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MATERIALS LABORATORY STUDY 

A. INTRODUCTION 

Report No. 98-116 

A study was initiated to examine Boeing 737 rudder power control unit (PCU) servo 
valves that were involved in accidents and compare them to representative exemplar 
valves removed from service that were not involved in accidents. The primary reason for 
doing this study was to document the differences and/or similarities between non-accident 
and accident valves. Exemplar valves were obtained from Parker Hannifin that had known 
service histories. In addition a valve used in testing, referred to as the "minimum tolerance 
valve", was obtained and added for comparison. 

B. COMPONENTS EXAMINED 

1) Exemplar Rudder PCU Servo Valves, SIN's 2278X, 3167X, 3590X, 2108X, and 3403X 
2) Rudder PCU Servo Valve S/N 1091 (DCA91-M-A023, Colorado Springs, CO, 3/13/91) 
3) Rudder PCU Servo Valve S/N 2956 (DCA94-M-A076, Aliquippa, PA, 9/8/94) 
4) Rudder PCU Servo Valve S/N 2567 (DCA96-I-A061, Richmond, VA, 6/10/96) 
5) Rudder PCU Servo Valve S/N 5119 (DCA98-R-A013, Palembang, Sumatra, 12/19/97) 
6) Rudder PCU Servo Valve S/N 5264 (Minimum Tolerance Test) 

C. VALVE HISTORIES 

The following table shows the reported histories of the exemplar valves 

Serial Time Since Time Since 
Number Overhaul Last Removal New New 

* (hours) (hours) Primary Secondary 
2108X 51,977 8,349 No No 
2278X 18,548 10,822 No No 
3167X 27,554 7,296 No No 
3403X 24,927 13,232 No No 
3590X 7,038 0 Yes No 

* All valve assemblies were PIN 68010-5005 



The accident, incident, and test valves have the following histories 

Serial Time Since Time Since 
Number Overhaul Last Removal New New 
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* (hours) (hours) Primary Secondary 
1091 26,050 26,050 No No 
2567 24,477 24,447 No No 
2956 21,077 21,077 No No 
5119 2,238 2,238 No No 
5264 0- Test 0- Test No No 

* All valve assemblies were PIN 68010-5005 

D. EXAMINATION PROCEDURE 

Each servo valve assembly consists of many parts but only three parts were 
examined. These were the primary slide, secondary slide, and the housing (also referred 
to as the body). The surfaces examined were the outside diameter lands of the primary, 
the inside diameter of the secondary slide (also referred to as the primary inserts), outside 
diameter lands of the secondary slide, and the inside diameter of the housing (also referred 
to as the secondary inserts). All valves were identically examined with a borescope and a 
video tape record was made of the examination. The video tape examination set up and 
video documentation procedure are detailed in Appendix A. 

The outside diameter land surfaces of the primary and secondary slides were also 
examined with the aid of a stereo microscope and characteristic markings were identified. 

C. DETAILS OF THE EXAMINATION 

Video Record 

The individual video tapes made of each valve (total of 10 tapes) was approximately 
1 3/4 hours standard recorded time of a 2 hour VHS formatted tape. One additional, much 
shorter, tape was also produced for the SIN 2956 valve, and one other for special 
examinations. All together there were 12 tapes produced and these tapes are considered 
part of this report. 

During the video examination, notes were made of any distinguishing features. Also 
noted were the longitudinal1 displacement positions of holes, both round and rectangular in 
shape, on the internal portions of the parts. In addition, the angular positions of the 
rectangular holes (metering ports) were noted for reference purposes to the mating slides. 
Appendix 8 displays the longitudinal and angular positions noted for each valve (for inside 

1 The longitudinal direction is along the centerline axis of the cylindrical shaped part 
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diameters only). The borescope probe was positioned on the primary and secondary to 
give the angular readings relative to each other. However, the valve housing in each case 
was inadvertently situated in the examination device to give angular readings (on 
videotape) that were 180 degrees out of phase. This was not discovered until all the initial 
10 tapes were produced. In order to correct for this, the video recorded angular reading for 
the housing in Appendix "B" is shown in parenthesis and the actual angle relative to the 
secondary is shown without parenthesis. Also for the tables in Appendix "B", C1 through 
C4 describes areas in the hydraulic ram; Ra = Return hydraulic a-system; Rb = Return 
hydraulic b-system; Pa = Pressure hydraulic a-system; and Pb = Pressure hydraulic b
system. 

Distinguishing Features 

The outside diameters of the primary and secondary slides were examined with the 
stereo microscope for distinguishing features that would be representative of normal 
service. Also reviewed were any distinguishing marks found on the borescopic 
examination of the inside diameters. The following is a list of the markings or 
characteristics found. 

Velocity marks 

Fine longitudinally oriented marks on the outside diameter surface of the lands are 
defined as velocity marks. These are believed to be produced by small particulate matter 
in the hydraulic fluid scraping the surface during movement of the slide and/or by normal 
passage of fluid over the surface. 

Honing Marks 

Fine parallel but multi-diagonal markings oriented at angles that are neither 
longitudinal or circumferential to the part. These markings are those representative of 
fabricating the part to its final diameter. 

Circumferential Marks 

Marks orientated circumferentially to the part over a large angular area (in many 
cases completely around the circumference). 

Burnishing Marks 

Localized longitudinally oriented markings that are much broader then velocity 
marks. Such marks normally extend over relatively short longitudinal distance 
(approximately 0.1 inch maximum) and are in the neighborhood of 0.005 inches in breadth 
( circumferentially). 



Chipping 
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Brittle fracturing of the surface at the corner of the land at the metering edge or 
balance groove. This chipping on the most part was small, over short circumferential 
distances, but in some cases was present nearly around the circumference. 

Splotch or Deposit Marks 

Appearance of surface contamination or mild corrosion on the outside diameter of 
the primary and secondary land surfaces. 

Corrosion 

Discoloration of the surface indicative of an oxide. In some cases the surface may 
contain evidence of etching. 

Assembly or Disassembly Markings 

Relatively long markings on the inside diameter that often have a change in angle 
relative to the longitudinal axis and have an appearance similar to burnishing marks. The 
length of the marking is far greater than the maximum travel of the mating spool during 
operation of the valve. These markings are believed to be associated with insertion or 
removal of the spools on assembly or disassembly. 

Witness Markings 

Etching, corrosion or erosion areas representative of mating features such as the 
metering ports and holes. 

Exemplar Valve S/N 2108X Distinguishing Features 

Primary 

Valve S/N 2108X had the highest time since last overhaul (51 ,977 hours) and was 
the first to be examined, in detail, for distinguishing marks. 

Figures 1 through 4 show selected areas of the primary outside diameter lands that 
contained a relatively large concentration of burnishing marks (shown as thin dark marks 
aligned longitudinally). Other areas also contained burnishing marks but were not as 
concentrated as those shown in these figures. 

Areas of smHII chip outs of the land /metering cavity corner were noted at some of 
the metering edges. Two chip out areas (30 and 300 degree reference positions) are 
displayed in figures 5 and 6 on the metering edge associated with land 6+. Three other 
chip out areas (50, 160, and 235 degrees) are shown in figure 7 for land 11 ++. 
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In addition, significant chip out areas of the corner between the land and groove 
were noted that were associated with the first balance groove from the metering edge. 
One area was on land 7 as shown in figures 8 and 9. Other areas are shown in figures 10 
through 13 for land 13, and figures 14 through 16 for the groove side of land 21. The 
chipped out portions were approximately 0.001 inch along the longitudinal land surface 
with a maximum of about 0.003 inch within the groove below the land. However, these 
chip out areas were of varying sizes circumferentially, some of which extended 
circumferentially over 0.04 inch (see figure 10 as an example). In the longer 
circumferentially chipped areas the chipping appeared to follow circumferential lines on the 
land as shown by the unmarked arrows in figures 1 0 and 11. 

When first examined, the chip out area shown in figure 8 displayed a crack in the 
area of the arrow . It was noted that this same area had changed with more chipping 
(extension of crack) after the primary was rotational hand wiped with a Kimwipe (laboratory 
tissue) in attempts to remove what appeared to be contamination on the surface. Figure 9 
displays the same area after this wiping (arrow in this figure indicates the identical area 
shown by the arrow in figure 8) The area of bracket "1" in figure 9 indicates the amount of 
the corner edge that was removed by this wiping. 

Other superficial markings were also noted and are only mentioned for 
thoroughness. A few areas contained blemishes or splotches on the land surface as 
shown by the arrow in figure 17. These appeared to be a thin deposit on the surface. 
Figure 18 shows an area containing what appeared to be a scrape somewhat like a 
burnished area. The brackets in figure 19 locate two longitudinally roughened areas which 
were in contrast with the remaining polished surface. Small circular dark regions exhibiting 
a comet tail were also noted on the land surfaces in some areas (typical examples are 
shown in figure 20). 

Secondary Slide Inside Diameter 

The internal diameter ~urface contained evidence of long burnish type marks (in 
some cases in excess of about 0.4 inches in length) which were mostly in a straight line but 
were at varying angles to the longitudinal axis. These were located at longitudinal 
positions 0.1 to 0.5 inches between 180 and 220 degrees and between 1.2 and 1.5 inches 
at 120 to 190 degrees. Due to their length, these marks were probably produced by 
assembly and/or disassembly of the primary in the secondary. 

Distinctive circumferential markings traversing the total diameter were found that 
intersected the Pa to C3 and Pb to C1 metering ports about mid length of the ports. A 
shiny area was also noted on the I.D. surface at the Ra aft metering port. This shiny area 
was in line with and corresponded to the width of the port with extension circumferentially 
from the port at the reference angular position of 80 degrees to about the position of 0 
degrees. A 0.03 inch wide scratch on the I.D. surface intercepted the aft corner of the Pa 
to C3 metering port on an angle. 



Secondary Outside Diameter 
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Concentrated burnishing marks were noted at two areas. One area was on land 1 
at about 90 degrees (see figures 21 and 22) and the other was on land 11 at 30 degrees 
(see figures 23 and 24). In addition, two small areas of surface corrosion (arrowed in figure 
22) had a reddish brown tint and were within the burnished areas on land 1. Figure 23 also 
show lands 8 through 10 where other less concentrated burnishing marks appeared. 

Two areas of irregular staining and possible corrosion are shown in figures 25 and 
26 for lands 6 and 10. 

A probable witness shadow for the forward side of the C 1 to Rb aft metering port is 
displayed in figure 27. This was determined by the angular position corresponding to the 
port position in the housing. The shadow was about 0.015 inch long (between arrows 
figure 27) and was about 0.002 inch from the metering edge (indicating overlap of land 7 to 
port while in neutral). 

Only one chip out was noted, which is arrowed in figure 28. This chip out area was 
located about 105 degrees from the housing C1 to Rb aft port position (far removed from 
the port). 

Housing Inside Diameter 

Approximately 0.02 inch wide light corrosion band was found between 140 to 220 
degrees at a longitudinal position around 0.1 inch. Some angular scratches were noted at 
330 degrees located about angular position 330 degrees. Multiple circumferential marks 
were noted between reference positions 0.7 to 1.0 that extended most of the way around 
the circumference. Small dark pit-like areas were noted at 1.8 inches and 60 degrees. 

The metering port Pb to C 1 contained a darkened shadow aft of the port that was 
the same width and length of the port (0.015 by 0.045 inch). 

Remaining Exemplars 2278X, 3167X, 3403X, 3590X 

Similar features of those shown for exemplar 2108X were found in varying degrees 
for the remainder of the exemplars. 

Accident Valve S/N 1091 (DCA91-M-A023, Colorado Springs, CO, 3/13/91) 

For reference purposes an internal layout view of the inside diameters of the 
secondary and housing for this valve are shown in Appendix C. 

Primary 

The aft two metering cavities (corresponding to system "a" hydraulic system) were 
darkly discolored containing a thick deposit. Witness marks (see figure 29) representative 
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of the C3 to Ra aft metering port were found at about 260 degrees in two positions, one on 
land 6 is near its normal relative position (see bracket "a" and unmarked bracket) and 
another one on land 4 (arrowed "b"), is well removed from its normal position. 

At the metering edge corresponding to land 6 the forward side of the 0.045 inch long 
metering port within the inside diameter of the secondary slide is approximately in line 
longitudinally with the metering edge2 when the primary is at neutral relative to the 
secondary (port is essentially closed off or covered by land 6 and a portion of land 5). 
Measurements3 obtained showed the unmarked bracket as well as the bracket "a " 
dimensions in figure 29 were 0.015 inch. These dimensions indicated that the metering 
port in this position was about 1/3 covered by land 6 when the witness mark was made. 
The mark shown by arrow "b" was the width of the metering port (0.015 inch) and was 
circumferentially in line with witness mark "a". The characteristic of the mark indicated that 
the line at arrow "b" witnessed the aft edge of the metering port at this point. Longitudinal 
measurement from the arrow "b" location to the metering edge at land 6 gave a value of 
0.099 inch. The aft edge of the metering port at neutral relative to the primary would be 
approximately 0.045 inch from the metering edge. Therefore, the witness mark at point "b" 
indicated the primary had shifted forward approximately 0.054 inch (0.099 inch less 0.045 
inch) from neutral when witness mark arrowed "b" was made. 

Land 6 also contained six almost semi-circular witness marks that were equally 
spaced circumferentially around the land. These marks were indicative of the C3 round 
holes in the mating secondary being positioned over the land. One of these semi-circular 
marks is outlined by unmarked arrows in figure 29. Measurements showed that the 
diameter of the holes producing these marks was about 0.052 inch and that the mark 
extended 0.023 inches aft from the metering edge. Internal longitudinal measurements 
taken on the inside diameter of the secondary between the aft edge of the C3 round holes 
and the forward edge of the C3 to Ra aft metering port gave a value of 0.039 inch. The 
combined distance of 0.039 and 0.023 inch indicated that when the semi-circular marks 
were produced the primary had shifted forward about 0.062 inches relative to its neutral 
position with the secondary. 

Other circular arc marks about 0.05 inch in diameter indicative of C4 holes in the 
secondary were found on lands 10 and 11 as shown in figure 30. In this area there 
appeared to be three sets of six equally spaced holes producing the witness marks, one 
set (lighter) is indicated by arrows "X", another set (dark) by arrows "Y" and a third set (less 
distinct and only one shown in figure 30) by arrow "Z". 

On the "X" witness set there was a small but distinct band at the circumference 
indicative of a broader line around the mark circumference. A reference 0.050 inch 

2 In actuality there is a slight under lap of about 0.001 to 0.002 inch between the metering edge and the forward 
edge of the metering port at neutral. An under lap means that the port is slightly open or uncovered allowing 
partial flow of the fluid at neutral. 
3 Unless otherwise indicated all measurements taken were with the aid of an OGP Smart Scope (a non contact 
video measuring device) 
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diameter hole4 appeared to match the diameter arc of the inner portion of the band for the 
"X" witness marks as well as the other witness marks "Y" and "Z". Longitudinal 
measurement from the inner band aft edge to the metering edge gave a value of 0.020 
inch for holes "X". Similarly longitudinal dimensions of 0.052 and 0.055 inch were obtained 
for witness sets "Y" and "Z", respectively. Using the borescope examination set-up the 
rotational displacement between witness mark sets "X" and "Y" showed approximately 5.5 
degrees. The rotational position of witness set "Z" was estimated to be approximately 
midway between the position set of witness "Y" (approximately 30 degrees). 

Internal measurement of the secondary, using the borescope set-up, showed that 
the distance between the aft edge of the C4 holes and the forward edge of the Pa to C4 
metering edge was 0.034 inch. At neutral the forward edge of the Pa to C4 metering port 
would be approximately longitudinally in line with the metering edge of land 11 
(disregarding under lap). This measurement and the measurement obtained for the "X", 
"Y" and "Z" witness marks showed three separate witness positions of the primary relative 
to the secondary. The "X" witness marks indicated the primary was displaced relative to 
the secondary about 0.054 inch (0.034 plus 0.020) forward of neutral, the "Y" witness 
marks indicated a displacement of 0.086 inch (0.034 plus 0.052) forward of neutral and 
rotated about 5.5 degrees from witness "X", and the "Z" witness marks indicated a 
displacement of 0.089 inches (0.034 plus 0.055) forward of neutral and rotated about 30 
degrees from witness "Y". 

The metering edge on land 11 was notably irregular around the "X" witness mark 
locations as if the corner edge had corroded away. The most edge removal measured 
about 0.0015 inch longitudinally along land 11 and in all cases was associated with the 
regions encompassing the witness areas "X." 

Secondary Inside Diameter 

The secondary inside diameter contained light area circumferential bands of what 
appeared to be a smoothed out etched surface (normal velocity marks and machining 
marks smoothed out within the light areas) These bands were of the approximate width 
and in the approximate longitudinal positions corresponding to the system "a" metering 
cavities on the primary. 

Secondary Outside Diameter 

A distinct witness mark for the C4 to Ra fwd metering port was found on land 5 as 
shown in figure 31. The position of this witness mark indicated the primary was in a neutral 
position relative to the housing when the mark was made. 

Figure 32 shows circular witness marks that were found on land 1 and land 6. In the 
left photograph of figure 32 the circular mark pairs shown (one slightly offset 
circumferentially from the other) were one of three circumferentially equally spaced pairs 

+4 Generated with the OGP Smart Scope. 



Report No. 98-116 
Page No.9 

found around the circumference of land 1. These marks measured5 0.125 inch in 
diameter. The diameter, number of equally spaced pairs, and location corresponded to the 
Ra aft holes on the inside diameter of the housing. The circular pairs shown in the right 
photograph were one of four pairs found equally spaced around land 6. Their diameters 
measured about 0.1 inch which corresponded to the Ra fwd holes in the housing. 

One of the three hydraulic b-system pressure (Pb) holes on the outside of the 
secondary contained what appeared to be metal particles in the area indicated by arrow 
"A" in figure 33. The particles were located well within the hole as shown in the close up 
view of figure 34. The particle location corresponded to the inside diameter of the 
secondary body where it interfaced with the annulus on the outside diameter of the primary 
insert. There appeared to be two particles as indicated by arrows "A 1" and "A2" in figure 
34. The visible area of particle "A1" was about 0.012 inch wide by 0.02 inch long. The 
visible portion of particle "A2" was somewhat smaller, roughly 0.01 by 0.01 inch. 

Housing Inside Diameter 

The inside diameter contained similar light bands as those found on the inside of the 
secondary. These lighter band areas corresponded to the system "a" cavities formed 
between the secondary slide and the housing when assembled. Areas corresponding to 
the land areas on the secondary when assembled displayed typical velocity and machining 
marks. Figure 35 illustrates the light banding at the Ra aft hole (see unmarked bracket) 
and also shows the annulus at the bottom of the hole for circumferential flow of fluid, 
arrowed "A3", and the side drilled hole, arrowed "A4", that leads to the C3 to Ra aft 
metering port, arrowed "AS". 

Accident Valve S/N 2956 {DCA94-M-A076, Aliquippa, PA, 9/8/94) 

This valve showed no unusual features. Only a few relatively small chip outs were 
noted on the metering edges of the primary. However, none of these chip outs appeared 
to correspond circumferentially to the metering port areas. 

A light colored (whitish) particle was found in the Pa to C4 metering port off the 
inside diameter of the secondary slide as illustrated in figure 36. The particle appeared to 
be nearly flush to the interface with the 0.06 inch diameter side drilled hole (well within the 
port opening) and was adjacent to the forward side wall of the port. The particle had an 
approximate cross section of about 0.015 by 0.015 inch but its length could not be 
determined (due to visibility restraints by viewing with the borescope). Computer 
tomography (400 KV) could not detect the particle indicating that it was a low density 
material (not metallic). Before an attempt could be made to remove the particle it had 
dislodged from the port area. To this date the particle has not been recovered. 

Additional selective viewing using a 15 degree borescopic probe (versus 90 degree 
that was used predominately in the examinations) was made in both directions on the 

5 By three point method using the OGP Smart Scope 
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metering ports for the secondary and housing inside diameters. This allowed for angled 
viewing of the forward and aft sides of the ports simultaneously with the inside diameter, 
which gave excellent viewing of the shearing surfaces. No evidence of deformation or 
distress was found in any of the ports. The extra video tape for this valve shows the 
examinations made using the 15 degree borescopic probe for the housing (15 degree 
probe examinations of the secondary ports are on the last part of the first tape). 

Incident Valve S/N 2567 (DCA96-1-A061, Richmond, VA, 6/1 0/96) 

Primarv 

A small chip out of the metering edge with an accompanying angled scratch was 
noted on land 11 (see figure 37). This rotational area of the land is in the immediate 
vicinity of the Pa to C4 metering port at 95 degrees reference. Other small chip out areas 
were noted that were not involved with metering ports. 

Also noted were multiple small areas of what appeared to be corrosion pits on the 
surface of lands 12 and 13. 

Secondarv Inside Diameter 

Examination disclosed no unusual features. The adjacent inside diameter surface 
of the Pa to C4 metering port contained shallow diagonal scratches oriented perpendicular 
to the scratch found on primary land 11 (see figure 38). No evidence of any distortion was 
found on this or any other metering port. 

Secondarv Outside Diameter 

Nothing was found that was considered out of the ordinary. 

Housing Inside Diameter 

Faint multiple burnishes about 0.01 inch long were noted on the aft portion (0.1 to 
0.2 longitudinal reference) between 270 to 290 degree reference positions. Similar 
burnishes were noted on the far forward end (2.2 longitudinal reference) between 50 and 
90 degree reference. 

Accident Valve S/N 5119 (DCA98-R-A013, Palembang, Sumatra, 12/19/97) 

Primarv and Secondary Outside Diameters 

The input side into the a-system portion contained extensive corrosion products 
(resulting from water penetrating in from the summing lever cavities after the crash). 
However, stereo microscopic examination of the metering edges showed they were 
relatively free from any damage. 



Secondary and Housing Inside Diameters 
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Extensive corrosion areas were found corresponding to those corroded on the 
outside diameters of the primary and secondary slides. 

Test Valve S/N 5264 (Minimum Tolerance Test) 

Primary and Secondary Outside Diameters 

Longitudinal scratches about 0.1 inch long were noted across land 30 and part of 
land 31 for the primary and on the forward side of land 11 on the secondary. Both scratch 
areas were rotationally oriented at about the 0 degree position. 

Secondary Inside Diameter 

The far aft end contained numerous burnish marks between 80 and 105 degree 
reference positions that measured a maximum longitudinal length of 0.13 inch. Other 
isolated burnish marks were found at the 0.3 inch longitudinal position (75 degrees, 
approximately 0.12 inch long), at the 0.5 inch position at 200 and 240 degrees (both of 
these marks about 0.085 inch long), and at the 2.1 longitudinal (far forward position) within 
10 to 20 degrees of the 0 degree reference position (multiple marks around 0.070 inch 
long). 

The exemplars and SIN 2956 were reviewed again specifically for any evidence of 
burnishing marks on the inside diameter of the secondary slides. Most exemplars showed 
no similar. evidence. However SIN's 2278X, 3167X, and 2956 showed some faint 
burnishing that was far less distinct and of a lesser quantity. 

Multiple burnishes about 0.09 inch long were noted in the vicinity of the C3 to Ra aft 
metering port (80 to 105 degree reference). 

Housing Inside Diameter 

No unusual marks were found. 

Michael L. Marx 
Chief Technical sor 
Metallurgy & Failure Analysis 

Derek Nash 
Engineering Technician 



~-\eport No 0811 (:) 
F)age No 12 

F--rgure 1 Prin1ary for exemplar 21 08X silovJrr1g a locatrc11 nt 
concentrated burnishing marks Lands 1 through 6 + re>fc:lerJce 
angular rlClsltion about 130 degrees X7 5 

Fr~JLHe 2 Hrgher r-nagnification vie~;v of f1gure 1 111 CJil'cl l f 

burliiShrng 111arks X 20 



F~Pporl No SlR 11 G 
fl;i~Jtc~ Nc1 1l 

f 1gwe 3 A11othcr area showlllg a lliUil c;(;ncentrati011 lJt 

bLlllliSlilng r"narks E~xcmpi;:H 2108X prllllrlry !amls 12 to 201 · 
at :w degrt=:Ps X/ 5 

FJgure 4 Higher magnification vievv of h1Jrri1Sh 111c:Hk C:Hfc<'l 

shc•'Nn 1r1 fwp1r" :~ X 20 



r,;~oport No ~o-116 
fJCJgc~ No 14 

Figure 5 Small area of chip out (<=mowed) of rlH:tcr'rl~J eclrJt 
Fxemplar ') 1 08X rrimary lanrl 6 I at 30 clr:qrcc:s .x~.\! 

Another small <HPa of chrp ou: r :-111 C\'•Jt"d' nt r'<ek·: 111·: 

uJ~1t: xcrnp!;:F prrnlZH'y' 21 08X l;w ! r:' 1: '"II rJ, jlt ., 

refE"IC'ilU' .X~)() 



f< -r - • t:"r)UI' Nu 'Jb 1 lu 
f'cHlC' Nu 1'-, 



f..(.t:pur t N,! ~b-; 1l) 
fla~Je No 16 

F rgure t3 Chir out areas (brCJdcted) of the c:orrrer betl:vt'err tl~t 

lam! and balance groove 1\r row cJcrwtr,s a sr1V1II cr .Kk 

[xemplar S/N 21 OSX. land /' <1t 200 dcgrc;cs X5Cl 

FrrJtrrr: 9 Same as above except phot~lCJ1r1pil tCJkcrl ;1ftt·! tlr• 
primc:l!y was rot<1tron<1l wiped willl a Krrnwrpc trs~lrt: ;\rrn·:.' 

loG~tc:s sa!lle area as that shovm hy tht-; ;vrnw ~~'' frcJrrre (~ Z1h;vr 
Nntr· ';ln::-JII .l[[;cl r)f :=JdcJrtiC'•Ii:ll .:1-rr: ()IJ1 I' .·. ,,,,; ir· tile· .1'•, .) ,·f 

l11 ;1 ( k r: t 1 X r; CJ 



f~c:pmt No H:-: i 1 () 

l'a.qc· Nn 17 

f l~JlHt: 1 U l r1rw;1 chip out area (brackPt ilrear of tire 1a11il , 
balarlCf) grclOVC corner found on exc:r11plar :JHJRX Clt about 4r; 
degrees for land 13 NotP ClrculnfPrerltrill 111~11 k lnc;cJ:crJ b·y 
arrow heads X 50 

f:~jurc 11 Sarr1c arecl as that si1UWI1 111 fl(jlliC 1() excef·1 !lJst 

below c:nec:1 of cl1rpp1ng (<lhout 40 OCCJIE~t'SI :-;hov·Jii1CJ cnlilrrHJ,J!Wt' 
of ClrcJnnfelentiCJI rnarkii1C.l on lancJ (mrowed 1 X:'il' 



f<tol!:Ht Nu 1 1C 

F~rgure 12 Lower magnification vrew of a comer chip Clrt~,l 

(brCJr:kcted) em S/N 2108X at z:Jbout 12(J clcgree::: \Nrth prrrne1r\ 

tiJtf;r) tO llldiCCltf; depth Of Chippirlq ~1icli1~J hdiC:HlCf' rJIClC!\It 

srrrfar:e X?() 

F rgr:re 1l Same as that shown atJuVP t:xcept at h1~J! :r 
rneJgr1rfrcatrorr Side wall of the hCJiance ~;roove rs Clt)CitJ: n C1'.: 
de('"P ;::md Ore dlrpplllCJ W<l:C, CS11111Clll>d I<· I·! :11·Clli1 r· c;r·, ·~ r:·, 1 ' 

CliCJilCJ \NClll X~)() 

f ',1 u , · N ) 1 '1 



h, .f I( •! i 1-J•.) l;.:; 1 i ~ • 
f J ]i)··· ~~I: F' 

fiCJI.ft 1:1 Ji1it'l' d't.<lc, 

,J,-:.r··i<l 1 illJ u•il't-=>r c·i11r' cute; 
1at 1:~.:1, kehi akJIIIJ i_:zll:li'Cl" 

~JI! ltl'J:' llllt:rfdd' V!llh icl'l'l 

) 1 (}!' SiN 2 1 CJRX CXt'lllpi~ll 

f\t•fE'Il':H>' :111;1 .Jia1 pos1 1 1c;r1 

lilCJ ICCllt:~ I t 11 'r~ft of 111ete 1 111 q 

erJ:J(' 1\li f' 1HJ\!)C' xr:,() 



f~P~1ori No SJS 116 
Pa~w No 20 

F rgure 15 Low magnification angled view of dlif! out shovm r 
frgure 14 at 34n degrees X20 

F rgwe 1 G Same as in figure 15 ahove only at t11(lh·: 

maqr1rfrc:atrnn x:so 



18 
19 20 

f< ( , p tll 1 N u ~) b 1 1 b 

rJ,lrW Nc: 21 

F1gure 1 ~,. Splot~hing (probably rlepos1t) fotJIHl IJil lc-md 1 CJ 

l)lwtog r apl1 tCJkcrl after alcohol wiping will~ :1 Ki111VJ1pc· to tr v tt 
rE=;nlOVE) the depns1t Abm1t X/0 

20 

\ 
I I~JlHt: 18 lrrP~ul;:n JTl~Hkirlg (arrnvvnd) 011 l:w,d ~·.11f:1:t· CJf C:::N 
21 os piiln;l x.r:;r: 



f\c~pori No 98 1 H1 
F'd~Jt~ No 77 

Figure 19 r~oughened surface band c=m::as (hrackctC'd: loc1tc·d 
on S/N 71 OSX exempl0r X50 dt 260 dewrc>r::s 

F:igure 20 Dark circular areas with tails found 011 exemple1r 
21 08X on lands 29 and 30 at 340 degrees XJO 



f~eport ~Jo ~18- 11 (-) 
h1Qt" Nc 2::1 

r rgure 21 Typical high concentration b1nnrsh found ,w, 
secondary slrde o1rtside diarneter Exer11plar 21 ORX ICJrH-Js 1 

and 2 at 90 rlegrPes X7 5 

Frgure 22 Higher magnification vrew (X20) of burnrshed area 
shown in trglJrf' 21 Arrows locrJte C:HP<1S of ccJrrusrr11l F xernr-,l:~r 

21 Of)X l<md 1 at 90 degrees 



~\I? p cJ r t N o ~J li 1 Hl 
Page No 24 

F rgure 23 AnoU1er area of typical burr1rslling found or1 tl1t 
sccond<-J.ry E::xempi<-J.r 21 08X. lands 8 throlJqh 11 ,Ji lO dec]ie,'s 
X7 r::.. 

Fr~Jlire 24 Hr~JilP.r magnrficc1tior1 of ;1re;1 :;lll>I/JII'~1 r~illlet~r1tr;w•,l 

'nni'IShlrlrJ St'f~ f<1r rrghi nliClcllc r;f frqrrr(• )~ fnr l,:.;::rlr: 

t xrrnpiCl! ;; 1 ()i-~X !c:Jild 11 Clt :)() dl'CJif'fC'c: X 1 r, 



t r~ ' I : 

• i • 
t 

' f 
~l 

r 
6 

~\epmt No 8d 11 Li 

f 1 a ~JC N o 2 ~' 

F rgure 25 Art?<l of rrregular stamir1g or possihle corrosiorr 011 
secondary exemplnr Exernplar 21 OSX le~nd o <lt 290 dr:~pepc; 
X18 

.. 
i ' 

- t 

10 

Frgure 2!::; Arwtfll?l <:Heel of rrregul;:u st;1rl11r1CJ rJr ;:rlssrt:ll' 
corrosrun 011 sw:o11dary exer11piCJr Fxen1plnr ? 1 08X 1:1:1~1 1 () ;1t 

240 degrcec; Xl~ 



7 

Heport No 98-116 

Pc=l~]e No 26 

hjlJ/t: 27 r)iohable WitllPSS 11lcllk (uetwt?ell CliiOWS) Oil 

seconda1y UlllSide diarneter Sl9illfYII19 the fmv.;,:=nrJ edge of tilt' 
C1 to Rb aft meteml~J pmt [xt::mplar /HIRX l;111d 7 at 11c1 
de~Jiees X30 

-_·7 
·- \ -·-

• < 

f lqUIC 28 Slnclll Chip OlJt of !lHcterlll!) r>drw f Xi"mll:il ) 1 nsx 
l;:md I c1t 1 (I df'CFC'i:s X::iO 



I<PntH\ Nc1 ~1H 11 b 

P~1C]P [\Jo ) i 

Frgure 29 'Nitness rnarks from C3 to 1\a CJft mdt?rrng pCJrt 
(bracket ·;:1' aml arrow b ) <:md C3 rormd plllt lullllle:1rkt~tl 

arrows) on tl1e prrmary Accrde11t SIN 1 oq 1 lc111:is 4 tl·rcnr~Jh C 
at 265 degrees X20 

F I g ur E~ j () c 4 t l () l: c; Ill~] p ()It 
wrtness mar·ks or1 prrn1c:Hy 
Accrdent SIN 10Ci1 prrnr<'HY 
lamls 9 UHoucJh 11 ,it 1/C· 
deqrees X/Cl 



f-\erlcHi No 98-116 
f-J <1CJP Nn 2 8 

F rgure 31 Witness mark rndicatrve of the C4 to Ha fwd 
metering port found on land 5 S/N 1 oq 1 secomJary at 32::i 
degrees X30 

Figure 32 Crrcular arc witness marks found on tile forward ed~Jt: of l;:md 1 
(left photo at X25) and aft edge of land 6 (rrght plwto ril X30r s-N 1CCi1 
secondary at 85 degrees (left) and l25 rlPgrees (11(]11\1 

--- - ---------------------~---------------------------



A 

7 C1 8 Pb 9 C2 10 

Heport No SJ8 116 
Page No 2q 

~ IQlHe 33 Arrovv 'A" shows t!1c lr1e<1t1nrl nf pnrt1cles for1rhi 

wrthm cme of the three Pb holes on the otJts!cle l:'f U1e S/N 1 0~·1 
sccnmlary e1t 10 cle~Fet:s X7 :1 

~·rcJlllt-: ~)4 llr~:Jiler ma~~lllflc<ltion vtcw of prlrtrclt:~c. ·r:cJi,_.ilkcJ !!\ 

arrow A rr1 frq1ne 3J X50 



i 
l 

Ftgure35 ThePaafthol,o:wth ',1; ''·! i1 '"'''.; ,, i, 

tilelt(jl:tbandin~J(brackell tl:r ~~':''''' 1,,.:fh, ,,, 
A4', to the rnetet illg port · /\5 

I i 1 ) i ,~ ..,; 



10 

I~ 1qurP ~~ Ch1r out and anqled scr::Jtch fottnrl r)fl l;:mrl 11 :Jf c~. r; 
~r,r- pwrt;-JI; :11 cv, degr.:;,pr~ X Si 1 

::-iqt l(f' 38 
; I ' , I.~ l·c· ·11 ;~ I 

t) •~ ; 1 'I I 

i I 

r~·~-j~~- ,_-.:~reJ '·()t!i lii-lill.; '!' 

'-{ .... 



Report No. 98-116 
Page No. 32 

APPENDIX A. Video Examination Set Up and Procedure 

Video Examination Device 

A examination device was fabricated that horizontally positioned a 2.77 mm 
diameter borescope (Olympus PIN K27-18-90-62) in line with a horizontally positioned 
part. The part was positioned in a three jaw chuck of an indexing head graduated in 
degrees with an operating handle graduated in minutes. The indexing head was 
mounted at one end of a frame and an X-Y table was mounted on the other end of the 
frame. The borescope was attached to the X-Y table allowing for precise movement of 
the borescope along the longitudinal length of the part and laterally relative to the 
centerline of the part. 

A video camera was attached to the borescope and a second video camera was 
arranged to record the degree positioning of the index head. Both video camera 
signals were fed into a special effects generator that allowed for placing the angular 
degree position view in the lower right corner of the image. The generator output was 
then fed into a VCR recorder and the VCR output was fed into a monitor. 

Angular Reference on Parts 

To maintain consistent longitudinal and angular references on each valve piece 
examined the assembly was angularly and longitudinally positioned as if located on the 
airplane. For practical purposes the centerline of the valve was considered to run 
horizontally fore and aft (in actuality it is inclined somewhat to the horizontal plane). 
The input side of the valve is forward and the cap end of the body is aft. Longitudinal 
start and longitudinal end reference points were established for the individual pieces to 
easily find positions on the pieces while viewing the borescopic image. 

Longitudinal Reference 

Figure A 1 shows a cross sectional view of the valve as assembled with the primary 
slide shaded blue, secondary slide shaded yellow and the housing shaded red. Figures 
A2 through A4 depict the reference positions and land numbering system utilized during 
the examination. 

The longitudinal start positions for video taping and referencing were at the aft 
points (reference "A") and the stop or end positions were at the forward end (reference 
"B"). On the outside diameter of the primary and secondary slides a numerical 
sequence was established for the lands starting at 1 on the "A" end. The lands are the 
maximum outside diameter surfaces be.tween references "A" and "B" that are separated 
by balance grooves and/or metering cavities. Not all the primaries contained an equal 
number of lands since some of the primaries contained more balance grooves. 
However, there was a minimum amount of lands (31) that were present for each 
primary. The minimum number would compose of 6 lands (numbered 1 through 6) 

----·--· ------------------- --



Report No. 98-116 
Page No. 33 

between reference "A" and the first metering cavity, 5 lands (numbered 7 through 11) 
between the first and second metering cavity, 9 lands (numbered 12 through 20) 
between the second and third metering cavity, 5 lands (numbered 21 through 25) 
between the third and fourth metering cavity, and 6 lands (numbered 26 through 31) 
between the fourth metering cavity and reference "B". The numbering was kept 
consistent beginning after every metering cavity. If there were more than the minimum 
lands per segment a + sign was used, such as 6+ for the seventh land between 
reference "A" and the first metering cavity and 6 ++ for the eighth land between the 
same reference. 

Procedure 

Each valve piece was identically examined with the borescope at an equivalent 
magnification of about X50 on a 17 inch monitor. Simultaneously the image could be 
viewed at approximately X130 on a 35 inch television screen. The beginning point was 
set at reference "A" and the valve was rotated 360 degrees with the indexing head. 
The piece was then sequentially repositioned longitudinally (0.1 inches) and rotated 
through 360 degrees until all land surfaces (for the outside diameters) and all inside 
surfaces were examined and video taped. During the procedure selective notes were 
taken of hole positions and any noteworthy characteristics encountered. The positions 
of internal holes both longitudinally and angularly were recorded. These hole positions 
are shown in the tables of appendix B for each valve. 

In addition, the accident valves were reexamined at the metering ports (.015 by .045 
inch rectangular holes) on the inside diameters of the secondary slide and housing. 
During this examination the borescope was put closer to the port to increase 
magnification, and the slide was rotated and moved longitudinally about the port 
location to view it from different perspectives. Particular attention was given to the 
metering edge, looking for any damage to the edge. 

For the accident valve S/N 2956, the metering ports were also examined with a 15 
degree borescope which allowed for angular viewing of the metering face. The valve 
piece was then reversed to view the opposite metering face. 
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Figure A1. Representative cross section through a PCU servo 
valve. Primary-blue; secondary-yellow; housing-red. 

Primary 

Figure A2. Primary slide referencing positions and land 
numbering system used during examinations. 



Secondary 

L .... 

Report No. 98-116 
Page No. 35 

I 
I 

I 
I 
I ______ _j 

Figure A3. Secondary slide referencing positions and land 
numbering system used during examinations . 
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Figure A3. Housing referencing positions and land numbering 
system used during examinations 
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APPENDIX B. Longitudinal and Angular Positioning of Holes 

Accident Valve S/N 2956 Secondary Inside Diameter (primary inserts) 

From Reference Angular Reference Port 
"A" (inches) (degrees) Type of Hole Representing 

.32 80 .015 X .045 inch Metering C3 to Ra aft 

.40 6 evenly spaced .053 inch Round C3 

.48 260 .015 X .045 inch Metering Pa to C3 

.65 265 .015 X .045 inch Metering Pa to C4 

.74 6 evenly spaced .053 inch Round C4 

.82 85 .015 X .045 inch Metering C4 to Ra fwd 
1.25 260 .015 X .045 inch Metering C 1 to Rb aft 
1.34 6 evenly spaced .053 inch Round C1 
1.42 80 .015 X .045 inch Metering Pb to C 1 
1.58 80 .015 X .045 inch Metering Pb to C2 
1.66 6 evenly spaced .053 inch Round C2 
1.75 260 .015 X .045 inch Metering C2 to Rb fwd 

Accident Valve S/N 2956 Housing Inside Diameter (secondary inserts) 

From Reference Angular Reference Port 
"A" (inches) (degrees)* Type of Hole Representing 

.20 3 evenly spaced .125 inch Round Ra aft 

.31 (105) 285 .015X.045 inch Rectangular Metering C3 to Ra aft 

.39 6 evenly spaced .070 inch Round C3 

.48 (240) 100 .015X.045 inch Rectangular Metering Pa to C3 

.56 6 evenly spaced .070 inch Round Pa 

.64 (240) 100 .015X.045 inch Rectangular Metering Pa to C4 

.72 6 evenly spaced .070 inch Round C4 

.81 (1 05) 285 .015X.045 inch Rectangular Metering C4 to Ra fwd 

.90 4 evenly spaced .1 05 inch Round Ra fwd 
1.14 4 evenly spaced .1 05 inch Round Rb aft 
1.24 (285) 105 .015X.045 inch Rectangular Metering C 1 to Rb aft 
1.32 6 evenly spaced .070 inch Round C1 
1.40 (60) 240 .015X.045 inch Rectangular Metering Pb to C 1 
1.48 6 evenly spaced .070 inch Round Pb 
1.57 (60) 240 .015X.045 inch Rectangular Metering Pb to C2 
1.65 6 evenly spaced .070 inch Round C2 
1.73 (285) 105 .015X.045 inch Rectangular Metering C2 to Rb fwd 
1.83 6 evenly spaced .095 inch Round Rb fwd 

* (XXX) recorded degrees. Degrees relat1ve to secondary no parenthesis. 
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Appendix B. Longitudinal and Angular Positioning of Holes (Continued) 

Accident Valve 5/N 1091 Secondary Inside Diameter (primary inserts) 

From Reference Angular Reference Port 
"A" (inches) (degrees) Type of Hole Representing 

.32 75 .015 X .045 inch Metering C3 to Ra aft 

.39 6 evenly spaced .053 inch Round C3 

.48 255 .015 X .045 inch Metering Pa to C3 

.64 255 .015 X .045 inch Metering Pa to C4 

.73 6 evenly spaced .053 inch Round C4 

.81 75 .015 X .045 inch Metering C4 to Ra fwd 
1.24 250 .015 X .045 inch Metering C 1 to Rb aft 
1.33 6 evenly spaced .053 inch Round C1 
1.41 70 .015 X .045 inch Metering Pb to C1 
1.57 70 .015 X .045 inch Metering Pb to C2 
1.65 6 evenly spaced .053 inch Round C2 
1.74 250 .015 X .045 inch Metering C2 to Rb fwd 

Accident Valve 5/N 1091 Housing Inside Diameter (secondary inserts) 

From Reference Angular Reference Port 
"A" (inches) (degrees)* Type of Hole Representing 

.19 3 evenly spaced .125 inch Round Ra aft 

.31 (145) 325 .015X.045 inch Rectangular Metering C3 to Ra aft 

.39 6 evenly spaced .070 inch Round C3 

.48 (275) 95 .015X.045 inch Rectangular Metering Pa to C3 

.56 6 evenly spaced .070 inch Round Pa 

.64 (280) 100 .015X.045 inch Rectangular Metering Pa to C4 

.73 6 evenly spaced .070 inch Round C4 

.81 (145) 325 .015X.045 inch Rectangular Metering C4 to Ra fwd 

.90 4 evenly spaced .1 05 inch Round Ra fwd 
1.14 4 evenly spaced .1 05 inch Round Rb aft 
1.24 (325) 145 .015X.045 inch Rectangular Metering C 1 to Rb aft 
1.32 6 evenly spaced .070 inch Round C1 
1.40 (100) 280 .015X.045 inch Rectangular Metering Pb to C1 
1.49 6 evenly spaced .070 inch Round Pb 
1.57 (100) 280 .015X.045 inch Rectangular Metering Pb to C2 
1.65 6 evenly spaced .070 inch Round C2 
1.73 (325) 145 .015X.045 inch Rectangular Metering C2 to Rb fwd 
1.83 6 evenly spaced .095 inch Round Rb fwd 

* (XXX) recorded degrees. Degrees relatrve to secondary no parenthesis. 
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Appendix B. Longitudinal and Angular Positioning of Holes (Continued) 

Accident Valve 5/N 5119 Secondary Inside Diameter (primary inserts) 

From Reference Angular Reference Port 
"A" (inches) (degrees) Type of Hole Representing 

.32 270 .015 X .045 inch Metering C3 to Ra aft 

.40 6 evenly spaced .053 inch Round C3 

.48 90 .015 X .045 inch Metering Pa to C3 

.65 90 .015 X .045 inch Metering Pa to C4 

.73 6 evenly spaced .053 inch Round C4 

.81 270 .015 X .045 inch Metering C4 to Ra fwd 
1.24 90 .015 X .045 inch Metering C 1 to Rb aft 
1.33 6 evenly spaced .053 inch Round C1 
1.41 270 .015 X .045 inch Metering Pb to C 1 
1.57 265 .015 X .045 inch Metering Pb to C2 
1.66 6 evenly spaced .053 inch Round C2 
1.74 85 .015 X .045 inch Metering C2 to Rb fwd 

Accident Valve 5/N 5119 Housing Inside Diameter (secondary inserts) 

From Reference Angular Reference Port 
"A" (inches) (degrees)* Type of Hole Representing 

.20 3 evenly spaced .125 inch Round Ra aft 

.32 (110) 290 .015X.045 inch Rectangular Metering C3 to Ra aft 

.40 6 evenly spaced .070 inch Round C3 

.49 (250) 70 .015X.045 inch Rectangular Metering Pa to C3 

.57 6 evenly spaced .070 inch Round Pa 

.65 (250) 70 .015X.045 inch Rectangular Metering Pa to C4 

.73 6 evenly spaced .070 inch Round C4 

.82 (11 0) 290 .015X.045 inch Rectangular Metering C4 to Ra fwd 

.91 4 evenly spaced .1 05 inch Round Ra fwd 
1.15 4 evenly spaced .1 05 inch Round Rb aft 
1.25 (290) 110 .015X.045 inch Rectangular Metering C 1 to Rb aft 
1.33 6 evenly spaced . 070 inch Round C1 
1.42 (65) 245 .015X.045 inch Rectangular Metering Pb to C 1 
1.49 6 evenly spaced .070 inch Round Pb 
1.58 (65) 245 .015X.045 inch Rectangular Metering Pb to C2 
1.66 6 evenly spaced .070 inch Round C2 
1.74 (290) 110 .015X.045 inch Rectangular Metering C2 to Rb fwd 
1.85 6 evenly spaced .095 inch Round Rb fwd 

* (XXX) recorded degrees. Degrees relat1ve to secondary no parenthesis. 
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Appendix B. Longitudinal and Angular Positioning of Holes (Continued) 

Incident Valve 5/N 2567 Secondary Inside Diameter (primary inserts) 

From Reference Angular Reference Port 
"A" (inches) (degrees) Type of Hole Representing 

.32 290 .015 X .045 inch Metering C3 to Ra aft 

.40 6 evenly spaced .053 inch Round C3 

.48 115 .015 X .045 inch Metering Pa to C3 

.65 115 .015 X .045 inch Metering Pa to C4 

.73 6 evenly spaced .053 inch Round C4 

.81 290 .015 X .045 inch Metering C4 to Ra fwd 
1.24 105 .015 X .045 inch Metering C 1 to Rb aft 
1.33 6 evenly spaced .053 inch Round C1 
1.41 290 .015 X .045 inch Metering Pb to C 1 
1.57 290 .015 X .045 inch Metering Pb to C2 
1.66 6 evenly spaced .053 inch Round C2 
1.74 100 .015 X .045 inch Metering C2 to Rb fwd 

Incident Valve 5/N 2567 Housing Inside Diameter (secondary inserts) 

From Reference Angular Reference Port 
"A" (inches) (degrees)* Type of Hole Representing 

.21 3 evenly spaced .125 inch Round Ra aft 

.33 (125) 305 .015X.045 inch Rectangular Metering C3 to Ra aft 

.41 6 evenly spaced .070 inch Round C3 

.49 (260) 80 .015X.045 inch Rectangular Metering Pa to C3 

.57 6 evenly spaced .070 inch Round Pa 

.66 (260) 80 .015X.045 inch Rectangular Metering Pa to C4 

.74 6 evenly spaced .070 inch Round C4 

.82 (125) 305 .015X.045 inch Rectangular Metering C4 to Ra fwd 

.92 4 evenly spaced .1 05 inch Round Ra fwd 
1.16 4 evenly spaced .1 05 inch Round Rb aft 
1.25 (305) 125 .015X.045 inch Rectangular Metering C 1 to Rb aft 
1.34 6 evenly spaced .070 inch Round C1 
1.42 (80) 260 .015X.045 inch Rectangular Metering Pb to C 1 
1.50 6 evenly spaced .070 inch Round Pb 
1.59 (80) 260 .015X.045 inch Rectangular Metering Pb to C2 
1.67 6 evenly spaced .070 inch Round C2 
1.75 (305) 125 .015X.045 inch Rectangular Metering C2 to Rb fwd 
1.85 6 evenly spaced .095 inch Round Rb fwd 

* (XXX) recorded degrees. Degrees relatJve to secondary no parenthesis. 
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Appendix B. Longitudinal and Angular Positioning of Holes (Continued) 

Exemplar Valve SIN 2108 Secondary Inside Diameter (primary inserts) 

From Reference Angular Reference Port 
"A" (inches) (degrees) Type of Hole Representing 

.31 70 .015 X .045 inch Metering C3 to Ra aft 

.39 6 evenly spaced .053 inch Round C3 

.47 250 .015 X .045 inch Metering Pa to C3 

.64 260 .015 X .045 inch Metering Pa to C4 

.72 6 evenly spaced .053 inch Round C4 

.80 60 .015 X .045 inch Metering C4 to Ra fwd 
1.23 240 .015 X .045 inch Metering C 1 to Rb aft 
1.32 6 evenly spaced .053 inch Round C1 
1.40 70 .015 X .045 inch Metering Pb to C 1 
1.56 50 .015 X .045 inch Metering Pb to C2 
1.64 6 evenly spaced .053 inch Round C2 
1.73 250 .015 X .045 inch Metering C2 to Rb fwd 

Exemplar Valve S/N 2108 Housing Inside Diameter (secondary inserts) 

From Reference Angular Reference Port 
"A" (inches) (degrees)* Type of Hole Representing 

.20 3 evenly spaced .125 inch Round Ra aft 

.32 (115) 295 .015X.045 inch Rectangular Metering C3 to Ra aft 

.39 6 evenly spaced .070 inch Round C3 

.48 (250) 70 .015X.045 inch Rectangular Metering Pa to C3 

.56 6 evenly spaced . 070 inch Round Pa 

.65 (250) 70 .015X.045 inch Rectangular Metering Pa to C4 

.73 6 evenly spaced .070 inch Round C4 

.81 (115) 295 .015X.045 inch Rectangular Metering C4 to Ra fwd 

.90 4 evenly spaced .1 05 inch Round Ra fwd 
1.14 4 evenly spaced .1 05 inch Round Rb aft 
1.24 (295) 115 .015X.045 inch Rectangular Metering C 1 to Rb aft 
1.33 6 evenly spaced . 070 inch Round C1 
1.40 (65) 245 .015X.045 inch Rectangular Metering Pb to C 1 
1.49 6 evenly spaced .070 inch Round Pb 
1.57 (65) 245 .015X.045 inch Rectangular Metering Pb to C2 
1.65 6 evenly spaced .070 inch Round C2 
1.73 (295) 115 .015X.045 inch Rectangular Metering C2 to Rb fwd 
1.84 6 evenly spaced .095 inch Round Rb fwd 

* (XXX) recorded degrees. Degrees relative to secondary no parenthesis. 
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Appendix B. Longitudinal and Angular Positioning of Holes (Continued) 

Exemplar Valve S/N 2278 Secondary Inside Diameter (primary inserts) 

From Reference Angular Reference Port 
"A., (inches) (degrees) Type of Hole Representing 

.32 110 .015 X .045 inch Metering C3 to Ra aft 

.41 6 evenly spaced .053 inch Round C3 

.48 290 .015 X .045 inch Metering Pa to C3 

.65 290 .015 X .045 inch Metering Pa to C4 

.74 6 evenly spaced .053 inch Round C4 

.82 110 .015 X .045 inch Metering C4 to Ra fwd 
1.25 290 .015 X .045 inch Metering C 1 to Rb aft 
1.33 6 evenly spaced .053 inch Round C1 
1.41 110 .015 X .045 inch Metering Pb to C 1 
1.58 110 .015 X .045 inch Metering Pb to C2 
1.66 6 evenly spaced .053 inch Round C2 
1.74 290 .015 X .045 inch Metering C2 to Rb fwd 

Exemplar Valve S/N 2278 Housing Inside Diameter (secondary inserts) 

From Reference Angular Reference Port 
"A., (inches) (degrees)* Type of Hole Representing 

.20 3 evenly spaced . 125 inch Round Ra aft 

.31 (130) 320 .015X.045 inch Rectangular Metering C3 to Ra aft 

.39 6 evenly spaced .070 inch Round C3 

.48 (270) 90 .015X.045 inch Rectangular Metering Pa to C3 

.56 6 evenly spaced .070 inch Round Pa 

.64 (270) 90 .015X.045 inch Rectangular Metering Pa to C4 

.73 6 evenly spaced .070 inch Round C4 

.81 (130) 320 .015X.045 inch Rectangular Metering C4 to Ra fwd 

.90 4 evenly spaced .1 05 inch Round Ra fwd 
1.14 4 evenly spaced .1 05 inch Round Rb aft 
1.24 (310)130 .015X.045 inch Rectangular Metering C 1 to Rb aft 
1.32 6 evenly spaced .070 inch Round C1 
1.41 (85) 265 .015X.045 inch Rectangular Metering Pb to C 1 
1.49 6 evenly spaced .070 inch Round Pb 
1.57 (85) 265 .015X.045 inch Rectangular Metering Pb to C2 
1.65 6 evenly spaced .070 inch Round C2 
1.74 (305) 125 .015X.045 inch Rectangular Metering C2 to Rb fwd 
1.84 6 evenly spaced .095 inch Round Rb fwd 

* (XXX) recorded degrees. Degrees relative to secondary no parenthesis. 
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Appendix B. Longitudinal and Angular Positioning of Holes (Continued) 

Exemplar Valve S/N 3167 Secondary Inside Diameter (primary inserts) 

From Reference Angular Reference Port 
"A" (inches) (degrees) Type of Hole Representing 

.32 270 .015 X .045 inch Metering C3 to Ra aft 

.40 6 evenly spaced .053 inch Round C3 

.47 90 .015 X .045 inch Metering Pa to C3 

.64 90 .015 X .045 inch Metering Pa to C4 

.72 6 evenly spaced .053 inch Round C4 

.81 260 .015 X .045 inch Metering C4 to Ra fwd 
1.24 90 .015 X .045 inch Metering C 1 to Rb aft 
1.32 6 evenly spaced .053 inch Round C1 
1.41 260 .015 X .045 inch Metering Pb to C 1 
1.57 265 .015 X .045 inch Metering Pb to C2 
1.65 6 evenly spaced .053 inch Round C2 
1.73 90 .015 X .045 inch Metering C2 to Rb fwd 

Exemplar Valve S/N 3167 Housing Inside Diameter (secondary inserts) 

From Reference Angular Reference Port 
"A" (inches) (degrees)* Type of Hole Representing 

.19 3 evenly spaced .125 inch Round Ra aft 

.31 (115) 295 .015X.045 inch Rectangular Metering C3 to Ra aft 

.39 6 evenly spaced .070 inch Round C3 

.47 (250) 70 .015X.045 inch Rectangular Metering Pa to C3 

.55 6 evenly spaced .070 inch Round Pa 

.64 (250) 70 .015X.045 inch Rectangular Metering Pa to C4 

.71 6 evenly spaced .070 inch Round C4 

.80 (115) 295 .015X.045 inch Rectangular Metering C4 to Ra fwd 

.90 4 evenly spaced .1 05 inch Round Ra fwd 
1.14 4 evenly spaced .1 05 inch Round Rb aft 
1.24 (290) 110 .015X.045 inch Rectangular Metering C 1 to Rb aft 
1.31 6 evenly spaced .070 inch Round C1 
1.40 (70) 250 .015X.045 inch Rectangular Metering Pb to C 1 
1.48 6 evenly spaced .070 inch Round Pb 
1.56 (70) 250 .015X.045 inch Rectangular Metering Pb to C2 
1.64 6 evenly spaced .070 inch Round C2 
1.73 (290) 110 .015X.045 inch Rectangular Metering C2 to Rb fwd 
1.84 6 evenly spaced .095 inch Round Rb fwd 

* (XXX) recorded degrees. Degrees relat1ve to secondary no parenthesis. 
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Appendix B. Longitudinal and Angular Positioning of Holes (Continued) 

Exemplar Valve S/N 3403 Secondary Inside Diameter (primary inserts) 

From Reference Angular Reference Port 
"A" (inches) (degrees) Type of Hole Representing 

.31 250 .015 X .045 inch Metering C3 to Ra aft 

.39 6 evenly spaced .053 inch Round C3 

.47 70 .015 X .045 inch Metering Pa to C3 

.64 70 .015 X .045 inch Metering Pa to C4 

.72 6 evenly spaced .053 inch Round C4 

.80 250 .015 X .045 inch Metering C4 to Ra fwd 
1.23 70 .015 X .045 inch Metering C 1 to Rb aft 
1.31 6 evenly spaced .053 inch Round C1 
1.40 240 .015 X .045 inch Metering Pb to C1 
1.56 245 .015 X .045 inch Metering Pb to C2 
1.64 6 evenly spaced .053 inch Round C2 
1.72 70 .015 X .045 inch Metering C2 to Rb fwd 

Exemplar Valve S/N 3403 Housing Inside Diameter (secondary inserts) 

From Reference Angular Reference Port 
"A" (inches) (degrees)* Type of Hole Representing 

.20 3 evenly spaced .125 inch Round Ra aft 

.31 (115) 295 .015X.045 inch Rectangular Metering C3 to Ra aft 

.39 6 evenly spaced .070 inch Round C3 

.47 (250) 70 .015X.045 inch Rectangular Metering Pa to C3 

.55 6 evenly spaced .070 inch Round Pa 

.64 (250) 70 .015X.045 inch Rectangular Metering Pa to C4 

.72 6 evenly spaced .070 inch Round C4 

.80 (115)295 .015X.045 inch Rectangular Metering C4 to Ra fwd 

.90 4 evenly spaced .1 05 inch Round Ra fwd 
1.14 4 evenly spaced .1 05 inch Round Rb aft 
1.24 (295) 115 .015X.045 inch Rectangular Metering C 1 to Rb aft 
1.32 6 evenly spaced .070 inch Round C1 
1.40 (70) 250 .015X.045 inch Rectangular Metering Pb to C1 
1.49 6 evenly spaced .070 inch Round Pb 
1.56 (70) 250 .015X.045 inch Rectangular Metering Pb to C2 
1.65 6 evenly spaced .070 inch Round C2 
1.73 (295) 115 .015X.045 inch Rectangular Metering C2 to Rb fwd 
1.84 6 evenly spaced .095 inch Round Rb fwd 

* (XXX) recorded degrees. Degrees relat1ve to secondary no parenthesis. 
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