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Transition measurements on a 5° half-angle cone, obtained from heat-transfer data, are
presented. The cone, consisting of a short solid tip (sharp or blunt) followed by a uniformly
porous section, was tested in the Ames 3.5-ft Wind Tunnel at M, = 7.4 and freestream Reyn-
olds numbers of 3 X 108, 4.7 X 10%, and 7.8 X 10¢ based on model length. The effects of argon,
air, and helium injection (mass rates between 0 and 2.539, of freestream rates) through the
porous skin are determined. A significant decrease in transition Reynolds number was ob-
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served with increasing mass injection.
injection rate and molecular weight.
resulted in a greater decrease.

The magnitude of the decrease is shown to depend on
For the same mass injection rate, the lighter injectant
Small nose bluntness moved transition location rearward,
but the amount it moved depended on the injection rate and molecular weight.

At the

highest injection rates, transition location was the same as for the sharp cone.

Nomenclature

area
model skin thickness
model material specific heat

xt
injection parameter obtained from1.3 f ;™ dA /pstte(AB):

average injection parameter, 1.3 M4,/ poUiod B

length of nonporous section from cone apex to beginning
of porous section (see Fig. 2)

= 1nass injection rate normal to the surface per unit area

average mass injection rate normal to the surface per
unit area obtained by dividing the total mass per unit
time by the porous area

Mach number

molecular weight

heat-transfer rate

distance along the normal from axis to cone surface

nose radius

Reynolds number based on local conditions

Reynolds based on freestream conditions

dimensionless length along porous section, /L

temperature

time

streamwise velocity

distance along surface from cone apex (see Fig. 2)

displacement thickness

azimuthal angle to conical ray

cone semivertex angle

density

model material density

viseosity
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Subscripts

= cone base

blunt tip

injectant gas in inner cone
injectant

based on total length of sharp cone
stagnation

porous section

sharp tip
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Introduction

LUNTNESS can be an effective means of delaying transi-

tion on slender cones.!™ Reference 1 demonstrated
that as bluntness is increased, the transition location first
moves rearward on the cone surface until an optimum blunt-
ness is achieved and thereafter transition moves forward
rapidly to the blunt body position. References 1 and 2 sug-
gest the rearward movement of transition follows the unit
Reynolds number change along the boundary-layer edge
caused by the entropy layer from the curved shock wave,
since the transition Reynolds number is essentially fixed
at the sharp cone value. Reference 3 indicates this unit
Reynolds number dependence may not be correct and that
further rearward movement of transition may be possible
before the optimum bluntness is achieved. Although the
optimum bluntness and its dependence on Mach number
have not been determined, it is well established that small
bluntness can delay transition in the absence of boundary-
layer mass addition. A natural question that arises is
whether this phenomenon can be used to advantage on bodies
undergoing boundary-layer mass addition which occurs in
many practical situations. Very little is known regarding
the influence of mass addition on transition. Limited ex-
perimental data on sharp cones with injection through a
porous skin®5 show transition to oceur sooner. More recent
data for ablating sharp cones®? are less definitive; some data®
show little effect of ablation, probably because the amount of
laminar ablation was small, and other data’ with more laminar
ablation show transition occurring sooner. The extent to
which bluntness promotes or delays the onset of transition in
the presence of mass addition has not been studied. The ex-
perimental results described in this paper were obtained to
establish the trends of transition with the combined effects
of mass addition and nose bluntness.

Most practical situations involving mass addition oceur
with ablation systems which respond directly to the heating
environment. However, experimental studies of transition
on ablating shapes are difficult to perform and their inter-
pretation is subject to many uncertainties related to -the
response of the material to the heating environment. To
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Fig. 1 Transition Reynolds number on a 5° nonporous
model as a funection of local unit Reynolds number.

circumvent such difficulties and uncertainties the present
tests were performed using forced injection through a uniform
porous model surface. While sacrificing exact simulation
of the usual ablation mass distribution with axial location,
this technique allows the injection rate and molecular weight
to be varied in a controlled, known manner and makes the
prediction of laminar boundary-layer parameters ahead of
transition, which might be used for correlation purposes,
more readily calculable. The injection rate was varied over
a practical range of interest for ablation on slender cones
(mass rates between 0 and 2.59, of the freestream rates)
and the molecular weight was varied between 4 and 40.
Because little is known regarding transition on sharp cones
with mass addition, this phenomenon will be considered
first. Then the effects of small bluntness will be considered
and the movement of transition relative to the sharp cone
transition will be shown.

Apparatus and Test Conditions
Facility

The tests were conducted in the Ames 3.5-ft Hypersonie
Wind Tunnel at M, = 7.4 and Re., = 3 X 105, 4.7 X 109,
and 7.8 X 108 Total temperature and pressures were
nominally 1500°R and 400 psia, 600 psia, and 1000 psia,
respectively. This is a pebble-heated, blowdown tunnel
equipped with an axisymmetric contoured nozzle. The
nozzle throat section is cooled by helium injection through a
slot in the subsonic region.

The facility was recently used to measure the transition
Reynolds numbers on a series of nonporous cones.® In con-
trast to most wind-tunnel investigations, no significant unit
Reynolds number effect on transition Reynolds number
was observed. An example of these results for a sharp 5°
cone is shown in Fig. 1 taken from Ref. 6. The transition
Reynolds number is essentially independent of local unit
Reynolds number along the cone surface. The absence of a
unit Reynolds number effect was believed due to the presence
of helium in the nozzle boundary layer.® It is expected,
then, that the changes in transition Reynolds numbers given
subsequently are caused by changes in mass injection and
nose bluntness only.

Model

The test model was a 5° cone. A sketch indicating the
important dimensions is given in Fig. 2. The cone consisted
of a solid, removable tip (sharp or blunt) about 3 in. long,
a thin, uniform porous section about 16-in. long, and a sting
support.

The model construction can be described with the aid of the
photographs in Fig. 3. Figure 3a shows a sheet of 0.008-in.
thick, sintered, uniformly porous, nickel with chromel-
constantan thermocouples spot-welded to one side. The in-
sulated thermocouple leads were tied into a small bundle
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and laid close to the surface but not touching it. The flat
sheet was wrapped over a welding mandrel with its edges
butted together and held in place with holding rings. The
edges were electron-beam-welded leaving a 0.01 in. seam
along the conical ray opposite the thermocouples. (See
Fig. 3b.) After the skin was removed from the welding
mandrel, rings were beam-welded in both ends of the cone
to provide rigidity and mounting supports. The skin was
slipped over a perforated, aluminum inner cone (see Fig.
3b) with a 0.153-in. gap between the porous skin and the
inner cone. Thin-ring supports were located on the inner
cone about 2.5 in. apart to provide additional support for
the skin when no gas was passing through it. (The tubes
protruding from the rear of the inner cone were used for
measuring the inner-cone pressure.) The injectant gas was
delivered through a 0.375 in. hole in the rear of the inner
cone. A completely assembled model (and the sting sup-
port) are shown in Fig. 3e.

Since the thin porous material was easily marked or
dented, the handling and assembly of the model required
extreme care. The models used during these tests were quite
smooth, except for isolated locations where small scratches
or dents were visible. It is believed that these imperfections
had a minor influence on the transition results, since the no-
injection transition Reynolds number agrees with that ob-
tained on a smooth nonporous heat-transfer model.

The results presented subsequently were obtained using
three different porous skins. (Manufacturers quoted void
fractions of 0.20, 0.30, and 0.40.) The porous skins on the
first two models were damaged during the test series due to
mechanical failures of the model insert mechanism, and no
postrun calibration of skin porosity was made. A postrun
calibration of local skin porosity was obtained for the third
model. The calibration device is described in Ref. 8. A
radiation compensated hot wire device was used to determine
the mass flow rate per unit area along conical rays 90° apart,
An average mass flow rate was determined from the equation

— [ dbd 1
m = ZPZ fo Mmeas T X ( )

The calibration results are shown in Fig. 4 where the mass
injection rate from KEq. (1), normalized by the expected
average 7, is given as a function of distance along the porous
surface. Deviations from the expected rate were inde-
pendent of the absolute value of M and were attributed to
nonuniformities in the porous material and to the manner in
which the perforated, inner cone delivered the gas.

Test Technique and Data Reduction
Heating Rate Measurements

The test model and sting were mounted on the tunnel in-
sert mechanism located in a chamber used to shield the
models from the tunnel flow until steady-state test conditions
were reached. Prior to the model insertion, the desired gas
injection rate was established through a 0.375-in. tube con-
necting the model and the gas delivery system located outside
the chamber. Air, argon, and helium were used as injectant
gases and the total injection rate (Ib/sec) was measured with
a flowmeter. When steady tunnel flow was established,
the model was inserted into the stream and the wall tem-

STING

POROUS SURFACE ——=

——&=3—BLUNT TiP
Rp = 1/321in., 1/16in. and 1/8in.

Fig. 2 Test model.



MAY 1970

Fig.3 Photographs show-

ing model construction

stages; a) thermocouple

installation; b) porous sec-

tion and inner cone; c¢)

assembled model and
sting.

peratures recorded every 0.02 sec on magnetic tape. The
test duration was approximately 2 see, but only the tempera-
’curf1 data obtained in the first half-second after insertion were
used.

The transient temperature response of the thin porous
skin was used to obtain heat-transfer rates. Recorded
temperatures were curve fitted and differentiated as a func-
tion of time on a digital computer and the heat transfer ob-
tained from the following heat-balance equation:

¢ = (pea)dT,/dt + m(Tyw — Ty)Chy 2

[The second term in Eq. (2) accounts for the heat loss from
the inner surface of the porous skin if it is assumed that the
thin-skin inner and outer temperatures are the same.] The
heat loss term was only important for helium injection at
high rates, as will be shown later.

Transition Location

The beginning of the transition was determined from the
heat-transfer measurements. The heating rates were plotted
as a function of distance along the model surface on a log-log
scale. An example set of data for a given dimensionless
injectant rate is shown in Fig. 5. Straight lines were faired
through the data in the manner shown and the intersection
of these lines was taken as the location of the beginning of
transition. Although this procedure proved satisfactory, it
should be pointed out that for some of the higher injectant
rates the heat transfer was essentially zero over the portion
of the model near the transition location determined from
the two intersecting straight lines. Taking into account the
uncertainties at the higher injection rates and data accuracy
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Fig. 5 Determination of transition location for argon
injection using measured heat-transfer data.

and repeatability, it has been estimated that transition loca~
tions determined in the preceding manner were accurate to
within 0.75 in.

Shadowgraphs were also taken during some of the tests.
The location and size of the access port limited the shadow-
graph field of view and the freestream density level of the
tests and the presence of helium in the nozzle boundary layer
resulted in rather poor quality shadowgraphs. An example
shadowgraph taken along with the heating data in Fig. 5 is
shown in Fig. 6. The white line was interpreted as the edge
of the laminar boundary layer and the first detectable breakup
of this line was interpreted as the loeation of transition.
This transition location was always downstream of the loca-
tion from the heat-transfer data (e.g., see Fig. 5). The
present shadowgraph interpretation is consistent with that
reported recently.’

Results and Discussion

The first portion of this study is concerned with establishing
the effects of mass-transfer rate and injectant composition
on the transition location on a sharp cone. After the transi-
tion trends with these parameters have been established, the
relative effectiveness of nose bluntness is demonstrated by a
comparison of blunt-cone transition locations with sharp-
cone transition locations.

Sharp Cone
Typical heating distributions

Heating rate distributions over the porous section which
show the effects of air, argon, and helium injection for a
range of the average injection parameter F are presented in
Fig.7. The bars on the helium data represent the magnitude
of the heat loss from the back side of the porous skin [see Eq.
(2)]. (For air and argon injection the heat losses were
negligible because their specific heats are about an order of
magnitude smaller.) Where the flow was laminar, the
heating rates decreased with distance along the surface. The
subsequent increase in heating occurred where the flow was
transitional. At the higher injection rates the heating
achieved a maximum level in the transition region and then
decreased. The flow was interpreted as turbulent beyond
this maximum. Increasing the injection rate significantly
reduced the heating in the laminar region and, for the highest

Fig. 6 Shadow

showing

transition loca-

tion for test con-

ditions given in
Fig. 5.
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Fig. 7 Effects of injection on heat transfer to a sharp 5°
cone; a) air injection; b) argon injection; c¢) helium in-
jection.

injection rates, the magnitude of the laminar heating was
negligible. However, the effect of increasing the injection
was to move transition closer to the cone tip with the result
that the heating rates downstream in the transition region
usually achieved higher values than those for no injection.
The relative effectiveness of the injectant gases in reducing
heating is evident. For the same injection rate, the reduc-
tion was largest with helium and the smallest with argon.
Air was somewhat more effective than argon.

Also shown are predicted laminar heating rates. These
predictions were obtained from a computer program that
solved a finite difference form of the nonsimilar laminar bound-
ary-layer equations including foreign gas injection.® The
solutions were obtained assuming a constant wall temperature
(the average value measured) and the relative injection dis-
tribution given in Fig. 4. Also, the injectant-gas tempera-
ture was assumed equal to the wall temperature. The bound-
ary-layer edge conditions and surface pressures were obtained
from cone tables.’® The agreement between theory and
experiment was good except for helium injection. For the
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Fig. 8 Effect of injection on transition Reynolds number
for a sharp 5° cone; a) air injection; b) argon injection;
¢) helium injection.

helium injection rates, better agreement can be achieved by
considering boundary-layer displacement effects. These
effects will be discussed subsequently.

Transition location

The transition Reynolds numbers, obtained using transi-
tion locations from heat-transfer data and shadowgraphs
and the local unit Reynolds numbers from cone tables,®
are plotted vs the injection parameter F in Fig. 8. The
parameter F' is the ratio of the total mass of injected gas in
the boundary layer ahead of transition to the total mass of
freestream gas passing through an area equivalent to the
cone cross section at the transition location.§ Transition

§ The important distinction between F and F arises because
only the mass addition up to the transition location should be
counsidered. In particular, the distinction would be important
when transition was considered on an ablation surface under-
going laminar, transitional, and turbulent heating. The factor
1.3 in the definitions for F and F aceounts for an error in the in-
jection rates quoted in the original paper.
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Reynolds numbers obtained from shadowgraphs were always
greater than those from the heat-transfer data. As men-
tioned before, for no injection, the transition Reynolds num-
ber from the heat-transfer data agrees with the mean value
shown in Fig. 1 taken from Ref. 6.

The transition Reynolds number is reduced with increasing
injection. The reduction is believed to be related to the
changes in laminar boundary-layer momentum and energy
and corresponding changes in velocity and temperature pro-
files across the boundary layer caused by injection. For a
fixed value of F the transition Reynolds number reduction is
found to be a funection of injectant gas composition; e.g.,
compare helium injection with air injection. This difference
in reduction is consistent with the well-known fact that for a
given injection rate helium causes a greater change in bound-
ary-layer momentum and energy and a corresponding greater
change in the velocity and temperature profiles than air.
Similar results were reported in Refs. 4 and 5. Obviously,
the limit of the Reynolds number decrease with the injection
parameter depends on the freestream unit Reynolds number
and the length of the nonporous tip. Whether this limit
could be reached was not determined. (In these tests
transition always occurred downstream of S = 2.)

As shown in Fig. 9, the transition Reynolds numbers from
the heating data can be correlated in terms of the injection
parameter and molecular weight. The correlating parameter
was obtained by analytically fitting the data for each in-
jectant gas with linear curves, as shown in Fig. 8, and using
their slopes to determine the molecular weight dependence.
The exponential dependence on molecular weight ratio
turned out to be the same as that used by others to correlate
the decrease in laminar skin frietion and heat transfer with
foreign gas injection.* The linear equation expressing the
correlation is

Mo \0-%
Re” = (Reu)p=o l:l — 0.25 <le> F} (3)
where F 1s expressed in percent.

Correlations of transition results on laminar boundary-
layer momentum and displacement thickness at transition
have been proposed by others for the case of no injection.
Momentum thickness is related to the boundary-layer mo-
mentum and has physical significance regarding transition.
Displacement thickness has been suggested at hypersonic
Mach numbers because this thickness is nearly equivalent
to the height in the boundary layer where disturbances
propagate sonically with respect to the freestream at the
boundary-layer edge. For the present transition results with
injection neither thickness provided correlation of all the
data for the complete range of I but the results using mo-
mentum thickness are interesting and worth mentioning.

Transition Reynolds numbers based on momentum thick-
ness caleculated using the computer program mentioned
previously are presented for several values of F in Fig. 10.
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The results indicate that for values of /7 less than 1.0 the
transition Reynolds number could be approximated by the
no injection value. For larger values of F, the transition
Reynolds numbers inerease significantly, except for the
helium point at ¥ = 1.08. For the higher injection rates dis-
placement effects cause increases in pressure along the cone
porous surface and changes in boundary-layer edge velocity
and temperature. Since these changes result in decreases
in momentum thickness and might alter the results in Fig.
10, displacement effects were estimated using a tangent
cone approximation with the effective cone angle!? given by

Oore = o + db*/dx + m/pdu. 4)

The last two terms in Eq. (4) were evaluated from boundary-
layer solutions assuming sharp-cone edge conditions. In-
cluding displacement effects decreased the momentum thick-
ness, but at the same time increased the local unit Reynolds
numbers. The net result, given by the solid symbols in
Fig. 10, was an increase in momentum-thickness Reynolds
number approximately equal to the square root of the in-
crease in local unit Reynolds number. The trend of increas-
ing Rep, in Fig. 10 is still obvious. Therefore, using the
transition Reynolds number for zero injection would give
conservative estimates of the transition location.

Blunt Cone

Nose bluntness introduces an entropy layer which decreases
the local unit Reynolds number and Mach number at the
boundary-layer edge. For a given freestream Mach number
the amount of bluntness and the freestream Reynolds number
determine the extent to which these local parameters are re-
duced and their effectiveness in delaying transition (e.g.,
see Ref. 1). The additional effects resulting from boundary-
layer gas injection will be considered next.

Typical heating distribution

An example of the combined effects of bluntness and injec-
tion on the heating distribution along the surface of the test
cone is given in Fig. 11 for one Reynolds number. The
measured heating rates for air injection have been normalized
by the theoretical sharp cone heating rate at S = 1 to facili-
tate comparison. The general behavior of the heating rate
with injection is similar to that discussed previously for the
sharp cone. However, increasing bluntness has two effects
worth noting: first, the heating is reduced in the laminar
region and the amount of reduction for S < 2 depends on
the nose bluntness and the injection rate (e.g., compare z%
and %-in. results for F = 0.599,); second, the distance to
transition from the virtual cone apex is increased. The solid
lines represent predictions of the laminar heating from the
finite difference program. These solutions were obtained
assuming a constant wall temperature and the relative injec-
tion distribution given in Fig. 4. The surface pressure and
boundary-layer edge conditions were obtained from a blunt



862 J. G. MARVIN AND C. M. AKIN

12 ]
[ Mgp=74, Ty /Ty =0.37 o aBg
Rey, = 4.7x108 o =
A - 2 B
1.0 (Qs=1) = 1.46 Btu/ft sec
- a THEORY ©

HEATING RATE RATIO, g/(g; )

s

)
I

HEATING RATE RATIO, /(G

.

HEATING RATE RATIO, §/(d

Fig. 11 Effect of air injection on the heating rate to a 5°
blunted cone; a) Ry = 3% in.; b) Ry = i in.; ¢) Ry =
1
3 in.

body and characteristics solution of the inviscid flow over a
blunted 5° cone. No displacement effects have been con-
sidered. The agreement of theory and experiment is good.
Similar results were obtained for the other injectant gases.

Transition location

The transition locations for the three injectant gases are
given in Fig. 12. The distance from the virtual cone apex
to the transition location on the blunt cones has been normal-
ized by the sharp cone distance to transition for the same
7 and plotted vs the injection parameter, F. For no in-
jection, transition did not oceur on the instrumented por-
tion of the porous model with the t%- and §-in. nose radii.
Therefore, data on a longer solid-wall 5° cone, obtained in the
same facility by G. Mateer of Ames, have been plotted.
Without injection there is a significant rearward movement
of transition location as bluntness is increased. Similar re-
sults for small bluntness have been reported in Refs. 1 and
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3. As injection increases, however, the relative rearward
movement of transition diminishes and the rate at which it
diminishes depends on the nose radius and injectant molecular
weight. Evidently, the boundary-layer destabilizing effects
due to injection are the primary cause of transition and any
favorable effects of bluntness are secondary. For a given
bluntness, the molecular weight dependence of the relative
movement of transition with the injection parameter F can
be accounted for approximately by using the parameter,
F(M,io/M)*%. The transition ratios for the i-in. radius
plotted in this manner are shown in Fig. 13. Similar results
are obtained for the other nose radii.

For a given Mach number, the extent of the entropy layer
over the body depends on the freestream Reynolds number
and corresponding boundary-layer growth. Additional data
were obtained which show that the foregoing results also de-
pend on the test Reynolds number. Therefore, a quantita-
tive extension of the foregoing results to other freestream
Reynolds numbers would require a correlation parameter
accounting for this. For no injection, Ref. 1 recommended
a correlation based on the entropy layer swallowing distance,
and Ref. 3 recommended a correlation based on the distance
to the location where disturbances at the boundary-layer
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edge travel sonically with respect to the flow outside the
entropy layer. However, these recommended correlations
were not successful when applied to the present data with
mass addition because the boundary-layer edge values of
velocity, density, and temperature, upon which the swallow-
ing distance or the sonic disturbance distance depend, were
not changed significantly when binary injection was aec-
counted for. (The total pressure at various locations behind
the shock wave was obtained by equating the mass of air
entrained in the boundary layer, determined from the finite
difference boundary-layer solutions, to the mass flow through
the shock wave. Subsequent expansion to the cone surface
pressure uniquely defined the boundary-layer edge condi-
tions.) To be successful, the correlations would also have
to include second-order boundary-layer effects and/or a mass-
addition parameter, possibly like that used in Fig. 13.

Conclusions

A study of the combined effects of uniform injection and
nose bluntness on transition resulted in the following
conclusions:

1) The sharp cone transition Reynolds number was de-
creased significantly with increasing injection rate. The
decrease was approximately linear with increasing injection
rate and it depended on the injectant molecular weight to
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the 0.25 power. For a given mass injection rate the lightest
injection gas gave the greatest decrease.

2) Small nose bluntness moved the transition location rear-
ward relative to its location on the sharp cone. However,
the relative movement depended on the injectant rate and
molecular weight. At the highest injection rates where the
laminar heating was reduced to a negligible value, the transi-
tion location was essentially the same as on the sharp cone.
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