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INTRODUCTION 

I n  t h i s  progress report  a r e  summarized the findings of experimental 

and ana ly t ica l  research concerning NASA Contract No. NsG547 e n t i t l e d  

"Theoretical and Experimental Studies of Magneto-aerodynamic Drag and 

Shock Stand-off Distance." 

through January 7, 1966. 

This report covers the  period July 8, 1965 

In  the progress report  covering the preceeding s i x  months period a 

cr i t ical  survey of the ex is t ing  l i t e r a t u r e  was completed and a var ie ty  

of design calculat ions comparing "in f l i gh t "  with "laboratory" data 

were presented. 

It i s  evident from the l i t e r a t u r e  survey tha t  almost a l l  ex is t ing  

analyses assume tha t  e i t h e r  the magnetic Reynolds number tends t o  in- 

f i n i t y  Rem + - or  tha t  the plasma density is constant p = C. A l -  

though nei ther  of these assumptions i s  r e a l i s t i c  i t  appears t ha t  the  

la t te r  i s  more plausible. However, t h i s  ant ic ipat ion remains t o  be 

j u s t i f i e d  and i t  i s  the objective of the present study t o  do so. 

The present progress report  addresses i tself  t o  the following 

aspects  of the research program: 

1 ) THEORETICAL CONSIDERATIONS 

1.1) Plasma diagnostics 

1.2) Magnetogasdynamic drag 

2) EXPERIMENTAL STUDIES 

2.1) Electromagnet performance 

2.2) Plasma diagnostic measurements 



2.3) Effect of magnetic f i e l d  on the flow f i e l d  and shock 

B tmd- of f 

2*4) Magne&ogesdgnamic drag 

2*5) Magnetogasdynamic heat t ransfer  

3) C ~ U S I O N S  

$,e TWW*T?.ML CCNSTD3RATTONS 

The aaalytical studies performed since the previous progress report  

deal with plasma diagnostics and the magnetogasdynamic drago 

1,l) Plama Iiiagnostics 

A d i g i t a l  compnter program has been employed t o  o b t d n  tables of 

data  concerning su9erscnic flow abaut wedge pressure and t o t a l  pressure 

probea, 

f o r  wedge probes of IOo 15 end 20 degree helf angle have been prepwed, 

Entry i n t o  the charts  with experimentally determined wedge pressure arid 

t o t a l  pressure r a t i o s  allows determination of the Mach number and specific 

heat ra t io ,  

these quantit iea tbxough measurement of the wedge pressure of two probes 

of d i f fe ren t  half angle, 

The flow is  assumed t o  be c€?en!icslI.y frozen, P r e l f m i n q  charts 

The charts  of the programs fur ther  allows determination of 

A second digital computer progrzm has been devdopeda This program 

converts the measured radiatinn in tens i ty  distrL5ution from an axis,* 

metric plasma jet  i n t o  a rad ia l  i c t ens i ty  d is t r ibu t iono  

ths program is: 

The naveity of 

a. It does not nmerical ly  calculate  derivatives and is, 

therefore, accurate i n  the presence of shock waves; 

It avoids slow access storage space and can divide the 

j e t  i n t o  a greater number of zones thsn before. 

b. 



The program i s  used for  diagnostics of photogtaphe of flow about 

bodies with and without magnetic f i e l d  a f t e r  the photogtaphe have been 

analyzed by the GDL iso-densitometer. 

diagnostics. 

12. ) metogasdynamic  Dras 

It i s  a l so  used i n  spectroscopic 

Some simple theoret ical  predictions of percentage increase i n  

drag have been compared with GDL experimental data. 

nominally Mach 2.75 a t  .OW5 atmospheres with two stagnation tempera- 

tu res  estimated a t  7600°K (Run 1) and 10,900°K (Run 2) respectively, 

Argon was used. 

fiction parameter. 

an updated version of tha t  of Reference 1. 

Reference 1 are compared with experiment i n  Figure 1.2.2. 

(dashed curves) a r e  r e s u l t s  of a consistant l inear ized theory based 

on constant property viscous flow. 

and magnetic f i e l d  a re  undisturbed and apply only for  low magnetic 

in te rac t ion  parameter. 

t o r t  the flow and f lux  f i e l d s  in  such a way a s  t o  tend t o  redwe the 

dr iving e f f ec t ,  the theory would be expected t o  be 'nigh c~ziixired with 

the actual  case. This is  the case i n  Figure 1.2,2 but par t  of the 

discrepancy may be i n  non-equilibrium effects .  

now i n  progress, should help to define the s i t ua t ion  and evaluate ex- 

perimental r e s u l t s  and existing theory. 

The flow was 

Figure 1.2.1 was used t o  estimate the magnetic i n t e r -  

This f igure  was based on equilibrium flow and is 

The engineering estimates of 

Also shown 

Both theories assume that the flow 

Since the e f f ec t  of high interact ion i s  t o  dT@- 

A more exact theory, 

The evaluation of existing theories  is continuing. A discre- 
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pancy between shock stand-off distance predicted by Reference 2 and 

Reference 3, is described in Reference 4 by the present investigators. 

Essentially, Reference 1 predicts a much larger increase in stand-off 

then the earlier work of Bush (Ref. 2). 

elaborate computational scheme and this scheme was employed by the 

present hvestigators. Results are shown In Figure 1,2.3, Unfor- 

tunately, the method fails to converge to the correct solution at 

large magnetic parameter (as was the case in Reference 1). 

putation reduces the discrepancy, but ie aot yet conclusive since the 

full range of parameters have not yet been duplicated. 

Reference 1 employed a more 

Our com- 

Our calculation of Figure 1.2,3 employs the quasilinerization 

algorithm to obtain the solution to the non-linear, two point bound- 

ary value problem that describes the constant property flow behind 

the bow shock in high speed magnetogasdynamic flow (the technique 

of Reference 1). 

These include "back and forth integration" and the application of an 

extrema1 condition for obtaining a solution. It is believed that 

these techniques will allow a solution over a much wider range of 

paraineters and allow better evaluation of experiment and theory. 

2. EXPERIMWl"T STUDIES 

Other algorithms are currently being explored. 

The underlying objectives of the experimental studies performed 

(a) calibrate the electromagnet perfor- ciaring this period were to: 

mance; (b) determine some of the plasma properties and (c) to obtain 

a qualitative and quantitative understanding of the interaction be- 

tween the plasma flow field and the magnetic field. 

2.1) Electromapnet Performance 

-4- 



The electromagnet incorporated into the model is a solenoidal magnet 

wound on a soft iron core. 

out. 

follows: 

Arnco ingot iron: coil resistance - 1.8 Ohms; approximate outefde 

dimensions - 1 1/2" long x 2 1/2" diameter, (round nose),, 

rent series of tests magnetic field strengths up to 7 kilo-gauss were 

csed. 

A variety of magnets were designed and tried 

Typical characteristics of these magnets are approximately as 

wire - 19 gauge anaconda HML copper wire; core - 3/8" diameter 

In the cur- 

Two types of power supplies have been used, a commercial power 

supply and a battery Supply. 

mercial supply - Davenport Model VD 2-30K-1E; 
amp, 200 voltse 

rated at 60 ampere hours. 

current for magnetic fields less than 4000 gauss. 

used in 4 banks of 8 cells, each bank providing 100 voltso 

banks may then be connected in series or parallel arrangements to pro- 

vide currents to 200 amps for short times at various voltages, 

commercial supply is then used to recharge the batteries thus providing 

a versatile supply for a wide variety of experiments. In Figure 2.1.1 

is shown the performance charecteristic of the commercial power supply 

and in Figure 2.1.2 the performance with the battery power supply. 

experPence indicates that we will be able to increase the magnetic 

field strength further, 

The specifications are as follows: Con- 

DC power supply - 30 
Battery supply - Volta comercial grade storage cells 

The commercial supply provides continuous 

The batteries are 

These 

The 

Our 

Tests were conducted to determine the configuration of the mag- 

netic field distribution both on and off axis. 

eral shape of the field lines a point mapping of the lines of force was 

To determine the gen- 

-5- 



accomplished by using a small (1/2") compass needle. 

and the f i e l d  l i n e s  of 8 true dipole a t  the center of curvature of the  

body are shown i n  Figure 2,1.3, Here the so l id  l i nes  represent the 

actual field mapping and the  dashed l i nes  represent a dipole super- 

imposed on this mapping for comparison. Probe measurements along the 

ax is  t o  determine the  drop-off of f i e l d  with distance are compared t o  

a theore t ica l  dipole i n  Figure 2.1.4. 

mental and theore t ica l  r e su l t s  is not severe, especial ly  i n  the region 

o f  interaction, 

2.2) Plasma Diawst ic  Measurements 

These r e su l t s  

The disagreement between experi- 

For purposes of d e t e d n i n g  the f r ee  stream Mach number, M and 
aD 

the r a t i o  of spec i f ic  heats, y, i t  is assumed tha t  the plasma is a 

chemically frozen perfect gas. Hence, the spec i f ic  heat and molecular 

weight are  assumed constant, 

We have employed two methods for determining Mob and y. The f i r s t  

consis ts  of traversing, i n  a normal direct ion,  the plasma stream with 

a blunted 15" cone which measures the stagnation impact pressure. 

Also, the plasma i s  trariversed with a s ing le  wedge probe which mea- 

UULSaO --.--- +&- C U T  *--A*- rsrg- n-=~cr.e. C.""" (See F i g ~ r e  2,2,1 far e typical survey). 

Then a d i g i t a l  computer program i s  used t o  determine Ma and y. 'I& 

ypogsam generates Mm, stagnation pressure r a t io ,  and wedge pressure 

r a t i o  from inprrts of wedge half angle, Mach angle, and y f o r  a given 

wedge-half-angle. l%e required data  are ,  stagnation pressure r a t i o ,  

wedge pressure r a t io ,  and wedge-half-angle. 

+' 
. 



The second method consis ts  of surveying the plasma stream with three 

wedges of half  angles 10". 150, 2W. 

computer program and two wedge angles and the two corresponding wedge pre- 

ssure r a t i o s ,  Mm andy are  determined. 

from the IOo and 15' wedges has proved t o  be more sat isfactory.  

believed tha t  the 20' wedge and the stagnation pressure probe d is turb  the 

flow t o  an extent tha t  y is not constant across the respective shocks. 

Then u t i l i z i n g  the aforementioned 

The second method using the data 

.Et i s  

Some d i f f i c u l t y  has been encountered i n  accurately measuring the 

we8ge pressure fo r  wedge half angles of 10' and less. 

being made t o  resolve the problem, 

But e f f o r t s  are 

The r e s u l t s  of t h i s  par t  of the  diagnostic work indicates  t h a t y  is 

between 1.1 and 1-2 and tha t  Ma? is about 2.75 under present operating 

conditions, 

2.3) The Effect of the Vlgnetic F ie ld  3n tbe Flow Field Arounc! the Body 

Ordinarily the data i n  such work are  interpreted v isua l ly  and manual- 

3.y. Eiowmer, t h i s  leads t o  inconsistencies and to  crude readings, Ac- 

cordingly, we obtained a microdenrity t racer  which i s  able  t o  perform 

the  follov%ng operations: 

a. Plot  f i lm density a s  a fuaction of iacerai  position fer B 

single  l ine  across a f i lm negative (or posit ive p r in t ) .  

bo Aiitomate t h i s  WaXm providing successive scans a t  

sma 11 interva 1s perpendicular t o  the scan direct ion,  

Present t h i s  density information f o r  a magnified area of 

i n t e r e s t  from the negative i n  the form of contour8 of 

equal f i lm density, 

C. 

-7- 



The experimental set-up consists of the  hyperthermal a rc  j e t  

f a c i l i t y  shown i n  Figure 2.3.1. 

electromagnet is  introduced into the supersonic plasma stream. 

servations a re  made with and without the magnetic f i e ld .  In  Figures 

2.3.2 and 2.3.3 may be seen photographs of the plasma flow about the 

3" hemispherical model. 

A hemispherical model containing an 

Ob- 

I n  Figure 2.3.2 the  electromagnet i s  inact ive 

whereas i n  Figure 2.3.3 it  is operative. 

the flow configurations are  quite different .  For example, the iri- 

tease luminous regime ahead of the body i s  thickefied and enlarged, 

Second, the configuration of the cpstreom j e t  becomes more diffuse.  

Third, the dark regime ahead of the intense luminous zone i n  Figure 

2.3.2 becomes more d i f fuse  i n  Figure 2.3.3 although i t  still exists 

qual i ta t ively.  This dark regime ahead of the -faces luminous re- 

gime has been considered by Talbot and Grewal (Reference 5 )  who sug- 

gested tha t  i t  is due t o  a r i s e  i n  the electron temperature. 

indicate  tha t  the dominant recombination react ion is 

A * 

It is c lea r ly  evident tha t  

They 

A' + 2e -, A- 

=- 1 1 -.. ..A &.. 
L U A A U w s v  I <J  * 

A + h + h  

The recombination coeff ic ient  a! 

,-.- 

+ e  

i s  

-9 I n  
/ L  

Ne a! 5.6 x lo-'' (T,) 

Thus a rise i n  the electron temperature would decrease a! and, there- 

fore ,  the radiation. 

The displacement of t he  luminous region by the magnetic f i e l d  

has been interpreted previously a s  a thickening of the  shock layer. 

-8- 



Careful study of Figure 2.3.3 indicates, however, tha t  the change i n  

brightness extends fa r ther  out than what appears t o  be the shock front .  

This i s  especially prominent: i n  the region away from the center l ine  

of the body. 

force can slow down the electrons in front of the shack except those 

along the center l ine,  and as a result the electron number density N 

increases locally,  Since 01 is proportional t o  Ne, an increase i n  Ne 

wculd mean more rad ia t ioa  and, therefore, brightness. 

This may be explained by the f a c t  t ha t  the cr(v x g) x 5 

e 

I n  Figure 2 , 3 , 4  may be seen a typ ica l  isodensity t race of Figure 

2,3,2.  

f igurat ion is  c lear ly  syminetric. In  t h i s  t race  the sequence blank- 

dot-dash mean3 increasing opt ical  decsi tp  ar-d the sequance dash-dot- 

blank means decressing op t i ca l  densit;?. 

t r ace  i n  Pigure 2,3.4 with that i n  FJ-gwe 2,3.5 ( for  the photograph 

i n  Figure 2 .3 ,3 )  we f ind  tha t  the flow f i e l d  ahead of the model nose 

is distor ted taking on a staeper configuratisn. Also, the darkened 

regime ahead of the luminous t rac t  i s  lengthenzd. Finally,  the unz- 

 ami E l m  iii;stres=: I s  zffectec! farther upstream than i n  the non-mag- 

a e t i c  case, 'hese indicate t h a t  the color change which we mentioned 

in our grevions progress report may have f luidmechanic implications 

The posit ion of the m d e l  has heerr drawn in.  The flow con- 

Tf we compare the 150 density 

C 

Figure 2.3.6 shows typical f i lm density t races  along tSe center 

The t races  l i ne  of the body f o r  different  magnetic f i e l d  strengths. 

a l l  show a subs tan t ia l  rise i n  density near the bod3 and a mintmum 

which corresponds t o  the dark space i n  f r o r t  of the shock. 

i s  a gradual rise f e r  away from the body indicat ing a re turn t o  the 

f r e e  stream condition. 

Then there 

-e 



The shock stand-of f distances are determined by two dif f event methods 

One is t o  draw a line of constant density corresponding to the free stream 

density until At latersects the density trace near the body. The distance 

between the body and the point of intersection is called the shock stand- 

off distance. The other reethod is to take note of the fact that the den- 

sity traces decrease almost as straight lines near the body, 

between the point of intersection of this straight line and the line of 

constant density correspomding to the minimrnn density and the body is cal- 

led the shock stand-off distance, The absolute values of the shock stasd- 

off distznces by the two methods are different but they give approximate- 

ly the sane percentage increase in shock stand-off, 

the percentage increase in shock stand-off distance as a function of the 

nagnetic field is sham in Figure 2.3.7. 

taring in the data, a straight line ca3 be drawn thraugh the data with- 

out too much trouble, 

The distance 

A typical curve of 

Although there is some scat- 

It was found that the percentage increase in shock stand-off distance 

under the same coGdition is much larger than that of the increase in drag, 

One plausible explanation is that in the present experimental condition, 

the friction drag is not: negligible. 

tical analysis in Reference 1. 

duce the velocity an?, therefore, the friction drag. 

of drag measurement, the effect of the magnetic field is to increase the 

Lorcntz force sr,d the pressure, but decrease the viscous drag. 

the com?ensating effect makes the total increase in drag smll. 

other hand, the increase in chock stand-off distance is simply a con- 

sequence of the conservation of mass which does not depend on the vel- 

This was preclicted in the theore- 

The effect of magnetic field is to re- 

Thus, in the case 

Hence, 

On the 

b -10- 



ocity profile, but only on the velocity, 

is that the shock stand-off distance is determined by a measurement of 

the intensity of radiation. 

luminosity in front of the shock, the present method of measurement may 

overestimate the change in shock stand-off distance due to the magnetic 

field. 

Another plausible explanation 

Since the magnetic field can change the 

The usual definition of the shock front is a eharp increase in 

the particle number density. 

number density as a function of distance. 

a direct check on the above measurement. 

be done on the densitometric analysis of the negatives. 

we would like to find out the actual variation in density along the 

center line of the body by the use of Abel inversion. 

From spectroscopic work we can find the 

This will enable us to have 

Meanwhile, further work will 

Particularly 

The problem that appears to be of paramount interest is a cate- 

goric understanding and delineation of what the shock front actually is. 

We are now in the process of undertaking the appropriate measurements. 

These are as follows: 

a. For a qtiientit=:t?ve ~sasr?reaent nf the electron density 

Ne and the electron temperature Te we shall measure the 

Stark broadening of the H (4861 A) line, For this pur- e 
pose we have borrowed a Hilger Model E383 F/20 prism 

spectrograph and constructed a high resolution optical 

oycfeol. This system will also facilitate investigation 

of the entire optical spectrum at all positions in the 

flow field. 

0 

(A similar experiment has been carried out 

-1 1- 



by Chen (Reference 6) f o r  the case when there is  no applied 

magnetic f ie ld) .  It should be noted tha t  the e f f ec t  of the 

magnetic f i e l d  on l ine broadening (Zeeman ef fec t )  i s  negli-  

gible  i n  comparison 

f i e l d  below 10 E,, 

m i n e  quant i ta t ively 

with the Stark broadenlng f o r  a magnetic 

This method should enable us t o  deter-  

the e f f ec t  of magnetic f i e l d  on Ne arid 

Another problem that we Intend t o  invest igate  more thoroughly is 

the change i n  color ahead of the shock when a magnetic f i e l d  is present. 

A preliminary experiment w i t h  a spectrograph has shown tha t  in general 

the e f f ec t  of a magnetic f i e ld  is t o  increase the in tens i ty  of a given 

l i ne  although exceptions t o  th i s  have been observed. 

the general increase intensi ty  f o r  two t m i c a l  axgcn lines. Line E, 

f o r  example, is  approximately 1.3 times m r e  intense with a magnetic 

f i e l d  (2) than without (1) a t  the  maxfmun intensi ty .  

Figure 2,3.8 shows 

Figure 2,3.9 shows the  decrease i n  in t eas i ty  a s  a function of ax ia l  

posit ion,  the l e a s t  intense prof i le  corresponding t o  the posit ion fa r -  

f5iest f r m  the b d y ,  

magnetic f i e l d ,  the e f f ec t  of increasing ia tens i ty  with magnetic f i e l d  

has been observed t o  be a general e f f ec t  a t  a11 ax ia l  positions. Line 

widths appear t o  be a l t e r edwi th  ax ia l  position and with magnetic f ie ld .  

Although t h i s  set  of prof i les  was taken with no 

TSe r e s u l t  of a change i n  in tens i ty  and l i ne  width w5th magnetic 

f i e l d  would Lndicate a change in Ne,Te and thus a, the recombination 

coeff ic ient  mentioned ear l ier .  

s ive r e su l t s  w i l l  be obtained from new experimental apparatus now being 

It i s  expected tha t  much more conclu- 

-12- 



h- 

t es ted  end a complete &el inversion of the  data,  

2.4) Drag M2asurements 

The drag measurement system current ly  being used is  shown i n  Figure 

2.4.1. 

ducer of the l inear  d i f f e ren t i a l  transformer type, 

ments have ahown the system t o  be extremely accurate and l inear  t o  aEr~nt: 

200 grams. 

t i o n  curves a re  shown i n  Figures 2.4.2 and 2.4,3. 

%e e l e c t r i c a l  output i s  derived from a commercial force t rans-  

CaliSration experi- 

Time response is  approximately 1 1/2 seconds. The ca l ibra-  

Conaiderable effort: has been expended t o  eliminate nechanical and 

aerodyaamic fluctuetiona i n  order tha t  the e l e c t r i c a l  output m y  t a  

read accurately,, 

tank i n  the water supply l i ne  agd a mechanical padclLng and suspension 

Eys tern, 

This is accomplished by electronic  f i l t e r i n g ,  a surge 

Using ehe system descr%bed, a n h s r  af drag t e s t s  were conducted 

under a var ie ty  of €low conditions, Tne best a x i a l  posit ion with re- 

spect t o  aerodjmamfc f luctaat ions was found to be a t  12 1/2" from the 

nozzle exit ,  The tests discussed here were conducted a t  t ha t  position. 

X t  is  seen from Figure 2.4,4 t ha t  the e f fec t  of increasj-ng gas 

flow to the torch is  t o  decrease the percent a l t e r a t ion  i n  t o t a l  drag. 

This is t o  be expected since the enthalpy of tbe flow an6 thus the 

e l e c t r i c a l  conductivity &'ocroatle-7and the aerodynamic drag increases. 

Figare 2.4,s show& a number of separate features.  '&e effect of 

fncreasing powor aad thus enthalpy is  shown by comparing runs 1 and 2. 

%he e f fec t  of increasing the ambient tank pressure i s  seen by conpar- 

131: rum 2 and 3. There is no s igni f icant  change i n  t h i s  case when 

-13 - 



the pressure is  a l te red  by a factor of nearly 2. 

the e f f ec t  of increasing magnetic f i e l d  is shown. 

For a l l  three runs 

Run 2 was the most 

thoroughly investigated and the so l id  l i ne  is a least-squares l inear  

curve f i t  t o  the data. This curve w i l l  be extended and runs a t  higher 

torch powers a re  planned. 

I n  addition, a body of - 1/2" dismeter and the associated ma8s:et 

have been constructed. 

producing a f i e l d  of abcut 6000 gauss. 

The magnet has been tes ted and i s  capable of 

The e f fec t s  of reducing the 

body s izes  are: 

a. Reduce the aerodynamic drag 

b. Because of the  non-uniform flow condition a smaller body 

would tend t o  reduce the efs'ect of nos-wifomity espe- 

c i a l l y  i n  the e l ec t r i ca l  coniinctivity, 

Although the increase i n  drag due t o  the magnetic f i e l d  is smaller 

than the theore t ica l  resul ts ,  the aeroc'ynamic drag without the magnetic 

f i e l d  Setween theory and experiment indicate  good egreement. The cal-  

culations a re  based on the equation 
.) 

where B, i s  the f r e e  stream dynamic pressure and C 

f f i c i en t .  In  t h i s  calculation we use M = 2.75 and y = 1.1. CD i s  

token t o  be l,44 based on previous estimates of pressure, f r i c t i o n  and 

baee drag coeff ic ient  (from Referenca 1). The r e su l t s  of the estimated 

drag i s  between 117 gm t o  124 gm a s  conipared with the measured value 

of 112,5 gm, 

ment are  basical ly  sor?nd. The large discrepancy between theory and 

is thz drag coe- D 

CQ 

Tnis  indicates tha t  the method and accuracy of measure- 

-14- 



experiment f o r  t o t a l  drag is probably due t o  the simplifying assump- 

t ions involved i n  the calculation. 

2,5) &,petogasdynamic - Heat Transfer 

An experimental program has been i n i t i a t e d  t o  determine the e f f ec t  

of a magnetic f i e l d  on the t o t a l  heat t ransfer  from a supereonic p lasm 

stream t o  a blunt body. 

provide an experimental check on the theory which predict  a reduction i n  

8 t agna t ion magnetogasdynamic heat t ransfer  ., 

The purpase of the heat t ransfer  work is  t o  

The i n i t i a l  phase of t h i s  project consisted of a 3 inch diameter 

Elat  faced, t h in  s h e l l  model having a s ingle  thermocouple on the inside 

surface of tbe body a t  i t s  centerline. 

was an electromagnet c o i l  which produced a dipole-like f i e l d  about the 

body centerlfne. 

by meacs of a heat shieSd which was rapidly opened t o  expose the model t o  

the plasma once desired operating conditions were reached; 

was then closed t o  permit the body t o  cool a f t e r  a t e s t  time of about 3 

secondsa 

point. 

Within the nor,-water cooled boZy 

The body was kept a t  an i n i t i a l  uniform temperature 

the beat shield 

The highest magnetic f i e l d  used was 3000 gauss a t  the stagustion 

Assuming one dimensional heat t ransfer  t o  an insulated body, the 

t o t a l  heat t ransfer  i s  proportional t o  the time-rate of temperature- 

r i s e  of the body, The i n i t i a l  t e s t s  indicated a sca2ter i n  the non- 

magnetic temperature-time slope of the same magnitude as any changes 

due t o  a msgnetic f i e ld ,  Part of t h i s  s ca t t e r  i s  believed t o  be due 

t o  the f a c t  t ha t  the body never cooled down t o  the same i n i t i a l  tem- 

perature for each test, Thus, i t  was decided t o  Zesign and t e s t  a 



more sophisticated podel. 

The second heat t ransfer  model consis ts  of a three inch d i m t e r  

hemispherical t h in  shell copper body as  s b w n  i n  Figure 2.5.1. 

body has th i r teen  thermocouples located on the inside surface. Within 

the body is an electro-magnetic c o i l  which Frcdl?ces a 6ipole-like 

f i e l d  about the body centerline. 

which w i l l  cool the bod,y by conduction t o  the same i n i t i a l  temperatw-e 

a f t e r  each t e s t .  

e n t i r e  body it w i l l  be possible t o  calculate  the heat flux through 

the body t o  correct the on2 dimensional heat t ransfer  a s s a p t i o n .  

Also, i t  w i l l  be possible t o  determine the 

a t  positions on the  body other t h a l  the stagnation paict .  

i c  f i e l d  has been LImppSd m7er the  hmfspherical  portion of the body 

(see Figures 2S.2 and 2.5.3), The highest f i e l d  a t  the stagnation 

point i s  ra ther  low, only about 44.00 gauss. Tine reason €or t h i s  i s  

tha t  the therwccaples inaide the body make it d i f f i c u l t  t o  posit ion 

the c o i l  as close t o  the stagnatioc point as wocld be desired. 

The 

The cfterbody has a water coolec! base 

By monitoring the t racs ien t  temperature rise of the 

e f f ec t  on heat t ransfer  

The magnet- 
' 

F-2 . L L ~ ~ ~ ~ ~  el - 1  A hnpf ..--_ rrensf e r  measurements with the heaispherica 1 body 

indicate  tha t  the stagnation temperature r i s e  without magnetic f i e l d  

i s  repeatable f o r  several t e s t s ,  These t e s t s  also indicate  tha t  the 

t rans ien t  temperature has a gradient over the surface of the body. 

Thus, a correction t o  the  one dimsnsional heat t ransfer  assumptim u y  

be required, 

gauss indicates  t ha t  the field a f fec t s  the te iqerature  r i s e  of the 

body. A t  the  stagnetion p i n t  the r a t e  of temperature increase is 

i n i t i a l  measurement with a magnetic f i e l d  of 4400 



reduced; 

stagnation point. 

undertaken t o  obtain a concrete picture of the temperature r a t e  and 

magnetic f i e l d  interaction. With more information, it w i l l  be pos- 

s i b l e  t o  es tabl ish the  redaction of t o t a l  heat t ransfez ta the 't?ocZy 

due t o  a magnetic f ie ld .  Also, using the diagnostic r e su l t s ,  it may 

be possible t o  determine the change i n  the heat t ransfer  coeff ic ient  

due t o  the magnetic f ie ld .  

3. C a ~ L I J s I O N s  

the e f fec t  appears t o  be omre pronounced away from the 

Consequently, fur ther  measurements a re  being 

Prom ti161 cesu l t s  of our research progran we csnclude the follow- 

ing: 

1) A diagnostic technique has been developed and used t o  measure 

M and y. This technique involves in te rpre ta t ion  of experimental pres- 

sure  measureuents by means of computer-genarated tabular data, 

(I) 

2) Pkgnetogasdynamic drag measurements have been made under a 

var ie ty  of flow conditions and these r e su l t s  a r e  coupared with theora- 

t i c a l  predictions. It appears t h a t  the observed discrepancy is due t o  

simplifying assumptions made i n  the theore t ica l  predictions. 

3) The shock stand-off data presented was measured by a method 

It is  found tha t  aside which depends on the  luminosity of the flow. 

from the  predicted increase i n  shock stand-off the luminosity i s  a l te red  

ahead of the shock, 

4) In conjunction with the general program of research, an experi- 

ment is i n  pr0gzs.w t o  determine the a l t e r a t ion  i n  heat t ransfer  t o  the 

body with magnetic f i e ld .  
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