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Boundary-Layer Transition on a
Film-Cooled Slender Cone

John Starkenberg* and Robert J. Crescit
Polytechnic Institute of New York, Farmingdale, N.Y.

The research reported herein consists of a combined experimental and theoretical investigation of the down-
stream phenomena associated with the gaseous film cooling of a slender blunted cone in a hypersonic flow. A
numerical solution of the boundary-layer equations with initial conditions reflecting mass injection is utilized to
obtain predictions of the behavior of the downstream laminar boundary layer. Experimental measurements of
heat transfer to the surface of the 10° half-angle cone model are made at a Mach number of 8, stagnation tem-
perature of 2000°R, and freestream Reynolds numbers varying between 1 X 104 and 8 x 10%/in. Comparison of
the heat-transfer data with the theory indicates the existence of regions of nonlaminar flow over the surface of
the model and has permitted identification of the point of onset of transition.

Nomenclature

= minimum cross-sectional area of venturi

=specific heat at constant pressure

=enthalpy

=Mach number

=mass flow rate

= Nusselt number

= pressure

= heat-transfer rate

=radial coordinate from axis of symmetry

= gas constant of air

=interface radius

‘= nose radius

=shock radius

=freestream Reynolds number

=local Reynolds number based on momentum
thickness )

= tangential coordinate

=temperature

={freestream velocity

= tangential velocity component

=normal velocity component

=normal coordinate

= cone half-angle

=ratio of specific heats

=density

= Prandtl number

= coefficient of viscosity
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Subscripts

= external flow condition

= condition at end of injection region
= zero-injection condition

= stagnation condition

r = transition point condition

S~

Meeting, Pasadena, Calif., January 20-22, 1975; submitted January
29, 1975; revision received July 22, 1975. This research was supported
by the Air Force Office of Scientific Research under Contract No.

F44620-71-C-0008, Project No. 9781-01. This paper is taken from the ’

dissertation submitted to the Faculty of the Polytechnic Institute of
New York in partial fulfillment of the requirements for the degree of
Doctor of Philosophy (Aeronautics and Astronautics), June 1975.
Index category: Boundary-Layer Stability and Transition.
*Research Assistant, Department of Aerospace Engineering and
Applied Mechanics. Student Member, AIAA.
tProfessor of Aerospace Engineering and Associate Provost
for Research. Associate Fellow AIAA.

" Presented as Paper 75-194 at the AIAA 13th Aerospace Sciences

w =wall condition
0o = freestream condition
Superscript

=dimensional quantity

I. Introduction

NTEREST in the characteristics of the laminar and

turbulent boundary layers on hypersonic vehicles with
localized mass injection arises in connection with the problem
of the thermal protection of these vehicles. It has been demon-
strated amply that active mass injection systems may be
required where presently available passive cooling techniques,
such as surface ablation and heat sinks, are not feasible
designs. This occurs, for example, on interplanetary re-entry
vehicles, which necessarily travel at extremely high velocities
and are characteristically slender with minimal blunting, as
well as for atmospheric missiles, which require a stable
aerodynamic shape for precise in-flight control. As a result,
fairly detailed investigations of both film-cooling and tran-
spiration-cooling techniques have been reported in the
literature. '

Although satisfactory surface cooling may be achieved by
employing relatively small coolant mass flow rates distributed

- by transpiration cooling over a large region of the vehicle sur-

face,!? structural and functional limitations make the film-
cooling technique the more attractive. The latter method is
characterized by injection localized in a small region,
generally in the neighborhood of the forward stagnation
point. Coolant fluid may be injected through a porous
medium covering the stagnation region or through a discrete
slot, or series of discrete slots, slightly downstream of the
stagnation point. Although differences in the effectiveness of
the two techniques far downstream of the injection location
should be negligible, the former method has the advantage of
maximizing the local cooling effectiveness where the heat
transfer is greatest. i

Several effects of a fundamental fluid-dynamic nature arise
in connection with the application of gaseous film cooling to a
typical re-entry configuration, such as a slender cone with a
slightly blunted nose including a porous injection region.
These effects constitute the three principal areas of in-
vestigation in the present paper:

1) When the injection rate is sufficiently large, the inviscid
flowfield may be altered in such a manner as to affect the
shock shape and the pressure distribution on the cone surface.
Cresci and Libby* have made use of an analysis based on
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Lighthill’s ' constant-density solution for a sphere to predict
the alteration of shock standoff distance with mass transfer.
Conversely, it also was demonstrated experimentally that the
inviscid flowfield remains essentially unchanged for suf-
ficiently small injection rates. Martellucci and Laganelli®
have suggested an empirical correlation involving an effective
nose radius to predict the pressure distribution.

2) Reduction of the downstream heat transfer is the prin-
cipal advantage of mass transfer cooling and has been the sub-
ject of the most extensive research. The essential features of
the heat transfer when upstream mass injection is present have
been studied by Libby and Cresci,® for example. They found
that, where laminar flow prevails and at low rates of in-
jection, the heat transfer is essentially that without injection
except near the porous region, where it is significantly
reduced. With increasing injection, the region of influence in
the downstream direction progressively increases. This
behavior is consistent with the parabolic nature of the boun-
dary-layer equations and suggests the use of a numerical
boundary-layer analysis with appropriate boundary con-
ditions. The boundary layer may be considered in two distinct
regions: the injection region and the downstream region. The
former region may be modeled as a stagnation flow with mass
transfer. The consequent analysis is well known and has been
presented for homogeneous injection by Libby’ and for
foreign gas injection by Fox and Libby® and by Libby et al.,®

“among others. For the downstream region, the literature is
much less abundant. The analyses of Crescil® and of
Laganelli and Fogaroli!! utilizing integral techniques have
been employed to predict the heat-transfer distribution under
conditions appropriate to the film cooling of re-entry con-
figurations.

3) The destabilizing nature of upstream gas m]ectlon long
has been recognized as leading to early boundary-layer tran-
sition on film-cooled surfaces. Cresci and Libby® and
Dunavant and Everhart!? have demonstrated that this effect
may lead to higher heat-transfer rates with injection than
without under certain conditions. Because of the decay in
cooling effectiveness, laminar, film-cooled boundary layers
"exhibit a downstream increase in heat transfer to the surface.
Since the onset of transition also is associated with a down-
stream increase in heat transfer, it generally is difficult to
distinguish between the two effects. To date, there have not
been available sufficient data to indicate the behavior of tran-
sition onset over a large range of Reynolds numbers.

The present investigation concerns itself with the down-
stream effects of gaseous, stagnation-point mass transfer at
the nose of a slender cone. Heat-transfer measurements along
the cone have been made over a range of mass flow rates and
Reynolds numbers. In addition, an implicit, finite-difference
technique has been used to predict the laminar boundary-layer
behavior on the impermeable surface both with and without
injection. Comparison of the results from the computer
program with the experiments indicates the existence of
regions of nonlaminar flow over the surface of the model and
has permitted identification of the point of onset of tran-
sition.

II. Analysis of the Homogeneous
Film-Cooled Boundary Layer

In order to analyze the complete problem of localized mass
transfer into a hypersonic boundary layer, the flow is treated
in two distinct regions, with the appropriate matching con-
ditions at their junction. The upstream, stagnation, or in-
jection region is characterized by its proximity to the forward
stagnation point and by the presence of homogeneous in-
jection at the wall. By far the most widely used analysis for
flows of this type is the stagnation region similar solution as
given by Libby.” However, it also is possible to make use of
the inviscid, constant-density analysis of Cresci and Libby. *

The downstream region is characterized by the absence of
injection at the wall and is amenable to analyses utilizing the
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Fig.1 Schematic of model coordinate system.

integral technique or numerical integration of the full boun-
dary-layer equations. Suitable initial conditions, which reflect
the mass flow rate and introduce the effects of injection into
the downstream analysis, are generated from the stagnation
region analysis.

In the present case, the boundary-layer equations are in-
tegrated numerically downstream from the end of the in-
jection region, making use of initial conditions obtained from
either the stagnation region similar solution or the constant-
density solution. Boundary conditions at the outer edge of the
boundary layer are obtained from a knowledge of the external
pressure distribution, assuming constant entropy and that the
external flowfield remains unaltered by the injection.

The particular geometry and coordinate system under con-
sideration is illustrated in Fig. 1. The body is a slender cone of
half-angle 6, with a spherically blunted nose of radius R,.
The orthogonal curvilinear coordinates s and y are, respec-
tively, tangential and normal to the body surface. The origin
is located at the forward stagnation point.

A. Downstream Region

The various conservation equations, including the boun-
dary-layer assumptions for axisymmetric flow, are given as
follows:

Conservation of Mass

s (oun) = L 2 5 (P + iﬂ (pur) =

Conservation of Momentum
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Conservation of Energy
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where the following nondimensionalization has been in-
troduced:

s=$/R, 1= (Rey/s) "y/R, r=r/R,

U=/t v=(sRey) " v/U, p=p/Ppo
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The finite-difference scheme employed here is that
developed by Lin and Rubin'? for flow over a sharp cone at
moderate incidence. Their computer program has been
moditied to accept initial conditions reflecting upstream in-
jection and to be applicable to general axisymmetric boun-
dary-layer flows. Each term in the governing equarions is
replaced by a Crank-Nicholson difference quouent. as
specified by the predictor-corrector model of Rubin and
Lin, ™

B. Upstream Region

Two approaches are available for the solution of the up-
stream region, in which the mass transfer is present. These are
described briefly in the following paragraphs.

Similar solutions

Following Lees,'’ the equations governing the axisym-
metric stagnation point boundary layer become

(CF"Y +ff" + 1/'2([__.f’3) =0
(C(T/,[l ) ’ +U(T/‘f,/ ___0
where
C=pit) pofter €y =C,/Cp,

ala,=f @), T/T,=p./p=1(DH)

5=\ popras= L g, e o
§= L i ds = o, ——
V, Peltd, 7 Pelte g2
U r TP 2p, da, 1 F b
. o s g fO dy_:[ ‘p e g _Ld"
(2) " ‘Jo p, T ds | Yo p,

and primes indicate differentiation with respect to 4. The ap-
propriate boundary conditions are

S'=0,f=Ff

r=t,.at =0
fr=1t=1for j—o0

Solutions to these equations subject to the preceding boun-
dary conditions are useful for supplying initial conditions for
the downstream integration when small mass flow rates are
considered.

Isothermal shear layer

The results of a numerical integration of the foregoing
equations indicate that for sufficiently large values of —f,
the temperature and shear remain essentially unchanged in a
thin layer near the wall. That is, =1, G=G, where G=
Cf”. This layer accordingly is referred to as the isothermal
shear layer wherein the following relations also are valid:

ultt, = (50084,/2p,) " [/ (=fi) ] M

m.= (ZReoopsL,P"\L,Bx‘,) l:’ITS/:[:Lm}é(/( _f\\') (2)

with

:850 = (due/ds)s
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Introducing the injection parameter
N.=m, /p'aoRopseBseRe:z/s:

and eliminating —f,. befween Eqgs. (1) and (2) results in the
following expression:

w/u, =75, (q/N,) 3)
Constant-density solution

The constant-density solution as employed by Cresci and
Libby* to predict shock standoff distance has been adapted to
provide initial conditions for the downstream numerical in-
tegration. A spherical shock of radius R, is associated with a
sphere of radius R,. The flow between the bow shock and the
body is divided into two layers separated by a spherical in-
terface of radius R,. The outer layer consists of fluid passing
through the shock from upstream infinity. The inner layer

consists of injected fluid. Both regions are treated as

axisymmetric, incompressible, rotational flows. Continuity
of pressure and radial velocity is enforced at the interface.
The application of the foregoing analysis leads 1o the
following expressions for the tangential velocity and mass
flow:
— 2[‘2 Ue 37 3
“ (2R3 +10RY —I2R7) [22R7+ 1R

—(4R? +R})R—(2—R7)R7?] 4)
M. =21sin(s;) froe RyRe ot U, (s,)

- (5-3R]-2R}) -
P LT ORI Y I0RF —12R)

Then
Re,t,)" 7]
N.=27u,(s;)sin(s;) E_(—diu:/-d;* J
(5-3R}-2R}) 7
|
L (2R}+I0R} —I12R7)

&)

The results of the stagnation region similar solution and the
constant-density solution may be compared when the assump-
tions of both theories apply; i.e., for the similar solution, the
effects of viscosity must be minimal, and the constant-density
solution must be restricted to thin layers. In order to ac-
complish this, it is necessary to restrict the results of the con-
stant-density analysis to the case of thin layers by employing
the following approximations:

R,=1+68, &,<<I

R=1+6, d&,<<!

where
8,=P/Ry=(s;/Re,) "7

Eq. (4) then yields
u/u,=1.:(s;/Rey) " (n/8,) (6)
and from Eq. (5) there results
N =mwsi(Ren/t,) 5, (7
Eliminating 8, between Eqs. (6) and (7) yields
ulu, =75’ (9/N,)

which is identical to Eq. (3). The value of 7 at the interface
then is given by

n =1, N./7s]"”
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The discontinuity occurring at the interface may be smoothed
as follows in order to account for the effects of viscosity:
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It should be noted that a high pressure drop across the
porous plug must be maintained, since a high pressure but low

ws?’?
n =N o
N,
Ui () =u.(s;)
- et —aln— (-1} z7,—
== n|exp n—(n,—«o n=n o
Ly n=n;—
Ti(n) =T, (s)) .
I—(I=t,)explbln—(n,—a)]") - n=ny -
where flow rate is required in the settling chamber. This is necessary

a=[1/(2a)"] In {x[I—(7si?/N,) (n,+ )1}
b=11/(20)"] In [2(=1,)]

Comparison with the corresponding similar solution has been
used to determine the numerical constants: «=3.5, n=4mx=
1000, and z=200. The foregoing profiles thus are placed in a
form suitable for use as initial conditions for the integration
of the boundary-layer equations in the downstream region.

II1. Description of Experiments

All tests were conducted in the hypersonic wind tunnel at
the Polytechnic Institute of New York, Aerodynamics
Laboratory. The tunnel is of the intermittent type, operating
at a nominal Mach number of 8. The stagnation pressure was
varied from 50 to 400 psia corresponding to Reynolds num-
bers varying from 1 x 10+ to 8 X 10*/in. The stagnation tem-
perature was maintained at approximately 2000°R, and the
model surface to stagnation temperature ratio accordingly
was equal to 0.275. For the injection tests, coolant mass flow
rates varied up to 1.1 x 10~ slug/sec.

The heat-transfer model, illustrated in Fig. 2, is a 10° half-
angle cone with a spherically blunted nose of radius R,=0.5
in. The spherical nose includes a porous plug coined from a
flat sheet of sintered stainless-steel powder, subtending a total
angle of 60°. The eéntire nose section is threaded and
removable to permit replacement of the porous plug without
removing the model from the tunnel. A spacing gasket placed
between the plug and the nose section is used to assure a
smooth transition from the porous to the impermeable sur-
face. A solid stainless-steel plug and a similar one with a
pressure tap at the stagnation point were constructed for use
during the zero-injection tests. The walls of the conical af-
terbody are approximately 0.070 in. thick. The model surface
is instrumented with 26 thermocouples along one meridian
and five pressure taps along another. The settling chamber
behind the porous plug is instrumented with a pressure tap
and an open-tip thermocouple for measuring coolant con-
ditions prior to injection.

TCH#H | (2|3 | 4|5 67|BQ|OII 1213
S [3.4/44/54|64| 74|94 Il.4II3A4 154174 (194214 234

TCH# 14|.15| 16{ 17 18] 19{20 (21 [22|23[24|25|26
S [254]274/294(31.433.4{354(374 39.4/41.4 (4341454474 494

Fig. 2 Model design and instrumentation.

in order to prevent inflow through the plug in the neigh-
borhood of the stagnation point. When the pressure in the set-
tling chamber is sufficiently high, variations in the external
pressure over the porous surface are negligible, and the out-
flow is uniform.

Air is supplied to the settling chamber from a high-pressure
source through a regulator, a needle valve, a venturi
flowmeter, and a shutoff valve, in that order. The coolant
mass flow rate /i1, isrelated to the venturi pressure drop Ap,
settling chamber pressure p,. and temperature T, as follows:

_f 27 I Ap 12/
(7_‘7)R1131T( Ll P |
[ AP Vs Ty
1 ].___p ' i
| pe ) 1

where A is the minimum cross-sectional area of the venturi.
The settling chamber pressure and the venturi pressure drop
are measured with differential transducers, whereas the tem-
perature T, is measured by the open-tip thermocouple. All of
these data were recorded during the tests.

Heat-transfer data were obtained from iron-constantan
thermocouples. Between tests, the regulator in the coolant
supply system was adjusted to a level that would permit
precise setting of the needle valve to a desired flow rate. The
shutoff valve was opened, and the needle valve was set using
the value of p. as a guide. The shutoff valve then was closed
until immediately prior to the test, when it again was opened.
The p. and Ap readings were permitted to stabilize, and the
test was run. The thermocouple output was recorded on
single-channel recording potentiometers. A transient
technique was used to determine the heat transfer, with an
essentially uniform model temperature taken to be equal to
the coolant temperature in the settling chamber (7. = T.).In
order to prevent overheating of the model, test times were

~ kept to a minimum. The model was polished periodically to

counter the adverse effects of surface roughness caused by
erosion. The recorded thermocouple output was tabulated in
millivolts per second and reduced to heat-transfer rates and
Nusselt numbers by the Wang 2200 computer, with the

“Nusselt number given by

Nu=gR,¢, /[ (h,—¢, T, )k.]

IV. Results and Discussion

It should be noted that the heat transfer (Nusselt number) is
the dependent variable in this problem and as such depends on
three independent variables: freestream Reynolds number,
mass flow rate, and downstream distance. The first of these is
a well-known similarity parameter, and the third describes
geometric similarity. Particular attention is directed toward
the effects of mass flow. Thus it becomes necessary to reduce
the heat-transfer data to a form that is independent of
Reynolds number in order to ¢liminate this as a parameter.
This is possible for laminar flows for which the Nusselt num-
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ber varies as the square root of the Reynolds number.
However, rather than present data in the form of Nu/Rey
for flows with injection, they are presented in the form of
Nusselt numbers normalized with respect to their corre-
sponding zero-injection values (Nu/Nu,). Since the zero-
injection Nusselt numbers correspond to laminar flow and
hence to the associated Reynolds number dependence, the
normalized Nusselt number will remain independent of
Reynolds number as long as laminar flow prevails on the film-
cooled surface. This means, for laminar flows, that all
variations in normalized Nusselt number must be due to the
effects of the other two independent variables, i.e., upstream
mass addition and downstream distance. Comparison of data
over the range of Reynolds numbers considered herein then
becomes possible when the appropriate mass flow similarity
parameter is selected.

The Reynolds number is a well-known similarity parameter
reflecting the relative effects of the inertial and viscous forces.
A similarity parameter reflecting the effects of injection also
is required. The injection parameter N,. was introduced for
the upstream analysis, but it remains to be determined
whether it is the appropriate similarity parameter in the down-
streamn region. It is possible to verify experimentally that this
is the case based on examination of the heat-transfer data
taken at small values of the mass flow rate. Figure 3 illustrates
the experimental and theoretical variation of normalized
Nusselt number with downstream distance s for various pairs
of Reynolds numbers at several small values of N, for which
the boundary layer remained laminar. The close agreement
between the data taken at different Reynolds numbers and the
theory supports the contention that the parameter N, alone
reflects the effects of injection over the entire range of
Reynolds numbers in a laminar flow,

For laminar flows, consideration of the normalized Nusselt
number eliminates Reynolds number effects. In order to focus
on the effects of injection, a single thermocouple location
may be considered, thus eliminating the effects of geometry.
The manner in which the injection affects the heat transfer to
a point on the model is illustrated in Fig. 4, in which Nu/Nu,,
is plotted as a function of N, at s=19.4, Data for all Reynolds
numbers at which tests were run are included. Typically, as N,
increases, the heat transfer to the surface is reduced in
agreement with the theory until a point is reached at which the
data begin to diverge from the theory, indicating the inception
of transitional flow. Throughout the transition region, the
heat transfer continues to increase with increasing injection,
and then decreases when fully turbulent flow is achieved. The
figure also indicates one effect of Reynolds number, i.e., that
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Fig. 3 Normalized heat transfer distribution at low injéclion rates.
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the departure from laminar flow occurs at smaller values of
the injection parameter for higher Reynolds numbers.

When nonlaminar flow occurs, the Reynolds number
dependence of the Nusselt number is no longer the same as at
zero injection. This means that transitional or fully turbulent
heat-transfer data presented in the form of normalized
Nusselt numbers will exhibit a divergence from the laminar
theory and from the transitional or fully turbulent data taken
at other Reynolds numbers. This point is well illustrated in

"Fig. 5, which shows the downstream distribution of nor-

malized Nusselt number for several values of the Reynolds
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number at N.=31. Examining the data, such a divergence
may be observed both upstream and downstream of a central
region wherein the flow is laminar. For the two smaller
Reynolds numbers, lamninar flow also persists into the up-
stream and downstream regions. The most striking feature
noticed in this figure is the presence of an upstream region of
apparently nonlaminar flow and the subsequent downstream
relaminarization of the boundary layer.

Figure 6 illustrates typical behavior of the data with in-
creasing injection. Generally the boundary layer is laminar
over the entire length of the model at sufficiently small
Reynolds numbers and mass flow rates. As the Reynolds
number or mass flow increases, nonlaminar flow first appears
on the upstream portion of the body. The flow then
relaminarizes at some point downstream. Transition from
laminar to turbulent flow on the aft portion of the model may
occur, depending on the Reynolds number and on the value of
N..

Where possible, transition onset has been identified on the
plots in Fig. 6 as the point at which the data first begin to
diverge from the-theory. The point of onset of transition is
observed to depend on the freestream Reynolds number and
on the injection parameter. The effects of these two
parameters are reflected in the local Reynolds number based
on momentun thickness Re,. Figure 7 summarizes the tran-
sition data on a plot of the transition value of the local
Reynolds number divided by the square root of the freestream
Reynolds number vs injection parameter. For values of the or-
dinate falling below the data, laminar flow prevails. This
behavior is consistent with the concept that transition occurs
due to instabilities created by thickening of the boundary
layer.

The presence of the upstream disagreement with theory is
subject to various interpretations. Among the most plausible
are that the boundary layer is unstable due to the considerable
thickening that occurs in the upstream region when injection
is present or that the external flowfield is altered by the in-
jection in such a manner as to produce increased pressure on
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the cone surface, resulting in higher laminar heat-transfer
rates. In order to rule out this latter effect, pressure
measurements were mmade on the cone model with injection.
The results indicate no significant pressure alteration, con-
sistent with the assumption that the injection does not alter
the external flowfield. The manner in which the local
Reynolds number based on momentum thickness behaves is
illustrated in Fig. 8. For flows without injection, Re, is a
monotonically increasing function of downstream distance.
Transition is observed to occur when this parameter becomes
sufficiently large at some point downstream. When injection
is present, the boundary layer is significantly thickened in the
upstream region so that the conditions required for the
existence of laminar flow may not be satisfied. The local
Reynolds number is no longer monotonic but decays asymp-
totically to the zero-injection behavior downstream. In some
cases, Rey, may become sufficiently small to permit
relaminarization of the boundary layer.

The observed behavior of the homogeneous film-cooled
boundary layer may be described in terms of the foregoing in-
terpretation. Particular attention is drawn to Figs. 3 and 6,
which exemplify this behavior. For 3.5 <N, =<10.0, incipient
transition appears near the aft end of the model, whereas the
upstream region remains laminar. Nonlaminar flow on the
upstream portion of the model appears for N.=13. With in-
creasing injection, the transition point moves forward while
the relaminarization point moves rearward, precipitating the
merger of the two nonlaminar regions for 35.5 <N, <38.5. At
lower Reynolds numbers, the upstream region of nonlaminar
flow appears alone. Incipient downstream transition is ob-
served for Re. =1x10%, whereas no transition onset is ob-
served for Re,, =5x 103, ‘

Based on the criterion developed for the downstream onset
of transition (Fig. 7), it is possible to determine for each
Reynolds number and value of N, a value of s which corre-
sponds to the point at which Re, first becomes small enough
to permit relaminarization. These values of s are indicated in
the plots in Fig. 6 by vertical lines. As may be expected, the
boundary layer does not relaminarize immediately; rather, the
nonlaminar flow persists for some distance downstream until
all fluctuations are damped out.

V. Conclusions

The research reported herein consisted of an experimental
and theoretical investigation of the downstream phenomena
associated with the gaseous film cooling of a slender blunted
cone in a hypersonic flow. The principal results achieved may
be summarized as follows. The mass flow similarity
parameter N, suggested by the stagnation region analysis,
was shown to be applicable to the downstream region. Com-
parison of the heat-transfer data and the theory indicated the
existence of regions of nonlaminar flow on the model. The
downstream nonlaminar region was attributed to the onset of
transition. The upstream nonfaminar region also is attributed
to the appearance of instabilities induced by the considerable
thickening of the boundary layer in the upstream region in the
presence of injection.

It was possible to obtain a correlation including the effects
of Reynolds number and mass flow which offered a uniform
criterion for the onset of transition at all Reynolds numbers.
From this correlation, it then was possible to determine the
point on the model at which the conditions appropriate to
laminar flow first appear with increasing s and to compare
this with experimentally observed relaminarization. The flow
always was observed to relaminarize downstream of this
point, consistent with the behavior to be expected.
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