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NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

MEMORANDUM 1-3%-59L

MEASUREMENTS OF LOCAL HEAT TRANSFER AND PRESSURE ON
SIX 2-INCH-DIAMETER BLUNT BODIES AT A MACH NUMBER
OF 4.95 AND AT REYNOLDS NUMBERS
PER FOOT UP TO 81 x 109

By Morton Cooper and Edward E. Mayo
SUMMARY

Measurements of the local heat transfer and pressure distribution
have been made on six 2-inch-diameter, blunt, axially symmetric bodies
in the lLangley gas dynamics laboratory at a Mach number of 4.95 and at
Reynolds numbers per foot up to 81 x 106. During the investigation
laminar flow was observed over a hemispherical-nosed body having a sur-
face finish from 10 to 20 microinches at the highest test Reynolds num-
ber per foot (for this configuration) of T7.4 x 106. Though it was
repeatedly possible to measure completely laminar flow at this Reynolds
number for the hemisphere, it was not possible to observe completely
laminar flow on the flat-nosed body for similar conditions. The signif-
icance of this phenomenon is obscured by the observation that the effects
of particle impacts on the surface in causing roughness were more pro-
nounced on the flat-nosed body. For engineering purposes, a method
developed by M. Richard Dennison while employed by Lockheed Aircraft
Corporaticn appears to be a reasonable procedure for estimating turbu-
lent heat transfer provided transition occurs at a forward location on
the body. For rearward-transition locations, the method is much poorer
for the hemispherical nose than for the flat nose.

The pressures measured on the hemisphere agreed very well with those
of the modified Newtonian theory, whereas the pressures on all other
bodies, except on the flat-nosed body, were bracketed by modified
Newtonian theory both with and without centrifugal forces. For the hemi-
sphere, the stagnation-point velocity gradient agreed very well with
Newtonian theory. The stagnation-point velocity gradient for the flat-
nosed model was 0.31 of the value for the hemispherical-nosed model. If
o Newtonian type of flow is assumed, the ratio 0.31 will be independent
of Mach number and real-gas effects.



INTRODUCTION

In recent years, the blunt reentry body has been the subject of
extensive research, both experimental and theoretical. This research
has been directed toward a better understanding of the flow so that more
exact means for predicting and, hence, reducing the heat transfer to
such bodies could be established. The problem of establishing the heat
transfer to an arbitrary blunt body in axially symmetric flow usually
divides into the study of two different flovs: an external inviscid
flow and a boundary-layer flow.

The status of the inviscid-flow problem (refs. 1 and 2) indicates
that rapid progress has recently been accomplished in accurately pre-
dicting flow fields about blunt bodies with detached shocks. For several
assumed shock shapes, the flow fields about corresponding bodies of physi-
cal interest have been computed. (See refs. 2 to 4.) 1In principle,
therefore, if the proper shock shape can be deduced for an arbitrary
body, the remainder of the flow field can be established. For the hemi -
sphere, the experimental confirmation of the method outlined in refer-
ence 2 is excellent. In examining the comparisons shown in reference 2,
it should be noted that for a Mach number o’ 5.8 the modified Newtonian
theory would agree equally well. Hence, more experimental pressure infor-
mation is required to establish the accuracys of the methods of references 2
to 4 for blunter bodies where such simplifi:d procedures as the modified
Newtonian theory are lnadequate.

Once the external flow field has been :stablished, the accuracy with
which the heat transfer can be evaluated dejends upon whether the boundary-
layer flow is laminar or turbulent and upon when and where transition might
occur. For the purely laminar-flow case, tie method of reference 5 for the
stagnation point coupled with the methods of references 6 and T predict,
in general, the heat-transfer dlstribution airound blunt bodies. For the
turbulent-flow case, many choices of approximate methods exist (for example,
refs. 8 to 10, with additional references i1 ref. 10, and a method devel-
oped by M. Richard Dennison while employed >y the Missile Systems Division
of Lockheed Aircraft Corporation in a paper not generally available), but
the limits on each method have yet to be taigibly established. Hence, a
reasonably reliable unified method for the urbulent-flow case is still
lacking. In regard to the transition probl:m on blunt bodies, incompres-
sible stability calculations (ref. 11) for i hemisphere indicate that, at
least in the vicinity of the stagnation poiit, the boundary layer is stable
for Reynolds numbers of practical concern. Whether this is the case for
either subsonic or supersonic flow remains o be proved, inasmuch as
data exist (for example, ref. 12) which ind .cate turbulent flow on blunt
bodies. The quantitative influence of rougnness on transition in these
results (ref. 12) is unestablished.



The purpose of the present paper 1s to present the results of meas-
urements of the local heat transfer and pressure distribution on six
2-inch-diameter, blunt, axially symmetric bodies in the Langley gas
dynamics laboratory at a Mach number of 4.95 and at Reynolds numbers
per foot ranging from 12 X 106 to 81 x 106. Particular emphasis has
been given to the results obtained on a hemispherical nose and on a
flat nose.

SYMBOLS
Ap,Coyn arbltrary constants
ay stagnation-point speed of sound outside boundary layer
Cp pressure coefficient, E_:_Eg
1
ol
by - b,
Cp t stagnation-point pressure ccefficient, >
’ 1
EOODVOO
Cor specific heat of model-skin material
D base diameter of model
h heat-transfer coefficient
k local thermal conductivity outside boundary layer
M nominal Mach number
My local Mach number
Meat Mach number on jet center line
M incremental Mach number
Nyu Nusselt number, hs/k
Np, Prandtl number
p VD
NR free-stream Reynolds number, 2 0
e,D

[0}

local Reynolds number, EEE



local pressure on model surface

stagnation-point pressure

free-stream stagnation pressure

free-stream static pressure
base radius of model

radius of hemisphere model

radius of curvature of outer surface measured in plane
including axis of symmetry, nezative for convex bodies

distance along surface of model measured from stagnation
point

temperature of model skin

recovery temperature

free-stream stagnation temperature

time
local velocity outside boundary ..ayer
free-stream velocity

distance parallel to axls of symmetry measured from stag-
nation point (fig. 1)

distance from axis of symmetry to outer surface of model
(fig. 1)

dummy variable
ratio of specific hesats

acute angle between axis of symmetry and tangent to outer
surface

local viscosity outside boundary layer

free-stream viscosity



o] local denslty outside boundary layer

Py stagnation-point density outside boundary layer
pW density of model-skin material

Poo free-stream static density

T skin thickness

APPARATUS, TESTS, AND METHODS

Jet

The tests were conducted in a 9-inch-diameter blowdown jet installed
in the Langley gas dynamics laboratory. The circular nozzle was designed
by the method of characteristics and the ordinates were corrected for
boundary-layer growth by assuming a turbulent boundary layer. The cali-
brated Mach number in the test section is approximately 4.95 with a maxi-
mum deviation from this nominal value of about 0.04. The stagnation-
pressure range of the jet when empty is 275 to 2,500 lb/sq in. with an
atmospheric discharge. Stagnation pressures as low as approximately
50 lb/sq in. can be obtained by discharging into an existing vacuum
system. The stagnation-temperature range of the Jet is from about O° F
to 1,000° F; realistically, however, the lower temperature limit is set
by condensation of oxygen in the nozzle. This occurrence imposes a lower
limit of about 350° F at the higher pressures. Inasmuch as air to operate
this Jet is obtained from a 20,000-cublc-foot tank field at 5,000 1b/sq in.,
the duration of flow during a given test with atmospheric discharge can be
very long, up to about 20 minutes, even at the highest pressures.

Models and Instrumentation

Geometry.- Six different nose shapes (fig. 1) were studied. These
shapes included a hemisphere, a flat disk, and a family of four shapes
having a prescribed Newtonian pressure distribution. The prescribed
pressure distribution was arbitrarily specified as

D s\
Eeaal
Py MR

A pressure distribution of this form results in an increasingly favor-
able pressure gradient with distance. Furthermore, the choice of n=2 3
establishes zero curvature at the stagnation point, a factor conducive



to low heat transfer. For the four model: studied, the values of Cp
were as follows:

c

0.597 C, = 0.586
0.356 Cy = 0.346

3
C3

In each of the two general cases studied (that is, with n equal to 3
and 4), the larger of the C, values corresponds to the vanishing of

the pressure coefficient at the model base. For a given value of n,

s lower value of C corresponds to a blunter body. (See fig. 1.) The
derivation of the body shapes to satlsfy the prescribed pressure dis-
tribution is outlined in appendix A.

Pressure models.- Pressure models of all six nose shapes (fig. 1)
were tested. All models had a base dismeter of 2 inches and orifices
0.015 inch in diameter. The orifices were located essentlally in a
vertical plane on the upper half of the model. In some instances 1t
was necessary, for clearance purposes, to stagger the orifices slightly
off the vertical plane. The pressure dats were initially recorded on
either laboratory-type gages or on a mercury manometer. During the data
analysis of the blunter models, however, :t became readily apparent that
more precise measurements were required to establish the velocity grad-
ients in the vicinity of the stagnation point for comparison of the heat-
transfer data with theory. Accordingly, “he flat-nosed model was retested
and the difference between stagnatlon-point pressure and any other pres-
sure along the body was recorded on a 10-:'oot butyl phthalate (specific
gravity approximately equal to 1.04) manoneter.

Heat-transfer models; 7 = 0.030 inch -~ Two separate sets of heat-
transfer models were used. The first set consisted of all six shapes
(though only four were tested, that is, models with Cz = 0.356

and CL = 0.346 were not tested) and had a nominal skin thickness of

0.030 inch. The actual thickness of each model varied from stagnation
point to base, with the variation amounting to 0.015 inch in the worst
case. Hereinafter, this set will be designated as the 0.030 models.

The construction details of these models iwere of an exploratory nature.
The models consisted of a thin skin of type 303 stainless steel supported
on three pins located 120° apart near the outer edge of the skin. These
pins connected the skin to the sting support. Chromel-alumel thermo-
couples, the outputs of which were recorded on an 18-channel galvanometer,
were spot-welded to the inner surface of —he skin and were located on

the top half of the model in the plane of symmetry. After the thermo-
couples were installed, the lnteriors of the models, between the skin

and sting, were filled with an insulating composition consisting primarily
of a light earthen material to which an additive had been mixed in order




to harden the fill material. The fill material was required to support

the thin shells which were subjected to external pressures in excess of

150 1b/sq in. Unfortunately, heat transfer to the fill material, as
discussed in reference 13, had a slgnificant effect on lowering the
apparent heat-transfer data. Based on rough estimates of the thermal
conductivity and specific heat of the fill materilal, the heat-transfer

data were lowered from perhaps 10 to 20 percent with the amount depending
on the heat-transfer coefficient; that is, the larger the coefficilent,

the larger the error. The magnitude of this drop was substantiated
qualitatively by means of tests of two additional models as will be dis-
cussed subsequently. Because of the uncertainty of the thermal conduc-
tivity of the fill material as well as the uncertainty of contact resistance
between the skin and the fill material, no attempt has been made to correct
the data. Hence, the data for the 0.030 models will be used solely to
establish the location of transition and for comparative purposes which
would be little affected by the fill-material problem.

The surface finish of these models was estimated by means of an
interference microscope. In general, at the start of the test program
the models had a background finish between 2 and 5 microinches, but in
all cases there were extensive polishing scratches between 10 and 20 micro-
inches. In addition, & significant amount of pitting of the surface
oceurred during each test from impacts of particles in the airstream with
the model surface. In order to minimize the effects of these pits, which
were between 0.002 and 0.005 inch in diameter, the models were polished
between tests to eliminate high spots and sharp edges around the pits.
No accurate measurements of the depth of the pits were made.

Heat-transfer models; T = 0.060 inch.- The second set of heat-
transfer models used consisted of two nose shapes, a flat nose and a
hemispherical nose, and had a nominal skin thickness of 0.060 inch.
Hereinafter, this set will be designated as the 0.060 models. These
models were designed and constructed after the tests of the 0.030 models
were completed and the data partlally analyzed. The skin thickness of
0.060 inch was selected as a compromise between structural and data-
reduction requirements. No £il1 material was used, and a vacuum was
maintained inside the models during the tests to eliminate the fill-
material problem. The contour of the new hemispherlcal-nosed model
extended beyond the 90° station. (See the dashed region in fig. 1.)

For these models thermocouples were installed by drilling two small

holes normal to the model and pushing each lead of the thermocouple into
a separate hole. The holes were then filled with a material having
approximately the same product of density and specific heat as that of
the skin. The thermocouples were spiraled around the hemisphere; whereas
they alternated on each side of a vertical plane on the flat-nosed model.

Both of the 0.060 models were made of 17-4 PH stainless steel and
were hardened after machining to resist abrasion better. For these models
a background finish of about 2 microinches existed before the first tests.



However, as in the case of the 0.030 models, there was extensive coverage
of scratches between 10 and 20 microinches. These scratches, by virtue
of the polishing procedure, were undoubtedly depressions in the surface.
For these 0.060 models there was no polishing between tests with the
result that the models became rougher with each test.

Installation

In general, two separate installaticns were used (fig. 2) - a fixed
support for the pressure models (fig. 2(z)) and a "push-in" side support
(figs. 2(b) and 3) for the heat-transfer models. The pressure models
were tested first. Difficulties in starting the jet with these blunt
bodies would not permit the use of the side support with the model
installed prior to the establishment of supersonic flow. (See fig. 2(b)
for installed location.) However, it was possible to make the pressure
tests with the rather unorthodox support shown in figure 2(a).

For the heat-transfer tests the protlem of starting the jet was
eliminated by increasing the area of the second minimum and by inserting
the model into the test section after supersonic flow was established at
the proper stagnation conditions. In orcer tc insert the model into the
Jet, a vertical door (fig. 3) was lowerec by means of a pneumatic cylin-
der. During the lowering process, air irduced from the room choked the
jet. When the vertical door was fully retracted, it triggered the push-
in cylinder (fig. 3) which inserted the nmodel into the test section in
less than 0.1 second. Flow was reestablished almost immediately. In
order to minimize model pitting, the jet was shut down as socon as data
were obtained.

The repeat test of the flat-nosed pressure model using the butyl
phthalate manometer was made (after completion of the heat-transfer tests)
by using the heat-transfer support and tre test procedure for inserting
the heat-transfer model.

Test Conditicns

Pressure models.- The free-stream Mech number for all tests was
L.95. For the initlal set of pressure tests of the models, the stagna-
tion pressure ranged from a nominal value of 600 to 2,500 1b/sq in. at
a stagnation temperature of approximately 5750 F. For the repeat tests
of the flat-nosed model using the butyl phthalate manometer, the stagnation
pressure ranged from 400 to 1,500 1lb/sq in., though it should be noted
that a pressure of about 1,500 lb/sq in. was required to start the jJet.
For the pressure tests the free-stream Reynolds number ranged from
12.2 x 106 to 76.3 X 106 per foot or fron 2.0 X 106 to 12.7 X 106 based
on body diameter. The specific conditions for each test are presented
in tables I and II.




Heat-transfer models.- In the heat-transfer tests of the models,
the stagnation pressure was varied from 1,000 to 2,500 lb/sq in., and
the stagnation temperature was either 400° F or 700° F. The free-stream

Reynolds number ranged from 18.5 X 106 to 72.5 X 106 per foot or from

3.1 X 106 to 12.1 x 10% based on body diameter. The specific conditions
for each test are specified in tables III and IV. With the exception of
one data point (which was obtained 0.7 second after obtaining the other
data for reasons discussed subsequently), all heat-transfer data pre-
sented were obtained about O.4 second after the model was inserted into
the airstream. When the data were obtained, the model surface was essen-
tially isothermal at roughly 110° F for the 400° F tests and at 150° F
for the TOO® F tests. These temperatures correspond to wall-to-stream
stagnation-temperature ratios of 0.66 and 0.53, respectively, ratios
which are representative of the entire test program.

Data Reduction

Pressure models.- For the pressure models all data have been non-
dimensionalized in terms of the stagnation-point pressure. The flow
variables outside the boundary layer (required in the heat-transfer
analysis) have been evaluated from the measured pressures and the assump-
tion of isentropic flow behind the shock wave. Because any Reynclds num-
ber effects on the pressure distributions were within the limits of
accuracy of the results, a single curve was faired through all pressure
data for a given model and was used 1n evaluating the flow conditions
outside the boundary layer. In computing the velocity in the vicinity
of the stagnation point on the flat-nosed mcdel, the formula

/E(Pt - P)
u = - (1)

was used in order to retain numerical accuracy in the data reduction.
The value of F, can be obtained from the relation

( Y
- -1
Fo = —2-|{1 + 2221y, -1
EL ) 1
My

or, 1n its more usual expanded form, from

1,2 1,k
FC=l+1:NIl +I].6Mz T o e (M<¢—5-)



10

P P< 0.028),

the product ch can be replaced by Pe with an error of less than

0.5 percent in velocity. Experimental velocity gradients were estab-
lished graphically.

In the vicinity of the stagnation point Gﬂl < 0.2 or

Heat-transfer models.- The heat-transfa:r data for the models were
evaluated by means of the calorimeter technique. The heat entering the
front face of the model was equated to the 1eat stored in the model by
assuming that lateral conduction, the temperature difference across the
skin, and radiation are negligible. For su:h a case, the heat balance
for a thin, axially symmetric shell of arbitrary profile and constant
thickness 1is

T, -Tadt 2y or

n = PwlwuT dT(l _ T cos 6><l " L) (2)
where the radius of curvature r 1s negatire for convex bodies. The
terms in parentheses in equation (2) are sinply geometric corrections
accounting for the difference in surface arza of the inner and outer
surfaces. For a hemisphere,

Hence, by neglecting the square of T/Rh, tae heat-transfer coefficient

in equation (2) can be written for the hemisphere as

_ _PwCwT g7 1
since the thickness is small compared with the radius. For the flat
disk, the heat-transfer coefficient in equation (2) becomes

PwCwT 4T
tTroTa )
In order to evaluate the limitations o1 the data imposed by equa-
tions (2) to (4), the effects of the approximations must be considered.
Computed lateral conduction and radiation lssses were completely neg-
ligible inasmuch as the model was essentially isothermal at wall tempera-
tures of about 1500 F or less. In order to evaluate the effect of the
temperature difference across the skin resulting from the finite thermal
conductivity of the skin, the response of a thermocouple located on the
inner skin surface to a heating rate proportional to the difference in
recovery temperature and outer skin temperature was computed from a
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solution of the one-dimensional, unsteady, heat-flow equation. (See

ref. 14.) From this calculation, the output of the inner surface thermo-
couple was compared with the true heat-transfer coefficient given as =
boundary condition. A correction factor directly applicable to the data
was determined. This correction factor amounted to an increase in h

as given by equations (2) to (4) by as much as 8 percent at maximum and
was applied to the 0.060 models. In general, the increase was much less.
The correction amounted to less than 4 percent for the 0.030 models and
was not applied because of the previously discussed limitation on the
0.030-model data. This general problem of the effects of finite thermal
conductivity and fill material on composite one-dimensional slabs has
been recently treated in reference 15.

No attempt was made to measure the recovery temperasture because for
blunt-nosed models the recovery temperature does not deviate much from
the stagnation temperature. Furthermore, if the models were to remain
in the flow sufficiently long to establish recovery temperatures, pitting
due to fine-particle impacts on the surface would roughen the models,
cause transition, and invariably result in turbulent-flow recovery tem-
peratures. Hence, the recovery temperatures were computed based on
either the square root or cube root of the Prandtl number (by using local
conditions outside the boundary layer) with the choice depending on
whether the data were laminar or turbulent. In all cases, the actual
choice is indicated in tables III and IV. For extreme cases, as indi-
cated in tables III and IV, the results, in general, are little affected
by the choice used in establishing the recovery factor.

RESULTS AND DISCUSSION

Pressure Models

Pressure distributions.- Representative pressure distributions are
summarized in figure 4 and table I where the local pressure (expressed
as a fraction of stagnation-point pressure) is presented as a function
of nondimensional arc length. Also shown in figure 4 are calculations
for modified Newtonian theory and modified Newtonian theory plus centrif-
ugal forces. (See ref. 16.) In applying modified Newtonian theory in
which

C
_.p_ = sin26

the difference between pressure and pressure coefficient has been
retained so that in figure &4

P sin®e + Peo 055

Py Py
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For the flat-nosed model, Newtonian flow is trivial and yields
stagnation-point pressure across the nose. For this body, the approxi-
mate theoretical estimate given in figure 5 of reference 17 is presented.

For the hemispherical-nosed model, the comparison of experiment with
Newtonian theory shows excellent agreement. This type of agreement is
characteristic of nearly hemispherical bodi:s. (See ref. 1.) 1In fact,
for the hemilsphere, previous tests (refs. 13 to 23) have indicated similar
agreement over a wide Mach number range fron below 3 to about 8 for a wide
Reynolds number range. Those small deviations that do exist over the Mach
number and Reynolds number range tend to indicate that the data are
slightly low with respect to theory.

For the blunter C, bodies, the disagreement becomes very evident.
Unfortunately, more exact calculations made by the methods of references 2
and 5 are not available for these cases where Newtonian theory is found
lacking. In figure 4, the data are seen to be bracketed by the Newtonilan
theory both with and without centrifugal foi:ces. It is of limited inter-
est to note that, if the maximum value of the centrifugal correction is
restricted to that value occurring at a pressure ratio of about 0.9
(empirical curve), rather good agreement is obtained with these data.

The pressure on the flat-nosed model (’ig. 4) is in close agreement
with similar results obtained at M = L4.76 and reported in reference 24.
In addition, the results are consistent with the calculations of refer-
ence 1( for the range shown. However, quan.itative limitations on the
numerical calculations (as pointed out in ref. 17), together with the
rather compressed scale for the flat-nosed pressures (fig. 4), limit
the significance of the comparison.

In an attempt to assess overall limita-.ions on the measurement of
blunt-body pressure distributions and, consequently, velocity distribu-
tions (see eq. (1)), a much more detailed program was undertaken to
study the flat-nosed model. The results are presented in figure 5 in
which the changes in pressure from the stagration-point value have been
amplified by a factor of 50 from those in f:gure 4. These measurements,
made by using the butyl phthalate manometer;a have been presented for
the following conditions:

(1) Model located on Jet center line with orifices in a vertical
plane both above (up) and below (down) the ;et center line (fig. 5(a))

(2) Model located 1 inch from the Jet center line with orifices
in a vertical plane both above and below the Jjet center line (fig. 5(b))

aIt i1s significant to note that, at a :stagnation pressure of
1,500 lb/sq in., the stagnation-point pressure is 94 lb/sq in. and the
maximum pressure difference for the data shown in figure 5 is only
2.2 1b/sq in.
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(3) A calibration of the jet with total-pressure tubes located to
correspond exactly with the orifice-up condition of figure 5(a) (fig. 5(c))

Ideally, the flat-nosed-model pressure data shown for the four dif-
ferent sets of orifice locations in figures 5(a) and 5(b) should be iden-
tical. Actually, the spread is not very large, and the cholce of a mean
value of each set of data would bring all the data into good agreement.
For all subsequent calculations, the orifice-up configuratlon with the
model located 1 inch from the jet center line (fig. 5(b)) will be treated
as the proper flat-nosed-model distribution because this distribution
varies least with pressure and because 1t would be an excellent mean of
all other data. However, the extreme curves of figure 5 correspond to a
spread of about 20 percent in stagnation-point velocity gradient, a sub-
Ject which will be considered subsequently in more detail. Though the
free-stream variations in the jet are small (fig. 5(c)), they are of the
same magnltude as the body induced pressure field. For such a condition,
which is unusual in model testing, it becomes exceedingly difficult to
assess the accuracy of the results.

Velocity and velocity gradients.- One of the prime purposes in meas-
uring the pressures on blunt bodies is to establish the velocity and
velocilty gradients for heat-transfer calculations. The veloclties cal-
culated from the pressure measurements of figures 4 and 5 are presented
in figures 6 and 7, respectively. In these plots, distances have been
nondimensionalized in terms of the model base radius and velocities have

1Y
been nondimensionalized in terms of /1.4 EE<} - gf . For an ideal gas
t t
and a Mach number reasonably high for Pm/pt to be negligible,b this

parameter i1s the stagnation speed of sound. The reasons for the choice
of this nondimensionalizing veloclty are discussed in appendix B. Of

b
course, the distinction between the stagnation speed of sound and 1.4 BE

t

has meaning only when results such as these are applied to conditions in
which real-gas effects exist. Then, as pointed out in appendix B, the
use of the real-gas speed of sound at the stagnation polint, a common

procedure, would result in the underestimation of the velocity gradient

by a maximum of 13 percent from that predicted by using Ml.h gﬁ, a
t

parameter which can be justified by Newtonian conslderations.

A comparison of the experimental and Newtonian theoretical velocity
distributions for all shapes except the flat (for which no theory is pre-
sented) shows, in general, good agreement. For the hemisphere, the agree-
ment is excellent as indicated previously in figure 4 for the pressures.

PFor M = 5.0, the value of p, /P, is 0.031 for an ideal gas.
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For the other models, the theory tends to be low. The detailed velocity
distributions for the flat-nosed model (fig. 7) reflect the effects of
model location and jet stagnation pressure which were previously shown
for the pressure distributions in figure £.

The velocity-gradient curves for the C, Dbodies and the hemisphere
are compared with Newtonian theory in figure 6. A comparison of Newtonian
theory with the flat-nose results is trivial since Newtonian theory pre-
dicts zero gradient for zero curvature. Again the results for the hemi-
sphere indicate excellent agreement with theory up to a value of s/R of
at least 0.9 at which point the theory overestimates the data. For the
Cp bodies the agreement is very good except in the immediate vicinity of
the stagnation point where the curvature 1s exceedingly small and Newtonlan
theory fails. In each case for the C, todles the location where the

theory markedly diverges from the experiment corresponds to a local radius
of curvature that is roughly twice that of the model base radius.

For the flat-nosed model, the representative data of figure 6 and the
detailed data of figure T indicate a constant velocity gradient from the
stagnation point to a value of s/R of atout 0.5. The best estimate of
this velocity-gradient parameter on the basis of these data is given by

R du _ 9.375

dl.h 91(1 - 3"_") i

Py, Pt
As previously pointed out, however, a maximum spread of 20 percent
(£10 percent) exists in the extreme measured values, a spread which is
believed to be associated with jet conditions. A comparison of the
value 0.375 with the data at M = 2.01 ard M = 4.76 on a flat nose
in reference 24 (data in which there are zpparently accuracy problems,
also) indicates that the present value agrees with the average of the
results obtained at M = 2.01 and M = 4.76. The scatter of the three
values of the velocity gradient with Mach number, however, again points
out the limitations on experimental velocity determinations on blunt-
nosed bodies. If a Newtonian type of flow were to exist, all three

velocity-gradient measurements should be the same because the parameter
compared is independent of Mach number. (See appendix B.)

In order to assess the "effective" velocity method of establishing
the velocity gradients on very blunt bodies (ref. 25), the incompressible-
flow stagnation-point velocity gradients for the hemisphere and flat nose
(ref. 26%) are shown in figure 6. These values have been computed by

°The flat-nose velocity gradient was derived from the planetary
ellipsoid solution given in reference 26.
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assuming that free-stream velocity corresponds to the velocity behind

the model bow shock. Since Newtonian theory predicts the flow in the
vicinity of the hemisphere stagnation point sc well, an effective veloc-
ity correction is obtained for the hemisphere from the ratio of the
Newtonian gradient to the incompressible-flow gradient. This effective
veloclty correction is then assumed to apply to the incompressible flow
about other blunt bodies. As can be seen from figure 6, such a procedure
overestimates the flat-nosed-model velocity gradient by more than

25 percent.

The ratio of the stagnation-point velocity gradient of the flat-nosed
model to that of the hemispherical-nosed model is 0.31; thus, the corre-
sponding ratio of heat-transfer coefficients would be anticipated to be
0.56 based on laminar-flow theory.

The problem of estimating the velocity gradlents in the vicinity
of stagnation points of very blunt bodies, such as the Cp bodies, still
remains a subject for further study. A lower limit can be obtalned by
superposing the experimental flat-nosed-model distribution on the calcu-
lated Newtonian distribution for the shape being considered. The higher
value of the two curves will give a lower limit to the velocity gradient
in the region of the stagnation point; the estimate should improve with
distance from the stagnation point. A further improvement in estimating
the stagnation-point velocity gradient can be made by using stagnation-
point correlation procedures such as those presented in reference 24,

Heat-Transfer Models

The heat-transfer data for the 0.030 and 0.060 models are presented
in figures 8 and 9, respectively, and in tables III and IV, respectively.
For the 0.060 models, both heat-transfer coefficient and NNu/ Nge are

presented; for the 0.030 models, only heat-transfer coefficients are
presented because the significance of the laminar correlating parame-
ter NNu/ Nge becomes questionable because of heat flow into the fill

material.

Hemisphere model.- The most significant result of these tests was
the attainment of laminar flow over the complete hemisphere (figs. 8
and 9(a)) at the highest possible test Reynolds number. For the
0.030 hemisphere (fig. 8), this result occurred at a Reynolds number of
12.9 X 106 vased on body diameter or a unlit Reynolds number of
77.% x 100 per foot. For the 0.060 hemisphere (fig. 9(a); test 56),
this result occurred at Reynolds numbers of 12.1 X 105 based on body
diameter and T2.6 X 106 per foot. Proof of the existence of laminar
flow 1is more clearly evident in figure 9(a) where data are shown for
successive tests. The first test at 2,500 lb/sq in. (see circular-
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shaped symbols) is, with the exception of one data point, completely
below the laminar-flow theory of reference 19. Reference 19 has been
used in preference to reference 6 for these tests because deviatilons

from ideal-gas values are small in the range of the present tests. The
theory has been computed by using experimental pressures; however, in
view of the previously established agreement between experimental and
theoretical pressures, the theoretical curve would be little affected

by the use of Newtonlan pressures. The data are consliderably below that
of the theoryA(ref. 19) by about 15 percent at the stagnation pocint

for tests 56 and 57. Uncertainty in the determination of the skin thick-
ness can account for 5 percent of this discrepancy at most. The use of

a Sutherland viscosity variation (ref. 27), in place of the linear varia-
tion used in reference 19, has only a slight effect on the theoretical
stagnation-point heat-transfer value. Though the discrepancies in some
cases are very large, 1t is reasonably clear that the flow 1s laminar

for test 56. This can be further substantiated by considering the solid

circular-shaped symbol % = 1.05; fig. 9(8)) which was cobtained 0.7 second

after obtaining the other data presented for this test. The solid sym-
bol denotes a discontinucus change in the galvanometer record which indi-
cates the occurrence of transition which was caused by impacts of parti-
cles in the airstream with the model surface. At subsequent times during
this same test, other thermocouples also indicated considerably higher
heat-transfer rates. At the conclusion of the test the model surface

was found to contain discrete pits from 0.002 to 0.003 inch in diameter.
The model was then retested without polishing (test 57; square-shaped
symbols). The effects of the surface roughness are apparent; transition
occurred at a value of s/R of approximately 0.35. 1In the next test
(test 58; diamond-shaped symbols), which was made without model polishing
and at a reduced stagnation pressure, trarsition shifted rearward to a
value of s/R of approximately 1.0.

The heat-transfer data have been compared with the method of Dennison
for a Prandtl number of 0.7 and 1.0. Conclusions drawn from this compari-
son must be related to the transition-point location, inasmuch as the
method of Dennison assumes a fully turbulent flow starting from the stag-
nation point. By using the curve with a Frandtl number of 0.7 as a
standard, the data agree in magnitude witk the calculations but are
shifted to higher values of s/R. If trarsition had occurred more for-
ward on the body, the agreement would protably be very good. The fact
that the data point indicated by the solid symbol from test 56 is con-
siderably lower than the corresponding dats point from test 57 is
attributed to transition occurring more rearward initially. For a
stagnation pressure of 1,000 lb/sq in. (test 58), Dennison's method
would be considerably in error because of the rearward location of tran-
sition. The data for the 0.030 hemisphere (fig. 8), subject to the
previously discussed restrictions, are compatible with the laminar heat-
transfer data for the 0.060 hemisphere.
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The extremely high Reynolds number of 12.9 X 106 for transition-
free flow on a hemisphere is one of the highest observed to date. If
the surface-finish scratches from 10 to 20 microinches coupled with the
extremely thin boundary layer associated with the unit Reynolds number

of 77-4 x 106 are considered, this result (obtained in a blowdown jet)
is even more surprising. The establishment of the existence of laminar
flow for such an extreme Reynolds number condition was possible only
because the heat-transfer data could be obtained almost immediately
upon exposure of the model to the airstream and prior to transition
caused by particle impacts on the model surface.

Cp models.- The heat-transfer data for the C, models (fig. 8)

indicate such close similarity between C5 = 0.997 and Cy = 0.586 for

stagnation conditions of 1,000 1b/sq in. and 400° F that no further tests
were conducted for 05 = 0.597. Rather complete data, however, were

cbtalned and are presented for Cy = 0.586. For orientation purposes in

a plot of this sort, the heat-transfer coefficient would be expected to
vary as the square root of the stagnation pressure and approximately as
the fourth root of the stagnation temperature according to laminar-flow
theory. From the shape of the curves the three lower curves for

CM = 0.586 apparently correspond to laminar flow over the complete

body; the two upper curves indicate transition beginning in the vicinity
of a value of s/R of 0.4, It is possible only tc speculate as to the
relative importance of roughness in causing transition on this model;
however, in this speculation the following informastion should be noted.
The Cy = 0.586 model was polished between tests but the particle-impact

problem was considerably more severe for the stagnation condition at
700° F than for the stagnation condition at 400Q° F. Hence, though tran-
sition is indicated only for the two highest Reynolds numbers in non-
consecutive tests, it is not unlikely that transition is caused by rough-
ness. Such an occurrence is possible because, for the lower Reynolds

number (7.9 X 106) and thicker boundary layer, the stagnation temperature
was 700° F and, therefore, pitting was a more severe problem. For the

higher Reynolds number (12.9 X lO6 ), the boundary layer was thinner and,
consequently, was more susceptible to the presence of a given amount of
roughness.

Flat-nosed models.- The data for the 0.060 flat-nosed model (fig. 9)
indicate early transition for all three tests.® The proof of the exist-
ence of turbulent flow stems from a comparison of these data with both
laminar- and turbulent-flow calculations or from a comparison of these
data with the turbulent-flow curve for Cj, = 0.586 at the highest

d1f transition were caused by roughness during the first test, its
Ooccurrence during subsequent tests is not very significant inasmuch as
there was no polishing between tests.
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Reynolds number. If allowance is made for tke lower heating level of
Cy = 0.586, the data show consistent trends tp to a value of s/R of

at least 0.8. A comparison of the flat-noseé-model data with theory
indicates that the data are considerably above the laminar curve and

are in reasonable agreement with Dennison's nethod for a Prandtl number

of 0.7 rearward of the stagnation region. Thris agreement with turbulent-
flow theory is enhanced by a somewhat fortuitous location of the transi-
tion point. Of course, from the general shapes of the laminar and tur-
bulent heating curves, the location of transition would not be as critical
in affecting the accuracy of the turbulent-flow estimate for the flat-
ncsed model as for the hemispherical-nosed mcdel.

At 2,500 lb/sq in. the data obtalned on the 0.030 model are com-
patible with that on the 0.060 model, though in all cases the heat transfer
at the stagnation point of the 0.030 model i& low. Laminar flow, as evi-
denced by the essential constancy of the heat-transfer coefficient up to
a value of s/R of 0.75, was obtained on the flat-nosed model (fig. 8)
during only one test (see square-shaped symbols) at a Reynolds number of

7.7 x 106.

The stagnation-point heat-transfer data (fig. 9) are approximately
10 percent greater than theoretical values. Although this increase is
probably an accuracy limitation on the heat-iransfer data, it should be
noted that, if the effects of roughness on the laminar heat transfer to
a stagnation point reported in reference 22 can be extrapolated to the
present tests, the surface finish from 10 to 20 microinches would be
enough to account for the lO-percent increase. Of course, it is easily
arcgued that such an increase was not manifes.ed for the hemisphere.

Comparison of hemispherical- and flat-nosed models.- The measured
velocity gradients at the stagnation points :ndicate, according to
laminar-boundary-layer theory, that the ratio of stagnation-point heat-
transfer of the flat nose to that of the hem.spherical nose is 0.56.
Experimentally, the measured ratio 1s about 0.7. The discrepancy between
the two numbers is a cumulative effect (fig. 9); the value of the hemi-
sphere is less than that of the theory and the value of the flat-nosed
model is higher than that of the theory. On the basis of the relative
difficulties and precision limits for these narticular tests, the
ratio 0.56 is considered more reliable.

As regards the transition problem, 1t wis repeatedly possible to
obtain completely laminar flow to the highes: possible test Reynolds
numbers for the hemisphere. It was never possible to obtain completely
laminar flow on the flat-nosed model for similar conditions. The sig-
nificance of this phenomenon is obscured by :he observation that the
effects of particle impacts on the surface i1 causing roughness were
more pronounced on the flat-nosed model.
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CONCLUDING REMARKS

Measurements of the local heat transfer and pressure distribution
have been made on six 2-inch-diameter, blunt, axially symmetric bodies
in the Langley gas dynamics laboratory at a Mach number of 4.95 and at

Reynolds numbers per foot up to 81 x 106. During the investigation
laminar flow was observed over a hemispherical-nosed body having a sur-
face finish from 10 to 20 microinches at the highest test Reynolds num-
ber per foot (for this configuration) of 77.4 x 106. However, surface
roughness caused by small particles in the ailrstream quickly established
transition forward on the hemisphere. Though it was repeatedly possible
to measure completely laminar flow up to the highest possible test
Reynolds number for the hemisphere, it was not possible to observe com-
pletely laminar flow on the flat-nosed body for similar conditions. The
significance of this phenomenon is obscured by the observation that the
effects of particle impacts on the surface in causing roughness were
more pronounced on the flat-nosed model. The determination of the exist-
ence of turbulent flow on the flat-nosed model was more difficult than
on the hemispherical-nosed model because the change in heating level as
a result of transition is not as pronounced. For engineering purposes,
a method developed by M. Richard Dennison while employed by Lockheed
Aircraft Corporation appears to be a reasonable procedure for estimating
turbulent heat transfer provided transition occurs at a forward location
on the body. For rearward-transition locations, the method is much
poorer for the hemisphere than for the flat-nosed model.

The pressures measured on the hemisphere agreed very well with
modified Newtonian theory, whereas the pressures on all other bodies,
except on the flat-nosed body, were bracketed by modified Newtonian
theory both with and without centrifugal forces. For the hemisphere,
the stagnation-point velocity gradient agreed very well with Newtonian
theory. The stagnation-peint velocity gradient for the flat-nosed model
was 0.31 of the value for the hemispherical-nosed model. If a Newtonian
type of flow is assumed, the ratio 0.31 will be independent of Mach num-
ber and real-gas effects.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Field, Va., October 1, 1958.
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APPENDIX A

DERIVATION OF SHAPE OF BLUNT-NOSED BODY HAVING

A PRESCRIBED PRESSURE DISTRIBUTION

If the pressure distribution along a body is specified as

-1 cn(g)“ (A1)

where C, and n are arbitrary constants, the shape of the body can

be established if the aerodynamic relationship between the pressure and
body shape is known. If it is assumed that the external flow field as
given by modified Newtonian flow is

C
E—E— = sin26 (A2)
p,t

equations (Al) and (A2) can be combined with the geometric relation

cos § = —

to obtain the distance along the surface as a function of x. Thus,

(A3)
where
L
n n+2
n+2 1 - p_(x

An = (n f 2) Cnpt

The equation for the body shape is obtained sy differentiating s(x)

as given by equation (A3) with respect to x, and then by replacing the
differentlial arc length by Cartesian differeatials. In integral form
the equation of the body shape is

aThough Cp 1s an arbitrary constant aad it 1s unnecessary to
retain the term p,/py 1in the definition of A,, it was retained in

the bodies derived for this investigation.
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2n
n+2 1/2
X Z
Y n+2 ‘(ﬁ (l A 2)
— n
R~ 5 Ap f —— dz (AL)
0 o

For n > 2, closed integration of equation (A4) was not possible.

However, since O = < Z2 1l, the integrand can be expanded into a serles.
A,
Integrating this series termwise yields the body shape as

n+ n+2 n+
% -3 ; - An(%) L- 2(n + 1) E(R) B 8(2nl+ 1) Aj}(é)
[
1 lzmg-... (A5)
6(3n + 1) A 6(R)

Equation (A5) was used to compute the body shapes. The rapidity of con-
vergence of the soclution was established by comparing the coordinates
given by equation (A5) with the exact coordinates computed for n = 2
from

2 2l | x x x . 1 -1/ 2x
S Ay Ay + %41 gin
foT /AQ R( A22R) bog (AEQR )

(46)

The maximum difference between values of yE/R as computed from equa-
tions (A5) and (A6) was less than 1 percent when the maximum value of
x/k22R was used for A, =1.0. For n> 2, the convergence of the

series in equation (A5) would be more rapid. In addition, the pressure
distributions computed by differentiating equation (A5) were compared
with the design requirements given in equation (Al). The differences
for the range of variables compared in figure 4 were hardly noticeable.
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APPENDIX B

APPLICATION OF IDEAL-GAS VELOCITY MEASUREMENTS

TO REAL-GAS HEAT-TRANSFER CALCULATIONS

In order to compute the real-gas heet transfer at a stagnation
point (ref. 5), evaluation of the real-ges stagnation-point velocity
gradient is necessary.? Unfortunately, ro real-gas measurements of the
veloclty gradlent have been attempted because of the experimental com-
plexities of this problem. Instead, thecry or ideal-gas measurements
(such as those of the present investigation) have been used. When a
theory such as the modified Newtonlan theory is used, the computations
are straightforward. (For example, see ref. 5.) However, when experi-
mental results or perhaps ideal-gas calctlations (refs. 2 and 3) must
be used, a questlion arises as to the prorer method for extrapolating
ideal-gas veloclty measurements for real-gas application. One possible
means for thils extrapolation would be to use Newtonian theory as a guide
for the determination of suitable nondimensionalizing parameters; for
example, by using Newtonian theory the velocity gradient at the stag-
nation point is given by

du -3 EBE - 22 (B1)
ds r pt pt
or by
R du =_B‘F2 (B2)
ds T4
1.4 P—t(l - p_°°)
Py Pt

The form of the nondimensionalized vzlocity gradient on the left
side of equation (B2) is used throughout the report. Essentially the
same parameter, aside from arbitrary constants, is used in reference 24.
(The right-hand side of eq. (B2) is assum=d to be given by experiment
or by an ideal-gas theory.) The velocity gradient has been nondimension-
alized in terms of the base radius of the model, rather than in terms of
the radius of curvature at the stagnation point, to simplify application
to a body with zero curvature. The constant 1.4 has been introduced
arbltrarily to make the nondimensionaliziag velocity equal to the

aIn thls discussion the velocity grailient at the stagnation point
will be used as an illustration; the results generalize to other velocity
parameters.
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stagnation-point speed of sound for an ideal gas at high Mach numbers

’ P
(with Pm/Pt being negligible). The quantity 1.k 5% is not the

stagnation-point speed of sound for air at high temperatures, though it
is a falr approximation. For air at high temperatures the speed of sound
is given by

where the function f, according to reference 28, is in the range
1.1 < £ < 1.4 for temperatures up to ll,OOOO K and pressures ranging

from lO'LL to 102 atmospheres. Hence,

e

1.4 =L
1< _a_ig 1.13
t

e

From this limiting relationship, it i1s established that using the real-
gas stagnation-point speed of sound would underestimate the veloclty
gradient by a maximum of 13 percent from that predicted by using the

P
quantity dl.h 5% for high Mach numbers.
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TABLE I.- EXPERIMENTAL FRESSURE RATIOS p/p(‘ FOR THE SIX BLUNT BODIES

() Mode. with Cy = C.346 (b) Model ¥ith C, = 0.586
T Valueo of p/py, &% - Values of pjpy 8t -
5 G 1o/sa tn.ifp, .~ 1,525 1v/sq in; ‘;L el L s by . =65 Ibfsq tn.]p, = 1,520 1b/sq tn.;|p, _ = 2,510 1b/eq tn.;
2|, . . . s )
R 'rt,w = 3150 F; ) Tf,‘m = 3750 F; . ' ""«,,m = 370° F; ) R Tt,m = 3700 F; ) Tt,m = 3800 F; ) Tt,m - 3500 F; )
| Npe,p = 3.3 % 10° Npe,p = 8.0 x 10" g, p = 13.2 % 10° Te,p = 3.3 x 100 Npep = 7.9 x Lo¥ Nre,p = 12.9 x 10°
1 - - PR [ S e ———
1.0 1.0 1.0 1.0 1.0
99T 991 7k 9T | -966
370 96T .Ba7 .905 .300
G 930 T3 Th3 .Tho
.88y 879 580 9% ; .99%
812 .Bol 59 Abn i 463
e JEEL 7 AHTL - i ,,,'Em?‘, L ) 267 | By
(c) Model with Cy = 0.395
! o T Values of ppp, st - o o
s n. o0 1 /- ' o I o : :
£ ey . =0l Isadngip, = 1,520 1bfsq m.;kt'm = 252% Inisa tnginy , By o = 2,515 1bfsq dnj
Ty .= 3700 F; Ty . = 3757 F; © Tt m = 3T0° F; Ty w = 370° F; Ty, = 385° F; L Tyw = 380 F;
o £ o 6 L 0P ol 6 -7y 13 N &
e,p * 33 % 10 Nge,p = 8.0 x 10 Mpe,p = 13:3 x 30 L Npe,p = 3.3 % 10° Mgy p = T3 % 20 Byep = 13:0 x 10
- . . , H . R
1.0 ; ) 1.0 ‘ L.c . 1.0 1.0
L0 ! ! 237 992 : .98 S997
LYEL )88 982 Klond .98?
-l Sgpk 955 96z : .566 |
0k 921 A3 g2 924
LBic | Buy Bu2 R 851
7sL ‘ Tk i 196 760 T
Sl 45{317 i 580 586 581 g
(d) Model with Cx = 0.5 (e) Hemlspherical-nosed model
Values of p/rp(" FU 1 - Values of p/p, &t - ]
% .- 620 ibjug in.; Py o = LUiS Ibfsg I“'JIPL_m = 2,495 1b/sq in.; :T Py ® £1% 1b/sq inA;‘ipL‘m = 1,519 1b/sq tn.; LA 2,505 1b/fsq in.j
Ty, = STOF; Ty ,w = 3800 F; Ty, = 315% F; Ty . = 376° F; Ty,w= 379 F; Ty . = 360° F;
Mpe,p = 3.3 x 10° Ype,p = 79 x 10° T Mg =151 x 106 Sge p = 3.2 % 106 Npe,p = 6.0 x 10° Nge,p = 13.0 x 108
O S [ . [N S - R - . o
o 1.0 1.0 1.0 e 1.¢ 1.0 1.0
235 R 989 : 984 569 . .972 971
470 .9ch 518 91k JBTs ; L8B30 .891
70% ST4G -7 ThE 750 763 76k
823 .613 625 25 .580 597 5596
L94C 5o LTT Sshf .328 J3hly J3h2
1.058] .28 296 293 164 166 .168
— s L;.uai O3 069 069
(f) Flat-nosed model®
1 o T values of pfpy at -
E s T ey e e e e ]
LB P 5 1B/8Q in.;1By o = 1,515 1b/sq fn.; By . = 2,530 1b/sg in.;ipL’m = 615 1bjoq 0. |py o = 4,585 1b/sq 10,5 1py o =
i Tp o= 3709 F; | Ty o= 3650 F; LTy . = 3650 F; i Ty, = 3150 F Ty w = 378° F; ) ‘ Ty .= 310 F ;
MRe,p = 3.3 x 107 | Mg, p = 8.1 x 10° Npe,p = 13.5 X 108 { Mpep = 3.2x 100 Mpe,p = 1.9 x 10° | Bgep = 15.0x 106
I R o : : B e e—
[ 1.0 1.0 1.0 | 1. 1.0 1.0
|2 -992 ‘ 999 996 | £.00C 7]
.50 +990 i 98 -987 : 2993 589
S G5k 958 98 : 970 | .90l
L5 .508 912 | 903 926 | gee
906 883 .888 | BTh : 916 | 908
538 i 851 i B9 Bk | .83 :
.Gg| .Baz 813 i 802 J 823 816 i 808 i

These data for fist-noied mudel were obtalned on pressure gage:.
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TABLE IIT.- EXPERIMENTAL HEAT-TRANSFER COFFFICIENTS h FOR 0.030 MODELS®

(&) Model with Gy = 0.197

Values of h, Btu/(sq ft)(sec)(°F), at -
P, o = 1,019 ivfsq inlpy = 1,015 1b/sq in.;
8 b > o
3 Ty o = 4019 F; Ty,w = 397" F;
¥ReD = 5.1 % 10“; Nge p = 5.2 109;
test 4 test 4y
¢} 0.0480 0.0450
.23y NoN-ys LOuGy
470 LOATT .oh82
705 LO4TL LONTS
.823 .oko8 Job1k
G0 0339 0538
1.048 L0300 0286
1.175 0286 0236
(v) Model with €y = 0.586
l Values of h, Btu/(sa £t)(sec)(%F), at -
—
o ‘pt'm = 1,015 1b/sg In.; Py 1,51% 1b/sg in.;[pt)w = 2,530 1b/sq in.; Py ” 1,515 1b/seq in.; P = 2,545 lbfsq 1n.;
R Ty,e = 4OUO F; Tyw = 397°F; Ty,w = 33 F; Ty,w = T06° F; Ty w = T15° F;
¥ge,p = 5-1 x 10% Nge,p = 7.7 x 10% Nge,p = 12.9 x 107 Nge,p = 4.8 x 10°%; Npe,p = 7.9 x 10
test 46 Lest 47 test LB test 52 tect 5%
0.0422 0.0L67 0.0532 ©.0530 0.059
.Oh22 Ol ok L0544 0529 .06L4
ob26 LOhsT b 0636 L0550 T o7y
L0392 0439 b o763 L0509 ® 0799
L0356 .ok2s 5 o811 k52 ® oggt
L0301 L0333 b okl8 .0398 b o739
L0266 0323 b o7 | L0340 b ot
L0225 L0261 ¢ 078 L0304 Bd oeor
{c) Hemlspherical-nosed model
values of n, Buu/(sq ft}(sec)(°F), at ~
s [P 1 010 1lu/sq in.; P T 1,515 1b/sq in.; Py o © 2,525 1b/sg in.; ptym = 1,015 1b/sg in.; P = 1,015 1b/sq in.;
R Tt w: 959 F; } Tt = LOO® F; T o = 395° F; 0w Loo° F; T4, m = 692° F;
Sge,p i 10°; Nge,p = 7.6 % 106 NRe,p = 12.9 x 105; Nge,p = D-1 105; Mpe,p = 3.2 x 1085
test ! test 42 test 49 test 50
0.05G0 0.0607
.0b36
L0375
0202
0158
L0097

(d) Flat-nosed model®

Values of h, Btu/(sq rt)({sec}(°F), at -

IR AR Py Lu/sq tnolp, = 2,505 lojsa tn.jlpy = 1,513 1bjsq tnjlp, = 1,515 1b/sq to.jlpy = 2,535 1b/sq in.;
R Ty, = 398° F; T = 3560 F; Ty, m = 336° F; Ty,w = 725° F; Ty w = 698° F;
Mg p = 1.7 x 105 Mpe,p = 12.8 % 106; Mpe,p = T-7 % 106; Mre,p = -5 x 106; Mpe,p = B0 x 105
test 34 test 35 test 39 test 91 test 54
0.02%4 0.0402 ©.0290 0.0385 0.04T73
0 L0355 L0502 0392 L0430 L0618
500 .C384 L0594 .ohs2 .0bT3 0688
L7500 L0418 L0788 L0503 056k L0750
874 L0582 O3 055k L0557 L0820
906 0526 L1010 L0536 .0%90 0866
.938 L0523 0972 el OBk 0810
.96y .Chal .0813 Nelio} Neliel L0686

8211 velues based on laminar recovery factor uuiess otherwise specifind.

Pyaiues based on turbulent recovery factor.

Cyalues would be 11 percent higher Lf laminar recovery factor were used.
dValues would be T percent higher if laminer recovery factor vere used.
©No significant difference Lif turbulent recovery factor used.
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TABLE IV.- EXPERIMENTAL HEAT-TRANSFER COEFFIZIENTS h FOR 0.060 MODELS

(a) Hemispherical-nosed model

Values of h, Btu/(sq ft)(sec)(°F), at -
. Py o= 2,475 1b/sq in.; Py o = 2,490 1b/s3 in.; P, , = 1,025 1b/sq in.;
R Ty, e = L7 F; Ty, = L13° F; Ty o = 408° F;
Npep = 12.1 x 10% | MNpe p = 12.3 x 10% | Mg p = 5.1x 105
test 56 test 57 test 58
o} 0.0821 0.0913 0.0614
ATh .0803 .0823 .0579
349 .0579 & 0706 L0514
. TS e
.698 L0514 B 1316 .0405
873 .0406 & 1231 L0334
1.047 L0416 & 1254 .0%20
1.222 L0394 8 0826 .0k23
1.396 L0131 & ohb2 0223
1.571 .0105 8 .0305 o127
1.047 a,b 0835
(b) Flat-nosed model®
Values of h, Btu/(sq ft)(sec)(°F), at -
. |Pw = 2,475 1b/sq in.; Py o= 2,435 1b/cq in.; Py o = 2,445 1b/sq 1in.;
R Ty, = L310 F; Ty, = 406° F; Ty o = 395° F;
Npe p = 11.8x 10% | Ngg p =12k x 105 | Npe p = 12.7 x 105
test 60 test 61 test 63
o] 0.0656 0.0607 | ameea-
.125 .0638 0607 0.0676
.250 .0802 L0690 | mmeeea
375 .0815 .0733 L0715
.500 .0856 L0753 .0712
.563 .1088 .0866 .0828
.625 .O9kk .0857 .0861
.688 .0980 .0975 0968
750 .1078 L1045 1023
813 .1018 .1081 1151
.875 1162 1227 1287

&Values based on turbulent recovery factor

byalue obtained 0.7 second after obtaining other data of test 56.
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(a) Hemispherical nose. (b) Flat nose.

Figure 9.~ Comparison of experimental and theoretical heat transfer on
hemispherical- and flat-nosed models. T = 0.060 inch; Ty w0 = Loo° F;

solid symbols indicate data obtained 0.7 second after obtaining other
data of same test.
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