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RESEARCH MEMORANDUM

IDENTIFICATION OF FOREIGN OBJECTS DAMAGING
COMPRESSOR BLADES IN TURBOJET ENGINES

By A. E. Spaekowskl and J. Graeb

SUMMARY

Demage to the compressor blades of turbojet engines due to Ingestion
of foreign objects 1s a growing problem. The solution of the problem has
been made more difficult by the large percentage of damaging materials
that have remained unknown. A rapid emission spectroscopic method was
devised to i1dentify the chemlcal composition of these foreign obJects from
the trace of materisl left behind on the damaged blade. Results were
obtained on laboretory-prepared speclmens end on the damaged compressor
blaedes from two turbojet engines with knowm histories. The results of
the investigation show that the method can be utilized to determine the
nature of the ingested foreign obJjects.

INTRODUCTION

One of the principal maintenance problems that has developed with
the large-scale use of turbojet aircraft is compressor-blade damsge
resulting from the ingestion of foreign objects into the compressor sec-
tion of the engine (refs. 1 to 4). The high rotational speeds and the
thinness of the compressor blades, particularly at the edges, make them
especially likely to fail through impact demege. Thus any entering
material, however small, can cause some degrée of demage. This damage
can range from a minor nick or scratch on the rotating blade to complete
fallure of the blade. A nick or scratch, although the dsmage m=y appear
winor, can shorten the blade fatigue life (ref. 5) to such an extent that
complete engine destruction may occur if running is continued with the
damaged blade.

The problem of coping with foreign-object damege has been made more
difficult because the identity or nature of the foreign obJjects have re-
mained unknown in a majority of ceses. It would be quite advantageous,
therefore, 1f a method were devised which could be used to determine the
specific material that had inflicted the damege on the blade. With this
added data airbases and overhaul depots could concentrate inspection and
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cleanup efforts to reduce the most luportant sources of damsge. Addition-
al adventeges stemming from this information might bhe the design of more
efficlent inlet screens end clues to the cause of engine failure where

it is not apparent from other data. . . = -

The possible sources of forelgn obJjects include (l inlet duct com-
ponents that fail, i.e., wire, bolts, etc.; (2) materisls, i.e., tools
and excess parts, left in the inlet by mainteinence; personnel; and (3)
alrbase debris, including stones, gravel, and metallic obJects,

As part of the NACA turbojet-engine-relisbility progrem, a study was
underteaken to determine from dameged blades the natire of the foreign
obJects entering turbine engines. A forelgn material passing through the
compressor leaves a small amount of itself wherever contact 1s made with

the assembly. This contact erea is the vital key to the solution, and the;i';e

problem then resclves itself into one of identifying a trace of material

on the surface of .an alloy. This peper describes the development of an_
emission spectroscopic technique for determining the chemical composition
of the trace material on the surface of a damaged compressor blade. The
analysis was concentrated on 14 elements that are common to the many pos-
sible forelign-obJect materials, and from these results the type of forelgn
material is deduced. The method is first applied to laboratory-prepared
specimens and then to the compressor blades from two damaged turbojet :
engines. . . T

APPARATUS ARND STANDARD PROCEDURES
The epparatus and procedure used are deScribedfasTfoiiows:
Spectrograph: Grating spectrograph, 1.5 meters - . -

Excltation source: High-voltage a.c. arc; input 230 volts a.,c.3 60 cycle
single phase; output 2.5 kilovolt-amperes -

Exposure: 3 Seconds; nc pre arc .- ; - . . ;r
Electrode holder: Petrey spark stand
Analytical gap: 3 Millimeters o z
Wavelength range: 2220 to 4350 A
Photographic processing: : -
glg Developer, D-19, 3 minutes
Short stop, 1 minute
g X-ray fixer, 5 minutes

Wash, 5 minutes
5) Dry, 1 minute . :

.

S

it
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Densitometry: Comparator-densitometer
Emulsion: ‘Esstman spectrum anslysls number 1; 35-millimeter film
S1l1t: 0.055 Millimeter

Electrode: Regular spectrogrsphic carbon rods 12 by 1/4 inches; pointed
electrode

Grating doors: Wide open

Preparsation of sample: Compressor bledes set on the f£lat plate of the
Petrey stand. Blades held in position desired by supporting blade with
plastlcine clay.

EXPERTMENTAT. PROCEDURE

A high-voltage a.c. arc was used since it is especially adspted to
wmeasureunent of low-concentration impurities. Thile messurement was accom-
plished by keeping the specimen relatively cool, and thus the background
wes held to a minimum. The compressor blade was placed on the Petrey
stend with the damsged srea dlrectly above the pointed lower electrode.
Plasticine modeling clay was most convenient for holding the blade in eny
desired position on the stand. The specimen was arced for 3 seconds.
Spectre of other damsged areas on this blade or any other asreas of gimilar
blades and a control spectrum from an undamsged portion of the blade were
recorded on the same film. The exposed film was developed using standard
conditions.

The presence of foreign material on the compressor blade was noted
by comparing the demsged-area spectrum with that of the base alloy. The
spectrogram wes alined with the master plate of the densitometer using
the iron lines in the steel specimens. The technique of identifying for-
eign elements is illustrated in figure 1. In figure 1(a), the 2881.578 A
silicon line, placed under the crose hailr, is found present in the unknown
spectrum and not found present in the base-material spectrum. This line
together with the other gilicon lines found present is recorded on = dats
gheet, such as that showm in figure 2. Two spectral lines of copper are
identified in figure 1(b). Here again the unknown spectrum contains the
lines of the element in question, while the spectrum of the base meterial
does not. The process 1s continued until all the lines of interest have
been examined and the results recorded.

These data and any other bits of evidence obtained from a visual
observation of the demaged areas are used to deduce the nature of the
foreign material. However, it is apparent that a number of different for-
elgn objecte may be indicated from the same spectroscopic data; all the
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possibilitles should be glven careful consideration. Tn meny ceses the
pest history of the engine can contribute substantially to the solution.

RESULTS AND DISCUSSION - coa -

The determination of the foreign material demaging compressor blades
wes, first, a problem of detecting a trace of material on the surface of
en alloy, and second, a problem of devising a rapid method because of the -
large number of samples that may have to be analyzed. “Because of the
many and varied sources of foreign objects, it is neceasary to examine &
lerge number of samples (dameged aress) from different engines before
satisfactory remedial measures can be successfully outlined.

The type of samples that were studied is shown in figure 3, which is
a photogreph of a typlcal compressor blade damaged by material ingested
through the engine inlet. Damaged areass include nicks in the leading edge
of the blade, pits in the body, and dente in the trailing edge. The
meteriels infllcting this damage would lesveé” behind small fragments of
themselves, depending, of course, upon their relative herdnesses and strik-
ing forces, smong other things. A spectroscopic technique was chosen as
the one offering the wost adventageous spproach %o the problem. In this
method the semple preperation would be negligible,! actpel anslysis time
short, and low concentrations of chemlcal elements|codld be detected.
The flrst approach was to set up e standard procedure‘and then attempt to
evaluate its merits. . ) L AT

A series of standards was mede with which various techniques could N
be tested. In table I is shown a list of materialg that were used. Thege 2
materials were selected on the basis of thelr being common materials used N
in jet engines or common foreign objects damaging engines. The 403 stain-
less steel 1s one of the wore commpn stock materiais Ugsed for compressor
blades, and was used as the base alloy in this inVestigation. In addition
to iron and chrominum, the mejor constituents, 403|stainless steel contains
a wide variety of trace impurities. The laboratory specimens were made
from 1/4 inch 403 stainlesg~steel rod, cut into 3- incH'lengths and, ground.to
a wedge shape on one end. The specimens were impregnated with the foreign
material by striking the wedge edges s glancing blow ﬁith the foreilgn mate-
riel. This procedure ylelded reasonable facsimiles of the demage to the T' .
blade. T

The spectroscopic method used consisted of standard techniques with
e short duration (3 sec) d.c. arc initially tried.. Thie type of excitation
worked quite satisfactory during the preliminary tests, but later diffi-
culties were encountered with several elements. Better results were then T
obtalned with the hotter a.c. arc. The results using both excitation e
sources on the laborsastory specimens are shown in table II. The spectral -
lines thet have been found most useful during the course of the study ere
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listed in tasble III. Most of these lines are known as the raies ultimes,
or persistent lines.

Some precautions must be observed in the identification of chemlcal
elements., The more spectral lines of any one element that can be seen, the
more positive will be the identification. However, when only a single
falnt line is visible, there is the possibility that it may be a faint
line from the spectrum of snother element and therefore should be care-
fully checked for interferences. Another difficulty arises quite often
when the arc does not veporize the damaged area but an adjacent area. This
results when the area of interest is & nick with sharp, protruding edges
that sometimes act as the electrodes. The difficulty was overcome by
grinding the edges away 1f contamination of the target area could be
avoided,

When a large number of samples is to be processed, the time required
to read the spectrograms becomes time consuming. A simple chart that has
helped to speed up the "readout" time is 1llustrated in figure 2. The
chart, contalning all the spectral lines from teble III rearrsnged in
order of increasing wavelength and with any number of extra columns for
individual samples, can be readlly reproduced. In use the operator sets
a particular wavelength and then scens each spectrograsm position for its
Presence, recording the results as check marks on the chaert. ILarge and
small checkmerks can be utilized to denote the intensity of the line, and
a questlion mark if the line is in doubt. The completed charts can be
held for interpretation at a later time. As experilence wilth the method
is accumulated the number of spectral lines required can be varied and
reduced to a wminimum.

During the course of this study compressor blades became availseble
from two engines that had suffered damage due to the ingestion of foreign
objects. These engines were received new and were run entirely in Jjet,
static test stands. The results of the analysis of the damaged compressor
blades from these two engines (labeled A and B) are shown in table IV.

The compressor of engine A had been severely damaged, and damaged areas
where copper and alumlnum metal were clearly visible could be easily ob-
served., In testing the spectroscopic method, however, only those areas
where minor damage occurred were used. In actuel practice every availeble
means would be used to aid in the identification of the foreign material,
The compressor of engine A has aluminum blasdes in the first stages and
403 stainless-steel blades in the remaining steges. A number of demasged
ereas on each type blade was analyzed; the results in table IV show that
the principsl element in esch foreign material waes found. It was knoewn
beforehand that engine B was damaged by s titanium carbide cermet with
nickel as the binding agent. Upon analysis large quantities of titanium
and nickel were found with trace amounts of aluminum end magnesium. The
origin of the sluminum and megnesium is unknown.
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CONCLUDING REMARKS

A spectroscopic method was set up to analyze rapidly for trece impu-
rities on the surface of damaged compressor blades.; From limlited experi-
ence on legboratory end engine sesmples, it eppesars thet this approach to
the foreign-object-damage problem can be utilized. 'As _experience is
galned, the method can be substantially ilmproved, iie., by shortening
the time of analysis, luwproving the sensitivity, or; verying the elements
and spectral lines sought. The simplicity of the mpthod 18 ilmportent for,
from the nature of the foreign-oblect-damage problem, the attack must be
carried out on a large number of damaged engines and should then be follow-

ed by a statistlcal analysis of the results. _ _ DR

The method will furnish Informetion which together with other data
can result in positive identification of the foreign deects. Although
positive identification cannot be mede in all cases, this method does
ldentify some demage causes and thus decrease the statistical unknowns «
It way also find use in determining the cause of engine fallure, 1.e.,
differentiating between fatigue and iwpact damage. ‘The wethod cen be
uged in conjunctlon with fatigue-strength studies to cé¥relate the source f
of damege and the type of materisl with its effect on the life of the com~
pressor blade. From these studles can come the recomméﬁdations to initiate
remedial measures that will lead to more relisble and economical turbojet ;
operation of both the military and the commercial air-ﬁransport industry. '

Lewls Flight Propulsion Leborstory
National Advisory Coumittee for Aeronautics -
Cleveland, Ohio, October 16, 1956 . .
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TABLE I. - MATERTAIS INVESTIGATED DURING THE FOREIGN-OBJECT-DAMAGE STUDY
Composition Type of material

403 Stain- | 347 Stain- |Inconel X,|Hastelloy B,|8-816, |Mag- |Alum-|Con- | Sand,

less steel,|less steel,| percent " percent percent |nesium|inum |crete|percent

percent percent allcy |alloy
Chromium 11..0-13.0 |17.0-18.0 |1l4-17 20
Nickel 9-12 a7z Bg5 20
Molybdenun 0.5 max aza 4
Cobalt 44
Megnesiim . V(a) \/(E'-)
Bilicon 0.5 max 0.5-1.0 0.5 max v(a) Ba7
Iron 6-10 5 28
Others Mo 1.0 max |Mn 2.0 max (Mn 1.0 max| V 0.04 W4 a1 (2Ca
Cu 0.5 max

8Most likely to be detected when the alloy 1s present as a trace on the blade.

TABLE II.

AT TATDADANMIIY MAMIAATITY DT AT YT TLITTR

Ulr LADUNALULGL ~LAMATRI} DLADER OO D LRGN

Damaging material Elements found not present

in 403 gtainless steel

(a)
a.c. Arc d.c. Arc

Inconel X Ni Ni
Hastelloy B Ni,Mo Ni,Mo
g8-816 Co | eem—-
347 Btainless steel | -==—===-= | —ee—-
Magnesium alloy Mg Mg
Aluminum alloy Al | e
Concrete 8i,Mg,Ca 8i
Sand (bs 8i

8Three samples of each type rum.

Not tegted.

- SPECTROSCCPTC ANAIYSIS FOR MAJOR COMPONERTS

2Ir9SE WY VOV




TABLE III. - WAVELENGTH OF LINES IN EMISSION SPECTRA

OF VARIOUS ELEMENTS !

NACA RM E56J12

Aluminum Calclum Cadmium| Chromium Cobalt
3082.155 [23933.666 | 3403.653 |24254.346 | 3405.120
3092.713 3968.468 | 3610.510 | 4274.803 83453%.505
3944.032 4226.728 4289-.721 | 3465.800

83961.527 : 3529.813
Copper Iron Lead Magnesium {Mangenese
2492.15 2382.039 | 2833.089 | 2795.530 84030.755
2824 .37 83719.935 | 3639.580 82802.695 | 4033.073
3247 .540 3737.133 | 3683.471| 2852.129 | 4034.4390

83273,962 3745.903 | 4057.820 :

Molybdenum| Nickel Silicon| Titanium | Tungsten

82816.154 |®3414.765 | 2506.899 3349.035 8z613.790
2848 .232 3492.956| 2516.123| 3361.213} 4008.753
3170.35 3515.054 [22881.578 | 3372.800| 4294.614
3193.97 3905.528 |23653.496

a
Most sensitive.

TABLE IV.

- ANALYSTIS OF COMPRESSOR BLADES FROM ENGINES

DAMAGED BY INGESTION OF FOREIGN OBJECTS

Engine A|Damaging material Elements found
known Aluminum [403 Stainless-
blades |steel blades
(a) | z(p)
Copper Cu ; -Cu
Magnesium alloy Mg D s
Aluminum alloy si . Al,si
Stainless steel |Cr,Fe : =
CEngine B|Cermet Ty
(TiC and Ni) ~fi
. AL
‘Mg

831x demaged aress examined.
Pgaven damaged areas examlned.

CTwelve damaged areas examined.

N

“
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Figure 1. - Emission spectrum of s forelgn~obJect-damaged compressor blade from
ongine A.

STIr9SE HY VOVA




- wml N

gpectrum

P o~
oapo

material
spectrmm

Lhp 8 S

Figure 1. - Concluded.
blade from engline A.

5247.540 A
|

(b) Identification

3273.962 A

of copper.

C-42TT4

Fmission spectrum of & foreign-object-daumaged compressor

0t

2TL9SH WH VOVN




Trnodna TAantdPdnnd
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Na4a
LAy s

Campressor blade composition Observer
Spectral |[Element Demaged area Spectral |Element Demaged area
lines 3]4[5[s [7 |8 ]s]10]1ines 4|56 [7 10
2382.033| Fe 3465.800| Co
2492.15 Ca 3492.956 | Ni
2506.899| Bi 3515.054| Wi
2516.123| S8i 3529.813| Co
2795.530( Mg 3610.510| Cd
2802.68951 Mg 3813.790] W
2816.154] Mo 3639.580| Fb
2824.37 Cu 3653.490| ™
2833,069| Pb 3683.,471| Pb
2848.232| Mo 3719.935| Fe
2852,129! Mg 3137.133| Fe
2881.578| 81 53745.905| Fe
3050.819| Ni 3905.528 | B1
3082.155| Al 3935.666| Ca
3092,713| Al 3944.032| Al
3170.35 Mo 3961.527| AL
31983.97 Mo 3968.468| Ca
3247,540| Cu 4008.753| W
3273.962| Cu 4030.750 | Mn
3349.035| ™ 4033.073| Mn
336L.213] T 4034.490| Mn
3372,800| M. 4057.820| Pb
2403.653| Cd 4226.728| Ca
3406.120| Co 4254.346| Cr
3414,765| Ni 4274.,8035| Cr
3453.505| Co 4289.721.| Cr
4294.614 | W
Plgure 2. - SBpectrople data sheet.
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Figure 3. - Compressor-blade damage caused by forelgn objects Ingested by the engine.
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