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FOREWORD 

This report presents essentially the same materiell as the 
Master's Thesis, "An Interferometric Study of the Effects of 
Corona Discharge on the Temperature Profiles on a Flat, Uniform 
Temperature Plate in Forced Convection" by R. D, Godfrey.    The 
thesis was presented in partial fulfillment of the requirements 
for the Master of Science degree in Mechanical Engineering at The 
Ohio State University. 

The junior author would like to express his thanks to 
Dr. Velkoff for his advice and guidance throughout the research 
program.    Thanks are also extended to Mr. E, R, Pejack for his 
aid and advice and to Mr. I. Anderson for his aid in collecting 
data.   Finally the financial support given by the United States 
Army Research Office - Durham, which allowed this research to be 
undertaken is gratefully acknowledged. 
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ABSTRACT 

The ouroose of this thesis wss to study the effects of 

corona discharge on flow past a flat plate at zero Incidence. 

In a previous explorstory investigation into the effects of 

ionlzatlon on the gas in channel flow, Interesting results 

were observed.  Pressure droos and heat transfer coefficients 

were found to double. The velocity oroflie wes distorted. 

In an attempt to explain the phenomenon, Velkoff hyoo- 

theslzed an induced electric field comoonent in oooositlon 

to the flow. An analytical solution for laminar flow with 

a uniform charge density in the boundary layer was develooed 

by extending the Rossow solution for MHO flows.  The corona 

effect was oredlcted to retard the flow and thicken the 

boundary layer. 

An experimental orogram was initiated to study this 

phenomenon by observing changes in the temperature orofiles 

on a flat, uniform temperature olate In forced convection 

with a Mach-Zender interferometer,  A series of tests were 

run with a constant olate to ambient temoerature difference 

but different free stream velocities and corona currents. 

At a ^2.S foot oer second free stream velocity, a iOOO>u 

amoere corona current did not effect the flow.  At lower 

velocities, the effects observed were ooooslte to those ore- 

dieted.  It was found that the boundary layer was turbulent 

at the 62.5 foot oer second test.  Also It was nUed that 

i 
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5.^ foot oer second test with corona dfscharae wss sl'nflsr 

to the ^2.5 foot oer second t#st.  The body force hyoothesfzed 

by Velkoff does not «ooei»r to describe the corona affect. A 

oossible Ttechanlsm that would account for the observed result 

is that the corona discharge Induces an Instability In the 

flow. 
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L 

1 

1 
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1 

e 
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INTROOUCTION 

In 9   orevJous exoloratory Investiqatfon Into the 

effects of lonlzatlon on the aes flow In e channel, Inter- 

estlnn results were observed.  Comolete details of that In- 

vestloation »nay be found in Reference 1.  Here we shall only 

briefly describe these observations. 

Air was nassed throuah a 1^-lnch- dlaweter oloe In 

which ? O.OO^-lnch-diemeter wire was located concentrically, 

A hlqh voltaae aoolled to the wire gave rise to corona dls- 

charoe which orovlded Ions In the air stream.  Under the 

action of the field, oressure droos were observed to be 

doubled, velocity profile distorted and heat transfer 

doubled. Similar ohenomenon was also observed in a 5/8 

inch x S inch x 12 foot lonq rectangular channel In which 

ten DPrallel thin wires were located longitudinally on the 

center olane of the channel. 

In an attemot to exolain the nature of the ohenomenon, 

a hyoothesls was out forth by Velkoff In Reference 2, 

According to this hyoothesls, an electric field comoonent 

In t^e direction oooosite to the flow is Induced, olvino 

rise to a retardino electrostatic body force.  The induced 

field was found to be 

E 
'Nki K4 

where a is the flow velocity and K is the ion mobility in 

the oas under consideration. AopMcation of this hyoothesls 
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to channel  flows  was  carried out   In oreat  detail   In Refer- 

ence  2.     The close aareement  of  theoretical   values  predicted 

by  the  hypothesis with test  data  aroused   Interest   In  extend- 

ing  the   Investigation to  external  flows. 

An analytical   solution for   laminar flow with  a  uniform 

charge  density   In the  boundary   layer was  developed by extend- 

ing   the Rossow solution  for  MHD flows.     The  corona  effect 

was  predicted to retard  the  flow and thicken  the  boundary 

layer. 

An experimental   program was   initiated  to  study  this 

phenomenon by observlno  chanoes   in the  temperature  profiles 

on a  flat,   uniform temperature  plate   in forced convection 

with  a  Mach-Zender   interferometer.     This   technique   is  aooll- 

cable  because  the flow conditions  satisfy Reynold's  analogy. 

Thus   the  shape of  the  hydrodynamic,  and thermal   boundary 

layers  are   Identical.    A  series  of tests  were  run with a  con- 

stant  plate  to ambient temperature  difference  but  different 

free  stream velocities  and corona currents. 

.t^.MiMi 
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THEORETICAL ANALYSIS 

In this section the effect of a transverse electric 

field on laminar boundary layer over a flat plate are In- 

vestlaated analytically.  The peometrical configuration of 

the orobleti is shown in Figure 1.  Let the yz-plane be 

taken as the olane of the boundary layer flow with axis of 

7 along, and that of y peroendicular to the olane wall. 

If ^ denotes the density and^ the viscosity of the fluid, 

the boundary layer eouation for incompressible flow In the 

Hbsence of an external electric field is (Reference A). 

I 

V  UJ M 
a12 ? 

(i) 

Now suDoose the fluid Is positive!» charged through 

the action of corona discharge or the injection of oositive 

ions from external sources.  The charge density In fluid 

under the action of a transverse electric f leid d (ic^) Is 9c . 

3y the hyoothesls oostulated by Velkoff, an electric field 

^-^ooooslnq the flow is induced and Is oiven by 

(2) 
K 

Thus the contribution of the transverse electric field to 

fluid flow is in  the form of P retardinq electrostatic 

♦ This section fallows the derivation of Reference 3. 
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(3) 

Incoroorstlng this force In the boundary layer equation (1). 

we obtain a modified boundary layer equation for the case 

under consIderstlon. 

I 
! 

: 

9  JH» 9  tsi- (A) 

This equation toqether with the continuity equation 

describes the boundary layer flow over a flat plate under 

the action of a transverse electric field. 

The charqe density, 9t , Is related to the distribution 

of electric field throuch the electrostatic equation 

V*E Qc 

and Is In oeneral, a function of oosltlon.  To obtain a first 

aooroxlmatlon of what effects the additional term, -^r ^±1      , 

will have on the boundary layer, let us slmollfy the problem 

by assumlnq that the charoe density Is constant. 

i 
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Under  this  assumotfon,  equation  (4)  can be  rewritten  as 

j    T7     ¥VXJ-—    to^o^r-     y 
y 

•N 
^ 

u/ 

^ 

(5) 

whereo<i it   is  a constant andYr/^- Is  kinematic  viscosity 
9 K 9 

of the  fluid. 

The form of equation (5) is similar to an eouation ob- 

tained for the flow of an electrically conductino fluid 

over a flat olate In the presence of a transverse maqnetic 

field in magoetohydrodynamlc boundary layer flows.  The 

equation, as was derived by Rossow (Reference 5), is 

: 

• 

H „uj- (6) 

where <T  ■ electricsl conductivity of the fluid 

/A  ■ oermeabflity of the fluid 

and  VAo ■ externally aoolied constant maonetic field. 

By comoarison, we see thst the constant ^^ , corresoonds 

to G fjfwi   in MHO case. 

Eouation (6) was first solved by Rossow. He develooed 

an soproximate solution. Following Rossow, equation (5) is 

solved as follows. 

Let us introduce the transformation 

I - ^ as 

--■- -■ 
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and  define   the  stream function  as 

where   VAT^, is the uostream velocity,   ^   - S   ~    * 5*   , 

VV- 

md U , V,, \ z ^ V^ .^ are functions of 'O 

only. From the definition of stream function, I .e. uj" = 

1 ifKvTt-tf^vr^ur   «bft?  and     V*    can all  be expreased  In 

terms of   V's and ^)   •    Th'8 enables  eouatlon  (5)  to  be ex- 

oressed  In  powers of ^i .     Equating  the  coefficients  of 

equal   powers of ma on both sides  of  the equation,  a  set of 

ordinary  dlfferentlsl   equations   for the  Tb  sre obtained! 

2\"' --   -[ ' { (7) 

Ml *.i g r   ' * i      r   $t 

-»«tC^t. CO) 

The  boundary conditions,   vT-oo ^ D AT ^ - O   and VJ= J^-O AIM-.O 

S   and  ^)     ,   assume  the form 

Vc"-^ =^--K--^--   "• * 0 at   ^ 0 

^^.MV'^   -L'-   '••   ;0 at   7|-0 
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From the boundary conditions and eouatlons (8) and (^0), 

V, and ^ can be taken to be zero throuohout the flow 

field.  Equations (9) and (n) then become 

'••   > . • ^ • ■ '    _ '' ^   lit- if' 

(12) 

(13) 

Eouatlon (7)   la   the Blaslus equation  and eouatlon (12)   was 

solved numerically usinq  Runqe Kutte  method.     The solutions 

were tabulated  in Reference 5 and are  reoroduced  In Aooendix  i. 

It should be  noted  that   In the   above  analysis    rr< \ 

olays  the  role  of a determinino factor.     To   investlqate   its 

ohysical  significance,   let us  non-dimenslonaIIze equation 

(5)  by  introduclnq  the  followlnq  dimensionless  variables 

t,l ;   ^-{^} 
V=\'H 

^O 
"AT-  ^ 

ata 

^oo | 
where X     is a characteristic lenath and  ne 

Is the Reynolds number.  In terms of these non-dimensional 

variables equation (5) becomes 

vW^w« . ^-vi-y (14) 

mm 
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Sfnce all other quantities in the above equation are non- 

di-nenslona I, the Quantity  -S» 3   must also be non-dimen- 
? IS ^oO 

sional   and  can be  considered as   the  products of  two  non- 

dimensional   parameters. 

We  readily recognize that   <L^fsJ   is the  Reynolds  number. 

It   is obvious  that    "^^      is  a   new non-dlmenslontI   para- 

meter and   is  called the  charge  number,    Ko      (Reference 2). 

Now, 

m 

If we   let 

MJ is just the product of ^ and N9CQ . Further analysis 

(Reference 2) indicates that the charge number is physical- 

ly the ratio of the electrostatic force to the viscous force. 

Meanwhile the Reynolds number, Re , is known to represent 

the ratio of the inertia force to the viscous force.  Thus, 

m3 measures the ratio of the electrostatic force to the 

inertia force. 

To the first aooroximations, the velocity distributions 

Is q iven by 

Cf c' r o^ fa \ (,5) ur = UJ 

I 
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Dfvfded through by -»^c , the free stream velocity (I.e.) 

the velocity §t the edae of the boundary layer on both 

sides of the equation, equation (15) becomes 

(^ 
rv\ ^z) 

In Figure 2, JJ is olotted against V    for several 

values of ^X    .  The floure indicates that increase in **% 

tends to retard the flow.  It is oredlctad that further in- 

crease In v^a will decrease the velocity gradient at the 

W,M;  3^1 Vo  • When   ^l^-.o  reaches zero, 

seoaration will occur.  It may be concluded that if the 

foregoing hyoothesis and analysis is valid, an increase In 

electric field wilt finally cause separation. 

If it is desired to define the boundary layer thickness 

as that distance for which 

ftt  -- o.^n ur 
, then 

* V^«j     evaluated at  M - / 

In Figure  3 , the ratio 4"  is olotted aaainst ^cx  . 

For a given value of ^  , the boundary layer thickness, j , 

Increases with Increase in rr\ ,  in other words, the field 

tends to thicken the boundary layer.  This can also be seen 

from Figure 2, 
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Fig-, 2. Velocity distribution on a flat plate for various 

value? of mz. 
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If Reynold's analogy <s aooMcable to the flow condi- 

tions under consideration a flat, uniform surface temoera- 

ture plate can be  utilized  so that the flow can be 

measured without disturbance with a Mach-Zender Interfero- 

meter.  The conditions necessary for aopllcatlon of Reynolds 

antlooy are that the buoyant forces and frlctlonal heatlnq 

effects be neolectable, (Reference 4),  In addition the fluid 

orooertles ^.,/A^ t\    and Cp must be constant and the dlmen- 

slonless qrouo ALfUrP  Prandlt's number must equal unity, 

^or these conditions, the velocity comoonent (ur) and the 

temoerature (T ) become Identical In the momentum (16) and 

enemy (17) eouatlons resoect I vely. 

?^3f^^V-/*T£'?^(T-W>) <,6, 

1 i 
Their solution for  J^J  and   '   *[      are Identical In al- 

"^oo      TOO • » ^J- 

oebric form. Tor air Prandlt's number is aooroxlmately 0.73 

and nearly constant for uo to 1000F above ambient.  This Is 

sufficiently close to unity that the analogy holds maklnq 

it oossible to infer the velocity by measurino the temoera- 

ture.  The results of an exoerIment«I Investiqation baaed 

uoon this technique are reoorted In the followlnq sections. 

i 
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TE8T 8ET-UP 

The objective of the test was to measure wUh the Mach- 

Zender Interferometer variations In the boundary layer on 

a heated flat plate due to positive corona dlscharoe at var- 

ious free stream velocities.  To accomplish these objectives 

the set-up shown In Figure 4 was designed. 

The flow channel was an open loco, drawing supply air 

from the building and discharging it from the blowers out- 

side the building. Air entered the flow channel just below 

the test section and moved upward through a set of iAxl9 

mesh screens spaced i inch apart. A vertical test section 

was chosen so that free convective effects acted in the same 

direction as the free stream. A settling chamber, (Fioure 

4-A) 24"x30" in cross section and A" deep followed the 

screens and oreceeded a convergent nozzle.  The nozzle, 

(Figure 4-9), was designed to give a high rate of chanae in 

area at its entrance and a low rate at its exit. The curves 

chosen were quadrants of ellipses with minor diameters of 

20" and 16" for long and short dimension respectively.  The 

major diameter for both was 24".  The nozzle was made of 22 

gauge sheet metal. Joints were lapped and welded exteriorly. 

Interior intersections were filed smooth. 

The nozzle was riqidly joined to the test section, 

(Figures 5 and 6), which was S^xiO" in cross section and 

22m   long.  Ports, 8" In diameter (Fiqure 5-A), for the op- 

tical flats were located i?* downstream on the 8" wall. 

-> 
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Fig, 4. The test section. A.) settling chamber, B.) nozzle, 

C.) hinged diffuser walls, D.) acoustic isolation 

chamber, ^.) nylon cord, F.) pitot-static tube, G.) 

inclined manometer, H.) free stream thermocouple, 
I.) damping screen. 
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Fi£. !?. The test section. A.) optical flats, E. ) plate 

supports, C.) vertical axis adjustment, D.) 

reference length "T", PI P2 and P3.) pressure tap 
locations. 
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Provisions were made In !• thick olexlqlsss walls to supoort 

(Floure 'S-d) the heated piabe above and below the ootlcsl 

flats.  The nozrle-test section unit was suoported by an 

anqle Iron frame tied Into the Interferometer.  Four bolts 

span the l/S* space between the test section and frame. 

Adjusting of these bolts (Figure 5-C) allowed the plate 

to be made parallel to the light beam by rotation of the 

teat section about Its vertical axis. 

Air lesvlng the test section entered a diffuser.  This 

connection was made flexible to mechanically Isolate the 

test section from the rest of the ducting.  The walls of 

the diffuser were hinged to the turnlno box above to sltow 

easy access to the test section, (Floure 4.C). Beyond the 

turning vanes, the channel dlveraed to a 22"x3C* cross sec- 

tion and emotled Into s "S* turn acoustical Isolation cham- 

ber, (Floure 4-0).  The i* thick plywood walla of the acous- 

tic Isolation chamber were lined with Owens Corning fiber 

glass board to reduce noise from the blowers. Air was 

drawn from the lower chamber through two nozzles, (Figure 

7-A), into 8" diameter flexible hoses,  (Figure 7-B), thst 

linked the acoustical isolation chamber to two PW-14 

Hartzeli radial blade blowers, (Figure 7-C). 

The blowers were mounted on a cart so they could be 

ea&My «roved Into oosltlon outside the window when needed. 

The blowers were oowered by Lincoln Electric 5 H.P. motors 

with s synchronous soeed of 3600 RPM.  The oressure across 

i  ■ 11 ■!—^IM»I.I*< 
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Fig. 7. The test set-up outside of the buildinr. A.) nozzles, 

E.) flexible hoses, C.) Movers, D.) valves. 
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the blower was controlled with a slldlno door valve (Floure 

7-0) on the exit of the blowers allowlna a variable flow 

rate from zero to ^850 C.F.M. 

The heated test olate (Flatire 8) was made of aluminum 

19" lono and 9 7/9" wide.  The too surface was flat within 

♦0.005 overall with a sand blasted finish.  The leadlnq 

edge (Figure 3-A) had a 1/8* Rad. tanaent to both the too 

surface and the 30 slooe of the bottom cover olate.  The 

body (Figure 8-9) was 1/4" thick.  Twenty-five Iron-constan- 

tan thermocouoles were ootted Into drilled holes on the 

bottom surface of the too olate In rows of five with 

Sauerlaen electric heater cement.  Their oosltlons are shown 

In Figure 8,  The thermocouole leads left the olate at the 

rear (Figure n-A).  The soace between the heatlna element 

and the body was filled with a mixture of Sauerlaen cement 

and coooer oowder to Imorova heat transfer. 

The heating element waa made of Nlchrome alloy wire, 

alze 11, 3. and S, No. 29 with soft temoer and a resistance 

of 5.3 ohms oer foot.  The heater contained eight separate 

46.4 ohms circuits (Flaure 8) giving a total heater flux of 

1100 watts at 80 volts R.M.S. over an area of 1 souare foot 

oer side.  The wire zlozaoged across the element every 

5/32" In Sauerlsen cement laid between sheets of asbestos 

oaoer reaultlnq In a i/8" total thickness.  The heater was 

cemented In olace behind the thermocouole lead soace. 

Cooper leads to the rear of the plate were provided for 

■- —^ ■- -- 
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connectlon of the heating elements to the external power 

suooly (P"faure 11-9). The remaining soace to the bottom 

cover olate was filled with asbestos paper and Saueriaen 

cement. 

Side rails (Figure 3) fitted to the bottom cover plate 

were slotted to allow adjustment of the olate so it could 

be viewed at different positions up to lA* from the leading 

edge (Figure 5). 

The plate power was controlled by a combination of 

variacs and variable resisters.  The overall power was con- 

trolled by a 20 amp. varlac (Figure 4-A). Four 10 amp. 

variacs (Figure 9-B) In series with the 20 amp, varlac 

supolled oower to every two adjacent circuits. Fine heater 

circuit adjustment was accomollshed with 8 variable resis- 

tors (Fiqure 9-C). 

The olate temoerature was monitored by a Leeds and 

Northruo millivolt ootentlometer (Fioure 9-0) using an Ice 

bath (Fiqure 9-E) for reference. A 2A way switch (Figure 

9-F) allowed raold reading of the thermocouoles, 

A grid of O.OOö" diameter stainless steel wires running 

oarallel to the plate In the direction of flow was supported 

by two olexiqlass beams. The lower beam (Figure 10) was 

located in the settling chamber. Sliding engagement with two 

steel tension rods perpendicular to the aerodynamic beam 

orovlded gross orld-olate soacinq adjustment.  The upper 

beam (Fioure 11) located at the too of the test section was 
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Fie:. 9.   InFtrurrent'-ttion  md   rover suffly.   A.)  20  arrp variac, 
F.) 4-1Ü amp variics,   C.) vjrible  repietors,   E.) 
potenioraeüer,   r..)  ice tath,   F.)  ?4-v'ay  switch,  G.) 
ir.i cronanor'ett-r-faertner corrarator set-up. 
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Fig.  10.    The lower beam. 

Fig,  11,    The upper beam.    A,) thermocouple leads, B.) plate 

power leadc. 

_r_ 
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suoDorted on a threaded rod for qrid-olate aoacing adjust- 

rrent.  To accomplish fine arid-plate spacing a nylon cord 

(Figure 4.E) was held in tension across the test section 

so that all the wires from the lower beam Just touched it 

insuring constant spacing.  The oosition of this cord was 

located by a threaded adjustment. 

Each wire was soldered to one eye of a swivel, the 

other eye slipped over the high voltsge lead wire (Figure 

ii)*  The wire was passed through s hole in the upper beam 

to give constant wire-wire aoacing, then down paat the nylon 

cord to the bottom beam.  There it passed through s threaded 

section of brass tubing screwed into the beam (Figure 10). 

With tension on the wire, the end of the tube was crimped 

and soldered. With all wires in plsce, the tubes were 

backed off to out tension on the wirea. Uniformity in ten- 

sion was obtained by noting the pitch when plucked. 

Grid current was supplied by s Sorensen 5038-4 high 

voltsge source (Figure 12-A). Current from the source waa 

measured on the hioh voltaae side by s Westinghouse type 

PX-161 micro-ammeter (Figure 12-B) contained within a plex- 

iglass box. A neon bulb protection circuit (Figure 12-C) 

was placed in aeries with the meter to guard againat soark- 

ino.  The grid voitage was messured by Singer model SEN 

electrostatic voltmeter (Figure 12-D). 

The Mach-Zender interferometer was modified by adding 

two i* thick optical flats In the reference leg to compen- 
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Fie.   12«   The  test  set-up.   A.) hifh voltage  source,   P.) 
micro-ammeter     C.) protection circuit  anri  svitch, 
L.) electrostatic  voltmeter,   E.) camera. 

-"-"- - 
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sste  for  the optical  flats   In the  test section walls.     Be- 

cause path   lengths  were still   not  the  same some  readjusting 

was  necesssry.     The  aliqning  orocedure   is  described   in 

Aooendix   II.    Also s Baird Atomic 0-9  interference filter 

with a  oeak   wavelength for the green  line of mercury of 

5460 A and tolerance of +i5,-o£ was   inets I led. 

A Speed Grsphic camera fitted with a Polaroid 4x5 film 

holder was  used  in conjunction with s  shutter to form a 

camera  (Figure   12-E).    Polaroid 200 soeed film was exposed 

st  1/25 shutter soeed. 

The  stream velocity was  determined by making   pitot- 

static meaaurements  (Figure 4-F),    For   low velocities  the 

oressure  difference was  resd using  a  micromanometer-mlcro- 

scope set-uo  (Figure Q-G).    At higher velocities  a 0 to  3 

inch El Meson   inclined msnometer   (Figure  4-G)  wss used. 

The wire-wire,  end grid-olste soscings used  in these 

tests were  1/2 and  1/4  Inches  resoectively. 
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TE8T PROCEDURE 

In working with the Interferometer, care must be taken 

to Insure proper Interoretstlon of the Interferograma.  The 

following procedure waa used throughout the teatlng.  The 

olate waa poaltloned so that the region on the plate of In- 

terest waa In view.  The plate waa made parallel to the test 

section wall by rotating the plate about Ita longitudinal 

and horizontal axla by alternate adjustment of plate-teat- 

sectlon bolts (Figure 5-B) fitted in slots in the test sec- 

tion wall.  Parallelism wss checked with s deoth gsuoe 

micrometer st three oolnts on the olate. The front wall of 

the teat section waa uaed äs a reference. When the three 

polnta were within 0.005 inches, oaralleliam waa conaidered 

accompllahed. 

A similar procedure waa used to locate the wire plane 

parallel to the olate. Using the piste surface ss s refer- 

ence, the beams snd nylon cord were sdjusted until the four 

grid-plate apacinga were within one grid wire diameter of 

each other. 

The damping screen (Figure A-I) was now bolted to the 

nozzle. The opticsl fists were plsced in the test section 

well snd adjusted to give a continuous Internsl test section 

surfsee. 

A olsss probe wss moved uo to the plate surface (Figure 

13)* The camera waa poaltloned so that the object plane 

coincided with the center of the plate to reduce refraction 

im 
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Gaie A 

Capp P 

Case C 

Fig. 13.  Hefprence photos. 
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error. The fringes were focused at the object plane ( by 

the method described In Apoendlx II).  The test section was 

then rotated about Ita vertical axis until the orobe aopeared 

just to touch the plate at Its tip.  The displacement fringes 

were msde perpendicular to the plate by adjustment of mirror 

M2 (Flpure 56).  The Interferometer optics was now ready 

for testing. A reference picture was then taken (Flqure 13). 

The qlaaa probe was then retracted and replaced by a 

thernftocouole (Flqure A-H) to measure free stream temperature. 

The blower was started and the valve adjusted to qlve 

the desired flow rate. The plate was heated so that the 

surface temperature was uniform within ^0F  from front to 

back (at high free stresm velocities, the surface tempera- 

ture varied across the plate from aide to side. Since the 

henter circuits ran from side to side no adjustment could 

be msde to reduce the J0  max cross plate temperature vari- 

ance). When steady stste wss reached the no current picture 

was taken.  Next qrid voltaqe was adjusted until the desired 

qrld current wss obtained,  if the plate temoerature varied 

It was adjusted to no current condltlona. All thermocouples 

were read and recorded at each test condition as well as 

atream velocity and temperature.  Barometric pressure, wet 

and dry bulb temperatures were taken at the beqlnninq of 

each teat. 
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EVALUATION OF INTERFEROQRAMS 

Temperature profiles were obtained by careful meaaurt- 

ment of frinqe diaolacements.  To accompliah this the follow- 

ing procedure wss used. The reference length "T" (Figure 

5-0) wss measured with a machinist rule. Since the actual 

length of the cross bsr of the "T" was known, the photo mag- 

nification could be determined.  Pointers marking distance 

from the leading edge located on the resr of the plate (Fig- 

ure 17) were marked with s needle puncture for easy location 

in the field of the microscope.  The interferogram was 

placed on the stsoe (Figure 14-A) of the Gaertner compara- 

tor and squared by tracing the upper edge of the plate with 

the cross.hair in the eye piece (Flaure 14-B). The station 

was then located and a visual perpendicular erected to the 

upper surface. The location from the perpendicular of an 

even Inch of  actual length from the leading edge waa de- 

termined then located under the cross-hairs. A needle punc- 

ture wss made. An inch of  actual  length was then traveraed 

a tone the uooer edge end another position marked.  Dividers 

were then used to locate the other positions. 

The interferoorsm was removed from the stage so an ex- 

tension of the streicht line portion of the fringea could 

be etched to the upper edoe st each position of Interest 

(Floure 15).  The interferogram wss mounted once again and 

aligned along one of the etched lines.  The microscope 

carriaae (flaure 1A-C) was then moved until the cross-hairs 
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Fig.   14.   The  gaertner eoaparator.   A.)  stare,   P.) eye  riece, 
C.) micros-cope  carr-iage. 
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were at the edge of the nearest UD stream fringe. The stage 

was moved along that slooe until the edge of the next fringe 

appeared under the cross-hairs.  Its position was recorded 

and the process continued until the upper surface was 

reached, or the photo became unreadable. The position of 

the upper surface was noted as a ground reference. The pro- 

files at other oositlons were determined In a similar manner. 

The interferooram was then alloned with the upper surface 

of the olate and the anale that the etched line made with 

the uaoer surface was measured. This procedure was checked 

by »nakino measurements on photos taken by Kennard (Reference 

6) and were found to be within 10F. Also a free convection 

test was run (Figure 15) and Its results compared with the 

well established Pohlhausen solution (Reference 4) as shown 

In Figure 16. The correlation was very good. This provided 

another check on the method (the chimney effect was neg- 

lected). 

The temperature corresoondina to each frinae was cal- 

culated by comoarina conditions In the test section with 

known conditions in the reference lea by the procedure out- 

Iined in Appendix III, 

Sources of errors In evaluatino the interferograms 

(Reference 7) were found In determining the plate surface, 

locating the fringe edges near the edge of the boundary 

layer, and refraction of the light In the non-uniform 

density field of the boundary layer. 
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Case C 

Case D 

fig. 15.  Infcerferoinecer pictures of free convection heat 

transfer on a vertical fl^t plate. Plate tempera- 
0v ture  15?  F»   rooir  temperature 75  P 
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The surface of the olnte fs not shproly defined In an 

Interferoqram because of the angular deviation of the Moht 

from the extended source.  A combination of reflected and 

refracted Naht from the plate Interferes with the I loht 

from the beam that travels around the tunnel and the Inter- 

ference oroduces the oattern at the surface of the olate as 

shown In Ftoure 15.  This reqlon extends 0.02A Inches above 

the surface and causes uncertainty In the location of the 

surface.  In order to determine the surface accurately, an 

object of known geometry was ohotoqraohed against the sur- 

face (Figure 13).  8y calculating the angle the grobe made 

with the surface and the closeness to the end of the orobe 

visible in the photo, the surface was located within 0.002 

Inches.  The distance from the determined surface to the 

mean oosltion of the wire arid was measured.  By comparing 

this distance with the measured distance from mean wire 

position to aooarent upper plate surface, the actual upper 

plate surface could be located for the no arid current 

photo of each test.  It was assumed that INs spacing was con- 

stant throughout a test. 

In the region near the edoe of the boundary layer, 

where the temoerature gradient is relatively small, deter- 

mination of the fringe edge was least accurate. 

Large errors may occur due to refraction of light in 

the non-uniform density field of the boundary layer.  When 

the density at the surface is less than In the main stream. 

i 
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the Naht ts bent away from the surface, as schematfcally 

shown In Ffqure 17.  Instead of traversfna the boundary 

layer at a constant density, the Mqht passes through layers 

of Increaslnq density.  The average density alona the llqht 

oath Is therefore hloher than the density at the entrance 

helqht.  Because the density difference Is directly prooor- 

tlonal to frlnqe shift, the fringe shift Is less than would 

exist with no refraction. 

The light after traversing the boundary layer makes an 

ancle 0e with the olate surface at the Inside of the tunnel 

window.  On striking the glass at an angle, the light Is 

refracted according to Sneil's Law and passes through the 

olass In a straight line at an angle ®^ .  Without refrac- 

tion In the boundary layer, the light oath In glass would 

have been Hf , With refraction, the oath becomes ^t   i 
co<, 9^ 

which Is an Increase In oath lenqth of nr^^^~Cc>£>e^.  This 

quantity, divided by the wavelenqth of llqht In a vacuum. 

Is the decrease In frlnqe shift.  Two methods of accounting 

for these errors are outlined In Appendix IV. 

The data presented In this theslswere not corrected 

for refractive error because of the unsteady nature of the 

corona observed.  If the data presented In Flqure 15 actually 

corresoonds to the Pohlhausen solution. It can be noted that 

the theory and te«t data deviate only near the olate. This 

oave a qualitative measure of the refractive error.  An 

attempt was made to estimate the refractive error by the 

■ 
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two object plane method described In Aooendlx IV,  [♦ was 

unsuccessful because the frlnqeswere so out of focus at the 

new object olane that the Interferoqrams were unreadable 

(Figure 18), Relocation of the fringe focal olane would have 

necessitated changing the system optics. 

In order to compare the test results with the theory 

discussed In a previous section, the data was reduced to 

non-dimensional form.  The quantities In the non-dimensional 

group =—**f were determined as follows. T-^oo was calcu- 
lw -Too 

lated by equation (12) of Appendix III. "^ was determined 

from an averaqe thermocouole readinq In the reqlon of in- 

terest, ^oo «»as taken to be room temperature as read on a 

mercury bulb thermometer. A thermocouple was placed In the 

stream but was found to qlve erratic readinqs.  The quantity 

71 »^(^^to^^V u\ wa8 calculated for the two positions 

Investigated.  ^^ was determined from pitot-static reading 

in main stream ahead of the plate.  To account for the area 

reduction caused by the plate, a pressure profile was taken 

at the test site {92  in Figure 5) and compared with con- 

current readings ahead of the plate (P3 In Flqure 5),  The 

results are shown In Flqure 19.  The velocity corresponding to 

the flat oortion of those curves was taken as ur^ ,  A cali- 

bration curve (Flqure 20) was developed by plottinq these 

values aqainst those ahead of the plate. M was evaluated 

at the mean temoerature ^1  "** . X   was measured from the 

leadinq edqe.  The M 's used were not corrected for refrac- 
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A. Object plane ac plate center line 

B. Object plane at eipe of test plate nearest 

the light source. 

Fig. 18. Interference photos taken at two different object 

planes. 
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lion error. Values of 21    are tabulated In Table 1. 

The quantity ma »((^Hf^K^«^ *•• determined for 

the conditions correapondlng to each photo«  The mobility 

( K*) for dry air aa reported by Coblne (Reference 8) *ss 

1.36 s/oLT Sei    . The denalty (^ ) was evaluated at the 

mean temoerature. The charge denalty ( Qc.) *•* estimated 

aa follows. One of the aaaumptlona of the theory »aa that 

9c» conatant In the boundary layer.  The total grid cur- 

rent flux (3 ) waa aasumed to be uniformly distributed over 

the olste therefore ^c * J*  where vTo Is the average drift 

velocity. Since J^ -K t the only quantity to be calculated 

ia the field atrength in the boundary layer. By a method 

of Imagea (Figure 21) outlined by Attwood, (Reference 9), 

the field atrength at the aurface of the plate, excluding 

apace charge effects, cauaed by one wire at a height h was 

E • 27t ^   /W 

where (9l)e is an equivalent current denalty per length de- 

rived from 

O ia twice V^ . ^x le the radius of the wire and V is the 

grid voltage. The number of wire apacinga (U) for the 

field atrength to diminish to a value one order of magni- 

tude less than the values directly below the wire was calcu- 

i 



11 

1 
Tatl« 1 

:i 
L 

V«lu«i for Tarioua testa and positions. 

Xili     ujsaSc  ^'lo3^ l         HI * iKj* 
8 5.9 0.196 0.583 5.17x10*2.27xl0Z1.89x 

1 5.9 0.196 0.667 4.52 2.12 1.77 

9 12.2 0.196 0.583 1.07xl053.27 2.73 

9 12.2 0.196 0.66? 0.94 3.06 2.55 

10 16.3 0.196 0.583 1.43 3.78 3.15 

10 16.3 0.196 0.667 1.24 3.52 2.94 

11 23.** 0.196 0.583 2.05 4.53 3.78 

11 23.4 0.196 0.667 1.79 4.24 3.53 

12 50.6 0.196 0.583 4.43 6.65 5.55 

12 50.6 0.196 0.667 3.87 6.22 5.20 

13 62.5 0.196 0.583 5.48 7.40 6.17 

13 62.5 0.196 0.667 4.78 6.91 5.77 

Y   ma •TAluat« A     »*    _.   _                mm 110#P. 1        ^vu 
I 
4 I 

Ü 

^— 1 . - « ( L 
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fit« 21. Electric flux lines of wire and ground. 
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Jit« 

lated and found to bt two for the gtomttry of this test, 

Tht tvertge £ for six wires was taken by Inteqratlnq J E's 

between the third and fourth wire end dividing by L . 

Evslustlon for the test geometry gsve FAvE - /. 5") V ^JK • 

The sum of the vectors E. could be tsken in the scslsr 

msnner becsuse sli vectors were psrsliel end In the same 

direction st the piste surface. 

i^ written In terms of test parameter Is proportions! 
I 

* v/. >  where A Is the piste srea below the wire 10 AT^ 
grid end 1   the totsl grid current.    The calculated values 

of ma for various photos sre tsbuisted in Tsble 2. 

Local  Nusselt Numbers were cslcuisted from the tempers- 

ture profiles ss follows  (Reference 10).    Nusselt Number 

defined ss   No ■   -^    where   a   Is s chsrscterlstic dimen- 

sion  (for the piste,  the  dlstsnce from the   leading edge), 

K   Is the  locsl  film hest trsnsfer coefficient st the sur- 

face defined as   ^   ^ \    ,  snd   W    is the conductivity of 
AT a k * vo 

the sir at the wall tempersture.  Inserting the definition 

of W , Nusselt*s Number becomes ^u "Ä fflTiiu  • The 

tempersturs grsdient ( T- ).  on the surfsce can be deter- 

mined from the tempersture profile ss shown In Figure 22. 

( '     AT 
The subtsngent to this profile denoted by &      Is /Jf/i \  • 

I 

D 

. „  «m.! .—Ld -■    -..—- 
 - ' — __^_ ..- - ._ _ - 
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Table 2 

Values of mz for various teat conditions. 

Ri9to 

69 5.6 l.OxlO5 200  5.9 l.OlxlO"1 
mz at 7 

O.59xl0'3 

mz at 8 

0.67X10"1 

71 5.7 1.0 400 5.9 2.02 1.18 0.79 

75 5.8 1.0 600 5.9 2.94 1.71 1.96 
80 5.7 1.0 200 12.2 0.48 0.28 0.32 
82 5.8 400 12.2 0.94 0.55 0.63            i 
m 5.8 600 12.2 1.41 0.82 0.94 
86 5.9 800 12.2 1.86 1.09 1.24 

90 5.8 200 16.3 0.35 0.21 0.23 
92 5.9 400 16.3 0.69 0.40 0.46 

9^ 6.0 600 16.3 1.02 0.60 0.68 
96 6.0 800 16.3 1.35 0.79 0.90 
98 5.7 200 23.4 0.25 0.15 0.17 
99 5.8 400 23.4 0.48 0.28 0.32 

100 5.9 600 23.4 0.72 0.42 0.48 
101 6.0 800 23.4 0.95 0.55 0.63 
102 6.0 1000 23.4 1.18 0.69 0.79 
104 5.8 400 50.6 0.14 0.08 0.09 
105 5.9 600 50.6 0.33 0.20 0.22 
106 6.0 600 50.6 0.44 0.26 0.29 
107 6.0 1000 50.6 0.55 0.32 0.36 
109 6.0 1000 62.5 0.44 0.26 0.50 

( 
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Fig. 22. Schematic of the temperature profile near the 

surface of the plate. 
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Substftutlnq J  , the Nusselt Number (e sfmply the retfo of 

two lenothe, •« or* of which Is predetermined at reference 

lenqth used for the specfet problem end the second cen be 

obtsfned from the tempersture profile. 

The accuracy of this method of determininq the Nusselt 

Number deoends on the sccurscy with which the tangent csn 

be drawn on the tempersture profile.  The subtsngent to the 

test profiles were constructed sssuming s nesrly linear pro- 

file from 80 to 700F AT . 

The maximum velocity In a free convective boundary 

layer ( ^ w*« ) was cslcilated by sssuminq the maximum 

value of z^T VT\3^OO  w,* 0•27,5 t8 ^o*" 'n Schlchtlng, 

For a AT of 80OF ^ ^^A)l was 0.925 snd 0.988 feet per sec- 

ond at 7" and S" from the lesdino edqe resoectively. 

Flaure ?"5 shows the non-dimensions I plot rr^  vs. ^*a- 

where the zero subscript denoted the no current test. 

Fioures ?4, 27, 30, 33, 36, end 39 oresent the inter- 

feroqrams t«ken at 5.9, 12.2, 16.3, 23.A, 50.6, and 62.5 feet 

oer second resoectively. The temoerature orofiles at two 

oosltlons (7 and 8 Inches from the leadinq edoe) are shown 

In Figures 25, 26, 28, 29, 31, 32, 3A, 35, 37, 38, 40, and 4i. 

Temoerature orofiles for test conditions that resulted in 

similar values of the oarameter mz ( a< mz< a + 0.02x10  ) 

are oresented in non-dlmenslona I form  -■" W*  vs.Ti  fn Fiq- 

ures ^2 throuqh 49.  The profiles predicted by theoretical 

analysis are also shown (the solid curves). 
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Fig» 34i. Effects of corona discharge on the temperature 

profile 7 inches from the leading edp;e.  Free 

stream velocity 23.^ feet per second, grid-plate 

spacing 0.256 inches, vire-wire spacing ^ inch. 
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Dtscusston of Results 

The effect of corona discharge on the heat transfer 

from a flat plate at zero Incidence In forced convection 

aooears to become negligible »t free stream velocities 

greater than forty times the maximum free convective velo- 

city for the same temperature difference as shown In Figur* 

23. At high free stream velocities and low corona currents 

the change In Nusselt's number appears to be less thsn on*. 

Actually this result Is due to Inaccuracies In determining 

the subtangent to the temperature prof I lea (Figure 22). 

When the temperature profiles are almost Identlcsl, any In- 

accuracy In determining the subtsngent will be quite pro- 

nounced when the ratio of $    »s Is taken, as can be noted 

In Figure 23. 

In order to check the accuracy of the coneluaIon drawn 

above, an additional test was run at 62,5 f**t p*r aecond. 

The olate temperature was recorded before the high voltage 

was applied.  Then a voltage was aoplled so that a corona 

current of 1000/uamperes was Indicated.  No changes were made 

In the power being supplied to the olate.  The set-up waa 

left undisturbed for 30 minutes.  The plate temperature was 

sgaln recorded and was found to be Identical to that taken 

before the voltage was applied.  The heat balance «as un- 

affected by the corona discharge.  It can be concluded that 

the ratio of Nussel^s numbers before and after the voltage 

was applled la one. 

i 
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Figures 4? through A9 «re plots of different comblns- 

tlons of test psrsmeters thst resulted In similar values of 

mz (charge number x 1/Reynolds number).  The correlation was 

poor. Also plotted In these figures sre the analytically 

determined curves.  In si I esses sn Increase In the value 

of mz decressed the rstfo of -' 'jf for a given value ofT\ 
Tu* - T«o v. 

experlmentally.  The opposite effect was predicted. The 

effect of changes In corona discharge rate alone are shown 

In Figures 50 and 51. The ratio of change In corona current 

to change in grid voltage was much greater than one. There- 

fore increaaes in corona current are proportional to in- 

creases in mz.  The experimental trend for Increasing values 

of mz was oppoaite to that predicted analytically. 

The experimental values of mz were i/iOOO of those con- 

sidered in the snslysis.  With the test configuration used 

larger valuea of mz were unobtainable due to break-down of 

the air at high grid voltagea. 

The no corona current profiles were plotted against the 

Blaslus solution for a laminar boundary layer in forced con- 

vection. The results are ahown in Figures 52 and 53. The 

correlation was poor at the higher free atream velocities. 

The existence of a laminar boundary layer la queationable. 

A plot of 1og(0 ( I - JJT^ ) va. log |0 ( J-)  for a turbu- 

lent boundary layer ahould have a slope of 1/7 (Reference 

15 ). Such s plot waa made for the 50.6 and 62.5 foot 

per aecond teata (Figure 5*). Their slopes ranged 

i 

IM^AMMM 
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from 1/4,8 to 1/6,0.  It appears that the boundary layer 

was In transition from laminar to turbulent in this velocity. 

range.  This trend can also be noted In Figures 52 and 53. 

For the 5.9 foot per second test there is some question 

whether It was representative of forced convectlve laminar 

flow because the free stream velocity is less thsn on» order 

of magnitude greater than the maximum free convectlve velocity 

as shown in Figure 23.  Figure 55 shows the 5.9 foot oer 

second test with no corona current plotted with the Pohlauaen 

solution for free convection for the same temperature differ- 

ence. The correlation is poorer than the same test plotted 

against the Blasius solution as shown In Figures 52 and 53. 

The 5*9 foot per second test appears to be representative of 

a laminar boundary layer. 

Or. Velkoff (Reference 1) observed similar effects of 

corona discharge for free convection as were observed in this 

investigation at low free stream velocities. He attributed 

the phenomenon to a mix I no of two streams (the free convec- 

tlve current and the corona wind). A similar mixing probs- 

bly took olace In this exoeriment at low free stream velo- 

cities. 

If the temperature profiles for the 5.9 foot per second 

cases with corons (Figures 50 snd 51) are compared with the 

50.6 and 62.5 foot oer second no corona cases (Figures 52 

snd 53), a marked similarity is noted.  Since it appears 

that the boundary layers for the higher velocities were 
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turbulent, a similarity between the high velocity, no corona 

boundary layers and the low velocity, corona boundary layers 

would suggest that the low velocity, corona boundary layers 

were also turbulent. 

To account for this observation a new mechanismt is 

needed to describe the effects of corona discharge on exter- 

nal, thermal boundary layers.  A possible mechanism that 

would account for the observed result Is that the corona dis- 

charge Induces an inatability in the flow. At high free 

stream velocities, the instability becomes a second order 

effect. 
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CONCLUSIONS 

1.) At low free stream velocities the thermal boundary 

layer was drastically changed. Heat transfer was In- 

creased in a similar manner aa was obaerved by Velkoff 

for free convection, 

2.) As the free atream velocity was increased, the corona 

discharge effect became aecond order. At 62.5 feet 

per aecond, no change was noted between the corona and 

no corona teata. 

3.) The effect at the lower velocities waa opposite to those 

predicted by the body force hypothesis. It appeara that 

a new mechaniam muat be hyootheaized to explain the flow. 

4.)  It waa found that the boundary layer waa turbulent in 

the high free atream velocity teata without corona.  It 

waa alao noted that their temperature profiles were sim- 

ilar to those for the low free stream velocity tests 

with corona discharge. 

3*)  A poasible mechanism to explsin the phenomenon observed 

is that the corona dischsrge Induces sn instability that 

becomes a second order effect at high free atream vel- 

ocities. 
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Appendix I 
Roseow Solution 

Function fjC1])  (after Roseow). 

\ 

0 
K k' 

0 0 -0.894 
0.2 -0.018 -0.178 -0.888 
0.4 -0.071 -O.554 -0.868 
0.6 -0.159 -O.525 -0.855 
0.8 -0.281 -0.687 -0.789 
1.0 -0.455 -0.859 -O.73O 
1.2 -0.615 -0.978 -0.660 
X.4 -0.824 -1.102 -0.579 
1.6 -1.055 -1.209 -0.489 
1.8 -1.306 -1.298 -O.394 
2.0 -1.575 -1.367 -0.296 
2.2 -1.862 -1.416 -0.197 
2.4 -2.158 -1.446 -O.IO5 
2.6 -2.429 -1.458 -0.017 
2.8 -2.720 -I.454 4-0.059 
3.0 -5.010 -I.455 0.121 
5.2 -3.294 -1.406 0.168 
5.4 -3.572 -1.569 0.201 
5.6 -3.841 -I.527 0.218 
5.8 -4.102 -1.285 0.222 
4.0 -4.354 -1.259 0.216 
4.2 -4.598 -1.197 0.200 
4.4 -4.853 -1.159 0.180 
4.6 -5.062 -I.125 0.156 
4.8 -5.284 -1.097 0.151 
5.0 -5.501 -1.075 0.107 
5.2 -5.713 -I.054 0.085 
5.4 -5.925 -1.059 0.065 
5.6 -6.129 -1.028 0.049 
5.8 -6.554 -1.019 0.056 
6.0 -6.537 -1.015 0.026 
6.2 -6.759 -1.009 0.018 
6.4 -6.941 -1.006 0.012 
6.6 -7.141 -1.004 0.008 
6.8 -7.542 -1.002 0.005 
7.0 -7.542 -1.001 0.005 
7.2 -7.745 -1.001 0.002 
7.4 -7.945 -1.001 0.001 
7.6 -8.143 -1.000 0.001 
7.8 -8.543 -1.000 0.000 
8.0 -8.543 -1.000 0.000 

1 

lt_ teAMi 



B.  Variations of the velocity profiles, 

a.)    mz=0 
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n, 
0 0.00000 

1.0 0.52979 
2.0 0.62977 
5.0 0.84605 
4.0 0.95552 
5.0 0.99155 
6.0 0.99893 
7.0 0.99992 
8.0 1.00000 

1-fc 

1.00000 
0.67.21 
0.37025 
0.15595 
0.04448 
0.00845 
0.00102 
0.00008 
0.00000 

0.000 
-0.859 
-1.567 
-1.455 
•1.239 
■1.075 
•1.013 
■1.001 
•1.000 

b.)    mz-O.l 

n 
0 

1.0 
2.0 
5.0 
4.0 
5.0 
6.0 
7.0 
8.0 

mzf 
0.0000 

-0.0859 
-0.1367 
-0.1435 
-0.1239 
-0.1075 
-0.1015 
-0.1001 
-0.1000 

0.00000 
0.24569 
0.49507 
0.70245 
0.85162 
0.88425 
0.89768 
0.89982 
0.90000 

OJb  u^a   \jj0 

0.00000 
0.27520 
0.54765 
0.78050 
0.92400 
0.98250 
0.99740 
0.99980 
1.00000 

1.00000 
0.72680 
0.45215 
0.21940 
0.07600 
0.01750 
0.00260 
0.00020 
0.00000 

c.)    mz«0.2 

n mzf 

0.0000 
-0.1678 
-Ü.2754 
-0.2870 
-0.2478 
-0.2146 
-0.2026 
-0.2002 
-0.2000 

w: 
VILT, DO 

0.00000 
0.16199 
0.55657 
0.55900 
0.70772 
0.77695 
0.79658 
0.79972 
0.800G0 

0.00000 
0.2025 
0.4455 
0.6990 
0.6846 
0.9712 
0.9955 
0.9996 
1.0000 

. v 

1.00000 
0.7975 
0.5545 
0.5010 
0.1154 
0.0288 
0.0045 
0.0004 
0.0000 
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d.)    mz-0.5 

C. 

^ 
i 

mzf2 
VAC . *4r  - 
ura "UV» ü^        1 " »Sr» 

0 0.0000 0.00000 0.00000 1.00000 
1.0 -0.2517 0.07757 0.01108 0.98892 
2.0 -0.4101 0.21967 0.31380 0.68620 
3.0 -O.43O5 0.41555 0.59360 0.40640 
4.0 -O.3717 0.58382 0.83400 0.16600 
5.0 -O.3219 0.66965 0.95660 0.04340 
6.0 -O.3039 0.69508 0.99290 0.00710 
7.0 -O.3OO3 0.69962 0.99940 0.00060 
8.0 -O.3OOO 0.70000 1.00000 0.00000 

Boundary layer thickness. 

mz 
0 

^4 hit? 
4.960 4.960 

0.1 5.500 5.500 
0.2 5.774 5.774 
0.3 5.920 5.920 

' 

1 

-     •- ■ 
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Apoendlx II 

Adjustment of Interferometer 

The Macn-Zender Interferometer can be aligned to give 
« 

oood fringes by following the orocedure outlined below. 

The four mirrors must be positioned so that the oath lengths 

are within two wave train lengths of each other.  This can 

be accomplished witn rule and sguare. A rectangular arrange- 

ment of the mirrors is oreferred but is not necessary.  Thla 

steo Insures that with oroper angular rotation of the mlrrora 

monochromatic fringes can be observed.  It is suggested that 

the wave train lenath be determined using a Vichelaon inter- 

ferometer by measuring the travel of the adjuatable plane 

mirror from first fringe apoearance to last.  This distance 

Is the wave train length.  If ♦he mlrro. 1» returned one half 

the wave train length the Insl«-   <*  -ould be adjusted so 

that the so called white fringe auoears In the telescooe. 

If the mercury source Is now replaced by an ordinary light 

bulb, one set of fringes will aopear.  By adjusting the 

slmoler Mlchelson instrument the ooerator can become familiar 

with features to look for in adjusting the Mach-Zender Inter- 

ferometer. 

Now that the orellminary set-uo has been made accurate 

alionment beains by collimation of the I iaht.  The diameter 

of the beam at various distances from the oarabolic mirror 

is measured.  An additional check can be made by refiectino 

♦ fhis Aooendix is a combination of technigues reoorted In 
References 11 and 12 as well as experiences of the author. 

i 
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the beam back on Itself with a olane mirror.  When the light 

source and Its reflected Imaqe coincide at the aoerature, 

the beam la ijarallel. Next the colllmatlng mirror Is ad- 

Justed so light oasses through the beam solltter and does not 

overlao any of mirror mount (M2) shown In Figure 56.  This 

determines the poaltlon of the colllmatlng mirror and Is 

effectively Independent of the angular orientation of the 

Interferometer since any further adjuatment la less than 1 

degree. The flrat beam solltter (BS1) Is rotated until the 

reflected beam of light strikes mirror (Mi) without over- 

lapping its mount.  No further adjuatment of BS1 la neceaaary. 

Mi la rotated ao that the reflected beam does not overlap the 

mount of BS2,  This Insures maximum field alze when the beams 

reunite at B82. 

The frlngea may now be found by rotation of M2 and BS2 

only. A teleacope (a Civil Cnglneer'a level was used and 

found satisfactory) was ooaitioned in front of BS2 so that 

the Image of the amall mirror at the focua of the parabolic 

mirror was In view at infinite.  Next a two dimensional ob- 

ject, auch aa a hook, waa placed at the Input to the Inter- 

ferometer BSl ao that It appeara In the field of view by ad- 

justing the focua of the telescope only. Due to the angular 

misalignment of mirrors M2 and BS2, two primary Images of 

both hook and mirror will appear it their reapective foci. 

Focusing on the hook, adjust BS2 until a aingle Imaqe la 

observed. Then the mirror is focused upon and M2 adjusted 

m niw 
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*n-r-> 

Fig. J6 • Schematic of interferometer optical system. IS») 

light source, CL) double-convex lens,, F) mono- 

chromatic filter, I.')  mirror at focal point of 

parabolic mirror, PM) parabolic mirror, B£l) 

beam splitter 1, Ml) mirror 1, OF) optical flat, 

OP) object plane in test section, M2) mirror 2, 

BS2) beam splitter 2, FM) focusing mirror, M) 

mirror to reflect light from focusing mirror to 

CPP, CFP) cameria focal.plane, T) telescope. 

L 
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untll one Imaqe appears.  If when havfnq refocuaed upon the 

hook, Ita two Imagea are cloaer than before, the procedure 

fa continued until both objects aopear to have only one imaae. 

Fringes will now aopear at infinite.  If the imagea diverge, 

reverae the procedure.  Adjuat for coincident hook imagea 

with mirror M2 and mirror images with BS2. The method con- 

vergea rapidly but requirea care in the initial aet-up.  Since 

the light aource haa a finite size, the image of the teat 

section muat be focused on the camera acreen. So that both 

the fringea and object plane are aharoly defined, the frinqea 

muat now be focused at the object olane of Lhe teat section. 

If the fringea were initially obaerved on the mirror at the 

focua of the parabolic mirror, the focusing procedure can be 

determined by adjuating the telescope on a nearer object 

plane and rotating B82 and M2 ao that the fringes focus st 

this new olsne.  Continue until the fringes spoesr in focus 

within the test section. 

Ressonsbly shsrp fringes csn now be observed, but to 

mske them critically shsrp, the path lengtha muat be equal- 

ized. Gebhart and Knowlea (Reference 12) auggeated equali- 

zation by a method reported by Bryon. The interference 

filter la removed ao that gradually fading groupa of fringea 

can be obaerved.  Theae groupa correapond to beata due to 

many apcctral linea. Mirror Ml la tranalated until the most 

distinct group sppeara in a aimilar manner aa the white 

fringe waa found with the Michelaon interferometer. A 

( 

i 
r 
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oartlcular qrouo Is then focused on the silt of a spectro- 

scooe with the fringes horizontal and alit vertical.  The 

fringes as viewed In the aoectroscope spoesr at an angle 

against the weak continuous spectrum of the hot glass of the 

lamo and against the lamp lines. Mirror M1 Is translated to 

view different fringe groupa and fringes within a group until 

the spectroscope fringes sre horizontal. At this tranala- 

tfonal position, the two optical oath lengths sre Identically 

the same and all wave lengths will Interfere. This Is the 

white fringe adjustment.  If a continuous spectrum light 

source Is substituted for the mercury lamp, the white fringe 

sppears on a screen at the position of the spectroscope. 

The remaining adjustment Is to focua the fringes exactly 

at the test section to Insure maximum sharpness for greater 

resolution.  For this purpose, a 60 power teleacope la used. 

A diffusing screen Is plsced over the colllmstlng mirror and 

a olece of exposed photogrsphlc film In front of the light 

source aperture.  Light Intensity must be reduced to avoid 

eye damaqe.  The teleacope Is then focused through the beam 

solltter on the test section, Uslno the low maqnlfIcatlon 

the depth of field of the telescope Is sufficiently grest 

so that both frlngea and test section are In focua.  The 

beam solltter la rotated allqhtly to bring the frlnoea closer 

to the teat section object plsne. The magnification of the 

telescooe Is Increaaed, thereby reducing the depth of field, 

to further localize the fringes.  At maximum magnification 

• 

f 
, 
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tht fringes can be located to within 2 cm of the object 

plane Inauring maximum fringe eharoneaa at the viewing 

acreen. 

. _ - ^ " - j|^,, ,   t , 
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Aopendix III 
Analysis Method 

Let A and B tn Figure 57 be two sdjacent monochromatic 

Interference fringea.  If the temperature were uniform 

throughout, the center line of fringe A inatead of the center 

line of fringe B would pass through the ooint P. The ahift 

of one fringe at the ooint P indicates that there la one less 

wave of light in the path through P than would be If the 

temperature at P were the aame aa at Q.  The temperature of 

the air la obtained from Its density which la related to the 

refractive Index by the Lorenz-Lorentr equation 

^ - C9 (1) 

where t)   Is the Index of refraction, 9 the density, and C (a 

a constant characteristic of the fluid. 

Since the index of refraction of air under teat condi- 

tions la about 1.0003, the above expression la approximated 

by 

(T)-I)   »4 c ^ (2) 

If, under one set of conditions, N v t andrere the number of 

light waves over a given oath, and the Index of refraction, 

respectively, and N^ and^ are the same guanti'.ies under a 

second set of conditions then 

^ - Mo   •>  ^ ^ S ^ 

♦ This Appendix was taken from Reference 6, 

(3) 
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Fig. 57 • Schematic illustrating method used to analyze 
interference data. 
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where Mo is the number of light wave« in the same path in 

a vacuum.  If L la tne length of oath under consideration, 

which la that of the heated aurface, and If hö  la the wave 

length in a vacuum of the light used then 

Kl 6  - U) 

From equation (2)   the chance of Index of refraction for a 

aiven denaity la 

-n. - •*z- | c U> -90 (5) 

Inaerting  the  valuea   In eguatlon  (3)  and   (4)   .„d rearrino| 

yields 
ng 

N i-N 'J^. ICi-^ 9, 

Til 
(6) 

If the change   in denaity   la cauaed by a change   In tempera 
only 

ture 

9-L    -   L. 
<?>   '   T, 

(7) 

th»n 

1    ' ho     T, (8) 

Since  In th,  l„t.rrer,«t.r th. c.n,,  .„ nu^,r ,f 

E,u.tl.«  (8)  „.„  th,  fr,ngt d..,,..«,« ure<J  ,„ 
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frlnqe widths, that takes olace when the temperature Is 

changed from T^ to ^ K . Lettfnq T( and '|0j be the abso- 

lute temoerature and index of refraction of room air, equation 

(8) may be solved expiicitiy for the temperature rise above 

the air of the room givinq. 

T -1  -T  AN » * - i  _ i, j  (9) 

The quantity C^i-l} is given in the International 

Critical Tablea (Reference 13) for standard conditions snd 

may be calculated for any condition by us Inq the aas laws, 

makinq orooer corrections for humidity, ^or conditions 

durinq the tests reported here, the psrtial pressure of wster 

vapor was small enough to be neqlected for the accuracy 

wanted. Equation (10) was developed to correct index of re- 

fraction for test conditions 

U-0 V^IZ ?x 10 
~c 

0.^5+0.0020551 (10) 

P   and T   are the atmosoheric  oressure   in   inches of mercury 

and room temperature   in 0F reapectively.     Lettino AK be 

called £    and the  product    A/—v   be   Q>    equation  (9)  may 

be  rewritten  (Reference  1A) 

T2 = ^^T7^ (ID 

The quantity y is smslI comoared to 1 so ~—r* may be ex- 

 —  - ■ -a 1   1 
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oanded   in a  series 

7^ -   i-^-^-^w. 

Inserting Into equation (11) «no rewrltlno olv« 

AT -T, (^ ^,<^...)     (,2) 

I 
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AopencMx IV 
Refrictlcn Error 

As t general rule the light will not aopear to come 

from the oolnt in the object olane at the distance from the 

surface at which the light entered the tunnel.   Instead, it 

will apoear to originate at point ^ ^ Figure 17. The loca- 

tion of the oolnt is influenced by a.) the emergent height 

of the I loht uc , b.) the emeraent angle ©e , c.) the thick- 

ness of the tunnel window 'Y , snd d.) the location of the 

object plane.  The indicated density is therefore an averaqe 

along Its curved path plus the additional path through the 

window. 

Correction of the refraction error is possible by two 

methods. Using the indicated profile as a first approxima- 

tion to the correct profile, calculation by numerical inte- 

gration of the refraction equation will yield a more accurate 

profile. Such a process would be of doubtful accuracy if 

the indicated profile differs by more than 5 percent maximum 

error in density due to the sensitivity of the light path to 

valuea of density. 

For steady test crrditions a method uaing two photos 

at a given condition differing only in the location of the 

object plan of the camera can be used.  In one case the cam- 

era was focused on the center of the olste and in the other 

at the edge nearest the light source.  The indicated profiles 

' fhis Appendix wss tsken from Reference 7. ~*' "~~~   " 

ta^ä ■*—*■ 
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calculated for the two ohotos dfffer only In thtt the 

apparent heiqht above the surface at which each llqht ray 

aooeara to originate la shifted.  The emergent angle Oe    of 

the light leaving the tunnel can be found at a given value 

of denalty ratio by taking the difference In the apparent 

heights Indicated for that denalty ratio by the two profiles 

and then dividing the difference by the diatance between the 

object, planes for the two ohotographa.  The angle Öe Is re- 

lated to the denalty difference between the incident and 

emergent polnta on the llqht oath by the equation 

©e -- i^^[[%)A\)i    f" 
which was obtained by integrating the equation (2) (the equa- 

tion for the path of light ray through s two dimenslonally 

non-homooeneoua nedia baaed on Fermate orinciple of refrac- 

tion.) 

(2) 

Two aoproximationa were made   in deriving   the equation.     They 

were     TAN ©e  •  9e     ANü     r)e2-r)* ■ ZV<   Cve-Vi) 

If the  denalty  Is assumed to  vary   linearly   In the  direction 

between the   Incident  and emeroent oolnta  on the   I loht oath, 

the follow.no  relation that were found from the  refraction 

equation for a constant density qradlent  and be  aooliedt 
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tv-vV"iH,yt(V^-(|)A 
•ubttltutlnq equations (i) and (4) In (3) yields 

(4) 

V - VöeT C^V^-^öe (7) 

The fictor F (Figure 17) determined by location of the object 

^ 

I 
I 

v-v V j, 

(§.\    - /S.\ -.  Ö«. (5) 

which Is en expression for the sversglnq error. The window 

error csn be found In terms of the fringe shift tta (Refer, 

ence 7) 

The vsiue of the two errors, when subtrscted from the Indi- 

cated density, qlve s number sooroxlmstely equsl to the 

density rstlo st the height H^ . An equstlon for »44' In 

terms of appsrent height end emeraent sngle, both of which 

sre known from the ohotoqrsphlc dsts 

.: 

—^^iM^iaMMkMM**—*ii     ■■ ■ i« ..   ii —J—^MBI I 
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plant   Is ^ when ^^  (8  rea<j from the curve corresponding to 

the center-focus  Interferoc-rsm (Reference 7). 

D 
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