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Introduction 

The use of blunt-nosed bodies to alleviate the heat transfer 
problem of re-entry vehicles has been widely discussed (e.g., Ref. 1). 
For such a vehicle, the shock wave generated by the blunt nose creates 
extremely high temperatur s in the fluid in the vicinity of the vehicle. 
These high temperatures and the consequent radiat on produced pro­
vide a means of detection of ballistic missiles (Ref. 2) . At the same 
t me, however, because of the spatial extent of the bow shock, it is 
expected that a significant portion of the energy dissipated will ap;J~ar 
as thermal energy of the surround ng atmosphere. This increase in 
the thermal energy of the wake of the missile, or rather is disfribution, 
is of interest as it may form an area of signif cant dimensions for use 
in detection purposes. lt is for this purpose that a simplified analysis 
of the energy content of a fluid behind a shock wave has been conducted. 
A ..,et of energy coeffic ents is defined and the relation of these coeffi­
cients to the wave drag of a body is given. The analysis is limited to 
a thermally and calorically perfect gas. 

Conversion of Energy Due to a Shock Wave 

The bow shock wave of re-entry missile served to convert 
kinetic energy of the body into thermal and potential energy of the sur­
rounding gas. In addition, the boundary layer surrounding the missile 
and the base flow, mcluding vorticity, etc., also dissipated energy. 
The latter is relatively small compared to the former at high altitudes, 
so that for the purposes of this study only, the effects of the bow shock 
are considered. The flow, except through the shock wave, is a sumed 
to be isentropic. Using Figure l, the change in enthalpy is defined by 

h2 - h = (h 1 - h ) + (ti2 - h 1) 00 00 
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, 

where h is the enthalpy per unit mass. For isentropic flow from 
Station 1 to 2, 

where T represents absolut temperature and y the ratio of 
specif c heats. H Station 2 1s far remo ed from the shock, 
Pa = P 00 • Then the change in enthalpy is given by 

The term 

Y-1 

h P r 
1 

here the ubscript t represents total or stagnation temperature 
and -1\ 1 = Tt across a shock wave. 00 Therefore, 

- 1 

The change in the enthalpy of the entire flow field per unit 
time can be obtained by integrating equation (2) over the shock 
wave, i. e ., 

H 2 - H ., = { p ., U., in /I (h2 - h .,) d L 
• 

- 2 -

(1) 

(2) 



.. 

• 

, 

where r. is the shock surface ::rea and f, = Ian •I t . i. e. , the l ocal shock wave angle. 
Then 

where y, is th.: shock height non-dimensionalized with respect to Rn , and Hn00 = 1T R! p00 U
00 

h
00 

, i.e., the flux enthalpy into a normal shock of radius R.,. The total pres ure ratlo, 
Pu/ P100 , may be exprP sed in terms of M

00 
and /3 by the re­lation 

--L.. 
1 

[ 

2 2 
j Y-1 

(y + 1) M f sin {3 
{y - 1) M 

00 
sln2 + 2 [ 

J
Y-1 Y+l 

2y M!,sin2 {3 - (y - 1 

To obtain a relation between H2 - H
00 

and the wave drag of a body, we define an enthalpy change coefficient due to the shock wave as 

= 4 
y-l)M~ 

Y-1 

1u~T 
as 

In a similar manner, the internal energy may be expressed 

where E n = 1T R 2 p U e · e = c. T oo n oo oo oo' oo • oo 
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(3) 

(5) 
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and 

E2 - E00 = 1T R2( .lp us) n, 2 00 00 

Relation of Enthalpy Change to Wave Drag 

The wave drag of a 'oody due to the momentum rhange 

across a shock wave has been derived by Munk and Crown (Ref. 3). 

Their relation for the wave drag coefficient is 

D 
1T R2 ( .!. P U 2 ) = 

n 2 00 oo 

This relation may also be written as 

00 ~1 ! 

CD. = 41 [ 1 - [ 1 - (y-~}M!, {(}.4 :_, -1ff} Y d Y 

( ~~~-,,-- - 1 Expanding the term in brackets using A = r 
1 

I 

+ 

A 
If 2(y-l)M! < < 1, then we need only use the first term of the 
expansion. In this case, 

Y-1 

4 
(y-l)M 2 

00 

J ~ [ (¾.1 T - 1 ] 

0 

So, if A 
2(y-l)M~ < < 1, 

- 4 -

- -
Y■ d Ya = 

(6) 

(7) 

(8) 
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the wave drag coefficient is equal to the enthalpy change co fficient. 

The maximum value of 2(y-;)M 2 will occur for normal shock waves . As shown in Figure 2, thls value does not exceed 
• 07 for y ~ 1. 4, and may be considered negligible for ~ > IO. 
Thi means that for y ~ 1. 4, the enthalpy change coefficient and 
the wave drag coefficient are nearly equal . This condition may not be true for y < I. 4. 

The relation expressed in equation (8) allows a simpll!i­
cation in the computation of the change n enthalpy flux through a 
shock wave. At high Mach numbers (M

00
> 6) the wave drag co­

efficient app ars to remain con tant (Ref. 4). This means that 
H2 

- H may be expressed in terms of the Mach number and the 
00 

enthalpy flux into a normal shock wave of radius, Rn, i.e. , 

= (y - l)M! CH = K M~ 
4 

where K = c nstant 

Calculation of Enthalpy Change Through a Shock Wave 
Shock Wave Sha~: Th change in enthalpy flux through a hock wave {Eq. 3) is a f :mction of the Mach number and shock wav shape (or 
Mach number and body geometry). Unfortunately, the methods of 
computing the shock shape {e.g., method of characteristics) are 
labor ous and rimental data 1s lacking. To void the lengthy 
computations, and since we are seeking only qualitative information, the shock wave shap for the sem!-mfinite hemi phere cyl nder of Ref. 2 1s u ed . This shock will differ from the sho k that would 

occur at higher Mach numbers for a finite body. The effect of this differ nc on the results obtained will be discussed later . 

- 5 -

(9) 
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Of importance, also, is the fact that t'le shock shape of 
Ref. 2 does not extend to the Mach line. Thus, the m ssmg 
portion of the curve must be taken mto account in disc · s ng the final results. 

Calculation of Energy Change: For the above shock wave shape, 
the change m enthalpy flux has been computed as a fw,ction of Y• 
for M = 20 and 27. 7 (Fig. 3 a and 3b). In both casP.;, the shock 

00 

shape is assumed to remain constant. This is justified as follows: 
In the vicinity of the stagnation po nt at high Mach numbers, the 
shock shape and shock stand-off distance is nearly indepl~ndent of 
the Mach number. Furthermore, the slope of the shock at the op­
posite extremity, i.e., the Mach 1 ne, does not d ffer greatly at 
h gh Mach numbers. Slnce both ends are nearly the same, one can 
expect only small variations n the shock shape with Mach number. 

The curves of energy flux change show a peak near y. = 1, a sharp fall-off and a rather long ta 1. This means the high temper-
atures will occur near the body, but a good deal of the energy increase -n the fluid occurs beyond Y• = 2. Based on the area under the curves of Fig. 3 , about 15% of the complete enthalpy change occur6 within y. = 1, and approximately 40% of the chang occurs withm y.= 2. 

These percentages would be reduced somewhat if the m ssing portion of the shock shape was included. 

The main source of error in the above calculation is the use of a shock shape for a semi-infinite hemisphere cylind r based on 
a Mach number lower than those used in the calculation. Both of 
these approximations tend to shift the energy distribution away from 
the body, but this shift is more than accounted for by the mi ing 
portion of th shock curve. For this 1.·eason, the percentag~ quoted abov ould appear to be qualitatively correct. 
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Conclusions 

To attempt to furth r extend this analysis would require 
a knowledge of the true shock shape. However, this analysis 
do s indicate that a large percentage of the energy increase be­
hind a shock wave can occur outboard of 2 nose radii of the body. 
It also shows that a knowledge of the wave drag coefficient is suf-
f clent to compute the rate of change of enthalpy of the entire flow 
field. These calculations provide, in a quantitative way, a means 
of estlmat ng the energy distribution in the wake of re -entry bodies 
at relatively high altitudes . 

- 7 -
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