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FREFACE

The subject for investigation wes chosen iscouse of the need for a
schiisren system for the axi-symmstrical wind tunnel opexated umder Naval
Ordnance Contract 16498, Tesk UTX-2-A, at the Defense Ressarch Laborstory,
The University of Texas. The system is required to have good sensitivity
and relatively high magnification, yet remain ccxpact and simple as possidle.
By the use of lenses the system is ¢f the singls pass type which gives a
fairly high light intensity for photography evun after the light has been
moochromatized. A single pasa system requizes only a single path optic
bench vhich can be readily adapted and essily adjusted to any wind tunoel
installation.

In contacting varicus wind tumsel instrilations throughout the
United States, it 'sis discovered that most of tham used ths conveantional
parabolic-mirror type schlisren system which is usually quite large and
expensive.

This lens type systam 1s designed to be used with & wind tunnel with
» small field of view, that is, a tunnel haviag & test section of swmll
height and length. The system 1s hy mc mesns tha best type dut is wable and
of fairly good quality. ..

Acknoviedgment is gretafully extended to Mr. William H. Shutts and
Mr. Joha L. Harknees for their valuable counsal; and to Mr. BEmett F. Hawley
and Mr. Albert F. Semuelson for comstruction in the machime shop.
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CHAPTER I
XRORY O SCELIEREX SYSTEM

S3vhlisren comes from the German word "schlisre™ uesd {n glass technology
to ds- 1.be xtreak or striation ia which the refrective index differs from the
velus 1. the swrrounding field.

"5s schlieren apparatus is an optical instrument that is used in the
study of supn.sonic flow phenomens. With thisz instrume=t photographs are taken

in vhich the pa. tern and intensity of the light and dark areas are a measure

of the density gradients in the field of viev," (Ref. 3).

: In theory it is sometimes possible to use schlieren systems to quanti-
d tatively measure the density gradients in the flow, dut there are usually
practical difficulties in this, and in agrodynsmics they are most commonly

! used to shov the positions and shapes of regions of shock waves and in

E? voundary-layers and vakes (Ref. 7).

| The best-known achlieren methods are the Toepler system and direct-

fi ahador technigque, which i{a usually attributed to Dvorak; both vere developed
in the second half of the 19th century. Tha campletes history and development
of thess different types of schliieren systems ar¢ discussed in Reference 5.

; Buch methods are of groat assistance in building up & physical understanding

I of the flov, and smable & relatively large field to be examined rapidly and

vithout the iatrcduction of the disturdmnces produced by exploring instruments.

Whax used in conjunction with high speed photography they are also valuable

[ for observing and recording unsteady flows, (Ref. 7).

i ’ The principal elements of the Toepler schlieren method using lenses are

; ‘ showm in Figure 1. The following is the theory of ths schlieren aystem aus

explained by Liepmenn and Puckett, (Rsf. 9). The light from & lamp is condensed

1
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BY & lens to a knife-edge which acts as an adjustment for the intensity and
form:, & slit wvhich is the effective light source, K.
source, 1(1, falls on a‘leus I‘J.‘ vhich produces parallsl light. The subjlect

to be examined, for instaive a cross sectiom of a vind tumel, is located at 8.

The light from the

Each point of & receives light from all points of the light source Kl,amdis
therehy umiformly flluminated. Light passes through 8, and falls upon the
hur.z, wvhich thwn caaverges the light. mmr.},thnrocoivouthcli@t
and forms aa image of 8, st I, vhich way de an obrarvetion coreea or photo-
graphic plate. Ry placing s knife-edge in the fooml plane K., at the focal
pointoflm!.g,armtionod’thuinpdmlourccilcutoﬁ'lothnt
caly part of the light reaches the screen. If the density in the flow field
is uniform across planes normml to the direction of the light, the screen
darkeas unifornly as the knife-edge is moved across becsuss the images of the
source, associated vith the light passing through individusl regions of the
flow field, sre coincident at XK,. If the knife-edge is introduced into the
lidstpthnhudororhhmmroulpoutxa,thompl,vmmdnrm
uniformly, ut the shedov of the xnife-edge will apyear. Atthctoot‘l point
dlm!?,m:tnommuwgthoptimmbdoollpointrc«hc
light from all points of S.

The uniform dsrkening of I supposes that all light reys from 8, pass
thtou;hl(a, that is, no defleecticm of light cccurs in pesaing through 8. If in
the flov there is a density gredisnt normel to the direction of the light, the
bean 15 daflected towards the region of higher demsity because the light trevels
more slowly whers the density is greater. If the rays through a partiocular
point are givan a smll angular deflection, the fracticn of this ray imtercepted
by the knife-~adge is not the same &z that for undeflected reys.
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In Figurs 2, the rays from £y, have been deflected dovvard and less
light escapes the knife-edge. Therfore, when the rays of light are Brought
to focus egmin at I, the illumination of that point will be grester or less,
depending on the direction of the deflectiom.

The schlieren metiod depends upon the principle that the illumipation
of a point in the i{mmge is due to the small deflection of the rays as they
ars refracted pessing through the subject and detected by the knife-edge.
Such & small deflection may be caused by a density gradient in the air, The
aress of squael illumination in the imsge I, correspond to eress of equal
deflection af the light rays, sand hence to areas of equal density gprediemt in
the flov fisld, 5. The knife-edge intercepts ouly rays def’ected perpendice~
ular to its edge; therefore, the system is sensitive only to tho campomsat of
the density gredisat in that direction. Ry rotating the knife-adgs sbout
the optical axis, tbe ‘ensity gradienta in any plane pexpendicular to the
axis say be measured.

If the light source is ssmll an’ the distance from the subjest 8, to
the focal point of lens Lg, is large, & very smll angular deflection of the
light rays msy produce a large chenge in illumimation at I. The seasitivity
of the schlieren system is msasured by tha proportiomsl change in 1llumimstion
of the immge for = given angular deflection of the light reys. Therefore, the
effect of incremsing the size of the light sowrce and reducing the distance
botvmth-mboccts,mdthctoe&lpoutoflemh‘,. is to decresse the
sensitivity of the aystem.

The sensitivity of the system mny be increased by decrussing the slit,
that 18, to inssrt the imife-eige fesiber inio the focal point, Ky, im
Figue 1. The result is a greater illumimation difference in the field,

However, the total {llumtmation of the field is also propertiocdl to the slit
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width and becomes darker as the Mmife-edge is insarted. Yor a dasirable Limge
the knife-edge is insarted wntil the desired semsitivity is obtained, but mot
20 far that the average {lluxization of the field becomss too low.

A single straight knife-edge is somstimes usad but a doubls knife-eige
leaves omly & warrow opem slit cutting out all stray light. In the case
vhere & double knife-edgs is used axd the light source ixmge is completely
obacursd hy the knife-edgs, only density gradients iargsr than some particular
valus will deflect the light rays sufficiently to register on the screen.

The fmage on the screen vill appear as a single contour line along which tie
density gradient is constant, if the light source image is very small, of the
sarxe order as the width of the Lmmge kuifs-edge slit.

Various lens arrangsmuats may be used to produce the schlieren effect.
However, at the presant time spherical or parabolic mirrars are prefe—xle to
lens. Trree reasoms for the prefersnce are: (1) inhamogeneities in the glass
causes the light to scatter, wheress in mirrors the light maver anters the
glass; (2) refraction in glass for light of different wave lengths causes
chrommtic errors, vharess in mirrars this is elimimeted for the sams reason
as stated in (1); and (3) accurate large lemses are more difficult to comstruct
than large mirrors.

In the design of this all-lens schliaren system most of these dissadvantages
have beun eliminsted since the system i3 swall and requires only small lenses
wvhigh are availsble with good opticel quality at relstively ammll cost. The
sdvantage of this system is its compsctness coupled with good sensitivity and
mgnification.
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CHAFTER IX
DESIGN ¥ ALL-LENS SCHLIEREN SYSTIK

I. QPTICAL DESION OFf SYBTIM

In the design of the optics, the featuves tc be obtained were
(1) good sensitivity, (2) good magnification and (3) shortest possible
optical path.

The ’diaunco between the lamp and the condensing lenses, as vell as the
distance between the light source knife-edge and the condensing lenses is set
by the focal length of the condensing lenses. In the same mannsr the diastance
tetveen the knife-edge and ths first field lens is set by the field lens focal
length.

The distance between the camers lens and the imsge knife-edge was
arbiirerily chosen as 2 inches. The remainder of the distances are calculated
from basic lens equations and substitutions made to cbtain the desired
features. The subscripis 2 and 3 refer to lenses Le snd Ly respectively, and
u is the subject distance, v is the imge distance, and £ is the focal length.

Y:om baslc optics,

+ n (l)

42 (2)

From Figure 3, the relation below can be written:

u, = 1"?4»24'2 (3)
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Resrranging equation (1),

Vo = ;:;%' ' (+)

2

To find vy, &6 & function of L35 Vo) and £,, equation (2) and (3)
are cambined

v L
va-ra+2--l-?—v5_‘3 (5)

Rnrnnadinumotvy

’3(’22*”9""“2)
(£, 40t 5 -2u) )48 up Lot

vy - (6)
Now v}, is obtained as function of Uy ta, aad m, vhere a 18 the

mgification of the complete system. The magnification of the second field
lens for Uy > fQ, in

'-vg
L™
and the magnificeation for the camera lans 1is

A4

By definiticn the totnl magnification is

..mzmjn-%i (7)




For v, < rg and ~v2+f2+a > f}, the mgnification for the second fisld lens is,

\/

B - em

Y

ad the magnification for the camera lens is

v

m -2
B
By definition again the total mgmification is

-, v

By cambining equation (3) and (4)

U2fo
~ £ 40- 22,
R AN A A
vhich can be written
2t
LR
Bubstituting equation (9) into equaticn (7) or (8)
(¥afp |\
v
R = k%ﬂra 3 3
(a‘e'afa'fa
Yo u, T, /

wvhich reduces to

n e
V3 ™ -?; (f2 +2f2'2\12)

(8)

(9)

(10)
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Elininating Vs in equations (6) ana (20),
o ‘
T N (1)
Solving for £5 in equation (1),
2
m(f," 420, -2u) 12)
T3 = (R (

By assuming u, as 20 inches for good sensitivity and 1’2 as 9 inches,
the focal length of & lens already available, & plot can be msde of
n versus 1’3. This is shown In Figure 4. A doubls concave lens with
a8 -7.87 inch focal lengtn was chossn &8s the camers lens since it was
available. From the curve in Pigure 4, it can be seen that this gives a
mgnification of 2.75, which will be sufficient enlargesaant of the imape.

Substituting f, = 9 inches ond u, = 20 inches, back into equation (),

vamybefound

(1)
v, = 16.56 inches

In order to find vj, the distance from the camers lens to the ground

glass screen or photographic plata, Yy = 16.56 inches and ta = 9 ipches are
substituted back into equations (3) and (2)

u5 u f2+2 -V2

. (3)
u5 = «5,50 inches
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(2)
vy = 18.26 inches
Tigure 5, shows the complete optioml design of the system. 70 produce the
parsllel light through the vind tunnel, the first field lens is located =2t
the foonl-lamgth distance from the light source knife-edge. 7The distance
betveen tha first field lens and the wind tuunel is varisble but should bs

kept smll to reduce astigmtic errors csused by nomparallel light.
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II. MECEANICAL DESICH QP SYSTEM

Light Source. The schlieren light source constitutes one of the main
canponants of the schlieren systam. This light source consists of & mercury
vapor lamp, & yair of condensing lens and a knife-edgs, distinguished as the
light source knife-edgs. The light emitted by the knife-cdge is tha effective
light source as considered by the remsining components of the system.

A Ceneral Electric A-H6 water cooled mercury vapor lamp rated at
1000 watta i3 mounted horizontally st the rear of the light source compartment.
The A-H6 laxp is approximately 3} inches oversll and constructed of quarts
tubing with tungsten elactrodes sealed into emch end and exteading through
mercury pools into the lsxp. The light-producing portica of the tube is
approximately 2 mm insido dismeter by 25 sz long.

The initisl light caautput of the A-H6 lamp is 65,000 lumsens. The maximnw
Olwmdnation is 195,000 cexdlepower per square inch, which is almost twenty
times brighter than filament sources, and approsches the brightness of high-
intensity carbon arcs.

For the proper operaticn of the Type A-H6 lamp, vater must be passed
over the quartz tube fast enough to prevent formation of steam bubbles on its
surfece. To accomplish this, a tube is placed around the lamp, vita a very
somll radiel clemrance through which the vater must flow. Because the cross
section of the vater passage is restricted, sufficiont velocity iz obtained
to prevent steca formatiom vith input water temperatures up to 120°F. A vater
flow of about 3 quarts per minute is reccsmended in order to provids sufficiemt
latitude for some fluctuation in water pressure. Water with & high electrical
conductivity my be unsuitabls for cooling the A-HS lamp. The npecific resist-
ance should be at least 4L0OOO chme per cubic centimeter. leaksge current should
not exceed 350 miiliamperes, (Paf. 1).

1k
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The power supply to the 1000 volt transformer required for the A-RE6 lamp,
is provided with an overlosd fuse and a pressurs switch vhich will break the
circuit if the cooling water pressure is below the minimm. Figure 6, shows
the elestrical snd cooling eircuit for the leup.

The condsusing lanses for the light source are tvo inexpensive plano-
convex leuses, 5 inches in diameter with & 4.5«inch focal length.

The design of the knife-edge permits the blades to move the full wvidth

of the opening, wvhich provides for the insertion of & screen for the purpose
of Yocusing the light source. By watching the immge upon the screen ins-rtad
ir the knife-edge and acdjusting the position of the lamp, a gharp irmge of
the laxp can be obtained. Por fine adjustment the knife-edge is providad with
a rotary movixent about tbe optic axds. PYor obtsining the schlieren effect
in & different plane the knife-edge cen be removed ard rotated.

The entire light source sssembly is housed in & 6-inch, thin walled
brass tubs. The A-HG lamp 4s inserted in the tube from the side with the
veter and electrical connections protruding as shown in Figure 7. The finned
portion of tle beck housing provides additional cooling to prevent overhaating
and thus reduces the possibility of breaking the condensing lenses. Adjustments
of the light source ate provided in tha lamp mounting thus giving both verticel
and horizontel movement. The condensing leuses are in a tixed position of
L 5 inches fram the lamp along the optic axis and the kxnife-edge 18 in & fixed
position of 4.5 inches from the condensing lensas.

To prevent the occurrence of chramtic ervorg introduced by the use of
the mercury lsop, & Wratten type 50 gelatin filter ie inserted imnedistsly in

front of the light source knife-edge. The Wratten type 50 filter, which tranamits

1ight of 4360 and 4080 R, was sslected since the A-H6 lamp is predominant in

these wavelengths as shown in Flgure 8. The intenaity of the source is reduced
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by this filter, but in ordar to obtain manochrometic light, the intensity of
the light source must be ssorificed.

Field Lenses. The optic pieces, except for the field lens (a specially
ground lens), are relatively chesp lenses. The original optic piece, tested
as the first field lens, was striated, thus causing the light to be dispersed.
This lens was of a short focel length. To replace it with a corrected lens
of the seme focal length, & cost of $1500 was quoted. Since tde purpose of
this optic plece vas to form the parallel light, any focal langih could be
used wvhich was wvithin reasan and the longer focal lengths sare much easier
to correct. Accordingly, & corrected S-inch lens with a LC-inch local length
was obtained for $130 or 1/10 the price of the corrected short focal length
lens. Thus the distance between the light source and the first field leuns
vas increased frox 9 inches, as originally planned, to 40 incl s.

The second field lens, La, is a 5-inch uncorrected planc-convex lens
with a 9-inch focal length. Origioally the first field lens wns of the same
quality as the second fleld lens,

As shown in Pigure ¢, the field lences are mounted §1 aluminum supports
wvhich provide rotation in two planas perpendicular to the optiecel axias. The
vertical adjustment is provided by thumb-screws on the lems holder, snd the
longitudinal setting is accompliehed by sliding the support along the optical
bench. The lens holders esre equipped with removable covers vwhich protect the
lens vhile the gystem is not in use.

Enife-adzes. Both tbe light source knife-edge and the lmage knife-edge
are of the same comstruction but the lmage knife-edge 18 mounted on a separate
pedestal vhich can be adjusted verticelly. The knife-edge construction is

shown 1in Figure 10. The knife~edges are ralsed or lowered by thumb-gcrevs
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which ere counter balanced by compression springs tc insure positive movement.
A fine rotary sdjustment about the optic axis is provided ty opposing thwsb-
sCrews.

Schlieren photographs may be taken of density gradients in a verticsl
or horizontal plane by cutting the immge in the reepective plane. In order
to align the knife-edge slit vertically or horizontally, ths knife-edge
assembly i unscreswed from the pedestel and replaced after rotating 900.

Camera. The camers design is unique in that a double concave lens is
uted to form the imsge, mking the camers unit only 18 inches long. The
uswel camers lens is a convex lens and requirese distances from 30 to 40 inches
to form an image with sufficlent megnification.

As shown in Pigures 10 and 11, the camera is in two sections. The back
section, which holds the ground glass, is rectangulsar acd the front zection,
which holds the lens and shutter, is cylindrical. The two sections can be
moved relative to each other to set the lens to screen distance and be locked
in place by means of & split collar on the back section. The shutter is a
ctandard Ilex shutter with speede of 2 meconds to 1/150 secomdi. The ground

glese holder allows a 5x7 film pack to be slipped in place for photographing.

S e s it g e ——— . —




BACK VIEW OF CAMERA
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CHAPTER III
OPERATING PROCEDURK
QF THE ALL-LENS SCHLIERKN SYSTRM

The following is the operating procedure for the use of the all-lens
schlisren system, 65 uided in setting up all teste.

(1) The system is rolled into place and 2levated by means of the
three screws on each beach stand until the optical axis is at the height of
the wvind tunnel centerline.

(2) The inlet water hose is coanscted to tha control box outlet and

the retiwrn water line placed in a drain,

(3) The water valve at the coatrol box ahould be opened until the
pressure sviteh clicks, indicating the minimum water pressure at which the
lamp will operate. The wvater flov is then measured at the drain to see if
it 18 above the minimm of 3 quarts per minute. This cut-off pressure setting
my be changed by adjusting the pregsure switch.

{4) The pover may nov be applied to the lawp. If the lamp housing
becomes extremaly hot, extra cooling should be provided by blowing air over
the finned portiom of the housing.

(%) 1In focusing the light source the knife-edge is opsned to the
maximm and an onion skin paper tcreen inserted in the knife-edge plsne.
Whils watching the screen, the law is adjusted until a sharp imege of the
laxp 's focused on the screen. The paper screen can “hen dbe removed and the
knife-edges closed to & slit of about 1/64-inch wvidth. The slit-width

part.ally determinss the system sensitivity end controls the light intensity.
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(6) The first field lens is them set by messuring the exact distance

of 40 inches from the light source knife-edge to the center of the lans.
The lens is raised and rotated until perfectly aligned perpendicular to the
optic axdie.

(7) The test vection of the wind tumnnel may be axy Glstance from the
first field lens but is arbitrwrily chosen as 5 inches. The distance from
the second field lens to the test sectior 1s then set at 20 inches.

(8) The izmge nife-edge i positiomed with the light source "(n" by
moving ths pedestal along the optic axis until the smsllest, sharp izegs
appears upon tha closed knife-edgs. The fims]l positicning 1s doat by wetching
the ground glass ascreen to ase that the screen is unifarmly darksnel as the
mife-edges are moved in and out. The nife-edge slit may be partislly set
by raising the upper sdge and allowing the lower e¢dgs to block balf of the
immge. The finel adjustments of the edges must be szet with a density gradient
in the test secticn s0 the desired sensitivity and light intensity will appeax
on the screen.

(9) The distance from the camera lens to the screen should be get 2t
18.3 inches by sliding the cylindrical front section into the rectangulsr
back section. The cawers lens {s get sbout two {nches from the imege knife-
edge or in a position so that a sharp image of the test section will be
projected on the screen.

(10) 1In order to view the screen the camers shutter is sat on time and

opeped. Yor photographing, when using the filter on the light source, the

shutter speed is set from 1/50th to 1/150th second depending on the light
intensity. The aperture is set so the immge covers the camplete screen or untlil

the desired portion of the test section appears on the screen.
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CHAPTER IV |
TESTING AND RESULTS |

;
A tvo-dimenrionsl, cautinuous-flow wind twmnel at nminal Mach Numbers :

of 1.9 and 3.7 was used to test the all-lens schliersn system. The set up :

of the schlieren system in the circuit of the two dimensionsl wind tunnel is |

shown in Figure 12, %
Figure 13 shovs the shock vave from a 30 degrse cone at a Mach Mumber :

of 1.87, as calculated froa the retio of test section static pressure to

setiling chauber pressure. The shock angle frum the 30 degree cone indicates

& Mech Musber of 1.87, as reed from Dailey and Wood (Ref. 6). Figure 1Lk shows

the shock wave from & 12 degree vedge at a calculated Mach Number of 3.5,
based on a pressure retic of 0.0131. The measured shock angles from the
12 degree vedge indicate a test ssction Much Number of 5.75, as read from
Doiley and Wood. As can be seen the calculated Mach Number is lower than '
the Mach NMumber indicated by the sbock engles. An explanation of this would : !
be that weak shock waves originating in the norzle csuse the test seetiom
static pressure taps to reed slightly higher.

The shock wavs from & querter inch sphere at a Mach Number of 1.87
is shown in Figure 15.

The photographs using the all-lens schlieren system indicate fairly
good sensitivity aithough less sensitive then the photogiaph showm in
Figure 16, taken with o parabolic Nirror schlierer j)ystem. By the use of
accuratu lesases throughout the lene schlieren system, ths seasitivity could
be increased considerably. The lens schlieren system does give & ragnification ~

of the test ssction, while the mirrar schlieren system actuelly demagnifies.
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It vas found that the calculated positions of the schlieren componenis
vere correct. Adjusting of the camers position each time the systien was set
up wag necessary to obtain a sharp imege of the test section.

Variation of the light souwrce knife-edge width showed & marked variation
in the illumipation of the imuge. When a wide source slit was used the upper
end lower parts of the imege would appear dark &s shown in Figure 17. In thia
case the image knife-edge would cut off these reglons. By using the narrcest
slit poesible and yet obtaining enough light intensity, an image of uniform
ilunination may be obtained s in Figure 4. The same type of darkening of
the upper and lover parts of the image a8 thewn in Figure 17, would appeer,

{f the imogs knife-edge was not set exnctly at the focal point of the second
field lens.

Figure 18 shows the test section with no flow. With this & compariscn
can be made of photographs taken at supersonic :low, thus making it pcesible
to distinguish the shock waves from ths scratches on the glases window.
Considerable difficulty was encouvntered in running the continuous flow wind
tunnel in tbhat oil would deposit on the tumnel vindows esnd cause the gtrecm-
line effect as seen in Figure 13.

The effect of taking photographe with and without a filter is shown in
Figures 13 and 19, respectively. Without a filter, Figure 19, the imege appears
in 8 hue of colors which will not focus in e sharp immge. A longer film
expooure time was required for photographing when using the filter to campensate
for a lower light intensity. The use of a Wratten type TTA filter instead of
the Wratten type 50 filter would give a much higher light intensity and sti)l
produce momochramatic light.

The critical adjustment of the system was the getting of the immge

knife-edge 8lit. The slit width as well as the portion of the imege cut off
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determined the sensitivity. The knife-edg: must be set perfectly at the
focal point of the seconu field lens to give uniform darkening of the screen.
The trial and error method was the only procedure found satisfectory for setting
the knife-edge. At the lovw Mich Number of 1.87, & suitable imege could be
obtained at several knife-edge settings, since the density gruodients were
lerge, but with the small density gredients across & shock wave at Mach 3.7D,
a very critical setting was required.

Future improvements of the system would include the use of better lenses

and a Wratten type TTA filter.
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