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SUMMARY 

A new technique f o r  measuring heat-transfer rates on free-f l ight  
models i n  a b a l l i s t i c  range i s  described i n  t h i s  report .  
of the heat-transfer rates measured i n  t h i s  way i s  shown t o  be comparable 
with t h e  accuracy obtained i n  shock-tube measurements. The specif ic  
results o f  the  present experiments consist of measurements of t he  
stagnation-point heat-transfer rates experienced by a spherical-nosed 
model during f l i g h t  through a i r  and'through carbon dioxide a t  ve loc i t ies  
up t o  18,000 f e e t  per  second. 
heat-transfer rates agree well with both the theore t ica l ly  predicted rates 
and the  rates measured i n  shock tubes. 
t he  heat-transfer rates agree well with the r a t e s  measured i n  a shock tube. 
%?e methods of estimating the stagnation-point heat-transfer r a t e s  i n  
carbon dioxide are compared with the experimental measu'emeiits. A t  each 
veloci ty  the measured stagnation-point heat-transfer rate i n  carbon 
dioxide i s  about the same as  the measured heat-transfer rate i n  a i r .  

The accuracy 

For f l i gh t  through a i r  these measured 

For f l i g h t  through carbon dioxide 

INTRODUCTION 

The purpose of t h i s  report  i s  twofold. A method of measuring 
heat-transfer r a t e s  i n  a b a l l i s t i c  range i s  described, and results are  
presented which w e r e  obtained by t h i s  method f o r  the  stagnation-point 
heat-transfer rate encountered by a spherical-nosed body f lying through 
a i r  and through carbon dioxide. 
prompted by i t s  predicted presence i n  the atmosphere of Venus. 

The choice of carbon dioxide has been 

Most of t he  experimental results on heat-transfer r a t e s  through 
highly cooled boundary layers  have been obtained from measurements made 
i n  shock tubes. The shock tu3e correctly simulates the stagnation enthalpy 
which i s  the  parameter of major interest  i n  heat-transfer measurements. 
Unfortunately, the shock tube, as it i s  ordinar i ly  used, does not correct ly  
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mulaLe e i the r  the  Mach number or the Reynolds number. 
nge technique correct ly  simulates both the Mach number and the  stagna- 
on enthalpy. O f  course, the actual  s ize  o f  the model i s  not correct ly  
produced in  e i the r  the range or the shock tube; however, i n  the range 
i s  possible t o  vary the Mach number and Reynolds number independently 
t h a t  nonequilibrium ef fec ts  due t o  the small s ize  of the model can 
studied . 

The b a l l i s t i c  

A l l  the  measurements of stagnation-point heating rates presented i n  
is report have been made a t  an ambient temperature o f  540' R and an 
2ient pressure of 1/10 of an atmosphere. 
tion density i s  suf f ic ien t ly  high, approximately atmospheric, t h a t  the  
3w i n  the 
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the  small s ize  of the model. 7 

For these conditions the stag- 

shock layer i s  i n  thermal and chemical equilibrium i n  sp i t e  

The authors would l i k e  t o  acknowledge the assistance of . W. J. Kerwin i n  the design o f  the thermocouple model and the co i l s  
-.d t o  pick up the signals transmitted by the model. 
3 signal picked up by the co i l s  required an analysis of the  var ia t ion 
c o i l  response with the dispersion i n  f l i g h t  path from the co i l ' s  exact 

i ter .  The authors wish t o  acknowledge the  contribution o f  

putat ions.  

Interpretat ion of 

W. A. Mersman i n  carrying out t h i s  analysis and the resul t ing 

SYMBOLS 

radius o f  pickup c o i l  

radius o f  model co i l  

b a l l i s t i c  coefficient 

length o f  pickup c o i l  

specific heat a t  constant pressure 

drag coefficient 

distance between c o i l  centers 

internal energy 

emf induced i n  pickup co i l  

free-energy change 

constant in  l e a s t  squares s t ra ight  l i n e ,  defined i n  equation (4)  

slope o f  l e a s t  squares s t ra ight  l i n e ,  defined i n  equation ( 5 )  
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h enthalpy 

I current i n  model c o i l  
- 

equilibrium constant f o r  constaat p r -  c o s w e  XP 
k thermal conductivity 

L Lewis number 

1 thickness of copper nose cap 

, M 

m 

9J 
N 

Nu 

n 

P 

R 

Re 

S 

mutual inductance 

molecular weight 

mass of the model 

n&er of tu rns  i n  c o i l  

Nusselt number 

index of summation 

pres  sure 

stagnation-point heat-transfer r a t e  

universal. gas constant 

Reynolds number 

cross-sectional area of model 

T 

t 

‘Je 

v 
X 

X 

temperature 

time 

flow veloci ty  a t  outer edge of boundary layer  behind shock wave, py 

f l i g h t  veloci ty  of model 

mole f rac t ion  

distance into cop9er cap 

distance along copper cap measured from stagnation point 

compressibility 

distance along model t ra jec tory  

c 
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d i m s i v i t y  of copper 

veloci ty  gradient measured along the copper cap a t  stagnation 
point 

viscosi ty  

kinematic v i scos i ty  

density 

dummy variable 

Subscripts 

pickup c o i l  

model c o i l  

copper cap 

dissociation 

external flow 

component of gas mixture 

conditions a t  z = 0 and t = 0 

constant pres sure 

stagnation point 

standard conditions 

different ia t ion with respect t o  t i m e  

f l u id  properties at  w a l l  

differentiation with respect t o  distance in to  copper cap 

chemical reaction, dissociation of carbon dioxide 

chemical reaction, dissociation of oxygen 

conditions ahead of  shock wave 

conditions behind shock wave 
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Description of Apparatus 

A l l  the heat-transfer rates reported herein have been made on small 
The models were la-mched from a light-gas gun of models i n  fYee f l i gh t .  

the  type described i n  reference 1, 
with spark shadowgraphs and electronic chronographs, a s  w e l l  as the  pickup 
c o i l s  described i n  a subsequent paragraph, 

The b a l l i s t i c  range is  instrumented 

The construction of the model is shown i n  f igure  1, The model 
consisted of a hemispherical nose w i t h  a short  cy l indr ica l  section and 
a 120° conical ta i l .  
chosen for i t s  high strength-to-weight ra t io .  The model w a s  held i n  a 
four-piece nylon sabot during launch. 

The body of t he  model w a s  made of 20244% aluminum, 

A 0,0075-inch-thick copper cap on t he  nose of the  model acted as a 
calorimeter heat gage. A constantan wire, s i l v e r  soldered t o  the cap a t  
the stagnation point of the model, formed the hot junction of a copper- 
constantan thermocouple, 
diameter) near the  nose of  the  model t o  minlmize the conduction of heat 
away from the  stagnation point,  enlarged t o  0.029-inch diameter and 
extended back t o  the center of the  model t o  form the cold junction of 
the thermocouple with a copper disc. A four-turn c o i l  wound on a boron 
n i t r i d e  form was connected between the two junctions of the  thermocouple 
a t  the  disc i n  the  center of the  model and a t  a point on the  periphery 
of the nose cap. Cement w a s  used t o  join a l l  mating surfaces. 
computation of temperature r i s e ,  the e l e c t r i c a l  resistance of the complete 
circuit w a s  accurately measured before f kd .  assembly, 

This constantan w i r e ,  kept small (0,006-inch 

To permit 

The pickup c o i l  was made of B and S gage No. 4 0  Formar coated copper 
The c o i l  was a 1-layer, 400 turn, magnet wire, wound on a Fiberglas form. 

center-tapped co i l ,  4 inches i n  diameter and 1-1/2 inches long, Electro- 
static shielding w a s  incorporated i n  t he  c o i l  form t o  eliminate spurious 
s ignals  resul t ing fromthe s t a t i c  charge of t he  model, the wake, and the 
propellant gases, The inside shielding consisted of B and S gage No. 24 
soft copper w i r e s  inibedded i n  the coi l  form, spaced 1/8 inch a art  and 
p a r a l l e l  t o  the axis of the coil, The shielding w i r e s  were 1 P 32 inch 
f’romthe inside diameter of the  coil form. Every other w i r e  w a s  cut off  
a t  one end of the c o i l  form and connected a t  the  opposite end t o  a B and 
S gage No. 12  copper w i r e ,  which was i n  the shape of an open-ended copper 
ring, so t h a t  there  w e r e  no shorted turns i n  the  shielding. The elimina- 
t-ton of shorted turns  prevented the model magnetic f i e l d  from inducing a 
current i n  the shield which might d i s to r t  the mf ifiduced i n  the pickup 
coi l .  
soft copper w i r e s ,  spaced 1/4 inch apart  and p a r a l l e l  t o  the axis of the 
co i l .  Thus, the  en t i r e  c o i l  was in an e l ec t ros t a t i c  Faraday cage. The 
construction of the  c o i l  i s  shown in  f igure  2. 

The shielding was completed outside the c o i l  by B and S gage No, 24 



, 
b 

A s  the  stagnation point i s  heated during the f l i gh t  of the model, 
the  result ing poten t ia l  difference between the  hot junction and the  cold 
junction causes a current t o  f l o w  i n  the  model co i l ,  thus producing a 
magnetic f i e l d  around the model. This magnetic f i e l d  i n  turn  induces an 
emf' on the pickup co i l s  located along the  t ra jec tory  of the model. 
are s i x  pickup c o i l  s ta t ions,  the first of which i s  approximately nine 
f e e t  f r o m  the muzzle and the  last  approximately 34 fee t  from the  muzzle. 
Each coi l  s ta t ion ,  located about 3 feet down range of a shadowgraph 
s ta t ion,  consists of a pickup c o i l  connected t o  a Tektronix type 535 
oscilloscope with a type D high-gain d i f f e ren t i a l  input plug-in preampli- 
f ier .  As the model f l i e s  down the  range, it interrupts  a photobeam which 
t r iggers  the spark gap i n  the  shadowgraph s ta t ion ,  When the spark gap 
f i r e s ,  it simultaneously gives a shadowgraph of the  model and t r iggers  
the  sweep o f  t he  recording oscilloscope which i s  connected t o  the pickup 
coi l .  The experimental setup i s  shown schematically i n  figure 3 ,  The 
magnitude o f  the  voltage induced on a pickup c o i l  i s  a function of the  
veloci ty  and posit ion of the model with respect t o  the pickup co i l ,  as  
well as the temperature difference o f  the thermocouple, Therefore, if 
the velocity and posit ion of the model are  known, the temperature differ-  
ence o f  the thermocouple i n  the  model can be computed from the oscil lo- 
scope record. 
and surrounded i n  f l i g h t  by an ionized layer  of gas, no d i f f i c u l t y  i n  
transmitting the signal t o  the  pickup c o i l  i s  experienced. This i s  because 
the  current flowing in the model c o i l  var ies  slowly over the length o f  the 
range, s o  tha t  t he  frequency of the s ignal  i s  e f fec t ive ly  d i r ec t  current, 
and the counter electromotiveforces from the currents induced i n  the body 
she l l  and the ionized layer  are negligible. 

"here 

Even though the  model c o i l  i s  contained i n  a metal body 
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Appendix A contains the  de t a i l s  of the  computation of the  temperature 
h is tory  o f t h e  copper cap f romthe  oscilloscope records i n  terms o f  the 
e l ec t r i ca l  parameters of the system, It should be mentioned a t  t h i s  point 
t h a t  t he  effective temperature o f  the  hot junction of t he  thermocouple w i l l  
be the lowest temperature present a t  the junction, since any currents 
induced by temperature differences a t  the  hot junction are short  c i rcui ted 
and, hence, produce no net flow through the  c i r cu i t .  I n  the  present case, 
since the  constantan stem extended through the copper cap, t h i s  lowest 
temperature w i l l  be the  temperature of the inside or rear surface of 
the copper cap. A typical  oscilloscope record is shown i n  f igure 4. 
disturbances on e i t h e r  side of the s igna l  a re  caused by the spark discharges 
of the  shadowgraph stations.  

The 

Data Reduction 

As  indicated i n  the preceding section, the  r a w  experimental resu l t s  

In  order t o  present the data i n  the most usable 
consist  o f  the temperature h is tory  of the  inside or rear surface o f  the 
copper cap calorimeter, 
form, it i s  necessary t o  compute the heat-transfer r a t e  a t  the stagnation 



point f r o m  t h i s  temperature history. Toward t h i s  end the  following 
- assumptions are  made: 

(a) The heat flow i s  one-dimensional. 

(a) None of t he  heat transferred t o  the model penetrates beyond the 
i w e r  surface of the copper cap. 

(c )  No temperature gradient exists between the  f’ront and the  rear 
s-xfaces  of the copper cap. 

The heat-transfer rate i s  then given by, 

k!uZ dT 
q = a z  

where a i s  the d i f fus iv i ty  of copper, ku is  the thermal conductivity 
of copper, and 2 is  the thickness of the copper cap. Assumption (a) i 
sa t i s f ied  since the  heat-transfer r a t e  does not vary by more than 3 perc 
over the en t i r e  f ront  surface of the copper cap, and assumption (b) i s  v 
w e l l  f u l f i l l e d  since the  boron n i t r ide  behind the  copper cap i s  a good h 
insulator.  
time of t h e  copper cap calorimeter gage. It i s  shown i n  appendix B tha t  
the e r ro r  incurred i n  making assumption ( c )  i s  less than 2 percent for  
t he  present experiments, 

Assumption ( c )  i s  intimately re la ted  t o  the  f i n i t e  response 

Since there  i s  a cer ta in  amount of  experimental e r r o r  i n  the 
temperatures measured a t  the  various pickup c o i l  s ta t ions,  the  problem 
of fitting the proper temperature history function t o  t h e  data points  
must be considered. 
r a t e  imy be assmed proportional t o  the cube of the  velocity,  

For small changes in the veloci ty  the  heat-transfer 

4 = .(>” 
For f l i g h t  a t  suf f ic ien t ly  high Mach nmbers the  drag coeff ic ient  i s  
approximately constant, so t h a t  

( 3  

where 
b a l l i s t i c  coefficient may be determined f o r  each round from a p lo t  of 
1/V versus t , as indicated i n  reference 2. 
may be combined t o  give, 

B = (pCDS)/(;lmp) i s  the b a l l i s t i c  coeff ic ient  f o r  t he  model. The 

Equations (1) , (2) , and ( 3 )  

where 
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For each round the temperature i s  p lo t ted  against  the  square of the  
velocity,  and the s t ra ight  l i n e  giving the bes t  l e a s t  squares f i t  i s  found. 
The slope o f  t h i s  l i n e  together with the  b a l l i s t i c  coeff ic ient ,  the  copper 
cap thickness, and the thermal properties of copper then determine the 
heat-transfer r a t e  &,. The thermal conductivity and the thermal 
d i f fus iv i ty  of copper w e r e  taken from reference 3-  

c 

The procedure outlined above yields  a value of & corresponding 
t o  the value of the muzzle velocity,  Vo, f o r  each round f i r ed .  
(2)  then gives the value of 4 which corresponds t o  a given value of V, 

Equation 

where V i s  less than the muzzle veloci ty ,  Vo, but grea te r  than the A 
velocity a t  the last pickup co i l .  The heating r a t e  < is a function of 4 
the velocity o f  the model and the  temperature of the outer surface of the 
copper cap. Both of these quant i t ies  change along the  t ra jec tory  of the 7 

2 

model- For example, a t  high muzzle ve loc i t ies  the heating r a t e s  w i l l  be 
higher, and thus the surface temperature w i l l  be higher a t  each pickup 
c o i l  than it would be f o r  a low muzzle velocity- 
the data it i s  desirable t o  eliminate the surface temperature a s  a 
variable. Therefore, a specif ic  value of the surface temperature is  
selected, and from each round the values of 
t o  the selected surface temperature a re  determined a s  follows: 
difference in  temperature between the inner and outer surfaces o f  the 
copper cap calorimeter i s  estimated using the graphical technique o f  
Schmidt (see ref-  4) and the value of 
round under consideration. This temperature difference i s  then subtracted 
from the specified value of the outer surface w a l l  temperature t o  give the 
temperature on the inner surface of the  copper cap. The veloci ty  which 
corresponds t o  t h i s  temperature i s  then found from the p lo t  of temperature 
versus the square of the  veloci ty  mentioned i n  the preceding paragraph. 
The proper value of 
each round f i r e d  gives one value of a t  the  specified w a l l  temperature 
and a par t icular  velocity.  
temperature o f  900' R w a s  selected since t h i s  temperature occurred before 
the l a s t  pickup c o i l  on the low veloci ty  rounds and a f t e r  the first 
pickup coi l  on the high veloci ty  rounds- 

However, i n  analyzing 

6 and V which correspond 
The 

& appropriate t o  the pa r t i cu la r  

can then be computed from equation (2) .  Thus 
6 

For the  present s e r i e s  of experiments a w a l l  

DISCUSSION OF RESULTS 

Heating i n  Air 

The main purpose of the present experiments was t o  measure 
stagnation-point heat-transfer r a t e s  i n  carbon dioxide. However, i n  order 
t o  compare the  r e su l t s  obtained by the present measuring technique with 
the extensive shock tube measurements, several  rounds were f i r e d  i n  a i r  
a t  a pressure of 76-DID Hg and a temperature of 540° R- 
heat-transfer r a t e s  are  plot ted versus ve loc i ty  i n  f igure 5. The r a t e s  
pred ic tedby the theory of reference 5 a re  shown as the  s o l i d  l i n e ,  and 
those predicted by the theory of reference 6 a re  shown as  the dashed l i n e .  

The measured 
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In addition, some of the results o f t h e  shock tube measurements reported 
i n  reference 7, corrected t o  the present t e s t  conditions by the  method 
outlined i n  reference 10, a re  shown in f igure 5 .  The agreement of the 
present measurements with the theory o f  reference 5 and the shock-tube 
measurements is  good. 
l o w e r  than the neasured values. 

%e r a t e s  giTren by the theory of reference 6 are  

The heat-transfer r a t e s  a re  replotted i n  dimensionless form i n  fig- 
The heat-transfer parameter i s  the  Nusselt number divided by the ure 6.  

square m o t  of the Reynolds number. 
defined by 

These dimensionless parameters are  

'ey PY' R e = - = -  
% vw 

The heat-transfer parameter is  then 

The properties of a i r  necessary f o r t h e  evaluation of these parameters 
were t&en f r o m  references 8 and 9. 
Sutherland's formula. The velocity gradient a t  the stagnation point ,  p ,  
was computed from the Newtonian approximation given i n  reference 5. 
i s  zpparent from f igure 6 t h a t  the present experimental r e s u l t s  agree 
very well with the theory of reference 5. Again it i s  clear t h a t  the 
heat-transfer r a t e s  predicted by the theory of reference 6 a re  low. 

The v iscos i ty  w a s  obtained from 

It 

Heating i n  Carbon Dioxide 

Most of the  heat-transfer measurements were made i n  carbon dioxide 
a t  a pressure of 76-m Hg and a temperature o f  540' R. 
maximum o f  5 percent a i r  i n  the t e s t  gas because of unavoidable leaks i n  
the f l i gh t - t e s t  chamber. 
r a t e  i s  unknown, it is very l i k e l y  quite small f o r  the conditions of 
the present tests, 

There was a 

Although the e f f ec t  of the  a i r  on heat-transfer 

%e aeasured heat-transfer rates a re  p lo t ted  versus veloci ty  in  
figure 7. In  addition, the experimental results of reference 10, w h i c h  
were obtained i n  a shock tube using a mixture of 90 percent carbon dioxide 
and 10 percent nitrogen, a re  shown for comparison. 
r e s u l t s  have been corrected t o  the ambient conditions of the range 
measurement s . 

These shock tube 
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No theoretical  analysis such as tha t  of reference 5 has been made 
f o r  t he  case of carbon dioxide. 
contains the real gas properties of a i r  in the  var ia t ion of 
the  boundary layer. 
de t a i l s  of this var ia t ion,  it is proposed here t o  use t h e  equations f o r  
the  heat-transfer r a t e  obtained i n  reference 5 f o r  a i r ,  but t o  subst i tute  
the  thermodynamic and transport  properties o f  carbon dioxide f o r  those of 
a i r  wherever they occur i n  the  f i n a l  formulas. 
c a l l  f o r  the use of properties a t  the stagnation point,  t he  properties 
just behind the  shock wave are used since the difference i n  t h e  f i n a l  
result i s  negligible. The thermodynamic properties of carbon dioxide a t  
the temperatures and pressures encountered behind a normal shGck wave a t  
ve loc i t ies  up t o  20,000 f e e t  per  second have been computed as outlined 
i n  appendix C. 
Sutherland's formula with 
a t  t he  w a l l  temperature were obtained from reference 9. 

The analysis of reference 5 implici t ly  
pp through 

Since the heat t ransfer  i s  not sensi t ive t o  the 

Although these formulas 

The viscosi ty  of carbon dioxide was  evaluated from 
C = 4320 R. The properties of carbon dioxide 

A second method of predicting the theoret ical  heat-transfer r a t e  
i s  given i n  reference 6. 
t ransfer  rate predicted by t h i s  theory. 
t ransfer  rate according t o  t h i s  theory, it is  necessary t o  obtain the 
in tegra l  with respect t o  temperature of the thermal conductivity of 
carbon dioxide from the  w a l l  temperature t o  the  stagnation temperature. 
These data were obtained f rom the results of reference 11. 

The dashed curve i n  figure 7 shows the heat- 
In order t o  compute the heat- 

When compared with the theory of reference 5 ,  the  present measure- 
ments give a standard deviation of +11 percent. The standard deviation 
f o r  the shock-tube measurements fo r  comparison with the same theory i s  kl2 
percent. Hence, it may be inferred t h a t  the accuracy of measurement i s  
substantially the  same for both systems. 

The heat-transfer r a t e s  i n  carbon dioxide are replot ted i n  
dimensionless form i n  figure 8. 
determined f r o m  equations (6) and (7). 
gradient has been computed f rom the Newtonian approximation of 
reference 5.  

The dimensionless parameters have been 
The stagnation-point veloci ty  

The theory of reference 6 gives a b e t t e r  estimate than the theory of  
reference 5 f o r  the heating r a t e  i n  carbon dioxide for  Mach numbers from 
1 2  t o  20. However, nei ther  theory sa t i s f ac to r i ly  predicts  the variation 
of heating rate  with Mach number. Both theories indicate a decrease i n  
heat-transfer parameter with an increase i n  Mach number, whereas the 
experimental results indicate prac t ica l ly  no var ia t ion of heat-transfer 
parameter with Mach number; consequently, caution should be exercised i n  
using either theory zt  Mach numbers above 20. 

The effect on the heat-transfer r a t e  of  changing the gas from a i r  

I 

t o  carbon dioxide may be seen by comparing figures 5 and 7 or figures 
6 and 8. 
The important result i s  tha t  the  heat-transfer r a t e s  measured i n  carbon 
dioxide are  o f  t he  same magnitude as those measured i n  a i r .  

The ambient pressures and temperatures are  the same i n  both cases. 

A 
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CONCLUSIONS 
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I 7  

A novel method of measuring heat-transfer r a t e s  i n  a b a l l i s t i c  
range has been developed. The acc-nacies attaina.3l.e with t h i s  metohod 
compare favorably with the accuracies attainable i n  shock-tube measure- 
ments of heat-transfer ra tes .  

The poten t ia l i ty  of the system described herein l i e s  in  two 
directlzns . 
and heat-transfer measurements can be made near the  base of the model 
without f e a r  of interference from a supporting s t ructure .  

Each number and Reynolds number can be varied independently 

The measured values o f  stagnation-point heat-transfer rates i n  a i r  
agree w e l l  with the theory of  reference 5 ,  but a re  higher than the  rates 
predic’ied by the theory of reference 6. The measured values of stagnation- 
point heat-transfer r a t e s  i n  carbon dioxide agree f a i r l y  well with the  
theory of reference 6, but l i e  below the values predicted by the  theory 
of reference 5 .  Neither theory, however, correct ly  predicts  the  nearly 
constant value of heat-transfer parameter, Nu/&, with change i n  Mach 
number which i s  shown by the experimental measurements. The measured 
values of heat-transfer rate i n  carbon dioxide are approximately the 
same as those measured i n  a i r .  

Ames Research Center 
National Aeronautics and Space Administration 

Moffett Field, Cal i f . ,  Jan.  11, 1961 
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APPENDIX A 

TEMPERATURE HISTORY OF COPPER CAP CALORlMETER GAGE 

FROM COIL RESPONSE 

When the  model i s  i n  f l i g h t  and the  stagnation point i s  heated, the  
temperature r i s e s  a t  the  hot junction of the  thermocouple i n  the copper 
calorimeter cap. The cold junction a t  the other end of the constantan A 
rod inside the  model far from sources of heat remains effect ively a t  the 4 
ambient temperature of the  model p r i o r  t o  launch during the very short  2 
time of  f l i g h t  through the  range. This temperature difference of the  hot 7 
and cold junctions of the  thermocouple r e su l t s  i n  an emf, causing a 
current t o  flow i n  the  model coil .  The current flow produces a magnetic 
f i e l d  which induces an emf i n  the pickup c o i l  as the  model passes 
through it. 

The voltage induced i n  the pickup c o i l  by the  moving model i s  given 
by Faraday's l a w  

where 

e emf induced i n  pickup c o i l  

M mutual inductance between the two coi l s  

I current flowing i n  the model co i l  

If it i s  assumed t h a t  the current i n  the  model c o i l  i s  constant 
during the short  time t h a t  it takes the  model t o  pass through the pickup 
co i l ,  the voltage induced i n  the pickup c o i l  i s  

From reference 12, the mutual inductance between the two coi l s  may 
be expressed as: r 7 

1/ (D  - b)2  + A2 
(A3 1 

D + b  - 
(D + b)2  + A2 

a2NaNA 
b 

M = 0.0230 

where 

a radius o f  smaller co i l ,  in .  

A radius of l a rge r  co i l ,  in. 



A 
4 
2 
7 

2b length of the  l a rge r  c o i l ,  in .  

N a  t o t a l  number o f  turns  on the  smaller co i l  

NA t o t a l  number of turns on the larger  coll 

D axial distance between the centers of the  c o i l s ,  i n .  

M mutual inductance i n  microhenries 

Substi tuting the  appropriate values and expressing the  mutual 
inductance i n  terms of the distance between c o i l s  yields the equation 

(A41 1 D - 0.75 - D + 0.75 

[J (D + 0.75)2 + 4 J(D - 0.75)2 -t 4 

dM/dt = V(dM/dD), different ia t ion of equation (Ab) with 

M = 0.342 

Since 
respect t o  time followed by substi tution in to  equation (A2) gives 

Because it i s  more convenient t o  reduce the data by using the peak 
voltage recorded on the oscilloscope, the above equation i s  d i f f e ren t i a t ed  
t o  f ind  the value of D f o r  which e i s  a maximum. When t h i s  value 
o f  D is  subst i tuted i n  ( A 5 ) ,  

emax = -0.096x~0-~1v (A61 

where V is  the  veloci ty  of the model i n  inches per second when the  
model i s  halfway through the pickup c o i l ,  I i s  i n  amperes, and emax 
i s  i n  vol t s .  
frequency response of the  pickup coi l  and oscilloscope i s  f l a t .  The f la t  
portion o f  the frequency response can, of course, be extended by properly 
damping the combination of pickup coi l  inductance and oscilloscope 
capacitance. 
be necessary a t  higher ve loc i t ies .  Preliminary calculations indicate t h a t  
e r ro r s  from t h i s  source w i l l  be less  than 10 percent f o r  the present 
measurements. 

Equation (A6) i s  valid for those cases i n  which the 

Although t h i s  was not done f o r  the present t e s t s ,  it would 

The peak induced voltage may be measured from the oscilloscope 
record. 
and the  chronograph readings. 
m y  be obtained from equation (-46) 
and the  measured model c i r c u i t  resistance gives the emf output of the 

The model veloci ty  may be computed f r o m  the shadowgraph records 
Then the current flowing in the model c o i l  

The product of the calculated current 



thermocouple. The temperature r i s e  of the copper cap calorimeter may be 
obtained from the thermocoqle cal ibrat ion curve ( f ig .  9) a f t e r  the  
necessary correction i s  made fo r  the cold junction at room temperature. 

The calculations discussed above are  va l id  f o r  on-center shots only. 
Since the launching of a model through the exact center of a c o i l  i s  but 
a fortuitous occurrence, corrections m u s t  be made f o r  off-center shots. 
For off-center shots the voltage induced i n  the pickup c o i l  i s  s t i l l  
given by equation ( M ) ,  however the mutual inductance between the two 
c o i l s  i s  no longer given by equation (A3).  
which involves the l a t e r a l  distance between the axes o f  the t w o  co i l s  i s  
obtained. 
computer. 

A more complicated expression 

This expression has been evaluated on an IBM 630 d i g i t a l  

The correction fac tor  w a s  then experimentallv ver i f ied  by mutual 
induction measurements as shown by the p lo t ted  points i n  f igure 10. 
correction fac tor  i s  applied as  a reduction i n  the measured s ignal  
strength t o  give the e f fec t ive  s ignal  strength which would have been 
recorded if the model had passed through the c o i l ' s  center; t h a t  i s  

The 

eon-center = (correction fac tor )  eoff-center (A71 

when eoff-center i s  the measured value of e and eon-center i s  the 
value t o  be used i n  equation (A6) .  

The magnitude of the s ignal  i s  also affected by the  angle of a t tack  
of t he  model. 
undiscernible and i s  considered t o  be zero for a l l  the data  reported 
here in.  

However, the angle of a t tack usually i s  s l i g h t  or even 

A '  
4 <  
2 '  
7 
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TRANSIFJYT RESPONSE OF CALORI3EmR GAGE 
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The relationship between the  t e a e r x t u r e  h is tory  on the rear face of 
the copper cap and the  heat f l ux  into the f ront  face my be determined 
by solving the  following boundary-value problem: 

where T(x,t)  i s  the temperature a t  any point x and at any t i m ?  t, a 
i s  the diff’usivity, kCu i s  the coefficient of  heat conduction, s, i s  
the heat f lux a t  t i m e  t = 0, Vo i s  the veloci ty  a t  time t = 0, and B 
i s  the b a l l i s t i c  coefficient.  

A relationship between Tt( 2 , t )  and &, may be found by solving the  
above problem with the  Laplace transform method (ref.  13) . 

The approximate formula used i n  the data reduction i s  

L a 
T t (  2, t )  - 

kCuZ (BVot + 1)3 

The e r r o r  introduced by the transient e f f ec t  i s  thus seen t o  be given by 
a l l  terms after the f i r s t  i n  equation (B2). 

The re la t ive  e r ror  i s  defined as the  difference between the exact and 
the approximate heat-transfer ra tes  divided by the exact heat-transfer r a t e .  
This quantity has been evaluated for Vo = 18,000 f e e t  per  second and 
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B = 0.003 second-’ which represent the most severe case encountered i n  
this series of t e s t s .  The r e s u l t s  a re  p lo t ted  i n  f igure U. The e r ro r  
from t h i s  sowce over t h a t  portion of the range where the  measurements 
are  made i s  seen t o  be l e s s  1.5 percent. 
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In  order t o  calculate theoret ical  heat-transfer rates, it i s  
necessary t o  know the properties o f  the gas behind the shock wave. Study 
of the mmgni+yl~cles of the equilibrium constants o f  possible chemical reac- 
t ions  a t  the high temperatures and pressures i n  the shock layer  shows 
t h a t ,  up t o  about 6000' K, the major components o f  a gas consisting in i -  
t i a l l y  of C02 will be C02, CO, 02, and 0 .  Thus, if  the gas i s  t rea ted  
a s  a mixture of idea l  gases in  equilibrium, the  required thermodynamic 
properties can be calculated for various temperatures and pressures by 
the same procedure used t o  calculate the propert ies  of high-temperature 
a i r  ( r e f s .  1 4  and 15). These properties can then be re la ted  t o  f l i g h t  
ve loc i ty  and ambient density through the normal shock conservation 
equations. 

The f i rs t  s tep i n  t h i s  procedure i s  t o  determine the proportions of 
the component gases i n  the mixture. This i s  done by solving a s e t  of four 
shul taneous  equations i n  four unknowns, consisting of: 

( a )  One equation expressing Dalton's law of p a r t i a l  pressures 

(b) One equation of material  balance 

( c )  TWO independent reaction equations 

Dalton's l a w  of p a r t i a l  pressures s t a t e s  t h a t  the sun of the p a r t i a l  
pressures of the components is equal t o  the t o t a l  pressure of the mixture. 
In  t h i s  case, then, it follows tha t  

xco, + xco + xo2 + XO = 

The material  balance equation follows from the  f a c t  t h a t  i n  C02 
and i n  any dissociat ion products derived *om it, there  w i l l  always be 
twice a s  many oxygen atoms as there are carbon atoms. 

= 2  
2%02 + xco + 2x0, + x0 

xco, + xco 
The two react ion equations a re  
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From the law of mass action it follows tha t  

where 

reactions. These constants a re  calculated for temperatures i n  the range 
of interest  from the ideal  gas f r ee  energy data of reference 9 according 
t o  the formula 

and %11 are the equilibrium constants for the  indicated 

E"p = exD(- g) 
When these values o f  5 are  inserted in to  equations ( C 5 )  and (~6); 

the  equations along with equations (Cl) and ( C 2 )  become the s e t  which 
must be solved simultaneously f o r  the mole fract ions of the  various com- 
ponents as a f'unction of temperature and pressure. By subst i tut ion,  
these equations can be reduced t o  one cubic equation i n  one variable; i f  
t h i s  variable i s  chosen t o  be, say, the mole f rac t ion  of 
problem i s  reduced t o  finding the r e a l  root between 0 and 

The other component mole fract ions can then be found 
t h i s  value back in to  the or ig ina l  equations. 

02,  then the 
1 of 

by substi tuting 

The next s tep  i n  the procedure i s  t o  use these mole fract ions t o  
calculate the thermodynamic properties of the mixture as a function of 
temperature and pressure. 
normal shock equations are the compressibility, the  in te rna l  energy, and 
the  density. Thus 

The properties which a re  needed t o  solve the 

i 

U 

i 

p2 
p2 = CZ2R,mco2T2 i 

A 
4 
2 
7 
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where Ei i s  the  in te rna l  energy of the i t h  component of the idea l  gas 
obtained *om reference 9 .  

m-e fbal step i n  the  procedure i s  t o  r e l a t e  the  properties on 
e i the r  side of the shock wave by solving the normal shock conservation 
equations. 

The requirements of conservation of mass, momentum, and energy 
a re ,  respectively,  

PlVl = P2V2 

1 p2 1 
P1 2 P2 2 

El + 3 + - V12 = E2 + - + - V2' 

These equations can be combined and simplified according t o  the 
Then, when the properties of the method outlined i n  reference 16. 

ambient room-temperature C02 ahead of  the  shock are  obtained from 
reference 9, the  pressure, density, and temperature behind the shock 
wave can be determined for corresponding values of f l i g h t  Mach number 
and ambient densi ty  a s  shown i n  figures 12(a)  12(b) and 12(c). 

. 
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Amplitude 1 mV/div 
Sweep rate 100~sec/div 
Launch velocity 11)000 ft/sec 
1/10 atm. CO2 

Figure 4.- Typical oscilloscope record. 
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Figure 5.- Stagnation-point heat-transfer r a t e  i n  a i r .  
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Figure 7.- Stagnation-point heat-transfer r a t e  i n  carbon dioxide. 
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Figure 10.- Correction factor for off-center shot. 
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(a) Pressure r a t io .  

Figure 12.- Ratios of pressure, density, and temperature across a normal 
shock wave i n  carbon dioxide. 
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