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Results of an analytical study initiated to determine the effects of cor-

ner radius on stagnation-point velocity gradients on blunt bodies at a 0° angle

of attack are presented. The blunt bodies investigated included a range of

ratios of body radius to nose radius rB/r N from 0 (flat-faced cylinder) to

1.0 (hemisphere) and ratios of corner radius to body radius from 0 (sharp

corner) to 0.3.

The velocity gradients on the blunt bodies were calculated from published

experimental pressure distributions with the aid of the thermodynamic proper-

ties of equilibrium air and isentropic flow relationships.

For a rB/r N ratio less than 0.5, increasing the corner radius increases

the velocity gradient and thus increases the stagnatlon-polnt heating rate.

These effects become more pronounced with increasing nose radius. For a

rB/r N ratio greater than 0._, the corner radius has a negligible effect on the

velocity gradient for the range of corner-radius ratios investigated.

One of the problems encountered in the application of stagnation-point

heat-transfer theories (e.g., refs. 1 and 2) is the calculation of the

stagnation-point velocity gradient (dU/dS) s. For the particular case of a

hemispherical nose, Fay and Riddell (ref. l) and others show that (dU/dS) s

can be evaluated from Newtonian flow. Boison and Curtiss (ref. 3) have exper-

imentally determined (dU/dS) s for a family of sharp-cornered blunt axlsym-

metric noses on cylinders.

Some theoretical work showing the relationship between (dU/dS) s on a

blunt body with sharp corners and (dU/dS)s on a hemisphere has been published.
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(See ref. 4.) This work is based on the proportionality between the stagnation-

point heating rate and the square root of the stagnation-point velocity gradi-

ent, where (dU/dS)s is determined from the pressure distribution over the

body. In reference 4, the pressure distribution was assumed to be a function

only of geometry for M _ 2.0. Recent experimental pressure data obtained in

the Langley Unitary Plan wind tunnel indicate that the pressure distribution is

invariant for M _ 3-5. Experimental evidence can be found for M > 6.0 in

reference 5 and for Mach numbers from 3.0 to 24.4 over a Reynolds number range

of 0.052 × 106 to 4.22 × 106 in reference 6.

The present report presents the results of an analytical investigation of

the effects of corner radius on the stagnation-polnt velocity gradient. The

/ (dU/dS)s,BB

results are presented as plots of VidU-_'_s_-'_emi for the range of blunt

bodies between a flat face rB and a hemisphere = 1.O • Stoney

initiated this procedure in reference 4. Corner radii up to 0.3 of the body

radii have been included. Also, as in reference 3, the correlation between the

velocity gradient and the effective radius (reff_ has been established and the

parameter rB/ref f has been incorporated in the presentation of the results.

SYMBOLS

a

g,f

h

M

P

4

rB

rc

reff

rN

S

speed of sound_ ft/sec

functional relationships (eqs. (i) and (2))

heat-transfer coefficient, Btu/ft2-sec-°R

Mach number

pressure, ibf/ft 2

heat-transfer rate, Btu/ft2-sec

body radius (fig. i), ft

corner radius (fig. 1), ft

"effective" radius (eqs. (4) and (5)), ft

nose radius (fig. 1), ft

distance from stagnation point along surface, ft
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u

dU/dS

7eff

P

temperature_ OR

velocity, ft/sec

velocity gradient, sec -I

(0s1real-gas isentropic e_onent a2

density_ slugs/ft 3

Sub scripts :

£

e

s

t

a_b

BB

Hemi

exp

condition behind normal shock

free stream

edge of boundary layer

stagnation point

total conditions

different body sizes

blunt body

hemisphere of radius rB

experimental
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ANALYSIS

The velocity gradient is a function of all the flow parameters which

influence the local velocity in the stagnation region, including dissociation

and ionization. However, if equilibrium air properties and isentropic flow are

assumed, the velocity gradient is a function of flight conditions and the pres-
sure gradient and can be written as

dU) ,dp]s = g(Pt'2'Tt'2 dS/
(1)

Also, since the flow in the stagnation region of a blunt body will be the same

as the flow in the stagnation region of a hemisphere at the same flight condi-

tions, except for pressure distribution effects, it follows that
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(dU/dS) s,Hemi L(dp/dS) s,Hemi_

(2)

The application of the assumption that the pressure distribution is a function

of geometry (i.e., the pressure distribution is fixed on the body) for M _ 3.5

can be used to establish that (dp/dS)s,BB and (dp/dS)s,Hem i are both con-

stant. Hence, the functional relationship (f of eq. (2)) must also be con-

stant for all flight conditions where M _> 3-5.

Thus, if the pressure distribution on a body is known for flight condi-

tions where M _ 3-5, and if the functional relationship g is known, the

stagnation-point velocity gradient can be found (eq. (1)). Further, the

results of the analysis can be presented in a readily usable form as a ratio of

the calculated blunt-body velocity gradient to the velocity gradient on a hemi-

sphere for which the velocity-gradlent calculations are well established.

Boison and Curtiss (ref. 3) have shown that for blunt bodies of the type

being considered herein, the velocity gradient in the stagnation region is con-

stant, as though it were the velocity gradient on a hemisphere; that is, the

stagnation-region pressure distribution on a blunt body is the same as that

found on a hemisphere of some "effective" radius. The "effective" radius is

the equivalent hemispherical radius which will produce the same velocity gradi-

ent as that computed for the blunt body. Then, since for a hemisphere,

(dU) _ 1 l_ (Newtonian flow)
s,Hemi rTV

(3)

it follows that

1 (4)

and

(dU/dS)s# 
ref---_: (dU/dSi s,Hemi

(5)

METROD

The analysis indicates that if the pressure distribution on a body is

known, the velocity gradient can be established by evaluation of the functional

relationship in equation (2). However, the functional relationship cannot be
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evaluated directly; therefore the following method was used to calculate the

velocity gradients for the purposes of this report.

First, a study of available data was made to obtain experimentally deter-

mined pressure distributions over bodies of the type being considered. For a

specific body, the pressure data at the highest Mach number were used. The

data selected were found in references 3, 5, and 7 to 12.

The pressure distribution for each of the bodies selected, including the

hemisphere, was reduced to the form pe/Pt, 2 as a function of S/r B. Then a

set of flight conditions, U_ and p=, were arbitrarily selected and the flow

conditions (Pt,2,Pt,2] behind the normal portion of the bow shock were deter-

mined from the tables in references 13 and 14. These tables are bas_d on air

in chemical equilibrium. The velocity was calculated for several points

around the body by using the known pressure distribution_ the isentropic flow

relations, the adiabatic energy equations, and the value of 7ef f determined

from reference 15 for the stagnatlon-point conditions. Ratios of these veloc-

ities to the free-stream velocity were made, and these ratios were plotted as

a function of S/r B. Figure 2 presents some typical velocity distributions in

the stagnation region of some of the blunt bodies at an arbitrarily chosen

free-stream velocity of 23 800 ft/sec and an altitude of 138 000 ft. For all

cases computed, the ratio of Ue/U = was a linear function of S/r B in the

stagnation region, and the slope of the line (the desired velocity gradient)

was graphically determined. The ratio

(6)

was then evaluated. Several calculations were then made for some of the bodies

at different flight conditions, and as the analysis had predicted, the ratio of

expression (6) was constant for each body if the pressure distribution was

assumed to be invarlant. Thus_ an effective radius could be found since this

ratio is equivalent to rB/ref f. Finally, since the free-stream velocity and

the body radius will cancel in the numerator and denominator of expression (6),

the ratio can be rewritten as

(a 'e/dS)BB

(dUe/dS)Hemi

RESULTS

The results of this investigation are presented in figures 3 and 4.

Faired curves of (dU/dS) s are presented as a function of the blunt-body
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B r-_B=parameters rB/r N and rc/r B for a 0 ° angle of attack, y definition rN 0

rB rc
is a flat-faced cylinder_ - 1.0 is a hemisphere, and - 0 is a sharp

rN rB

corner .)

For heat-transfer calculations the important parameter is (dU/dS)s/21

Thus figure 3 shows

i (dU/dS) s,BB ]i/2

dU/dS) s,KemiJ

which for a given set of flight conditions is equal to the ratio

Figure 3 shows that for --_rB> 0.9, there are no significant effects due to the
rN

rB <0.5,
corner radius over the range of rc/r B under consideration, and for rN

r__B=
the effects of corner radius increase as rB/r N approaches O. At rN O, the

value of the ordinate increases by approximately ll percent as the corner-

radius ratio increases from 0 to 0.3. It should be noted that the results of

rC
the present work for the sharp-cornered bodies -- = 0 when put in heat-

rB

transfer ratio form are in excellent agreement with results of reference 4.

Since the amount of pressure data for M_ 3.5 available for these blunt

rC
bodies was limited, the data for rB = 0 and - 0.533 at M_ = 2.2 were

rN rB

included in this paper. For a sharp-cornered body at this low Mach number, the

use of this pressure distribution might be questioned. However, this body had

a fairly large corner-radius ratio and thus the pressure distribution was

assumed to be invariant for M_ < 3-5.

The results shown in figure 3 have been compared with experimental results

from references 16 and 17 for flat-faced bodies with varying corner-radius

ratios. The experimental heating rates are approximately 2 percent greater

than those in figure 3-

The results of figure 3 are replotted in figure 4 in terms of

(dUldS) s,BB

and z/r"/reff which have been shown to be equivalent in the
(dU/dS) s,Hemi

analysis section. Since the ordinate is the square of the ordinate in figure 3,
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the effect of the corner radius is to increase the velocity-gradient ratio by

rB
approximately 22 percent at - O.

rN

APPLICATION OF RESULTS

Use of Velocity-Gradient Curves

The results given in figures 3 and 4 are directly applicable provided the

velocity gradient on the hemisphere is known. As previously shown t!_s veloc-

ity gradient can be evaluated from equation (3), where Ps and p s must be

evaluated from the flow conditions behind the normal part of the bow shock wave.

Figure 5, based on the WADC 19_9 model atmosphere (ref. 18), has been prepared

r /TT_

to facilitate the velocity-gradient calculations. From this figure IAI )I

s

can be determined for a given free-stream velocity and altitude. Then since

the free-stream velocity and the body radius are known,

can be found.

=

Stagnation-Point Heating

If the stagnation-point heating rate qs is known (see, for example,

ref. 2) on a hemisphere of any size at a desired velocity and altitude, the

results of figure 2 can be used to evaluate the heating on a blunt body at the

same velocity and altitude. The known qs,b is simply converted to the qs,a

__rr'---

on a hemisphere of the desired body radius by the relationship qs,a = r_
_s,b

since the qs on a hemisphere is inversely proportional to _. Then, from

figure 3 the desired I.qBB _ can be found and the resultant _s,BB can be

\qHemi /s

calculated.
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The Effective Radius

The stagnation-point heatlng-rate theories of Detra, Kemp, and Riddell

(ref. 19) and Kemp and Riddell (ref. 20) can be used to obtain values of the

stagnation-polnt heating rates on a hemispherical nose IrN = rB). However,
% l

these theories are not directly applicable if rN does not equal rB. If the

"effective" radius ref f is used as the radius of the hemispherical nose,

these theories can be used to calculate the stagnation-polnt heating rate on a

blunt body.

The "effective" radius should also be very useful when an attempt is made

to compare experimental and theoretical stagnatlon-point heat transfer on a

blunt body. For example, in figure 9(a) of reference 5, a comparison is made

between the measured stagnatlon-point heat-transfer coefficient on a blunt body

and the calculated theoretical heat-transfer coefficient on a hemisphere. The

authors show that hs'exp is 1.22 where hs,Hemi was based on the nose
hs,Heml

radius of the blunt body and not on the body radius, as the notation of the

present report would indicate. If they had instead chosen to represent their

results as hs'exp by using the effective radius of the blunt body, the ratio

hs,BB

would have been 1.O.

CONCLUDING REMARKS

Results of an analytical study initiated to determine the effects of cor-

ner radius on blunt-body stagnatlon-point velocity gradients are presented.

The velocity gradients were calculated from published experimental pressure

distributions with the aid of the thermodynamic properties of equilibrium air

and Isentropic flow relationships.

Ratios of corner radius to body radius rc/r B from 0 to 0.3 were inves-

tigated. For this range and for a given ratio of body radius to nose radius

rB/r N less than 0._, increasing the corner radius increases the velocity gra-

dient and hence increases the stagnatlon-point heating rate. These effects

become more pronounced with increasing nose radius. For a rB/r N ratio

greater than 0.}, the corner radius has a negligible effect on the velocity

gradient.

Langley Research Center,

National Aeronautics and Space Administration,

Langley Station, Hampton, Va., November 16, 1964.
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Figure 3.- Stagnation-point heating-rate parameters on hemispherical segments of different
curvatures for varying corner-radius ratios.
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