of two liter capacity were made of
stainless steel as was a 50 cm long, 3 mm i.d. tube welded to the upper
can. The liquid under test was stored in the upper can for a sufficiently
long time to allow any electrical charges to leak éo ground. The liquid
was then permitted to fall under gravity into the lower can and the
streaming current was measured using a Keithley 610A electrometer. This
meter has 2 high input impedance which affects the total current flowing
in the circuit, as illustrated in Fig. 7-5. By making measurements on
two ranges of the meter having different input resistances Rm’ ;nd using
the equation at the bottom of Fig. 7-5, the streaming curremnt IS can be
determined.

First measurements on Skydrol 500A gave a positive value for IB
of the order of 10~!lamps. Some concern was felt that such small currents
may simply be due to extraneous effects and not represent a real streaming
current. Figure 7-6 shows the results of an experiment in which small
excess pressures were applied to the upper can to increase the flow velo-
city. From Eq. 7-5 it may be seen that Is should be proportional to AP.
The flow velocity should be proportional to AP so that a graph of Im
versus flow velocity shouid be a straight line. A reasonably good straight
line fit was obtained in Fig. 7-6, indicating that the measured currents
were indeed streaming currents.

When Skydrol 500A is filtered through fuller's earth there is a sig-
nificant reduction in damage to the valves. Measurements made on such fil-
tered Skydrol showed that the streaming current Is was reduced by a factor

of mcre than 100.




e oLy T rpT—— - 2 Y I T T G g W i R S G s D DG LTI o

7-26
Amperes
x10 "
40
= Skydrol 500A
g L
=) .
O
220}
£
E
9
: -
n
o |- L 1 i .
0 0. 0.2 0.3 0.4 :
Flow Velocity (Arbitrary Units)
H Fig. 7-6. Streaming current versus flow velocity.
|
!
PSS L T R T e e e




PR -
A At gl‘\;

1-27

Table 7-1 shows the values of ¢z which were determined for various
hydraulic fluids. Two examples of Aerosafe 2300‘~ were measured, both
having the seme lot number but coming from different containers. It
may be noted that a factor of four difference was observed in the g
potential of the two samples, indicating some different hi;'t.ory or con-
tamination. Such variations in fluid properties may account for some
of the apparent randomness of valve damage in aircraft. (See the Eon-
ductivity measurements in Sec. 8.1.)

It is known that the addition of water to Skydrol 500A reduces
damage to valves so that the effect of the addition of water was of in-
terest. (The effect on conductivity is shown in Fig. 8-1 in the section
on conductivity.) The effect on the value of ¢, as determined from
streaming current measurements was not accurately reproducible, but the
usual tendency was to approximately double the value of e€{ on the addition
of 0.2Y water and with additional water no further significant change was
observed.

The effect of some additives other than water to Skydrol 500A was
also tested. The object of the experiment was to determinc the possi-
bility of changing the [ potential by the addition of certain neutral
or positively charged surface active species which would displace or
counteract the negatively charged surface active species already present

in the hydraulic fluid.

* Phosphate ester hydraulic fluid, Stauffer Chemical Company.
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Table 7-1
Approximate Electrical Parameters

for Hydraulic Fluids

€ 4 €

Skydrol 500A 8 50mv 400
Skydrol 500A Filtered

through fulier's earth 8 <.5mV <4
Skydrol 500C 8 25V 200
Aerosafe 2300

Container (a) 8 25mV 200

Container (b) 8 100n v 800
MIL #5606 B(2) 2 33mv 66
SST Hydraulic Fluid 20




