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SUMMARY 

The work here in  reported w a s  per formed by the A r c  Heater  Depart-  
ment, Westinghouse Electr ic  Corporation f o r  Langley Research  Center,  
National Aeronautics and Space Administration under contract  NAS1-3629 
Task  Order  NAS1-3629-1. 

The objective of this  work was to  define those modes of high power 
energy addition that appear  feasible o r  promising for  l a rge - s i ze  wind 
tunnels. T rue  flight simulation conditions with speeds f r o m  12,000 to  
24,500 feet  pe r  second and altitudes f rom 160,000 to  400,000 feet  was the 
range of interest .  

Two modes of energy addition, a r c  heating and magnetohydrodynamic 
accelerat ing,  w e r e  found t o  b e  promising. 
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acoustic speed 

alternating cur ren t  

area 

duct dimension 

magnitude of magnetic induction 

magnetic induction 

a constant 

derivitive; duct dimension 

diameter ;  charac te r i s t ic  length 

direct  cur ren t  

charge on electron 

electr ic  field 

frequency; cycles  p e r  second 

body force 

specific enthalpy; convective heat t r ans fe r  coefficient 

cur ren t  

joule 

cur ren t  density 

thermal  conductivity; isentropic exponent; kilo (prefix) 

duct dimension 
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M 

MDH 

MW 

n 

NU 

P 

p2 t 

P 

Pr 

m e t e r s  

m a s s  flow 

Mach number 

Ma gn e t o hy d r od ynam ic s 

megawatts 

voltage rat io  

Nus s elt number 

p re s  s u r e  

total p re s su re  downstream of normal 

power 

Prandtl  number 

shock (impact p re s su re )  

R gas constant 

R F  radio frequency 

Re Reynolds number 

S specific entropy 

- 'I' t empera  tu r e  

U internal energy; speed 

- 
U velocity 

V velocity relative to main s t r e a m  - 

V volume 

X rect i l inear  coordinate 
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Y 

Z 

Z 

a! 

P 

6 

A 

77 

e 

x 

P 

rect i l inear  coordinate 

rect i l inear  coordinate 

altitude; compressibility 

static to total temperature r a t io  a t  beginning of supersonic heating 

ra t io  of heat added supersonically to energy pr ior  to supersonic 
he a ting 

penetration depth 

difference 

efficiency 

Hall angle 

wave length 

dynamic viscosity; mobility 

m a s s  density 

e lec t r ica l  conductivity; parameter  in the Bartz  equation 

period ( t ime between collisions) 

k / ( k - l ) ;  heat f lux 

angular frequency 

Notes 

1. An overscore  ( - )  indicates a vector on average value of a scalor.  

2. The subscr ipt  c indicates value a t  c r i t i ca l  conditions. 
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1 .  INTRODUCTION AND MAJOR CONCLUSIONS 

1.1 Introduction 

The work reported upon in this  document was per formed by the 
A r c  Heater  Department, Westinghouse Elec t r ic  Corporation f o r  the 
NASA-Langley Research  Center, Hampton, Virginia under Contract 
NAS1-3629 Task  Orde r  NAS1-3629-1. 

The major  writ ing was performed by J. B. Hammer and W. E. 
Franzen,  and by  S. Way of the Westinghouse Research  Labora tor ies .  
The Pro jec t  Engineer was  J. B. Hammer. The Pro jec t  Manager was 
A.  Bruning. The Technical Representat ives  of NASA were  W. E. 
Bruce,  Jr. and R. R. Howell. 

Information reported is based partially upon discussions and/  o r  
visitations to NASA-Ames, NASA-Langley, Arnold Engineering Devel- 
opment Center,  Wright- Pat terson A i r  F o r c e  Base,  Johns Hopkins Ap- 
plied Physics  Lab, and Westinghouse Arc  Heater  Department.  

The objective was to  define those modes of high power energy 
addition that appear  feasible o r  promising f o r  la rge-s ize  wind tunnels 
operating a t  conditions corresponding to t r u e  flight simulation a t  
speeds  ranging f r o m  12,000 to  24,500 f t / s e c  (total enthalpies of f r o m  
3,000 to  12,000 Btu/ lb)  and total  p r e s s u r e  of f r o m  500 t o  5,000 psi .  
Details  of the operating ranges are shown in F igure  1.1-1. S t r eam 
power of in te res t  in the  task work ranged as high as 100 megawatts.  
To  indicate more  explicitly a possible range of mass flow, s t r e a m  
power, total enthalpy, flow ra te ,  and total  p r e s s u r e  the operating 
range of Fig.  1.1-1 is shown f o r  a s ix  foot d iameter  t e s t  c o r e  in 
Fig.  1 .1-2.  Modes considered included a r c  hea ters ,  magnetohydrody- 
namic (MHD) acce lera tors ,  and high-frequency discharge heating. 

1.2 Major  Conclusions 

The most  significant conclusions a r i s ing  f r o m  the study a re  as 
follows : 

1 .2 .1  The operating range of interest  considerably exceeds the pe r fo rm-  
ance  capability of existing hardware .  

1.2.2 Subsonic heating by an arc hea ter  offers  the most  promis ing  mode 
of energy addition for the lower  enthalpy/lower p r e s s u r e  portion of 
the  envelope. 
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1.2.3 Di rec t -cur ren t  MHD acceleration, employing an e lec t r ic  a r c  as  the 
pre-hea ter ,  offers  the most promising mode of energy addition f o r  
the higher enthalpy/higher p r e s s u r e  portion of the envelope. 

- 2 -  



2 .  ENERGY ADDITION METHODS 

2 . 1  Thermal  Energy Addition Methods 

2.1.1 Arc  Heaters  

Two configurations of a r c  hea ters  a r e  presently receiving in- 
tensive study. One employs a long a r c  paral le l  to the fluid flow 
direction, and is hereinafter r e fe r r ed  to  as an "axial flow'' a r c  
heater .  The other configuration employs a short  a r c  normal  to  the 
fluid flow direction, and is identified as a 
The two hea ters  wi l l  be discussed separately.  

I '  c r o s s  flow" a r c  hea ter .  

2 .1 .1 .1  Axial Flow Arc  Heaters 

A typical axial flow a r c  heater  arrangement  is shown sche-  
matically in Fig. 2.1.1.1-1. These arcs are  usually capable of 
adjusting their  lengths over a r a the r  wide range, with arc length 
influenced by m a s s  flow and p res su re  level. In cer ta in  cases ,  
however, the range of a r c  length is so small as to  be essentially 
fixed by the electrodes geometry, as shown in Fig. 2 .1 .1 .1-2 .  

There  a r e  two means of stabilizing the longitudinal arc. 
Each of these has  been used successfully. The first method is 
to introduce a high degree of swir l  t o  the incoming gas  through a 
high-speed tangential gas inlet. Tangential inlets at l a rge  rad i i  
a r e  helpful because they impart  more  angular momentum to  the 
gas. 
l ize  the a r c .  First, the swir l  centrifuges the colder and m o r e  
dense gas  to  the outside, thereby concentrating the hotter, m o r e  
conducting gas  toward the center  of the a r c .  This maintains a 
central  co re  of highly conducting gas fo r  the arc to  res ide  in. 
Second, the swir l  establishes a radial  p r e s s u r e  gradient such that 
the p r e s s u r e  is lower along the central  portion. Since a r c  voltage 
dec reases  with decreasing pressure ,  the a r c  is inclined to  remain 
in this central  core .  This s w i r l  stabilization technique has  proven 
very  effective in operation. 
scheme, compared with the constricted a r c  as described in the 
next paragraph, is the swir l  effect in the a r c  heater  effluent. 
Ei ther  a downstream stilling chamber  must  be  used to  damp out 
the swir l ,  o r  the swirl  must be tolerated in the nozzle throat and 
tes t  s ect ion. 

This swirling action exer t s  two effects which tend to stabi-  

The major  disadvantage of this  

The second stabilization method employs cold w a l l s  in c lose 
proximity to  the arc. This is the "wall-stabilized" o r  con- 
s t r ic ted" a r c .  The cold walls impose a low conductivity l aye r  on 
the gas  nea r  the wa l l .  
effectively, and has  the advantage of permitt ing a swir l - f ree  effluent. 

' 1  

This type of stabilization has been used 
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F r o m  theoretical  analysis, however, both of the above a r -  
rangements are  expected to  have a highly non-uniform outlet 
temperature  profile. This is the p r imary  disadvantage in using 
hea ters  employing a longitudinal arc. 

2.1.1.2 Cross-Flow Arc  Heaters 

A typical arrangement fo r  a cross-flow arc hea ter  is shown 
schematically in Fig. 2.1.1.2-1. In this type of heater ,  the arc  
length is usually much less than is found in axial  flow a r c  hea ters .  
Two advantages a r e  projected fo r  the cross-flow arc. F i r s t ,  the 
effluent gas i s sues  f rom a re se rvo i r  inside the cylindrical sur face  
described by the arc as it rotates;  consequently it has  a near ly  
uniform temperature  profile in this  r e se rvo i r  volume. Second, the 
t r ansve r se  a r c  lends itself more  readily to multiple a r c  operation, 
a significant advantage when three-phase power is available. 
typical three-phase a r c  hea ter  geometry is shown in Fig.  2.1.1.2-2.  
Figure 2 .l. 1.2-3 shows an  al ternate  arrangement  f o r  three-phase 
hea ters  which permi ts  ea s i e r  electrode spacing adjustment. 

A 

Both of these hea ters  may be  operated as multiple a r c  di- 
rect-current  hea te rs  provided sufficient ballast  is employed. 

The geometries i n  Figs .  2.1.1.2-1,  2.1.1.2-2, and 2.1.1.2-3 
have been successfully operated experimentally on alternating 
cur ren t .  That shown in Fig.  2.1.1.2-1 has  been operated on d-c 
a lso.  The geometry of Fig.  2.1.1.2-3 is current ly  being built in 
20 MW s izes  and i t s  performance should prove of significant in- 
t e r e s t  in the a r c  heater field (2.1.1.1).:: 

2 .1 .2  High Freauency Discharge Heaters  

One thermal  energy addition method frequently proposed em- 
ploys a high-frequency (RF)  discharge.  
personic s t r eam)  corresponds to the schematic of Fig. 2.1.2. It 
has  the advantage of not locating its electrodes in the gas s t r eam.  
This eliminates a source of much gas  contamination. Whether o r  
not it provides a significant advantage depends on whether the elec- 
t rode contamination constitutes a real problem. Ear ly  models of 
arc  hea te r s  produced highly objectional s t r e a m  contamination; but 
newer a r c  movement techniques, bet ter  electrode cooling, and im- 
provements in electrode mater ia l  have reduced such contamination 
to  the point where it is generally considered only a minor problem. 

This method (shown for  su-  

:::Numbers in parenthesis in  the text identify references cited in Section 10. 
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8 

F o r  effective heating, a R F  unit must  have a penetration depth 
a s  la rge  as the heating volume radius.  F o r  l a rge  power units, this  
would be 1 to 10 cm.  F o r  air, the frequency, f ,  conductivity, U ,  
and penetration depth, 6 , can be related by 

0 has  a value of about 1 0  m h o s / c m  
F o r  6 of l c m  and 10cm, this gives 

f l c m  = 2.5 x l o 6  cycles pe r  second 

flOcm = 250 x lo6  cycles p e r  second 

These megacycle power supplies cost  about $100/KVA. For  a 100 
megawatt unit, this amounts to $10,000,000 o r  2 to 3 t imes the cos t  
of a d-c supply. Spending severa l  million dol lars  mere ly  to  reduce 
electrode contamination - -  which is already at an acceptable level 
- -  makes R F  heating unattractive fo r  this  application. 

In addition, R F  heating introduces a very  difficult engineering 
problem. The p r e s s u r e  vessel  must  e i ther  be made of low-con- 
ductivity mater ia l  or segmented into many pieces. To date, a sat- 
isfactory p r e s s u r e  vessel  has  not been developed. 

High-frequency discharge heating in the supersonic section is 
a l so  not deemed feasible f o r  the reasons discussed in Section 4.1.4. 

2.1.3 Nitrous Oxide Combustion System 

Figure 2.1.3-1 shows a schematic of one fo rm of such a sys -  
We a r e  he re  interested in enthalpies of 3000 BTU/#  (7 x lo6 tem.  

j / kg )  and up. Such a technique a t  an  equilibrium flame tempera ture  
of 1600°R star t ing f r o m  5400R NO and N2 yields air a t  only 360 
BTU/#  (.84 x l o 6  j / kg )  which is only a ve ry  small par t  of the total  
energy required. Fo r  this reason no fur ther  consideration w i l l  be  
given to this  method. 

2.2 Directed Energy Addition Methods 

2.2.1 Direct  Current  MHD Accelerators  

Acceleration of air by body forces  makes possible the attain- 
ment of high total p re s su res  at high total enthalpies, yet without 
actually subjecting any part of the flow sys tem to extraordinarily 
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high p res su res .  The body forces  under consideration h e r e  a r e  the 
Lorentz forces ,  a r i s ing  from the c r o s s  product, j x B, of cur ren t  
density and magnetic induction, as might be provided in an MHD 
acce lera tor .  

In the past ,  considerable attention has  been focussed on MHD 
acce lera tor  sys t ems  in which the cur ren t  pas ses  through the gas in 
the "breakdown" regime (2.2.1.1, 2.2.1.2).  Although this  type of ac- 
ce le ra tor  may be of interest  fo r  space propulsion, i t s  application 
fo r  wind tunnels cannot be recommended due to the heterogeneous 
charac te r  of the output s t ream. Another type of MHD acce lera tor  
utilizes air as a partially ionized conducting medium. The conduc- 
tivity is a function of the tempera ture  and pressure ,  and is inde- 
pendent of the current  in the range of interest .  Such an acce lera tor  
has  been under investigation by Mess r s .  Wood and C a r t e r  (2.2.1.3). 
A closed helium loop with cesium seeding, embodying an MHD ac- 
ce le ra tor  of the equilibrium gas conduction type, has  a l so  been op- 
erated experimentally in Westinghouse laborator ies  (2.2.1.4). This 
l a t t e r  type of acce lera tor  lends itself quite well to  theoretical  anal-  
ysis ,  with reasonable expectation of fair agreement  between theory 
and experiment.  

2 .2 .2  Traveling Wave Accelerators (AC MHD) a 
An arrangement  fo r  a traveling wave acce lera tor  is shown in 

Fig.  2.2.2.1. Normally, all coils operate at the s a m e  frequency; 
requiring that the coil spacing increase  in the downstream direction. 
If such spacing w e r e  not done, the ensuing slip (excess of wave 
speed over gas  speed) would be unacceptable in some portion of the 
duct. Excessive s l ip  resul ts  in excessive heating; while low s l ip  
results in  excessive duct length fo r  a given acceleration. 

2.2.3 Self-Induced MHD Accelerator 

Efforts in developing space propulsion techniques have produced 
a technological breakthrough in obtainable specific impulses.  These 
high specific impulses correspond t o  extremely high enthalpies. 
The basic  geometry of a self-induced MHD generator  is shown in  
Fig. 2.2.3.1, although specific detai ls  of' the accelerat ing process  
are  not now known. Such devices have produced specific impulses  
of specific impulses  of 7,000 sec. and 10,000 sec .  (2.2.3.1, 2.2.3.2). 
The corresponding gas speeds and total enthalpies are: 

Spec if ic Impul s e Speed Total Enthalpy Total Enthalpy 
Btu/ lb  ( sec)  f t  / sec j / k g  

7000 225,000 2.3 109 1 x 106 
10000 322,000 4.6 109 2 x 106 
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2.2.4 Electrostatic Accelerator 

The arrangement  of a typical electrostatic acce le ra to r  is 
shown in Fig.  2.2.4.1. A potential advantage of this  sys t em acc rues  
f rom reduced joule heating since the electrons do not pas s  through 
the gas in the accelerating section. Theoretically, such an accel-  
e r a to r  could function well at low stat ic  tempera tures .  

Development in this field may prove of interest  fo r  future tes t  
facility work . 

- 7 -  



. 
3. STATE OF THE ART 

3.1 Thermal  Energy Addition 

3.1.1 

3.1.2 

3.1.3 

3.1.4 

A r c  Heaters  

A sufficient number of arc hea ters  have been operated at com- 
bined pressure-enthalpy levels to  make them of interest  in present  
investigations of thermal  energy addition. Unfortunately, in a l l  
ca ses  where the pressure-enthalpy level was of interest ,  the power 
level, and associated mass flow rate ,  proved much below the value 
of interest .  

Two generally different configurations of a r c  heaters  were  
found to be of interest :  the c r o s s  flow; and the axial flow. The 
la t te r  employ two types of a r c  stabilization, namely: swir l  stabi-  
lization; and wall stabilization. 

Fig. 3.1 . l- 1 i l lustrates  the "best" empirically limited per -  
formance determined during the course  of the survey made fo r  this  
study with all ratings and types considered together. 

High Freauencv Discharge 

The present  s ta te  of the a r t  f o r  high frequency discharge 
heating has  attained p res su res  too low to be of interest  here.  

Traveling Wave Accelerator (ac MHD) 

This device is relatively undeveloped, hence data is incom- 
plete. Reported data leave room fo r  doubt that the level of body 
force acceleration would be of interest  to this program. 

Self-Induced MHD Accelerator 

Present  interest  in self-induced MHD acce lera tors  centers  
pr imar i ly  in the space propulsion field.. As a result ,  measurements  
of flow distribution and gas propert ies  have been neglected, with 
emphasis placed on thrust  measurements .  At present,  the s ta te  of 
the gas s t r e a m  is largely unknown. 

Like the traveling wave accelerator ,  the self-induced MHD a c -  
ce le ra tor  is as yet relatively undeveloped. Principal interest  in 
this  area lies in the enthalpies corresponding to  the reported spe-  
cific impulses of 7 ,000 sec  and 10,000 sec;  i.e., in enthalpies of 
l o 6  Btu/ lb  and 2 x l o 6  Btu/lb. 
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3.1.5 Electrostatic Accelerators  

Electrostatic accelerators  a r e  in a very  ear ly  s tage of devel- 
opment, consequently there is no reported evidence of significant 
acce lera tor  ope ration. 

3.1.6 Direct Current  MHD Accelerators  

To date, direct  current  MHD acce lera tors  have not been r e -  
ported as operating at  conditions a t  o r  nea r  the envelope of in te res t  
here .  However, present interest  he re  is in the future developments 
of dc MHD acce lera tors .  

3.1.6.1 Experimental P rogram at AEDC 

The Arnold Engineering Development Center (AEDC) is now 
actively conducting an  experimental program having as its ult imate 
goal the development of an  a r c  heater-MHD acce lera tor  combina- 
tion capable of simulating essentially t rue  flight with speeds rang- 
ing f rom 2,000 m/sec  to 11,000 m / s e c .  Simulated conditions a r e  
60,000 m e t e r s  to  80,000 m e t e r s  at 2,000 m / s e c ;  and 80,000 to  
130,000 m e t e r s  at 11,000 m / s e c  on an altitude vs .  velocity plot. 
To date, experiments have centered on seeded nitrogen, and have 
been aimed a t  the study of specific problems of long standing; 
namely, wind tunnel type operation, r a the r  than mere ly  demonstrat-  
ing acce lera tors  . 

Discharge studies on seeded nitrogen, utilizing thermionically- 
emitting tungsten electrodes, have shown the difficulty of maintain- 
ing tungsten in the rather  narrow temperature  range between 
thermionic emission a n d  melting of the electrode. Experiments 
have shown water-cooled cold copper electrodes as being more  
sat isfactory in  this application. However, cer ta in  problems may 
be encountered in  long t ime operation with cold copper s ince it 
w a s  noted that the seed mater ia l  continually condensed o n  the 
electrodes.  

Beryllia and pyrolytic boron nitride were  found to  be  the best  
insulating mater ia ls  for t e s t  section sidewalls and between elec- 
t rodes.  However, cooling of the boron nitride proved to be a 
problem, since no satisfactory method was found of bonding this 
material to metal  fo r  the t ransport  of cooling water .  

An experimental a r c  heater  - MHD acce lera tor  combination 
has been developed at AEDC. Designed fo r  1 megawatt output, the 
unit has  a 2.5 centimeter square  entrance, a 77 cent imeter  length, 
and a ve ry  slight divergence to accommodate boundary l aye r  
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growth. The unit is provided with 117 pa i r s  of electrodes,  the 
central  60-pair being powered. 

A 20-electrode-pair channel, corresponding to  the upstream 
end of the experimental design, was constructed. Tests were  
performed a t  about 0.1 kg / sec  flow of nitrogen seeded with about 
1 percent potassium by weight. Inlet conditions were  1600 kcal/kg, 
0.6 a tm,  and 2000 m/sec .  The magnetic field was 1.6 tes las ,  and 
the 07 value fo r  these t e s t s  was between 1.5 and 2.0. 

Static p re s su re  and exit impact p r e s s u r e  measurements  were  
made on the above unit, and a velocity increase  of f rom 20 to 30 
percent w a s  calculated based on the measurements .  This increase  
proved somewhat greater  than w a s  anticipated. Accordingly, AEDC 
expects that the full 117-electrode-pair acce le ra tor  will be capable 
of more  than doubling the gas  velocity. 

This acce lera tor  unit is already in the construction and tes t  
stage of development. 

3.1.6.2 Contracted Work for  AEDC 

In addition to  the above in-hoi s e  vork, AEDC has  contracted 
with the Avco Corporation to supply an MHD acce lera tor  with ap- 
proximately 20 megawatts output. Pilot operation of this  unit w i l l  
be a s  a tandem attachment to  the output of a 20 MW three-phase 
a r c  hea ter  to  be supplied by Westinghouse. 
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4. FACTORS LIMITING PERFORMANCE 

The discussion in Section 4 is confined to  considerations of per form-  
ance related to power level, combined pressure-enthalpy attainable, and 
efficiency. Basic problems a re :  gas containment; energy input t o  the gas; 
energy retention in the gas; and acceleration of the gas  to suitable t e s t  
section conditions. F o r  the sake of convenience, heating is discussed sep- 
a r a t  ely f rom combined heating- MHD acceleration. 

4.1 Heating 

4.1.1 Gas Containment 

The maximum total p r e s s u r e  of the present  envelope of inter-  
est is 5,000 psi .  F o r  negligible speed heating and isentropic ex- 
pansion to  t e s t  conditions, this f igure would correspond to a hea ter  
s ta t ic  p r e s s u r e  of the same value. Although this  p re s su re  alone 
does not constitute a ser ious containment problem, the difficulties 
of providing adequate gas confinement become appreciable when re- 
quired gas  tempera ture  of f rom 4,700OK to 10,OOO°K a r e  to  be con- 
s idered.  Fur thermore ,  if supersonic heating is employed, then the 
necessary  heater  pressure  must greatly exceed 5,000 psi, as wi l l  
be discussed later. No  heater capable of operating satisfactorily 
at 5,000 ps i  was located in the course  of the investigation. The 
s ta te  of the a r t  curve (Fig. 3.1.1-1) indicates the possibility of pro- 
viding 2,000 ps i  of air at  4,60O0K. 
tainment design must be  achieved before  the most  demanding a r e a  
of the envelope (5,000 psi and 10,OOO°K) can be attained. 

A significant advance in con- 

4.1.2 Energy Input to Gas 

Cktaining adequate energy input to  the gas is usually a re la -  
tively s imple mat te r .  At l ea s t  one possible situation, however, can 
present  difficulties. For  a fixed electrode gap, an operating range 
can exist  wherein the a r c  charac te r i s t ics  resul t  in a voltage / curren t  
product essentially a constant above a given amount, Fig. 4.1.2-1. 
(Below such a current  value, the power decreases  with decreasing 
cur ren t . )  Hence f o r  a maximum electrode gap and a given flow 
rate ,  nozzle s ize ,  etc., operation would occur  on an a rc-charac te r -  
is t ic  curve of maximum power. Here the power would increase  
with cur ren t  increase until an operating level is reached such that 
the a r c  charac te r i s t ics  a r e  given by 

VI 2 constant = power input 

Fur the r  increase  in current will not resul t  in a power increase  
until a very  high current  value is reached; when power wi l l  again 

- 11 - 



increase  with current .  Unfortunately, cur ren t  levels  at which sig- 
nificant power increases  may be expected a r e  normally beyond the 
present  capabilities of a r c  heater  e lectrodes.  

4.1.3 Energy Retention in G a s  

4.1.4 

A considerable amount of energy is los t  between the t ime of 
its input to a gas  and the t ime the impelled gas reaches  the tes t  
section. Such a lo s s  is reflected not only in lowered efficiency; i t  
a l so  contributes significantly to  the ultimate combined p r e s s u r e /  
enthalpy l imit  of performance. It is not presently known how much 
of such a n  energy lo s s  is due to radiation and how much to  convec- 
tion. 

A s  energy input to  the gas is increased, one of two potential 
l imi t s  is ultimately reached. Either the power input limit is 
reached; o r  a ceiling is imposed upon ability to control l o s ses  due  
to  l imitations in chamber wall cooling. In e i ther  event, an inade- 
quate performance l imi t  is reached unless means of significantly 
reducing input power losses  are  provided. 

There  are  two possible methods, fo r  a given s ize ,  of reducing 
such energy lo s ses .  The convective l o s s  can be reduced by ensur-  
ing that gas  speeds are  kept at a minimum consistent with m a s s  
throughput; i.e., keeping the Reynolds number at a minimum. This, 
however, requi res  avoidance of gas s w i r l .  Alternatively, the com- 
bined radiation and convection lo s ses  could be reduced by utilizing 
a high tempera ture  porous wall t o  obtain regenerative heating of the 
input gas .  Determination of the effectiveness of e i ther  approach 
would require  fur ther  investigation. 

Acceleration of Gas 

Maximum heat flux occurs  in the region of the nozzle throat.  
Cooling in this  area imposes ser ious  l imitations on gas  acceleration. 
To date, a heat flux removal of about 40 x 106 B tu /h r  f t 2  has  been 
obtainable (at best)  only through nucleate boiling.:: Throat heat flux 
values f o r  the operating envelope cannot be predicted with reasonable 
certainty.  

‘RNon-boiling forced  convection with water  speeds in  excess  of 500 f t / s e c  
holds promise  of exceeding a heat flux of 40 x 106 B tu /h r  ft2.  This be- 
lief is based on the fami l ia r  equation Nu = 0.023 Res8 Pra3. 
experimental  verification wi l l  be required before sufficient confidence can 
be placed in such a prediction. 

However, 
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The employment of such schemes as t ranspirat ion cooling with 
gas and liquid, o r  with cold gas boundary l aye r  injection, may prove 
necessary  a t  the higher pressure /h igher  enthalpy conditions in  the 
envelope. 

A frequently proposed solution to the throat cooling problem 
is that of adding a la rge  portion of the accelerat ing energy down- 
s t r e a m  of the throat.  It is contended that this would permit  the 
throat  t o  handle gas  of a much lower temperature ,  with (hopefully) 
a correspondingly significant reduction in the throat  heat flux. A l -  
though such a proposal has not been exhaustively investigated, s u f -  
ficient work has  been done to indicate that such a technique holds 
l i t t le 
t e r s .  

promise of providing practical  values for  significant parame- 
This observation is substantiated in the following example. 

Consider two methods of heating fo r  a tes t  section s im-  
ulating Mach 11 flight conditions at 166,000 feet. The 
first method (termed "Case A") would heat the air in  a 
r e se rvo i r  to  simulate stagnation conditions a t  ze ro  speed. 
The second method ("Case B") would add one-half the 
energy at z e r o  speed; expand the air to supersonic con- 
ditions such that the s ta t ic  enthalpy is one-half that of 
the total enthalpy; add the r e s t  of the heat supersonically 
a t  constant pressure ;  and, finally, expand the air isen- 
tropically to  test section conditions. Details of the cal-  
culations involved a r e  presented in Section 9.2 of this 
report ,  with only the resu l t s  shown here .  The required 
throat  p re s su res  and nozzle throat heat fluxes a r e  as 
follows: 

"Case A" "Case B" 

Throat P r e s s u r e  (a tm)  142 822 
Throat Heat Flux (Btu /hr  

f t 2 )  9.6 x l o 6  12 .4  x l o 6  

It is to  be noted that supersonic heating produces a 
higher throat flux, due largely to the higher throat p re s -  
su re .  

4.1.5 Tes t  Section Gas Dynamics 

A l imited amount of experimental data on impact p r e s s u r e  
(Pat), with l e s s  information on heat t ransfer  r a t e s  and gas swir l  
angle, has  been acquired. 

W. B. Boatright (4.1.5.1) has  reported some data on a 4-ft. 
d iameter  t e s t  section driven by a 10 megawatt cross-flow heater.  
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This data is reported in t e r m s  of Mach numbers  as determined by 
measurements  of impact pressure .  A Mach number of 15.7 w a s  
measured a t  a point 3 inches above the centerline of the tes t  s ec -  
tion, with Mach 14.5 measured on the centerline.  These measure-  
ments  corresponded to a calculated s t r e a m  c o r e  Mach 16.8. Boat- 
right s ta tes  (4.1.5.1) that this  t r ansve r se  Mach number gradient is 
too l a rge  to  be attributable to source  flow effects. 

Work performed a t  NASA-Ames (4.1.5.2), employing Linde 
N4000 and N4001 hea ters  individually driving a 3/4-inch throat hav- 
ing a 24-inch exit and a 16-degree apex angle nozzle, has  shown 
impact p re s su re  as flat to f10  percent over  30 percent of the tes t  
section diameter .  These values were  based on the t e s t  section di-  
ameter ,  and fell off quite rapidly outside this region. Heat t r ans fe r  
data reported on these u n i t s  indicate heat flux imparted to a spher -  
ical  segment-cylindrical probe as being flat to  about f 1 3  percent 
over  the central  30 percent. Flux decreased rapidly outside this  
region. The investigators (ibid) consider this  data "preliminary". 

Mess r s .  Smith and Doyle (3.1.1.5) experimented with a 7.3-inch 
exit, M S  8, 15-degree apex angle nozzle operating with 37 atm,  2560 
Btu/lb stagnation condition. A i r  w a s  supplied by a Linde N = 2 a r c  
heater  delivering 1 megawatt to the s t r eam.  These experimentors 
report  an impact pressure  survey as being flat to f 5  percent over 
the central  65 percent of the s t r eam,  based on diameter .  They a l so  
report  data showing swirl  as being only a minor  energy component 
in the test section. This conclusion could be expected on the bas i s  
of calculations based on angular momentum conservation. The s a m e  
consideration leads one to expect a la rge  increase  in s w i r l  angular- 
ity a c r o s s  a normal  shock in  the tes t  section. 

Velocity profile data has  not been reported for  any of the units 
in operation. 

4.2 Gas Heating and MHD Acceleration 

4.2.1 Containment 

Containment problems associated with a heating and MHD ac -  
celeration combination center around the acce lera tor  unit. Con- 
versely,  the reduced total p r e s s u r e  and total temperature  require-  
ments imposed upon the preheater  (such as an a r c  hea ter )  render  
containment in the preheater a relatively s imple mat te r .  

One containment problem peculiar to MHD acce lera tors ,  is the 
very  high total temperature involved. 
hanced by seeding currently appears  the most  promising solution to  

Equilibrium conductivity en- 
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this  containment problem. If this mode is employed, the acce ler -  
a t o r  inlet could be expected to  operate at s ta t ic  and total conditions 
nea r  those used successfully in existing MHD generators .  However, 
total temperature  in  the exit region wi l l  be  that of the test section; 
i.e., 10,000oK f o r  the high speed end of the envelope. 

It is to be expected that this tempera ture  would induce severe  
heating of the duct wa l l s  in the downstream portion of the MHD ac-  
ce le ra tor .  If u s e  of hot ceramic walls is anticipated, s ince these 
have cer ta in  advantages over cold walls, then cooling of such walls 
may prove difficult in practice.  There  is, therefore,  some as yet 
unknown total temperature  which could not be adequately contained. 

4.2.2 Imparting Power to G a s  

Currently,  the principal limitation on imparting sufficient power 
to  the gas  is that of introducing the power directly.  It is desirable  
that a l a rge  portion of the energy to  be imparted to  the gas  be 
added as directed energy by means of body force  work, with only a 
minor portion to  be in the fo rm of thermal  energy added by joule 
heating. It can be shown that the rat io  of directed power to  total 
power is essentially the same as the rat io  of the counter emf (UB 
to  the applied field. This ra t io ,  t e rmed the "electrical  efficiency" 
is occasionally identified as a s  in Section 5.2 of this  report .  

Since a r b i t r a r y  control can be imposed over the applied field 
corresponding control can be exerted over the electr ical  efficiency. 
In practice,  however, selection of too high an  electr ical  efficiency 
resu l t s  in excessively long ducts, with frictional dissipation of the 
directed power. Thus the net efficiency can be very poor indeed. 
Section 5.2 of this  report  lists the effects of n selection, where 
c;llulLc of equals the electrical efficiency as noted previously. 
Without entering into detail, the pract ical  l imi t s  of n may be stated 
a s :  1.1 < n < 1 .2 ,  approximately. 

-I- -: - 

4.2.3 Energy Loss in the G a s  

A s  noted in the previous Section, energy lo s s  in the gas is 
pr imar i ly  concerned with the l o s s  of directed energy, which is one 
of dissipation to  thermal  energy. Such dissipation is due to  viscous 
e f fec ts  in the boundary layer.  Correspondingly, the less the friction 
of the flow in the boundary layer ,  the l e s s  wi l l  be the energy d i s -  
sipation. This fact leads to  the use  of e i ther  l a rge  c r o s s  section 
ducts; o r  t o  some forms of boundary l aye r  control, such as by 
bleeding of the boundary layer .  

Currently, the s ize  of the MHD acce lera tor  boundary l aye r  is 
not precisely known. Therefore, o r  a t  least until fur ther  work is 
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done in this area, it may b e  considered bes t  to  adopt the work re- 
ported by Wood (2 .2 .1 .3)  as indicating the minimum suitable duct 
s ize .  Thus Fig.  16 in that reference indicates a boundary l aye r  
which may be considered marginal fo r  facilities of in te res t  in a 
one-inch-square accelerator .  Thus one-inch may be taken as the 
approximate minimum dimension fo r  a duct of practical  value. 

4 . 2 . 4  P r e s s u r e  Gradient Acceleration of the Gas 

Anticipated operating conditions in the t e s t  section a r e  such 
that the MHD acce lera tor  would be followed by a divergent nozzle 
section to  provide acceleration to  the gas .  It is reasonable to ex- 
pect that wal l  heat fluxes in this  section would be about the s a m e  
as those f o r  a corresponding divergent section in a converging- 
diverging nozzle. This being the case,  no par t icu lar  difficulty with 
this  section is to  be anticipated. A s  a resul t ,  the gas  expansion 
process  is not expected to impose any se r ious  l imitations on t e s t  
sec t  ion ope ration. 

4 . 2 . 5  Gas Dynamics in the Test Section 

No experimental  work reflecting the gas  dynamics in  the test 
section has  been reported on expansion due to  use of an MHD ac -  
ce le ra tor .  Although no ser ious difficulties a r e  expected, experi-  
mental work will be required to  confirm this belief. 
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5. PROJECTED PERFORMANCE LIMITS 

NOTE: 
for  operation in  the prescr ibed envelope. 
a ra te ly  below. 

Two sys tems--arc  heaters  and MHD accelerators--show promise  
Each sys tem is discussed sep-  

5.1 A r c  Heaters  

The presently reported s ta te  of the a r t  curve (Fig. 3.1.1-1) is 
found to  pas s  thru  the lower enthalpy-lower p re s su re  portion of the 
envelope. That some improvement in performance may be expected 
is obvious, 
ing just  what the upper l imit  will become. However, fo r  the c a s e  of 
axial  flow constricted a r c  heaters,  a procedure for  establishing ulti- 
mate  performance c r i t e r i a  is apparent. 

Means a r e  not presently available for  accurately predict-  

Stine, Watson and Shepard (Ref. 5.1.1) of NASA-Ames have pre-  
dicted performance of constricted a r c  hea ters  by a digital computer 
solution of the axially symetr ic  flow equations. The validity of these 
predictions appears  t o  depend pr imar i ly  on the input data of gas  
propert ies .  In particular,  the radiation and thermal  conductivity data 
a r e  not now well known. Programs f o r  gathering radiation data a r e  
current ly  active a t  NASA-Ames (inhouse) and for  NASA-Langley (un- 
d e r  contract) .  These programs should relieve the radiation data 
problem. With thermal  conductivity as the remaining problem a rea ,  
the following procedure should prove useful. 

A hea ter  of a s ize  suitable fo r  extensive testing (about 10 MW) 
could be designed with currently available conductivity data and the 
forthcoming radiation data. Such a hea ter  would be experimentally 
tes ted so  as to  allow determination of the g ross  axial heat flux d i s -  
tribution. The d i sc rep i i cy  betweer, the theory and experiment will 
indicate changes i n  input conductivity data. 
b e  used as input fo r  the computer program, although some iteration 
m a y  be required.  This extension of the Stine, Watson and Shepard 
approach should provide the means of predicting, as well as designing 
for ,  ultimate constricted a r c  heater  performance. 

These new data may then 

Despite the fac t  that t ranspor t  data is not available in the 100 
atmosphere range to permit accura te  resu l t s  f rom such calculations, 
a prel iminary resul t  (based upon a heat flux containment l imit)  f o r  a 
constricted a r c  axial flow unit has been developed, Fig.  5.1-1. 

Prediction of a containment l imit  f o r  a c r o s s  flow heater  suffers  
not only f rom the s a m e  lack of high temperature  and temperature  
t ranspor t  data, but a l so  from having such a complicated flow pattern 
that application of the Heller-Ellenbaas equations to this sys tem is 
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very  difficult. Howe r, a crude model has  been de 
, 

reloped in con- , 
nection with contract  NASl-3629-3. Using these resu l t s  the contain- 

I 

- 

ment l imit  curve  for a 62 MW hea ter  shown in Fig. 5.1-1 resu l t s .  

It can not be emphasized too strongly that both of these con- 
tainment l imit  predictions i n  the region of interest  can be in l a r g e  
e r r o r  because of lack of a r c  radiation data.  

5.2 MHD Accelerators  

Consider MHD Accelerators  using ces ium seeded a i r  a s  the 
working fluid. Tables I and I1 give compositions and proper t ies  of 
the equilibrium gas mixture a t  various te'mperatures and p r e s s u r e s .  
Calculations of chemical equilibrium follow well known thermochem- 
ical methods, using data from Ref. 5.2.1. Calculations of conductivity 
generally follow the l ines  of Ref. 5.2.2. Negative ions of the spec ies  
0 - ,  NOi, CN-, and NO' a r e  considered in calculating electron density. 

I t  It may be argued that alkali-seeded a i r  produces a contami- 
nated" s t r e a m  in the tes t  section. It is not the intention he re  to  en- 
t e r  into all the aspec ts  of the seeding question. However, a good 
case  can be made fo r  the u s e  of seeding on the ground that in many 
(or  most )  wind tunnel applications, an air  s t r e a m  slightly contaminated 
with ces ium is no more  undesirable than an air s t r e a m  provided f rom 
an MHD acce lera tor  with alternative ionization procedures .  

A map  of the enthalpy-entropy field is shown in Fig.  3 .2-1.  In 
this Figure,  a dot-dash boundary outlines the region of stagnation 
s ta tes  corresponding to that shown previously in Fig.  1.1 - 1. 

Certain points, (a) (b) (c) (d) (e) ( f ) ,  a re  to be noted in Fig. 
3.2-1. These represent  siagiiation states for  c a s e s  that ha\-e been 
examined fo r  application of the h;IHD acce lera tor .  Enthalpy, entropy, 
p r e s s u r e  and tempera ture  data fo r  a i r  a r e  taken f rom Ref. 3.2.3.  

In discussing the influence of such fac tors  a s  p r e s s u r e  leT-el and 
n-value, n is taken as  the ra t io  of applied field to  counter emf, uB. 
A s  noted previously, l / n  i s  a measu re  of the electr ical  efficiency of 
the acce lera tor .  

The resu l t s  f o r  the s ix  cases studied will be given for  the 
n-value 1.15, which corresponds to an electr ical  efficiency of 0 . 8 6 9 .  
Use of lower n necessitates c lose r  control over  joule heating losses ,  
and does not contribute any advantages to  generator  design. Use of 
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appreciably l a rge r  n leads to excessive values of the Hall coefficient 
F o r  cases  ( a )  (b) (c)  (d), the p r e s s u r e  level in the acce lera tor  w a s  
selected to give an inlet stagnation p r e s s u r e  ( a r c  heater  chamber) of 
100 atm. 
w e r e  employed. 

In cases  (e) and (f) ,  inlet stagnation p r e s s u r e s  of 7 a tm 

The inlet and outlet a r e a s  A 1  and A 2  correspond to a tes t  s e c -  
tion area A3 = 2.605 m2 (28.3 ft2, 6 f t  d iameter  co re  fo r  which total 
data is presented in Fig. 1.1-2). This  is the area assumed fo r  the 
comparisons discussed in Section 6 of this report .  It may be d e s i r -  
able to a l t e r  A I ,  A2, A3 proportionately to  achieve a l a rge r  tes t  s e c -  
tion or l a rge r  acce lera tor  cross sections.  

:::This comes about because the acce lera tor  inlet temperature  is reduced 
as n is increased, hence mean conductivity is reduced and B is increased 
to maintain a given length. A s  a resul t ,  the product pB increases .  

The choice of n-value, then, may be summed up as follows: 

Starting with n close to unity, increase  of n wi l l  a t  f i r s t  exer t  no adverse 
effect by causing a la rge  H a l l  coefficient; but eventually, a t  around n = 
1.20, the Hall coefficient begins to  increase  rapidly. Increase  of n, with 
constant p1, p2 and pit, wi l l  

decrease  T1  
decrease  T (average of T1 and T2) 
decrease  uB2 
decrease  S I  

The situation regarding choice of p r e s s u r e  level is as follows: 

Decrease  of p1 and p2 with specified p l t  w i l l  

decrease  s1 
decrease  T1, T2, T 
decrease  (T 

increase  p 
decrease  o'B2 
increase  pB 
i nc rease  A I ,  A2,  d l ,  d2 
have a favorable effect on heat loss and friction lo s ses  

It is des i rab le  that the lowest p r e s s u r e  level be used which is acceptable 
f r o m  the standpoint of the magnitude attained by pB. This quantity should 
preferab ly  be kept below 10; or ,  even better,  below 8. 

I 
L 
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Table I11 presents  the data fo r  the six cases .  Reference may 
be made to Figs.  5.2-2 and 5.2-3 fo r  notations. 

It is seen f rom Table 111 that wide variations occur  in the r e -  
quired electr ic  power (for the accelerator) ,  PE: 
KW in case  (a), to  1.82 KW in case  (d). 

ranging f rom 22,500 

In o r d e r  to  operate an MHD acce lera tor  f o r  alt i tudes as low a s  
that of ca se  (a) namely 250,000 ft., a high p r e s s u r e  level,  such a s  1 
a tm,  must  be  employed in the accelerator .  
p re s su re  were  used, the temperature  in the acce lera tor  would be too 
low and conductivity would be adversely affected. 

If an appreciably lower 

A t  very high altitude conditions the appropriate p r e s s u r e  in the 
acce lera tor  is quite low, being about 0.01 a tm.  Higher p re s su res  
lead to very  small duct dimensions and appreciably higher gas  tem- 
pera tures .  Still lower p re s su res  than 0.01 a t m  would lead to  exces- 
s ive p B  values.  The difficulty encountered a t  tes t  section simulated 
altitudes of 400,000 ft. and over  is that the a r e a  of the acce lera tor  
duct section is very  small ,  unless  the tes t  section a r e a  is very  la rge .  
Thus, for  ca se  (d) we find f o r  A3 = 2.605 m2 the dimension d l  = 
0.008 m.  To obtain a bigger duct, the ent i re  wind tunnel must be 
built to  l a r g e r  scale;  e l se  an appreciable fraction of the flow must be  
wasted. 

It might be possible for the tes t  section conditions represented 
in cases  (e) and (f) ,  and the corresponding stagnation conditions, to 
be reached by arc-heated wind tunnels of future  design, going beyond 
present  day attainments.  In any event, the relative difficulty of the 
two approaches,  f o r  ca se  (e) for  example, may be compared as fol- 
lows: 

Arc  Heater MHD 

A r c  chamber p: 6 3  a t m  7.0 a tm 
Arc  chamber h: 5450 Btu /#  3240 Btu/# 

By designing the MHD acce lera tor  to run a t  1 a tm p r e s s u r e  it 
appears  possible to  simulate altitudes in the tes t  section as low as 
200,000 f t .  

The foregoing discussion re la tes  to  the potential co re  of the 
flow. Since friction and thermal  boundary l aye r s  will exist  along the 
t e s t  section walls, the actual duct a r e a  must  be  l a rge  enough to  pro-  
vide the gas  fo r  these layers ,  in addition. to  the potential core .  Wall 
and electrode constructions may be envisaged to keep gases  of high 
stagnation enthalpy away from the walls. Any discussion of acce ler -  
a t o r  construction concepts, however, l i e s  beyond the scope of this  report .  
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It may be stated,  then, that the MHD acce lera tor  appears  appli- 
cable to  a l l  conditions represented all s ix  c a s e s  (a) . . . . . . ( f ) .  
Only the lower left portion of the dot-dash region shown in Fig. 5.2-1 
is considered doubtful f o r  MHD acce lera tor  application. 

It w i l l  be noted that Table I11 indicates p l t  p r e s s u r e s  as con- 
siderably below those of ~ 3 ~ .  
in the a r c  hea ter  chamber when the MHD acce lera tor  is used is con- 
siderably below that required were  the heater  to discharge direct ly  
into the accelerat ing nozzle and t e s t  section. Attainment of high 
chamber  p r e s s u r e s  at high stagnation enthalpies, however, generally 
poses difficult problems where good durability, low contamination, 
s t r e a m  homogeneity and prolonged operation a r e  desired.  Conse- 
quently, there  can be a real  advantage in pursuing fur ther  development 
of an MHD-DC accelerator .  

In other  words, the p r e s s u r e  required 

It is a l so  to be noted that the velocity ra t io  for  the acce lera tor  
necessary  to real ize  the advantages inherent in i t s  use is generally 
not large,  being i n  the range of 1.1 to  1.5. 
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TABLE I1 

2300% 
.01 atm 
9 05 
.10 
9 15 

25000 . 01 
05 

.10 
15 

27000 . 01 
0 5  

.10 
15 

29000 . 01 
05 

.10 
15 

A i r  and 0.005 Cesium by Weight 

Electron Mobility and 
Electrical  Conductivity 

2 
1, sec vol t  

92.686 
24.235 
13 375 
9 399 

76.429 
20.766 
11.661 
8.287 

67.155 
18.083 

7.324 
10.244 

65.209 
16.454 
9.256 
6.615 

69 ' 587 
39 153 

20.762 
27.214 

115.34 
76 0259 
59.810 
50.431 

161.38 
121.22 
101.30 
89.55 

197 68 
167.61 

134 57 
147.48 
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A l t .  ft. 
Speed, m/6ec 
S3/R 
T3 OK 

h3t x 3/kg 
P3t a t m  

TABLE I11 

Case Data for  Figure 5.2-1 

Case 

(4 
2 50000 
5000 
33.20 
196 

20.07 
12 0695 
570 

1 .15  

32.38 

195200 

1.00 

2800 
2470 
.1243 
.143 
.00888 
.01049 
3.61 
2.99 
,0942 
.lo24 
11260 
3140 
100 
'7.925 
2635 
!tG 

1.2 
5.06 
6.08 
1.00 
1 358 
4.71 
22,500 

Case 

(b) 

300000 
6000 
35 083 
195 
18 5000 
1.249 
18.105 
490 

1 . 1 5  
0.15 
34 75 
2880 
2585 

01775 
.02125 , . ooo 396 . oook29 
4.18 
3.33 . O i g 3  
.0207 
5290 
4080 
99 
11.665 
2732 

7.2 
1.2&1 
9.27 
1.00 
1.296 
0372 

242.5 

nL 
YJ 

Case 

(4 
35000 
7000 
39 1 5  
242 
242000 
0.1121 
24.742 
275 

1.15 
0.05 
38 34 
31 65 
3030 . OOhg75 
.00534 
.000097 
.000104 
6. ob3 
5 325 
.0098 5 
.0102 
6115 
5275 
100 
19.234 
3097 
215 
1-5.5 
0.378 
5.86 
1.00 
1.16 
.00295 
16.25 

Case 

( d  1 
400000 
8000 
42.40 
38 5 
386000 
0.0211 
32.386 
190 

1.15 
0.01 
41.80 
3300 
3100 
.000899 
000975 

.0000634 

.0000638 
7.35 
6.76 
.00796 
' 00799 
7080 
6495 
99 
27.866 
3200 
233 
67 
0. 1245 
8.34 
1.00 

.OW404 
1.090 

1.823 

Case 

(4 
300000 
5000 
35 -83 
195 
185000 
1.249 
12.685 
63 

1.15 
l0.15 
35-00 
2880 
2670 
.0177 
0195 

.000424 

.000560 
4.19 
3.52 
.0206 
.02366 
4120 
2835 
7.0 
7.545 
2775 -- 1 n6 - 
7.05 
1.22 
8.60 
1.00 
1.453 
.031 
159 

Case 

( f) 

7000 

38 5 
386000 
0.0211 
24.886 
31 

1.15 
0.01 
41.53 
3300 
308'7 
.000899 
.000984 
.0000666 
.0000734 
7-35 
6.52 
.om16 
. om57 
5925 

7.4 
10.526 
3193 
2 32 
66 
0.1644 
10.85 
1.00 
1.208 
,000354 

400000 

42.40 

4900 

2.25 
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. 
' 0  

6.1 

6.2 

6. COMPARISON OF ENERGY ADDITION METHODS 

Bas is  of Comparison 

For  the purpose of comparison, a single operat ing point will be 
considered. The chosen condition corresponds to  t r u e  flight s imula-  
tion a t  166,000 ft .  a t  a Mach number of 11. A six-foot d iameter  
s t r e a m  is assumed.  For  this condition, the pertinent quantit ies a r e :  

Z = 166,000 f t  

M = 11 

- = 30.77 
R 

p = 7.31 x a t m  

po = 222 atm 

T = 270.65'K 

To = 4600°K 

= 5.95 10-5 w t 3  

= 1.018 # / f t3  P O  

a = 1082 f t / s e c  

h = 117 B tu /#  

ho = 2950 Btu /#  

m = 20.0 # / s e e  

P = 62.2  MW 

Comparison of Most Promising Methods and Required Advances 

The most  promising sys t ems  f o r  energy addition a r e  axial  flow 
a r c  hea ters ;  c r o s s  flow a r c  hea ters ;  and MHD acce le ra to r s .  P r e s e n t  
per formance  data pertinent t o  this  operating point ( t rue flight s imula-  
tion a t  Mach 11 and 166,000 ft.) a r e  shown in Table IV following. 
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TABLE IV 

System Performance Data 

Stream Total Total Effi- 
Foot- Power P r e s s u r e  Enthalpy ciency 

Remarks note MW 70 atm 70 Btu/#  yo 70 

required 
conditions - 62.2 100 222 1 0 0  2950 100 - 

axial flow 
a r c  heater  1 .15 .25 100 45 4000 136 4 1  

2 1.8 2.9 67 30 3310 1 1 2  46 1 1  I I  

2 2.4 3.9 44 20 3840 130  5 1  I I  I 1  

1 .13 . 2 1  20 9 9900 346 44 I I  1 1  

c r o s s  flow 
a r c  hea ter  3 1.2 1.9 1 0 0  45  2700 92 26 

MHD 
acce lera tor  4 . 2  3 -2 1 17200 580 6 0  

1. Linde 1/4-MW Heater (Ref. 6.2.1) 

2 .  Linde N-4000 (Ref. 6.2.2) 

3. Westinghouse 10-MW Heater (Ref. 6.2.3) 

4.  NASA-Langley 2.5 cm Accelerator (Ref. 6.2.4) 

A s  w i l l  be noted from the above Table, none of the units cited 
a r e  in the required power range. P r e s s u r e  levels  a r e  l imited to 
about half that required.  The a r c  hea ters  have operated nea r  the 
required enthalpy at half the required p res su re .  

The l a rges t  advance required in the s ta te  of the a r t  is obviously 
an  increase  in the power level by an o r d e r  of magnitude o r  more.  
Performance predictions based on scaling (by s i ze  only, not enthalpy 
level)  by the required factor of 20 o r  30 cannot be made with suita- 
ble  confidence at this time, although some  scaling laws have been 
developed on an empirical bas i s  (Ref. 6.2.5). These laws appear  t o  
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. 
be somewhat incomplete and the i r  validity f o r  scaling by a factor  of 
10 o r  more  has  not yet been established. They a r e ,  however, the 
best  present ly  available. Should these ru les  of scaling prove valid, 
o r  i f  they can be modified so as to  become valid for  the 50 MW 
heater  under construction (Ref. 6.2.5), this would be ve ry  significant 
to  the high power-high speed facil i t ies of in te res t  in this  contract .  
Acceptable scaling predictions f o r  axial flow hea ters  and MHD accel-  
e r a t o r s  will likely precede those f o r  c r o s s  flow hea ters  because of 
good mathematical  models. How well these models will predict  per -  
formance wi l l  need to  be determined f r o m  additional work. 

A second major  s tep to be taken is an increase  in p re s su re .  
P r e s s u r e  containment a t  222  a t m  presents  no real problem. Attain- 
ing 2950 Btu/# at a pressure  above 100 a t m  is presently possible, 
100 a tm and 4000 Btu/# having already been reached. 

An improvement in efficiency, although highly desirable ,  does 
not appear  attainable with the present  cold metall ic wall. Develop- 
ment of a regeneratively cooled high temperature  w a l l  may provide 
a significant increase  in efficiency. 

6.3 Ultimate Performance Limit Comparison of Axial and Cross Flow 
Arc  Heaters  

A s  has  been mentioned severa l  t imes,  controversy exis ts  a s  to  
the relative m e r i t s  of the cross flow and the axial flow arc sys tems.  
Proponents of the c ros s  flow sys tem have proposed as its vir tue a 

uniform''  thermal  c r o s s  section to  the nozzle. At the s a m e  t ime 
the re  has  been no evidence that such a unit can be operated above 
the experimental 3000 Btu/#,  100 a t m  limit .  

1 1  

n-.-nn- r V p V I I G l l L a  rrr?+" ~f t h e  axial flow cnncept have proposed a s  its virtiie 

the ability to  reach much higher enthalpy-pressure conditions based 
upon well developed theory, and l e s s  well developed fundamental t r ans -  
port  data. A t  the same  time such an approach has  developed theoret-  
ical  data which indicates the thermal  profile will be ve ry  non-uniform 
under some conditions of interest .  

In this  comparison between the two concepts reference 6.3.1 
presents  a qualitative model f r o m  which the conclusion fo r  the c r o s s  
flow a r c  is drawn that "little hope exis ts  fo r  achieving high values 
of enthalpy in the core  at the tes t  section:\ because most  of the heat 
is received from the relatively cool aureole." 

:$Sine, €3. A.; The Hyperthermal Supersonic Aerodynamic Tunnel, Int. Union 
of P u r e  & Applied Chemistry,  Butterworths, London, 1964. 

- 27 - 



This study should, i f  possible reach conclusions concerning the 
possible potential comparative performance of the two types of a r c  
hea ters .  
upper l imit  of a c r o s s  flow a r c  sys tem for  comparison to  the axial 
a r c ,  this is the first s tep in this  process .  Fig. 6.3-1 qualitatively 
indicates a thermal  profile calculated fo r  a typical c r o s s  flow a r c  
heater .  Based upon this  configuration work in connection with NAS1- 
3629-3 (5.1.3) has  calculated heat l o s ses  fo r  such a unit. Fig. 5.1-1 
indicates a comparison between the c r o s s  flow and an axial flow con- 
tainment limit. 

Since no one has  t r ied  to quantitatively project the possible 

Based upon these comparisons (between different ratings) one 
would conclude that 

1. The axial  flow system can reach a higher peak enthalpy, 
ignoring profile considerations and rating influence (it is this  
that prompted the original plasma je t  work by Siemens 
Schuckert in the 1930's to  develop a radiant lamp source  to  
pursue this technique). 

2. The c r o s s  flow system, if it  is indeed uniform in  
thermal  profile, h a s  not been developed to  the l imits .  

3 .  In the high pressure  regime, particularly,  development of 
a r c  hardware should lead to coverage of a much grea te r  
proportion of the envelope of interest  to NASA. 
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7. CONCLUSIONS 

NOTE: The following conclusions are based on: a) an examination of 
the l i t e ra ture ;  b) engineering calculations; and c)  examination of facil- 
i t i e s  and discussions with personnel working in  this field a t  NASA -Ames, 
NASA -Langley, Arnold Engineering Development Center,  Wright -Pa t te rson  
A i r  F o r c e  Base  and Westinghouse E lec t r i c  Corporation. 

7.1 

7.2 

7.3 

7.4 

7.5 

7.6 

7.7 

7.8 

7.9 

7.10 

The minimum required enthalpy of 3,000 B tu /#  f o r  the operating 
envelope h a s  only been achieved a t  p r e s s u r e s  up to  100 a t m  and 
then a t  a power of 1/4-megawatt  ( R e f .  7.1.1). 

The maximum power of any existing unit potentially capable of 
operating in  any pa r t  of the envelope is 5 megawatts (Ref s .  7.2.1, 
7.2.2). 

A r c  hea te r s  have operated sat isfactor i ly  in the low enthalpy and 
medium to low p r e s s u r e  portion of the envelope. 

The re  is no known technological reason  why the a r c  hea te r ’ s  capa-  
bility cannot be fur ther  extended into the higher p r e s s u r e  -higher 
enthalpy region of the envelope. 

The present  s ta te  of the a r t  for  a r c  hea te r s  falls s o  far shor t  of 
the high enthalpy-high p r e s s u r e  pa r t  of the envelope that i t  is very 
unlikely that a r c  hea te r s  can cover  the en t i r e  envelope. 

MHD accelerat ion appears  unnecessary over  the low enthalpy p o r -  
tion of the envelope. 

The ult imate per formance  l imi t s  of MHD acce le ra to r s  lie outside 

cover  that portion of the envelope not covered by a r c  hea ters .  
+h- L l l C  n - ~ - r \ n  I r;,;”,, Gf interest here ;  cer,sequently MHD accelerators ca.n 

The s ta te  of the a r t  of Self-Induced MHD is not sufficiently devel-  
oped to  allow a rel iable  prediction of i t s  application to  wind tunnels;  
however, the high enthalpies obtained with this device are of i n t e r -  
es t .  

E lec t ros ta t ic  accelerat ion is unattractive because no c l ea r  advantages 
over  MHD exis t  and the technical problems of charge production and 
charge neutralization have not yet  been solved. 

High frequency discharge heating is unattractive because no c l e a r  
advantage ex is t s  over  a r c  heating; the cost  of the power supply is 
considerably g rea t e r ;  and the a r t  of hardware  development is not as 
well developed. 
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7.11 Traveling wave pumps (alternating cu r ren t  MHD) are presently 
unattractive because of lack of development and lack of operating 
flexibility in a given piece of hardware.  

7.12 Nitrous oxide combustion i s  unattractive because of the low enthal-  
p ies  obtainable. 

7.13 Supersonic heating in any fo rm is unattractive because of i t s  fa i lure  
to re l ieve the nozzle throat cooling problem and i t s  s eve re  ups t ream 
total p r e s s u r e  requirements.  

7.14 Accuracy of air radiation and conduction proper t ies  are the pr inci-  
pal 
axial  f low a rc  heaters .  

limiting fac tors  on predicting the upper l imit  of performance of 

7.15 The principal factor  limiting the accuracy of predicting the upper 
l imit  of performance of c ros s  flow a r c  hea te r s  is the lack of a 
suitable mathematical  model. 

7.16 For hea ters  within or near the present  s t a t e  of the a r t ,  prediction 
of performance l imits  for axial flow hea te r s  w i l l  continue to  be  
more  accura te  than those for cross f low hea te r s  due to  the com- 
plexity of the flow and heat t ransfer  in c r o s s  f l o w  hea ters .  

7.17 The experimentally determined performance of axial  f l o w  hea ters  
is super ior  to  that f o r  c r o s s  flow hea ters .  In t e r m s  of maximum 
p r e s s u r e  and high enthalpy (100 a t m  and 3,000 to  4,000 Btu/#)  and 
in  t e r m s  of low p r e s s u r e  maximum enthalpy (1  a t m  and 5,000 to  
30,000 Btu/#)  the axial  flow heater  is slightly super ior .  In t e r m s  
of efficiency, the axial f low hea ter  is markedly super ior .  

- 1 .  L O  - 0  m ~ -  Illt: lllQJul P n - t n r .  i a L L w A  l i m i t i n 0  L I L L L L U - L - ~  a r c  hea-ter performance is the maximum 
allowable wall heat flux of 40 x 106 Btu/ft2 hr .  

7.19 Swir l  in the tes t  section result ing f r o m  s w i r l  in the a rc  hea ter  is 
quite low in the free s t r e a m  but may be  of concern downstream of 
model induced shocks. 

7.20 Measurements  to  date of tes t  section thermal  and velocity profiles 
are very  rough and a r e  inadequate for an  accura te  and rel iable  
s ta tement  of these important tes t  section propert ies .  

7 .21 The theoretical  treatment of MHD acce le ra to r s  is m o r e  highly de- 
veloped than that for a r c  heaters ,  but the hardware development of 
MHD acce lera tors  is far behind that for a r c  hea ters .  

7.22 The maximum power of hea ters  presently under construction is 
65 MW. 
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7.23 Significant MHD acceleration h a s  been achieved, but only a t  con- 
ditions far removed f r o m  true flight simulation within the operating 
envelope of in te res t  here .  

‘a 
7.24 There  is a minimum s ize  for  which MHD devices can be used for 

sma l l  scale experiments.  Below this size,  boundary layer  effects 
are disproportionate and resul ts  cannot be  scaled.  A pract ical  
minimum s i ze  for studies of a 100 MW unit is in the 10 to  100 
megawatt range. 

a 

7.25 A s t rong  difference of opinion ex is t s  as to  the m e r i t s  of seeding 
in MHD acce lera tors .  Reliable investigators repor t  that less non- 
equilibrium energy ex is t s  in the seeded air a t  the tes t  section. 
Catalytic effects of seeding are not known. 

7.26 The upper l imits  of arc heater performance have been predicted, 
and are shown to exceed the en t i re  operating envelope in t e r m s  of 
p r e s s u r e  and enthalpy. 

7.27 One axial  flow a r c  heater ,  built a f te r  careful design, has  performed 
a t  low p r e s s u r e  a t  conditions significantly in excess  of the then 
s ta te  of the a r t .  

7.28 No high p r e s s u r e  a rc  heater,  ei ther axial  o r  c r o s s  flow, has  been 
built using the presently available best  analytical bas i s  fo r  design. 

7.29 An axial  f low-constricted-arc hea ter  designed on the bas i s  of the 
best  available analytical approach would have an excellent chance 
of meeting the maximum pres su re  -minimum enthalpy requirements  
of the envelope as well as s o m e  of the lower pressure-higher  en -  
thalpy par t  of the envelope. 

7.30 A cross flow heater ,  on a theoretical  basis,  should have more  uni- 
form thermal  profile than an  axial  flow unit. 
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8. RECOMMENDATIONS 

8 .1  That portion of the operating envelope which can be covered by 
an axial  flow cons t r ic ted-arc  a r c  hea ter  of high power should be  
accurately determined. This can be accomplished by a th ree - s t ep  
p rogram as follows: 

8.1.1 Design a 100 MW heater  and obtain performance predictions based 
on a digital computer solution of the radial ly  symmet r i c  flow equa-  
tions. This  would follow the method of Stine, Watson and Shepard 
(Ref. 8.1.1.1) of NASA-Ames, but would not be l imited to this 
model. 

8.1.2 Repeat this s t ep  f o r  a heater  of 10 MW s ize .  

8.1.3 Construct and experimentally t e s t  the 10 MW heater  to  de te rmine  
the accuracy  of the computer solution fo r  hea te r  performance.  
Data f r o m  this program w i l l  suggest improvements  i n  input data 
fo r  the foregoing s teps .  If the accuracy  of prediction is not ini-  
tially satisfactory,  re runs  of the f i r s t  s tep  and the performance 
prediction pa r t  of Step 8.1.2 may be  desirable .  

8.2 The c r i t i ca l  problem a r e a s  of high power d i rec t -cur ren t  MHD a c -  
ce l e ra to r s  should be defined and solutions sought. This acce le ra to r  
would be one suitable for operation in the high enthalpy - high p r e s -  
s u r e  pa r t  of the operating envelope. P r o p e r  s teps  fo r  accomplish-  
ing this are as follows: 

8.2.1 Detail  design a la rge  power MHD acce le ra to r  for operation in the 
high enthalpy - high p r e s s u r e  pa r t  of the envelope. 

8 . 2 . 2  Filfifil the desigr, of this first step, d e f i n e  the c r i t i ca l  p roblems of 
actual  manufacture and operation. 

8 .2 .3  Solve those problems of Step 8.2.2. Solutions w i l l  probably be  a r -  
r ived a t  f r o m  experimental  work on components of the acce lera tor ,  
combined with design ingenuity. 

8.2.4 Incorporate  the r e su l t s  of Step 8.2.3 in the original design of 
Step 8.2.1 From this final design, determine i f  i t  is feasible  to 
use  a MHD acce lera tor .  

8 .3  Understanding of radiation p rocesses  f r o m  high p r e s s u r e  a r c s  is 
an absolute requirement before  enthalpy scaling of a r c  h e a t e r s  
can be accomplished. This program should consist  of: 
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8 . 3 . 1  

8 . 3 . 2  

8 .4  

A theoretical  calculation of radiation emission and reabsorption 
for  a rb i t r a ry  Planck source functions should be performed.  

Spectral  data fo r  a w e l l  defined configuration should be collected 
to  permi t  determination of the Planck source  functions. 

A sea rch  for  theoretical  insight into the cross flow heater  should 
be continued because of i ts  potential super ior  profile. When rea- 
sonably accura te  transport  data are available a comparison of 
optimized axial  f low and c r o s s  flow units of the same rat ing should 
be made. Such a comparison a t  the present  t ime is not warranted 
in view of the lack of high p r e s s u r e  radiation data and a confirmed 
theoretical  model of a cross f low heater .  
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9. APPENDIX 

9.1 Measuring Systems 

9.1.1 M a s s  Flow 

Measurements of the m a s s  flow r a t e s  of the gas  to be  heated 
are presently being made ei ther  by means of subsonic sharp-edged 
or i f ices ,  with sonic nozzles; or with supersonic nozzles. (Turbine 
m e t e r s  are outside the experience of the authors.)  

Subsonic'; sharp-edged or i f ices  have been employed extensively 
in  low p r e s s u r e  system measurements ,  Accuracies  are about 570 
fo r  uncalibrated units, and about 1% fo r  sys t ems  calibrated a t  or 
near  the operating conditions of p re s su re ,  temperature  and flow. 
Some investigators report  using the subsonic approach in  meas -  
uring high p r e s s u r e  systems common to a r c  heater  operation. 
higher p re s su res ,  the problem of differential p r e s s u r e  measu re -  
ment becomes more  acute since such measurement  is intimately 
involved in  the flow calculation. This factor  is shown in  the fol-  
lowing equation, where 

At 

m = c  v P A P / T  

Representative values fo r  the variables in the above equation 
are: P = 3000 psi; A P  = 5 psi; and T = 5300R. Although meas -  
urements  of P and T a re  made readily, the measurement  of 5 ps i  
in a sys tem operating at 3000 ps i  p resents  real difficulty. 
systems, the device f o r  measuring a A P  of 5 psi  is exposed to  a 
A P  of nearby 3000 ps i  during s ta r tup  transients.  
that such a device be very s t rong mechanically. Fortunately, such 

units are definitely of inferior quality for  even 10% accuracy in 
m a s s  flow measurement.  (An accuracy c loser  to  170 is usually 
required.)  However, some experimenters  accept some of these 
commercially available A P  measuring devices, reporting them as 
adequately reliable and accurate  (about 170 in m a s s  flow) a f t e r  a 
suitable "break-in" period of operation. Such break-in cons is t s  
of exposing the unit to high rapidly-imposed differential p r e s s u r e s  
in both the upstream and downstream direction. It appears ,  there-  
fore,  that obtaining a 1% accuracy f rom existing commerc ia l  units 
would be largely fortuitous, and an accuracy of 10% would be more  
likely . 

In some 

This r equ i r e s  

--I_ uiiits aI --- c avcaA! -uLb  ----: ~ h l n  nnmmerc-ially, b v a A A - * A - -  ----_ although many of these 

:;Similar l imitations hold f o r  a subsonic nozzle. 
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Sonic nozzles having inlet rad i i  about equal to throat radi i  
are employed to  a lesser extent than are the sharp-edged or i f ices  
discussed above. That these la t te r  units simplify the mass f l o w  
r a t e  measurement  problem can be seen  f rom the following, where 
the flow is given by: 

Thus the need for precise A P ,  where A P  = P 2  - P I ,  meas- 
urements  is eliminated because i t  is sufficient mere ly  to monitor 
the downstream p res su re  P::. ( F o r  air, P96- 1/2P.) 

Sonic nozzles are capable of 1% accuracy of m a s s  flow meas -  
urement  when calibrated properly.  A s imi l a r  degree of accuracy 
may be expected from uncalibrated nozzles when due account is 
taken of Reynolds number effects, downstream p r e s s u r e  effects, 
and particularly those effects due to compressibil i ty (deviation 
from perfect gas behavior). Fa i lu re  to  consider the la t ter  factor 
can resu l t  in measurement errors  as high as 8% in  sys t ems  having 
total p r e s s u r e s  of 3000 p s i  and a total t empera ture  of 70°F. 

The principal disadvantage of the sonic sys t em of measu re -  
ment is the high loss in total p re s su re .  Since virtually all of the 
p r e s s u r e  drop to the throat is lost, half o r  m o r e  of the supply 
p r e s s u r e  is a l so  lost. In high p r e s s u r e  systems,  such loss can 
constitute an intolerable waste. 

Supersonic nozzles r equ i r e  the s a m e  measurements  and have 
the same degree of accuracy as sonic nozzles. Thei r  major  ad-  
vantage over  sonic nozzles lies in their  low loss of p re s su re .  A 
slight complication a r i s e s  from the fact  that i t  is necessary  to 
monitor the downstream p r e s s u r e  just  slightiy benind (downsirearn) 
of the throat if a low los s  of p r e s s u r e  is to  be realized. In  oper -  
ation, the supersonic flow in  the divergent section "shocks" down 
to subsonic f l o w  due to  the imposed high back p res su re .  The gas 
then diffuses subsonically. This resu l t  in the recovery of a large 
portion of the dynamic head that existed just  downstream of the 
shock wave. 

Higher downstream p r e s s u r e s  divert  the shock wave ups t ream 
and vice versa .  If the wave is driven ups t ream of the monitoring 
downstream p r e s s u r e  tap, i t  cannot be a s su red  that the throat is 
running sonic. Therefore, this tap must  extend into the divergent 
section just  far enough to  a l low reliable determination that the 
local p r e s s u r e  is less than the c r i t i ca l  p re s su re .  
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Supersonic units have been operated successfully a t  above 
2000 psi  supply p re s su res  and 770 loss in total p re s su re .  Super-  
sonic nozzles with variable throats  (but without the monitoring 
tap) are available commercially.  One u s e r  ( R e f .  9.1.1.1) r epor t s  
good functioning of the nozzle fo r  flow control, but has  experienced 
some difficulties with the position readout used to calculate throat 
s ize .  

9.1.2 Enthalpy Calculation Methods 

T w o  methods of calculating s t r e a m  enthalpy a re  commonly 
employed in designing and testing arc  hea ter  installations. These 
methods are: an  energy balance method; and a compressible  f l o w  
method. 

The energy balance method commonly includes measuring the 
te rmina l  voltage and a r c  cur ren t  to measu re  power, although in 
some cases a wattmeter is used. (Some investigators attr ibute 
difficulties with wattmeter readings to the voltage wave -form.) 
Additional data taken include cooling water flow r a t e  and temper  - 
a ture  rise. Unless appropriate shielding precautions are  taken, 
the thermocouples immersed  in the cooling water are quite s u s -  
ceptible to s t r a y  pick-up f r o m  the magnetic field common to a r c  
hea ter  operation. At best, the energy balance method is probably 
accura te  to  only a few percent. 

The "compressible  flow" method of calculating s t r e a m  e n -  
thalpy assumes an isentropic flow to sonic conditions a t  the nozzle 
throat.  Real g a s  effects are considered, but local departure  from 
the thermodynamic equilibrium is not considered. The equation 
employed is usually written as :  

A s  is suggested by the above equation, the throat area is 
not used direct ly  but is effectively determined by a cold flow run. 
For arc hea te r s  known to be free of s w i r l  a t  the nozzle throat,  
an accuracy  of a f e w  percent would be expected f r o m  this tech- 
nique. It can be shown that even a f e w  degrees  of s w i r l  can cause 
the calculated enthalpy to be high by an appreciable amount. Un- 
less i t  is known that the effluent is s w i r l  free, the compressible  
f low method of calculating s t r e a m  enthalpy is not recommended 
for use.  

::Theoretical development, assuming cp constant, leads to  h / v  p2. Curve 
fi t t ing for  variable cp leads to h N p 2 . 5 ,  
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9.1.3 Radiation Effects 

The division of heat t ransfer  to  the vesse l  w a l l s  between 
connections and radiation is of p r i m e  importance to the designer  
of arc  hea ters ,  Unfortunately, however, good data on this subject 
is not present ly  available. W o r k  along these l ines is current ly  
under way a t  two locations a t  least, with the objective of de t e r -  
mining the radiative component of such division. When forthcoming, 
such data wi l l  be  of considerable value to  designers  and u s e r s  in 
the arc hea ter  field. 

9.2 Throat Heat Flux and Total P r e s s u r e  Loss Calculations 

9.2.1 P r i m a r y  Calculations 

Some investigators have suggested that the nozzle throat heat 
flux problem could be reduced by adding a considerable portion of 
the total energy by means of heating a supersonic s t r eam.  A l -  
though i t  is recognized that this would impose an increase  in arc 
heater  operating pressure,  the severi ty  of this requirement  is 
frequently not appreciated. The following paragraphs d iscuss  a 
case f o r  the Mach 11, 166,000 f t  t es t  condition, pointing out the 
seve re  p r e s s u r e  requirement  on the are heater,  as well as  the 
extent of the hoped-for reduction in  nozzle throat heat flux. 

Consider a representat ive case of supersonic heating f o r  a 
constant p r e s s u r e  heat addition. While there  are  p rocesses  which 
resu l t  in a sma l l e r  total p r e s s u r e  loss,  generally these a re  m o r e  
res t r ic ted  in the amount of heat that may be added p r io r  to reach-  
ing Mach 1. Consequently, such p rocesses  requi re  a second throat 
- -  which is to  be avoided i f  the proposed advantages of supersonic 
heating a re  to be realized. 

For simplicity in calculating the p r e s s u r e  drop, consider a 
perfect gas having constant specific heats  and constant isentropic 
exponent. Although r ea l  gas effects are noticeable in the range 
of interest ,  the end resu l t s  for an ideal  g a s  are expected to  be  
conclusive . 

To review the process ,  refer to Fig.  9.2.1.1. A i r  is heated 
in an a r c  heater  to total conditions corresponding to  point 1. 
(Since f l o w  speeds in conventional a rc  hea ters  are small compared 
with acoustic speed, the s ta t ic  and total conditions are essentially 
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L 

. 
equal.) The gas is then expanded isentrop- 
ically to  s ta t ic  s t a t e  2. Next, it is heated at 

total conditions corresponding to  4. F r o m  3 
the gas  is expanded isentropically to  5, with 
s ta t ic  conditions corresponding to  the s e -  
lected t e s t  altitude. A t  5 the gas  has  total 
conditions p e r  point 4, which corresponds to  
a given f r e e - s t r e a m  speed fo r  point 5. 

constant p r e s s u r e  to  static s t a t e  3, having T 

S 
Figure  9 .2 .1 .1  

Clearly,  then, the test  altitude de te rmines  the s t a t e  5, and 
the combination of t e s t  altitude and tes t  speed de termines  the total 
conditions, point 4. Required tes t  conditions may be reached by 
an  infinite number of supersonic constant p r e s s u r e  heating proc-  
esses, each with a uniquely required s t a t e  1. By specifying a 
s ta te  property a t  2, with the amount of heat added f r o m  2 to 3 
the p rocess  is fixed. This may be  done conveniently by specify- 
ing the r a t io  of kinetic energy to  total energy a t  2, and the r a t io  
of the energy added f r o m  2 t o  3 to the total  energy a t  3. For a 
per fec t  gas, the specification of the s ta t ic  to  total energy is equiv- 
alent to  specifying the same ra t io  of s ta t ic  to  total t empera ture .  

The conditions a t  point 2 a re  determined by the usual i sen-  
tropic relations.  

k 

State 3 may be  re la ted  to 1 by 

Cp T2 + Q = Cp T3 

Q 
c p  T1 = c y +  8,  /3 = 
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a l s o  

P 3  = P2 

It is convenient to have the entropy change f r o m  2 to 3. Thus 

The tempera ture  a t  4 is determined by means  of the energy equa- 
tion 

- 1 + / 3  T 4  
T i  
- -  

The p r e s s u r e  is found by 

'=[" 1 + Bla T P1 

The las t  equation above is par t icular ly  significant. P q / P 1  is 
the fract ion of the total p r e s s u r e  remaining af ter  heat addition. 

To continue the example, consider a representat ive case:  

Z = 166,000 ft 
M = 11 
k = 1.30 
Q! = . 5  
p = 1  
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The value of k is an approximate average value fo r  air for 
the above conditions, The = .5 corresponds to  a Mach number 
of 2 . 6  a t  point 2, and = 1 corresponds to  adding one-half of the 
total s t r e a m  energy at the tes t  section via  constant p re s su re  supe r -  
sonic heating. From these values w e  obtain 

= 4.33 k 1.30 
1.30 - 1 v = -  = k - 1  

1 +  1 3 = (,l 1 + + /3 /a  ' >";( 1)433 = ,667 4.33 =0.1728 
1 + -  .5 

P1 

Thus an intolerable loss of 8370 of the total p re s su re  has  been 
incur red.  

The p res su re  at 5 (see footnote 1) is 

P 5  = 7.31 x 10-4 atm 

The p res su re  a t  4 may be obtained by 

1 - k  
~4 = 7.31 10-4 
M = 1 1  p4 2 

P4 = 260 atm 

From the above 

- -  p4 - .1728 
P1 

260 
- - =  1503 atm p4 P1 = - ,1728 - .1728 

1. "U.S. Standard Atmosphere, 1962." P repa red  under sponsorship of 
NASA, USAF and USWB, Washington D.C., Dec. 1962. 
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The p res su re  in the heating section is given by 

p 3  = ( , 5 ) 4 * 3 3  1503 

p3 = 74.8 atm 

The temperature  a t  5 (see footnote 1) is 

Using the usual isentropic relations between points 5 and 4 we 
obtain. 

k = 1.30 

T 4  = 9326'R 

It has  been shown that 

Therefore  

Also 

- Q !  
T2 - -  
Ti 

1. "U.S. Standard Atmosphere, 1962." P r e p a r e d  under sponsorship of 
NASA, USAF and USWB, Washington D.C., Dec. 1962. 
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Fur the r  

Since 

Also (see footnote 1) - s5 30.80 

gives AS 
Evaluating the equation for - 

R 

R 

= 4.33 In 1 + - ( .:> 
A S  - = 4.76 R 

Therefore 

Figure 9.2.1.2 summarizes  these findings on a temperature-entropy 
plot. 

An al ternate  process employing, say, an a r c  heater,  would 
heat the gas  with negligible speed and a t  constant p re s su re  direct ly  
to s ta te  4. Subsequently the air would be expanded to the tes t  s e c -  
tion condition according to  s ta te  5. Here the nozzle throat heat 
fluxes are compared for the two processes .  

1. Moeckel, W. E. and Weston, K. C., "Composition and Thermodynamic 
P rope r t i e s  of A i r  in Chemical Equilibrium", NACA TN4265, April  1958. 
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F o r  such comparison, an equation (see footnote 1) due to 
Bartz  may be employed; e.g. 

with 

hg - gas s ide heat t ransfer  coefficient (BTU/In2 Sec O R )  

D" - throat diameter  (In) 

p - viscosity at total condition ( # / I n  Sec) 

Cp 
1'1- - Prandt l  number at total conditions 

- constant p re s su re  specific heat a t  total condition (BTU/#OR) 

Pc - chamber (total) p ressure  ( # / I n  2 ) 

gc - gravitational constant (Ft /Sec2) 

0: - charac te r i s t ic  velocity (F t /Sec)  

re - nozzle throat r ad ius  of curvature (In) 

A - local flow area (In2) 

A" - throat flow area (In ) 

a - dimensionless factor accounting for  variations of p and p 

2 

values a c r o s s  boundary layer ,  
F r o m  a paper by Lewis and Horn2 it can be shown that 

m 
=- where m is the m a s s  flow i n  s lugs /sec .  

C:: A* 

In using the Bartz equation i t  is desirable  to employ real 
air propert ies  as f a r  as  is convenient, However, where data is 
not readily available a perfect gas  with' k = 1.30 has been used. 
The following values and their  sources  w e r e  utilized for  the supe r -  
sonic case: 

1. Bartz,  D. R .  "A Simple Equation for the Rapid Estimation of Rocket 
Nozzle Convective Heat Transfer  Coefficients" J e t  Propulsion, January 
1957. 

Water -Cooled Nozzle Throat Sections fo r  High Temperature,  High 
P r e s s u r e  Operation" AEDC -TDR -64-5 1, April  1964. 

1 1  2. Lewis, H. F. and Horn, D. D., Some Considerations in  the Design of 

- 43 - 



a’ 

a 

9326 - 

6 9 9 4  - 

4663-  

4 070 - 

2332 - 

4 8 7  

1503atm 

/ 

c 

Itm 

I otm 

3 

26 .04  30.80 
S/R 

Figure  9.2.1.2 Supersonic Heating with a! = .5, p = 1, k = 1.3 
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(T = 1.38 r ead  f rom Bartz1 

= 1.000 throat condition 
A - A :;: 

D::: - = 0.400 assumed as representat ive 
r C  

p , g  - *  - - - = 168.3 from 20#/sec  flow required in M = 11 and 
r -4  A :: 

166,000 f t  condition and A:: calculation in  s e c -  
tion 9.2.2 

u :k 

p = 4.5 x lb/ in  sec., see section 9.2.3 

100 a t m  and R = 0.0686 
= 0.315 Btu/#oR f r o m  Hansen2 with Z ~5 Cp 

Pr = .70 f r o m  ref. 5. This  appears  to  be  a representat ive 
value, although data  do not extend to  these p r e s -  
su res .  

D:: = .388 in, f rom A:: calculation, section 9.2.2 

The above gives 

hg = ,080 Btu/in2 Sec OR = 4.15 x 103 B tu /h r  ft2 OR 

The free s t r e a m  temperature  a t  the throat may be est imated by 

2 - -  T:: 2 
- .870 -= -  = 

To k + 1 2.30 

T:: = .870 x 2595 = 2260°K 

Assuming a nozzle gas  s ide  w a l l  t empera ture  of 600°K 

A T  = 1660°K = 2990°R 

This  gives  a heat flux 

sp = h g A T  = (4.15 x lo3)  (2.99 x lo3 )  

sp = 12.42 x lo6  BTU/hr ft2 

1. Bartz ,  op. cit. 
2. Hansen, C. F., "Approximations f o r  the Thermodynamic and Transpor t  

P r o p e r t i e s  of High-Temperature Air",  NASA R -50, 1959 
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For comparison, consider the constant p r e s s u r e  heating 
shown in  Fig. 9.2.1.3. Values used in the Bar t z  equation are: 

0 = 1.5 

A - -  A:: - 1.000 

see Section 9.2.2 for calculation 
of A:: 

260atm 

9326 
T 

4 07 

30.8 
S/R 

Figure 9.2.1:3 

p '  = 6.5 x l o 6  See Section 9.2.3 

Cp = .686 from Hansenl  

Pr = .70 

D:: = 1.240 in ( f rom AS calculation, Section 9.2.2) 

These  values give 

hg = .0263 Btu/In2 Sec O R  = 1.36 x l o 3  Btu /hr  f t 2  OR 

Free s t r e a m  temperature  at the throat becomes 

T" = .870 To = .870 x 9326 = 8110°R 

Taking T, = 600K = 1080R 

A T  = 7030°R 

Th i s  gives a heat flux 

4p = h A T  = (1.36 x lo3)  (7030) 

4p = 9.57 x lo6  BTU/ft2 h r  

No te  this is less than for the case of supersonic heating. 

1. Hansen, C. F. op, cit. 
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From the above, i t  is obvious that: 

(a) Supersonic heating imposes an extremely severe  penalty 
on the system by requiring very high a r c  heater  p re s su res .  

(b) Supersonic heating wi l l  not provide a significant reduc-  
tion in nozzle throat heat flux. 

9.2.2 Calculation of AS values, 

Supersonic Heating 

Assuming a perfect gas, therefore: 

1503 x 2120 
53.3 x 4663 = 12.83 # / F t 3  

P1 
p 1 = -  R T1 = 

The isentropic relation for expansion to  Mach 1 gives 

- -  p2 - .628 
p1 

therefor e 

Also 

= .870 2 2 - -  T2 - -  
T i  k + l  1 . 3  + 1 

T 2  = .870 T i  = (.870) (4663) = 4050OR 

The acoustic speed becomes 

a = 1- = 11.30 x 1717 x 4050 

a = 3010 f t / s e c  
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From the one -dimensional continuity equation 

4 x .1188 
= .1513 = 0.388 in D::: = 

n, 

Negligible Speed Heating 

Similarly, for  the case  of heating with negligible speed: 

.628 
p1 

Po 
- =  

2 = ,870 
TO 

T i  = (.870) (9326) = 8110 

a = 1 1 . 3  x 1717 x 8110 = 4250 f t / s e c  

= 6.75 x A::: = 20 
.697 x 4250 

D* =lA 7r (.973) = 1.240 in 

9.2.3 Viscosity Calculations 

The viscosity may be calculated using reduced p r e s s u r e s  and 
tempera tures .  Data for calculations include the source  of ref. 
(9.2.3.1). 

- 48 - 



I), = 3 7 . 2  atm 

Tc  = 132.4K 

= . 4  x # sec / f t2  = 1.048 x lb/in sec  r7 (: 

For S tagtiation (.: ondi tiotis 

- 77 = 4 . 3  77r - - 
V C  

P = 1503 a tm , PI. = 4 0 . 4  

T = 4663H = 2600K, T,. = 20 .3  

= 4.3 x 1.05 x 10'6 = 4 . 5  x 10'' lb/in sec  

I' = 260 atrn, P, = 6.98  } +c = 6 . 2  

= 6 . 2  x 1.05 x = 6.5 x lb/in sec  

r r  = 9 3 2 6 ~  = U ~ O K ,  T, = 39 .1  
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10. FIGURES 
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Typical Constant Power  VI Curve 
Supersonic Heating a t  Constant P r e s s u r e  
Supersonic Heating at Constant Mach Number 
Supersonic Heating a t  Constant Tempera tu re  
Supersonic Heating a t  Constant Density 
P re l imina ry  Comparison of C r o s s  & Axial Flow A r c  

DC MHD Operating Poin ts  Investigated 
A r c  Heater  -DC MHD Accelera tor  Arrangement  
h - s  Diagram with Notation 
Therma l  Profile, C r o s s  Flow Heater  

Hea te r s  
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Figure 1.1 - 1 The Operating Envelope 
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L 1 

Figure 2.1.1.2-1 Cross  Flow AC or DC A r c  Heater 
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Figure  2.1.1.2-2 Three Phase,  Three  Electrode, Arc Heater  
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Figure 2.1.1.2 - 3 Three  Phase, Four  Electrode, Arc Heater  
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Figure  2 . 1 . 2 - 1  High Frequency Discharge (RF)  Heater  
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Figure 2 .2 .3 -  1 Self-Induced MHD Accelerator  
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Figure  4.1.3 - 1 Supersonic Heating at Constant P r e s s u r e  
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Figure  4 .1 .3  -4  Supersonic Heating a t  Constant Density 
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Figure  5 .2-  1 DC MHD Operating Points Investigated 
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Figure 5 . 2 - 2  Arc Heater - DC MHD Accelerator Arrangement 
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