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NATIONAL ADVIS OR Y C0 1M ITTE E F OR AERONAUTICS 

TECHNICAL NOTE NO . 634 

THE N. A . C.A . OPTICAL ENGINE I ND ICATOR 

By Robe rt E. Tozie r 

SUMMARY 

An opt ically recording eng in e-p re ssure i ndicator of 
simple and rugged construction has been developed for use 
in h i gh- pressure and h i g h - t empe ra t u re combustion r esea rch . 
This i nstrumen t i s of the d iaph ragm type and has a natur~l 

fre quency of abo ut 10 , 000 c y cl es per se c ond . 

I NTRODU CT I ON 

De v elopmen t of an opt ical indicator was starte d by 
the N. A . C. A . in 1 930 for UsB vi th Q research t es t eng i ne . 
This ene i ne was of the h i gh- speed , h i g h-compression-ratio 
type Bnd was des i gned to f ir o on only one r e v o lution (re f 
erenco 1 ) and to al l ow tho i nvest i g at i on of nearly a ll the 
v a ri ablec of eng i ne ope r at i on o v er the p ractical r ange . 
The scope of the t o s ts and tho cond i t i ons under wh i~ da ta 
were to be obse rved f i xed several ~equirements that had t o 
b e me t by the pressure recorder . The mos t i mportan t of 
t hese re~uirements were : 

1 . Accurate re c ording of pressure . 

2 . F i xed or kno7n cal i bration . 

3 . Ai nimum attendant a,paratus . 

4 . Simplicity and ruggedness . 

5 . Recordi ng of a s i ngle explos io n . 

A survey of the indicator s available shoved none that sat 
i sfactorily met all the re qui re ments . It was found , how 
e v er , that an indicator ha vi n g tho des ir e~ cha ract e ristics 
could be made by the deve l opment of a di a phragm type wi th 
opt ical magnifi c ation . A des ign was worked o ~t fo ll ow i ng 
suggestions made by Dr . ~heo dor e Theodorsen of the Labora
to r y staff and, afte r some development , has p roved satis 
factory . 
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. DES I Gn 

I n o rder that a d iaphragm- type indicato r may faith 
fully record very hi gh rat es of change of pressure , i ts 
natural frequency mu st be h i gh . It was fo und from i ndica
tor data fo r a test eng i ne that rates of pressure change 
of the order o f 10 6 pounds pe r square inch per second were 
to be expected i n th e range of "n ormal " ope r ation, as wel l 
as wh~t Day be considered the i nfin i te rate accompanying 
knocking pe rformanc e . For th i s des i gn a f requ ency of 
1 0 , 000 c yc l es pe r second was chosen as the highest pract i
c ~l value ~nd was sho wn by calculntion to be sat i sfactory 
fo r all rates except severe knocking, wh ich cannot be faith
fully recorded u i th this type of i ndi cator . F i gure 1 shous 
the maximum calculat ed erro r of a 10 , 000 - cyc l e d i aphragm 
for incr emen ts of p ressur e of 300 pound s pe r squar e i nch 
i n the time (t) plotted as the abscissa . The pressure 
was assumed to vary as k t 2 , uh ich approximates the applied 
pressure phenomena . A calcula t ion u i th almost exac tly tho 
same dcr ivation ha s been publi shed in reference 2 . 

The des ign of the co mbust i on chamber of the test en 
g i ne allowed the ' uso of an unusually l a r ge d i aphragm (1 - 3/8 
i nches d i amete r) , wh ic h uas f l ush with the inn e r wall of 
th e combustion space . Th e I n r ge d i ame t e r made it poss ible 
to obtain a large r deflection and to use c o rr espondingly 
less mngnif ica t i on ; th i s condition simplified the p roblem 
and increased the r e liability of the indicator . The f~ush 
mount i ng el i mi nate d a ll po cket and tube effects that would 
in to r fere wi th eng i ne operation or p r essur e i nd ica tion . 

The poss ible magn i fication is limited by the length 
of the opt ical le v e r and the small est p racticab le distance 
between the p ivots that 'p r oduc e the rotation of the mirror. 
With the dimens i ons chosen fo r this instrument , the max i
mum value of the magn i f icat i on i s about 300 t i mes . When 
the f r equency and the d i ameter of the d i aphragm are f i xed 
at the values g iven , th e th icknes s is fixed thereby and the 
maximum stress allo wab le f ixe s the ma x imum p re ssure fo r the 
d i aphragm . It is therefore not always poss i b l e to make a 
r eco r d as large as i s desi r able . 

The diaph r agm most frequ~ntly used i n the test engine 
has a thickness of 0 . 0 5 4 inch ind is ord i nar il y us ed for 
pressures t o about 1 , 200 to 1 , 5 0 0 pounds pe r square i nch . 
The resulting h i gh stress requires a stee l of a v ery high 
yi eld po i nt . Experience has shown a nondefo r ming die steel 
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to bo satisfactory'under these cond i t i ons u~ to a diap hr agm 
t empe r ature of about 300 0 C. , Some "hysteres is 'l e rror i s 
observed at,these hi~h streases , but it o r d inarily amounts 
to less then 25 pounds per sa u a re inch at the max i mum wi d th 
of the l oop . 

DESCRIPTION OF THE INDIC ATOR 

The indicator i s c om~osed of th r ee par ts ( f i g . 2 ): 
the diap~ragm u n it, the c ame r a , and the f ilm drum . The 
f i lm d rum i s a mod ificati o n of t he N.A. C.A . st andar d drum , 
wh i ch h3s e p i n - actuated shutter opened on ly when the dr um 
i s on the c~m e ra . Ten i nche s of f ilm 2- 7/1 6 i n ches '.'lido 
i s car ri ed on a cylindr i c ~l drum rot ated at a speed of 10 
revolut io ns per secon d by n smal l s ynchron ous motor , wh i ~ 

d ri ves the drum throug h a coupling th~ t slips i nto place 
when tho drum is instal l ed . 

The camer~ un i t , made of we lded steel shee ts , a cts 
b o th as a l i ght sh i eld a nd as a suppo r t fo r the lamp and 

, f il m d run . S ince the oscil l at in g mirro r c annot be perfect 
ly alined in its holde r, the c ame r a was made adj ust ab le so 
thnt it could bc wa r ped sever~l degrees i n any d ir e c tion 
to set tho zero or to br i ng the i mage of the fil ement to 
t h sl i t of the fi l m d r um . The came ra is sc r eue d to the di 
ap'ragm un it by a f i ne - p itch thread to allow the a djust men t 
of the fo c al distan c e of the opti c al assemb ly and also the 
r ehlo v o,l of the cam ern to L.cilitate inst a llation of the di a 
phr ".,ill u:11 t . 

The diaphragm un it is s i mi lar i n pr i ~c i p l e to the h i g h 
to mpo r ature un it shown in figure 3 , ex cept thnt the dia
ph.L:'.gm 2.' d part of the heevy side w:llls ':'!ere n.ttache c, by o. 
cla~p i L~ nut ~o th e body of the i ndi c at or to fa cilit ate ro
p l nceDcnt of the dinphragms . I n the c enter of tho d i~phr~gm 

i s nnchin ed a boss into wh ic h i s ccrewed the c on t o r boaring 
of tlle :n n ::;n ificat ion syste ,t . This boar i ng has a V- g r oovQcL 
sent for ~hc ~n if e - e~ge bear i n~ of the mirror staff . Op~o 
s i to the cent o r beurine a=e two othe r V- g rooved beari ngs 
on a pa r t uhich is mo v ablo to all ow adjustment by mean s of 
o..n eccentric . ( See :r' ig . :::; , section B- B.) Afte r tho mir ro r 
9t~ff i s inserted , the ~djusto..ble beer i ngs are mo v ed up to 
a f irm contact and the cl nmpin~ wedge s, shown in section 
A- A, ~re t i shtoned to lock t : o ~ssGmbly . 

Any ~cf l e ction of tho d iaphragm rotates the mi rror 
staff end tho mirr6 r p roj ects tbe muen i fiod mot ion onto tho 
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moving f i lm . Th e lens fo cus es the image of a 1 5 -can dl epowe r 
l amp at t h e su r f ac e o f the f il m. but , since th e f il m d rum 
has a sl i t ap e r t ure , o nl y a p oint i s expose d . Practically 
th i s sarn o p rinci p l e of magnifica t i on has been used by the 
U . S . Bureau of Min e s in their mod ifica t ion of the Il l i n o i s 
ma no .. le t e r (ref e r en c e 3 ) . 

Th e eng i ne r e v olu t i ons at to p c en t e r and 90 c afte r top 
c e nt e r are ma r ke d on the f il m by l i gh t f r om a sp ark jumping 
a g ap pr ovided on the ca~e r a . Th e spa r k is caused by an 
aux i liary spark me c h anism dr iv en by t h e eng i ne on its on e 
c yc l e of co mbust i on . . 

A mod ifica t io n of this ind icato r ( f i g . 3) has been 
made fo r u se on a sp ec i a l h i g h - tempe r atur e bomb ; the mod i ~ 

f i ed indicato r h as the s~ec i al p r operty of ope rati ng wh il e 
th e u hole 10TIe r as se mb l y i s at a r ed hea t (6 00 0 C. ) . 

All parts of the mod i f i ed i nd icat o r we r e c onst ruct e d 
of ~ spec i ~ l h i g h - tungsten al lo y stee l fo r wh ich th e manu
factur e r claimed a y i e l d po i n t aftor heat tr eatmont of 
1 20 , 000 p0unds pe r s quare inch at 600 0 C. The d i aphrag m 
was acco r d in gl~ des i g n e d for ~ max i mum p r es sure of 3 , 000 
pounds p er s quar e i n ch a nd a f r equ e ncy h i g h e r than 1 0 , 000 
c yc l e s pe r s e c on d a t 600 0 C. I t was found that , i n a rdo r 
t o a voi d appro cinb le d rift of the i nd ication durin g a stat 
i c c a li b rat i o n l ast in g se v e r a l minutes , the p re ssuro had to 
b e l i mi t od to 2 , 5 0 0 and .2 , 000 uounds p e r equare inch at o ~ 

5 00 C. a n d 6 00 0 C. , resye ct i -e l y . At lo\";e r tempe r atur es , 
th e vhole r ange of 3 , 000 pounds per squ a r e inch c ou l d b o 
emp l oyed . As the dr i f t occurrin g a t h i g h temperatu res and 
p r es su r es i ncreased with th e time of def lect i o n , these lim
iting stat ic p re ssures cou l d be exceeded by ~ qu ick ly ap 
p li ed and role nsed lon d , such as an exp los i o n , wi thout a n y 
d elete rio u s offe ct o . SO De of the records show a vib r ation 
frequency of about 10 , 000 cyc l e s po r se cond bu t , since the 
primary mode of vibr ti on of th e combust i on chamber was 
olso of ~h is o r de r, i t is uncertain uhe t he r t h is fr oqu e ncy 
i s tha t of the d i aphragm o r o f the chamb e r . 

The ni rr o r and th e lons of this ass enb ly ue r e made of 
fused qun r t z, and the mi r ro r wns ~lo t i niz o d . Th e rmal i n 
sula t i on i s p r o vi d e d betu een the d i np hragm un it an d tho 
came r a , except ~l ong th o li g ht path , a d the cam e r a is 
c oo l ed by a rynte r c o il so l de r ed to it . 
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LABORATORY TESTS 

Q~li~LaiiQn~ .- The c a li brati on of the indicato r was 
establ i shed. by app lying static pressure to the diaphragm 
by a dead-weight gage tester and record i ng the deflection 
on the f ilm. Po ints wer e taken with both incr e asing and 
decreasine pressures to e v a luate the total of the fr ic
tional ( believed very small) and lag errors . For ord i nary 
usage , the pressur e e r ro r at the widest part of the loop 
was ~bout 1 or ? pe rce n t of tho maximum p r essur e . 

ZQ3~QK~iYKQ_Qif~~i .- Th e tempe r at ur e dependency · of 
th o i 4d ic ato r calibrat i on vas evaluated by heat i ng . the low e r 
assembly of tho ind ica tor in a ba th . Cal i brations were ma d e 
a t ~Oo C. inter vals of temperature to about 300 0 C. afte r 
the tempe r atuLe had boe n held onstant l ong enough to become 
stabilized . The ~0pendency of somo d i aphragm s vari ed from 
t he me~n value , but the magn itude ·was gener a lly about 5 pe r 
c e nt increase in sens itivi ty fo r 1 00 0 C . , owing to the de 
cr ease of the e l asti c mo dulu s . No z e ro s h ift ~as obs e rv o d ~ 

The effect of t ran s i ent ho ating was tes t ed by mov ing a 
flaBe o v e r the sur face o f the d iaphragm . Th e def l e c tion 
due to unequal heating WRS about 2 pe rc ent df full scale . 
The i aph r agms used we re so thick (0 . or4 inch to 0 . 0 65 
inch) that tho change of d iaphragm tempe r ature during the 
single f irin5 cycle was v e ry s al l . Pr ov isions for c ooling 
the ~iaphragm we r e ma do but have not b e en necessary . 

ELQq~Qrr~Y_~Q1Q~~inaliQn~ .- The f re ~uen cy o f tne dia
phrag m ~nd its magni f ication system was determined by j a ck
i ng up the diaphragm wi th a pin and then j erk ing out tho 
p i n . Tho measu r ed frequencies were ab out 9 , 600 cycl e s per 
second and v ar i od from 9 , 000 to 10 , 000 cycles for the mos t 
frequ ent ly used ( 0 . 054 i nch ) d i aphragm , wh ich was for a 
m a~ i~- n p re £8u r e of 1 , 200 pounds pe r square inch . Varia
tion of the ~agn i ficat i on r at io in tho d i aphr~gm unit 
~h~nge s t~e effect i ve ~as~ of the part s ~nd consequent ly 
the f r equency . 

QQ.!!E2.Q,Li.2Qrr_~il1LQlh_Q.!'_irrQi.Q.g.:tQKll . - The op t, i cr.tl indi 
cator ~ns tested in conjunction with a mod ifi ed Fa rn bo ro 
tYl)e of indicato r on an -- . A. C. A . u:.1 ive rsal test en ine ; 
th e ag r eenen t obta i ned ~as as ~ood ns c ould be expe c te d 
undb r t~o conditions of the test . Th e l~r ge s ize of the 
d i ap hr a~m Dade it necess~ry to use an adapte r having a 
t u 1J e 1 eng tho f s eve r a li n c h e s • Wit 11 1 0 \ r a t e s 0 f c h ['.n g e 
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of pressure , tho a v e r age d i agrnms checked ~ i th i n the var i
ations of i nd i v i dua l c y c l o s . F i gu re 4 shous the effect of 
i ntro duc i ng a c onne c t i ng passage about 3 i nches long and 
1 / 2 i nch i n d i ame t e r be t ween the indicato r and . the combus
t i on space . The su~e rposed pressure v i b r at i on i s c aused 
by the low frequency of the connecting passage . 

1'lore recent l y the i ndicato r has b een c:hecked aga i ns t 
a pie zoelectri c i ndicato r and the resu l ts we ~e i n good 
agr ee ment . 

USE IN RE SEARCH 

Numerous research programs have been c ompleted i n 
wh i ch the ind ic ator was used to record the effeci of sys 
temat ic changes of the many var i ables of engine operation . 
Re s ults o f seve r a l of those resear ch programs have been 
pub l ished by the ~ . A . C . A . Records taken during a knock i n
v est i gat i on a r e shown i n f i gur e 5 . 

Wh e n used fo r th i s sort of work , the indi c ator has 
the advantage of s i mp li c i ty , r u ggedness , and compa r at i ve 
accurac y even u ndo r v ery s e vere sorv i ce , but it has the 
d i sadvantage tha t the d i aphr agm i s too l a r ge to usc on a 
r egu l ar test eng i n e wi thout nn adapt e r . The i nstrument 
also served as a v e ry sens i ti v e ind i cator of the presence 
of knock and , unl os s the knock i s very se vero , tho p r cosure 
c a rd c~n be e va l unt e d in asmuch as the natu r a l f r equency of 
the d i aphragm is gene r a l ly se v e ra l tim e s th e frequency of 
th e waves i n the gas co l umn of the c ombust i on space . 

The or i g i nn. l T:lod.:; l has also beon extensive l y used TI i th 
a const~nt - vo l ume combust i on bomb (reference 4) . Th i s pro 
g r ~m wao limited by tho max i mum tempe rature at TIh i ch the i n 
d i cato r would function properly (3 00 0 C •. ) ; therefore , the 
desi gn TIns changed , as p rev i ous l y ou~lined, to make an in~i
cnto r that uou l d ope r ate to 600 0 C. wi th a f r equ ency of 
granter th~n 10 , 000 c ycles per second at that temperature . 
Results of some of these tosts are g i v e n in r~fe r o nco 5. 

An unusua l typo .of fa i lu r e obuorved du r ing the bomb 
tests h~s not boen el i minated . Wh en tho instrumont i s in 
usc nn a te st eng i ne , tTIO typos of failure oc cu r (d i ap~ ragm 
fai l ure and p ivot ~oar ) , but n third type ~ppears that 
s oems to be due to n characteristic of bomb combust i on . 
Under c~rtain conditio~s , a3 explosion oc cu r s thnt is cloar
ly aud i b l e I),n d h·~s a :f r O(~Uell c.y chnract o rist i c of the combus -
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tion space and temperature . This explosion r eco rds ~s a 
wav e o f i Dcreasing ~mp l i tude imp o se d on the pressure rise 
~ i th harmonics appearing at maximum pr essure , folloued af
t e r somo t i me by a .: '.-ia v e ·of dec r eus ing amp litude . In mos t 
c ases , t~e effec t on the indicato r i s to bend the mirror 
staff onorig h to make re adjustment or r ep lac emen t ne c e ssary; 
th is bendi ng of the mirr or staff is p rob ab ly due to har mon 
ics of tho d i aphragm that·'tend t o n ove tll 0 c en t e r post i n 
d i rectionc oth e r th~n nlong it s cente r li ne . 

Th o i ndicato r h a s bee n used'f o r othe r. tests when 0-

v e ry ~ i ~h- f r equ ency pressur e r e corder h aG boen n ec e ssary . 
One of those tests was th o recording o f the p r oss ro p ro ... 
du co d in a hyd r a ulic system slbject to s hock load i ng . An
o the r tost , t~o r e cords of which a r c shown in figur o 6 , 
was fo r the purpose of reco r d i ng tho p ressure in a h i g h 
pren su ro fue l-i n j ection lino , uh i ch op~ r a ted with a vari a 
ble n~ ount of residun l pressuro . Al though the larg e d i am
o t e r of the d iaphragm was n handic ap , it waS the best 
method ~vnilablo ~ t the time Qnd goo d records were ob tni ned . 

Lnngley ~emori~l A o r onnut ic ~l Lab o r a tory , 
~at i onal Ad vi sory Comm i tt ee fo r Ae r o naut ic s , 

L ~ng l o y Fi e l d , Vn ., J anu~ry a, 19 7 8 . 
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Indicator at cylinder wall; 1,500 r.p.m. Similar conditions, with 3-inch tube length. 

Figure 4.- Effect of a connecting passage on the recorded pressure. 

o 
8 

o 

T.C. T.C. 900 
500 r.p.m., with mild knock. 500 r.p.~., with severe knock. 

Figure 5.- Cylinder pressure records. 

Time, aec. Time, sec. 
Figure 6.- Pre.aure in fuel-injection line. 


