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Laminar Boundary-Layer Control by Combined Blowing and Suction
in the Presence of Surface Roughness
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The feasibility of maintaining a fully laminar boundary layer on a given two-dimensional
body by combined blowing and suction is investigated theoretically and experimentally.
Based on calculated potential flow past the body boundary layer, calculations are made for
various blowing rates at the stagnation point. ‘
suction and blowing indicate that the combination of suction to maintain a laminar boundary
layer and blowing near the stagnation point to improve the tolerance of the laminar boundary
layer to roughness can substantially reduce the skin friction of bodies at high Reynolds

numbers.

Nomenclature§

= half-width of the body beyond the shoulder

length of the body

distance normal to the surface of the body

ratio of major to minor diameters for elliptical noses

Reynolds number based on the half-width of the body and
undisturbed freestream velocity = _an/v

Reynolds number based on the length of the body and
undisturbed freestream velocity = UoL /v

Reynolds number based on the momentum thickness and
local freestream velocity = Ud/v

distance along the surface measured from the stagnation
point

tangential velocity at the outer edge of the boundary layer

velocity of the undisturbed freestream

velocity through the surface (positive outwards)

blowing velocity at the stagnation point

distance along the axis, measured from the nose

distance perpendicular to the axis

measure of the boundary-layer thickness

NG

height of the roughness element

maximum allowable roughness height for the boundary
layer

maximum allowable roughness height with no blowing at
the stagnation point

maximum allowable roughness height with blowing at the
stagnation point
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Experiments with a model designed for area
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Introduction

HIS study concerns the reduction of skin friction on non-

lifting, underwater vehicles. The technique proposed
is that of laminar boundary-layer stabilization by means
of distributed or area suction combined with blowing in
the vicinity of the stagnation point to reduce the laminar
layer’s sensitivity to surface roughness. Although the tech-
nique is proposed specifically for a nonlifting, underwater
vehicle at a length Reynolds number Rer beyond 108, it
should also be relevant for a lifting airfoil on which pressure
drag is minimized.

Of the methods under investigation to reduce skin friction
by alteration of the turbulent boundary layer! such as the
addition of high molecular weight polymers (the Toms
phenomenon), the maintenance of a laminar boundary layer
offers the greatest potential drag reduction. With “optimum’
suction, for example, the theoretical saving in drag relative
to the fully turbulent drag ranges from 659, to 859 for a
flat plate.?

Boundary-layer suction (BLS) can stabilize a laminar
boundary layer to fluid-dynamic disturbances in the flow
outside the boundary layer, due to the greater convexity (in-
ward) of the velocity profile in the suction boundary layer.
A considerable amount of analytical and experimental work
has been recorded? on the application of BLS to lifting sur-
faces, mostly concerned with attainment of high lift-to-drag
ratios where BLS delayed or prevented separation. On the
other hand, little experimental work on laminarization of
bodies of revolution has appeared in the open literature. In
Lachmann? mention is made of experiments by Gregory and
Walkert in which laminar flow was maintained over 829
of the body length at Reynolds numbers of nearly 107. At
higher speeds transition was said to be provoked by surface
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Fig.1 The coordinate system, source distribution, and
body profile.

discontinuities. More recently, Anderson and Sutera’ reported
wind-tunnel experiments on a slender body of revolution with
a porous surface for area suction. They indicated that the
limiting Reynolds number for effective maintenance of a
laminar boundary layer by BLS depended on surface smooth-
ness.

The role of roughness in this apparent Reynolds number
limitation may be understood by considering how Reynolds
number is increased in the usual wind- or water-tunnel
experiment. As the model scale and fluid viscosity are
fixed, Rer can only be increased by increasing the
velocity of the freestream. However, this velocity increase
reduces boundary-layer thickness everywhere on the body
(approximately as Uy~ for a Jaminar layer). Consequently,
the ratio of the height of any roughness element to the local
boundary-layer thickness increases with Reynolds number,
which causes a ‘“tripping” transition of the laminar layer.
This chain of events would not take place if the Reynolds
number could be increased by elongating the body at constant
Us. The fact that roughness is important and that an appro-
priate dimensionless roughness parameter cannot be un-
coupled from Reyr in the constant-length model experiment
may not have been fully recognized in recent (classified)
investigations of BLS.

A main purpose of the present program is to emphasize the
role of roughness in laminar boundary-layer control. This is
done by first analyzing the maximum tolerable roughness
distribution on a given body on whose surface an optimum
suction distribution is maintained. An “optimum” suction
distribution is one in which the minimum amount of suction
necessary to prevent transition is applied at each point on
the body. An increase in suction beyond the optimum
decreases the boundary-layer thickness. This thinning
action, while increasing the layer’s stability to fluid-dynamic
disturbances, has two undesirable effects. First, it increases
the wall shear stress, thereby increasing over-all skin
friction. - Second, it gives greater prominence to surface
defects and increases the boundary layer’s vulnerability
to tripping from within.

A second major purpose—the essential innovation in the
proposed technique—is to evaluate, analytically and experi-
mentally, the effectiveness of stagnation-point blowing in
reducing the suction boundary layer’s sensitivity to rough-
ness. Stagnation-point blowing adds mass to the boundary
layer and thickens it before it is exposed to suction, with no
concomitant increase in local shear rate. Although injection
of fluid normal to the wall is usually considered destabilizing,
an analysis by Tetervin and Levine® indicates that, in a
favorable pressure gradient, an increase in boundary-layer
thickness by normal injection through the surface can result
in a stable velocity profile. The present experiments show that
relatively high blowing rates can be tolerated near the stag-
nation point without upsetting a laminar layer maintained
by distributed suction.

2. Analysis

The objective of the analysis was to determine the effect
of blowing in the stagnation region on the tolerable roughness

J. HYDRONAUTICS

height for a boundary layer maintained laminar by area sue-
tion on a particular two-dimensional body. This determina-
tion was preceded by the choice of a body profile and a com-
plete calculation of its suction boundary layer for a range of
stagnation blowing rates.

The choice of the body profile hinged on: 1) the pressure
distribution on the body and 2) the practical constraints
imposed by the internal compartments needed for variable
blowing and suction. The requirements of 1) blunt nose,
2) continuous slope, and 3) weak adverse pressure gradient
downstream of the minimum pressure point led to a choice
of an elliptical nose joined at its minor diameter to a constant~
thickness section, as shown in Fig. 1.

Calculated first was the potential flow about a symmetrical,
two-dimensional, semi-infinite body (see Fig. 1), starting
with a planar source distribution which closely approximates
the actual body in a uniform flow. The velocity distribution
on this “parent” body is then modified, using the techniques
of slender-body theory, to obtain a more exact veloeity distri-
bution on the actual body. The calculation of the potential
flow is detailed in Ref. 7.

Next, the velocity distribution on any chosen body is used
to calculate the boundary layer with suction and blowing on
that body, with the blowing rate at the stagnation point used
as a parameter. For each value of the parameter, the blowing-
suction distribution is determined according to the criterion
of critical momentum-thickness Reynolds number for insta-
bility at every point, except in the narrow region that includes
the stagnation point where the blowing rate is constant and
the boundary layer suberitical. The boundary-layer calcula-
tion also yields the velocity-profile and skin-friction distribu-
tions.

Finally, the second, or roughness, criterion for transition is
used to calculate the maximum roughness height that can be
tolerated at each point on the body. Because the stagnation-
blowing rate is a parameter in the boundary-layer calculation,
the maximum roughness distribution is obtained as a function
of that blowing rate.

2.1 Boundary-Layer Analysis

The objectives of the boundary-layer analysis are to deter-
mine 1) the velocity through the body surface required to
maintain the laminar boundary layer on the verge of insta-
bility and 2) the effect of blowing on the boundary layer’s
tolerance to roughness.

The velocity profiles in the boundary layer are approxi-
mated by a one-parameter family,? which is a linear combina-
tion of the approximate Blasius and the asymptotie suction
profiles;

@s/U = Fi(n) + KFi(n) )
where

Fi(p) =1 — e (asymptotic suction profile) 2)
Fi(n) — Faln)

sin (wp 6), for0 <75 <3
=1, forn>3 3
(approximate Blasius profile)

and K is a coeflicient which we will call the shape factor for this
family of profiles. It is a function of position on the body
surface.

Theoretically® the critical Reynolds number at which the
boundary layer becomes unstable to fluid-dynamic distur-
bances is a function only of the shape of the velocity profile.
In terms of the momentum-thickness Reynolds number, this
criterion may be expressed as

Ry = Re(K) @
for the particular family of profiles. The function R (K) is
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given in Fig. 1 of Ref. 6. For the boundary layer to remain
laminar all along the body, Rs must not exceed the particular
value of Rs corresponding to the local shape of the velocity
profile.

The calculation of the boundary-layer characteristics begins
with the momentum-integral equation® generalized to include
a velocity through the boundary V.. In dimensionless form,

o* By dU
9 U ds

— == RU — (1+ +VR,,)

®)

The expressions for §*/8, /8, and 7.6/uU in terms of the
shape factor K follow from the definitions of F;(n) and Fy(»)%:

0% 1 —0.09014K 6 Tw0

— = 9K), = K)[1 + 04764K
(6)
where g(K) = 0.5 + 0.6656K — 0.02348K2. It follows that

Fu/D00? = 7.0/u0 - (v/TUO) = g(K)[1 + 0.4764K]1/Ry (7)
Inserting (6) and (7) in the momentum-integral equation (5)
we obtain a working form of one differential equation relating
Ry, K, and V.;

dR,
o = )

0.09014K\ Ry dU
(1 +‘W*)ﬁ? A

A second relation is obtained by applying the boundary con-
dition on the velocity profile® at the wall, ie., at @ = 0,

i,
o7

_dU b2u8
i T U + o2

.[7114'

Ae )

Substitutions of expressions (1) and (6) for @, and §, into
Eq. (9) yields

gE) (1 + K) Re
Ro(1 ++ 04764K)  R.U%(K)(1 + 0.4764K) ds

dU+Y——o

(10)

Equations (8) and (10) include three unknowns, viz, Ry(s),
V.(s), and K(s). At the stagnation point (s = 0), Ry is
always zero and hence the boundary layer can withstand any
amount of blowing there. This has been established by Teter-
vin and Levine,® who also demonstrated that the velocity
profile approaches a sine profile for large blowing velocities.
For practical reasons, however, the blowing velocity V, is
assigned a fixed positive value (blowing) in a region near the
nose beginning at s = 0, and Eqgs. (8) and (10) are then
solved simultaneously for B, and K. In this domain the
boundary layer is suberitical up to a point s, where Ry(s,)
equals R [K (s.)]. From that point, calculations of the bound-
ary-layer parameters to maintain a critical boundary layer
are performed, viz.,

Ro(s) = Ro[K(s)] for s > s. n

This condition provides the third equation needed beyond
$§ = S

Integration of the momentum integral equation is carried
out step by step. R at s 4+ As is calculated in terms of
known quantities at s as follows: 1) A first approximation
to Ry ats -+ Asis

Ry, s, = Ro, + (ﬁ?) As (12)

2) This value of Rs, , 4, is used to calculate a first approxi-
mation to the derivative of Ry at s + As from Eq. (18) and
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an improved value of Ry, , ., is determined by the formula

dRe dR,\©®
@ jualdy
- S () (3]

3) Step 2 is reiterate usmg the value Rs", ., to obtain a

third approx1mat10n R® .. 4) If the difference between
R:®, ,,and Ry, ,, is within tolerance, then B, ,, is taken to
be the value of R; at s -+ As. Otherwise, the step length

is reduced and the process repeated.

SHAPE FACTOR (Klg.o

{CURVE 1)

-15 -10 -5 o s 10

BLOWING PARAMETER (v VRe/32')g

{CURVE 2) MOMENTUM- THICKNESS PARAMETER (8/Rq 9i-), .

Fig. 2 Boundary-layer parameters at the stagnation
point.

The computation must begin at a stagnation point, and
hence the values of the momentum thickness 8 and the shape
factor K have to be determined there for the specified blowing
rate. For this purpose, we use the momentum-integral Eq.
(8). From this equation, in order for the derivative df/ds
to be finite at the stagnation point where U = 0, we must
have

-+

g(K)(1 + 047641{)5—0 - [2 N 1_—9_-99%} A

9(K) ds
Ve=0 at s=0 (14)

This equation and Eq. (10) are solved simultaneously to give
Kand §ats = 0. K ats = 0 is then obtained from

(1 + 0.4764K) — (1 + K)[29(K) + 1 — 0.09014K] _
{1 + 0.4764K)2 — (1 + K)]}'2 =

w(dU/ds) at s =0 (15)

where ¢,(K) = 2¢9(K)(1 4 0.4764K) + (1 — 0.09014K) X
(1 + 0.4764K) — 1. The quantity {V,[R./(dU/ds)]*?}, ¢
will be referred to as the blowing parameter. The momen-
tum-thickness parameter, {[R.(dU/ds)]'2},_, is caleulated
with the aid of Egs. (10) and (14);

(B[R.AU/ds)'2]}, ¢ = g(K){[(1+ 0.4764K)? —
I+ K))/g(K)} 2 ats = 0 (16)

Insertion of the assigned value of V.0 and the known values
of R, and dU/ds]._o, which is obtained from the potential
flowfield, into Eq. (15) determines K at s = 0. Solution for
K(s = 0) is performed graphically with the aid of Fig. 2,
where K is plotted as a function of the blowing parameter.
Also in Fig. 2, the momentum-thickness parameter is plotted
as a function of the blowing parameter determined by means
of Egs. (15) and (16). Hence, the momentum thickness at
s = 0 can be obtained directly when K(s = 0) is known.

With all the necessary quantities now determined at s = 0,
L’Hospital’s Rule can be applied to get the value of df/ds at
s = 0, using Egs. (8) and (10). Complete results can be seen




148 ANDERSON, MURTHY, AND SUTERA

10*

T ~Rem FOR Rey = 1600

FOR CRITICAL SHAPE

«
&5
8
=
=3
z
@
[=}
3
2 N
> e, 3 i e}
g g < uge w0
Ve .
@ oo Rem FOR Ry = (5= Jgx= 100 3?30
% g 18
8 2 I
& BN
23 N .
g N 4
= S
2 &
- o N w
§ 5 2 ~ -—110““g
« 10
z = 3
S ™ z
3 ~ =
= Crr 5
2 =
H N
= z
= 5
1 i 5
o'l L ’3 L o0
10 10 10 19 10 3

MUMENTUM  THICKNESS REYNOLDS NUMBER, (Rglepit® (”,,—e)cmT
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in Ref. 7, p. 29. Subsequently, the conditions that d2U /ds?* = 0
at the stagnation point (symmetrical, blunt-nosed body) and
dV./ds = 0 (V, maintained constant near s = 0) are applied
with the result that df/ds must vanish at the stagnation
point. With the initial values of 8 and df/ds determined, the
stepwise procedure outlined earlier may now be undertaken.

2.2 Skin Friction

The local skin-friction coefficient is defined as

Cn(s) = 7u/300 0" an
Substituting
. ou
ST

and using Egs. (1) and (6) to express the velocity gradient
at the wall in terms of K and the momentum-thickness
Reynolds number R,

Crn(s) = 29(K)(1 + 0.4764K)/R, 18)

For a boundary layer maintained in the critical condition,
Ry(= Rs.) is a unique function of K and conversely; hence,
Cp, as expressed by Eq. (18), can be represented as a function
of Ry alone for the critical profile, as displayed by Fig. 3.

The total skin-friction coefficient C;, is obtained by inte-
grating over the body surface from the stagnation point to
any axial station . For one side of the body only and per
unit span,

1 (- —
Cy: = 5[ Cn(U/Uo)? da’ 19)
]
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Fig. 4 Velocity distribution on the model; r = 4:1.
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Fig. 5 Velocity through the body surface; r = 4:1 (note
change of scale between blowing and suction).

2.3 Maximum Allowable Roughness Height

Once the momentum-thickness Reynolds number and the
shape factor are known, the maximum allowable roughness
height may be calculated using the second stability criterion,
which is given in terms of a Reynolds number R, based on
the roughness height e and the velocity [7. at the top of the
roughness element? :

Ra = (U€/¥)max = 100 to 1600 (20)

The range for Rg reflects the fact that the tolerable value
depends on the geometry of the roughness, i.e., the shape of
the individual elements and their relative arrangements.

The maximum allowable roughness height at any given
point on the body surface may be expressed in terms of a
Reynolds number,

Rsm = Uemax/y (21)

The velocity at the top of the roughness element may be
obtained by putting # = € in Eq. (1). Inserting the resuit
into Eq. (20) for maximum allowable roughness height and
using Eq. (21), we obtain

Ri = Ra(l — exp{—g(K)Run/Ro} +
K[l — exp{—g(K)Ren/Rs} —
sin{rg(K)Ren/(6R5)}]) (22)

which may be solved for R.. for any given Ra.

Since Re(= Rs) is a unique function of K, R.., as given
by Eq. (22) for any given value of R, may be considered a
function of R, alone for the critical profile. This is displayed
in Fig. 3 for Rq = 100 and 1600.

2,4 Computations

The numerical computations are in two main phases:
1) Freestream velocity distributions on bodies with elliptical
noses. Results are summarized in Fig. 6 of Ref. 7. The solid

)
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Fig. 6 Velocity through the body surface; r = 4:1.
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Fig. 7 Momentum-thickness Reynolds number along the
body surface; forward section r = 4:1.

curve in Fig. 4 represents the numerical computations for
the 4:1 elliptical nose and unbounded freestream.

2) The second phase was concerned with boundary-layer
parameters, based on the formulas developed in Secs. 2.1,
2.2, and 2.3. The boundary-layer parameters along the surface
of the 4:1 body for various blowing rates are given by the
solid curves in Figs. 5-10. The relative gain in the maximum
allowable roughness height with blowing is presented in Fig.
11, and the total skin friction in Fig. 12. The complete set
of computations is displayed in Figs. 9-16 of Ref. 7.

3. Experiment

3.1 Apparatus

For the experimental investigation, a model with a porous
surface was used. Within a framework of brass ribs and spars,
internally isolated compartments were provided in order to
apply different rates of blowing or suction at the outer
surface. A schematic diagram of the model compartments
and dimensions of the segments is given in Fig. 13. The model
is essentially divided into three spanwise sections, two end
sections or guard sections each 5 in. wide, and a central test
section 12 in. wide. The guard sections control the two-
dimensionality of the flow over the test section by reducing
the effect of the wind-tunnel walls between which the model is
supported.

The model frame consists of thick brass ribs and spars joined
in a grid-like arrangement. Brass tubes inserted through the
side ribs feed the individual compartments in both the test
and the guard sections of all the compartments in order to
measure respective pressures. The complete framework of
ribs and spars and the compartment walls were covered with
perforated brass sheet, which was then covered with successive
layers of dacron sall cloth, stainless-steel twill wire cloth (AISI
Type 316, 0.007-in.-diam wire), and stainless-steel cal-
endered wire cloth (AISI Type 316, 0.0014-in.-diam wire).
The innermost layer of perforated brass sheet stiffens the
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= | | |
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DISTANCE ALONG THE SURFACE (§/a)

Fig. 8 Momentum-thickness Reynolds number along the
body surface; aft section r = 4:1.

DISTANCE ALONG THE SURFACE (S/a:

Fig.9 Shape factor along the body surface; forward region
r =4:1.

model and provides a solid base for the outer porous layers.
The dacron cloth is a high resistance barrier and inhibits
variations of suction or injection flux over an individual com-
partment that might be caused by the static-pressure gradient
along the surface. The layer of stainless-stecl cloth minimizes
the distributed jet-like character of the flow at the perforated
sheet. The outermost layer of calendered stainless-steel cloth
provides a smooth porous surface for the outer flow.

The flow through the skin is delivered to the suction and
blowing manifolds through valves and calibrated porous plug
flow meters. A few chambers are connected to both manifolds
to permit either suction or blowing. Static-pressure tubes from
the test and the guard sections are connected to a bank of
U-tubes so that the pressures in the individual test or guard
sections may be equalized to ensure spanwise uniformity of
the flow through the surface.

The model is placed symmetrically in a subsonic closed-
circuit, closed-jet wind tunnel with a test section 32 X 22
in. To measure the boundary-layer velocity profiles, two
flat total-head tubes are employed, depending on the bound-
ary-layer thickness. One tube has a tip 0.01 in. thick on the
outside with an opening 0.0035 in. wide, and is used for
boundary layers less than 0.15 in. in thickness. The tip of
the other probe is 0.016 in. thick on the outside with a 0.006-
in. opening. Whether the flow is laminar or turbulent is
detected by a constant temperature hot-wire anemometer.

3.2 Wind-Tunnel Blockage Effect

The presence of the model in the test section results in a
total-flow blockage, which may be expressed® as an average
change in freestream velocity u;, and is a function of body
shape and length, jet area, and maximum body frontal area.
For the two-dimensional body the closed tunnel data at
velocity V compare with free air data at velocity V + w,
where the velocity increment w, is given by the empirical
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Fig. 10 Shape factor along the body surface; aft section
r=4:1.
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CURVE NO.  Vuo Ra
1 0.0025 52100
2 0.025 52100
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| I |
5 1 2 3 4 5 3 7 8
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1.0

Fig. 11 Gain in the maximum allowable roughness height
due to blowing; r = 4:1. Limiting roughness Reynolds
number, R, = U./vmex = 100.

formulat®
u/V = 0.32 vol/(h%)

where vol. = model volume = 5100 in.3, b = length of the
side of the tunnel parallel to the model span = 22 in., & =
length of the other side of the tunnel = 32 in.

For the experiment,

Thus, wind-tunnel data at a velocity V correspond to free-
air data at 1.14 V. This relation is used in comparing the
theoretical and measured values.

3.3 Procedure

The static pressure on the model surface was measured at
two different tunnel velocities by a static pressure probe, and
the local freestream velocities are calculated from these
measurements.

All the boundary-layer data were obtained at a tunnel speed
such that the equivalent free air velocity, accounting for the
blockage effect, is equal to 50 fps, which is one of the velocities
for which the theoretical computations were made. An ap-
proximate blowing-suction distribution was established on
the model and the boundary layer at the end of the model
tested for turbulence by the hot-wire anemometer. Necessary
adjustments were made to the blowing-suction distribution
in order that 1) transition would occur slightly upstream of
the end of the model, and 2) any significant change in the
flow through any compartment would change the location of
the transition point. The transition point is here defined as
the location at which approximately equal intervals of laminar
and turbulent flow are observed. After adjusting the blowing-
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suction distribution, boundary-layer velocity profile measure-
ments were made 2, 4, 6, 8.58, 18.58, 28.58, 36.58, and 48.58
in. downstream of the stagnation point along the surface.
The momentum-thickness Reynolds numbers and the shape
factors for the measured boundary-layer profiles were ecalcu-
lated by finding the curves which belonged to the one-param-
eter family of Eq. (6) and which, at the same time, were
optimum fits to the measured profiles.

The guard sections were only partly effective in establishing
a perfectly two-dimensional flow along the full length of the
test section of the model. The flow in the midspan plane,
however, could easily be maintained laminar and hence
measurements were made in that plane.

3.4 Results

The measured local freestream velocity distribution on the
model is displayed in Fig. 4 along with the theoretical distri-
bution for unbounded flow. The blowing-suction distribution
is portrayed in Figs. 5 and 6. Figure 5 has portions for blow-
ing and for suction. Measured and theoretical distributions
of momentum-thickness Reynolds numbers are depicted in
Figs. 7 and 8. Finally, the comparison between theory and
experiment with regard to shape factor is given in Figs. 9
and 10.

4. Discussion of Results and Conclusions

The analysis indicates that substantial benefits can be
realized by blowing near the stagnation point. It predicts
that the relative increase in the boundary-layer thickness
decreases as the blowing rate increases, and even small blow-
ing velocities (of the order of 19, of the undisturbed free-
stream velocity) considerably thicken the boundary layer.
The theoretical improvement in tolerance to roughness (Fig.
11) is substantial. The predicted increase in the maximum
allowable roughness height diminishes at large distances from
the stagnation point. However, since the boundary layer in
this region is normally thick enough to tolerate large rough-
ness heights, artificial thickening is less important.

Most of the theoretical predictions were borne out by the
experiments. The significant discrepancy between the theo-
retical caleulations, which are exact for unbounded flow, and
the measured distribution of local freestream velocity at the
surface of the body, as seen in Fig. 4, is due to the blockage
effect. Far downstream of the shoulder the local freestream
velocity on the model is about 149, higher than predicted by
the theory.

As seen from Figs. 5 and 6, the suction distribution required
to maintain laminar flow over the model compares favorably
with the theoretical distribution for an unbounded flow. In
contrast, the blowing could not be extended as far down-
stream of the stagnation point as predicted by analysis. This
is explained by the fact that the favorable pressure gradient
does not extend as far from the nose of the model in the wind
tunnel as it does in theory, thus restricting the area where
blowing is allowable.

Measured and theoretical distributions of the momentum-
thickness Reynolds number and of the shape factor are shown
in Figs. 7 to 10. They agree fairly well, considering that the
pressure distribution and the blowing-suction distribution on
the model are not the same as those used in the theory. The
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restriction of the extent of blowing, and the step-wise char-
acter of the blowing-suction distribution which necessitates
less blowing and more suction than the optimum distribution,
reduce the momentum-thickness Reynolds number and bring
the boundary-layer velocity profiles closer to the asymptotic
suction profile (K = 0). The change in profile results in a
larger shape factor for the measured velocity profiles.

The results of Figs. 5-10 correspond to transition about 5 in.
upstream of the end of the model. Any attempt to establish
transition at the very end of the model would be confused by
disturbances of the wake of the model. For convenience in
detecting the nature of the boundary-layer flow, the transi-
tion point, rather than fully laminar flow, was established at
the chosen location. Judgment of a fully laminar flow, just
devoid of turbulence, involves the risk of establishing a sub-
critical laminar boundary layer.

The combination of suction applied to maintain a laminar
boundary layer and blowing at the stagnation point to im-
prove the tolerance of the boundary layer to roughness should
be ideal for substantially reducing skin friction of bodies at
high Reynolds numbers.

With an appropriate choice of the blowing rate, the fluid
removed by suction may be the same fluid injected near the
stagnation point. For example, for a body with a 4:1 ellip-
tical-nose and a length-to-thickness ratio of 15, the amounts
of the injected and the sucked fluid are equal for a blowing
rate of 1.29, at the stagnation point. This procedure would
reduce the danger of clogging the porous skin in flights
through turbid fluids, since most of the sucked fluid is com-
posed of the fluid ejected at the nose, and eliminate the neces-
sity of disposing of the sucked fluid.
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Introduction

HE mathematical simplifications to the boundary-layer
A equations which are possible when the concept of similar
solutions is utilized are well known from classical Newtonian
flow!2 and will not be reiterated in this note. Schowalter® and
Acrivos, Shah, and Petersen* were among the first to publish
the results of investigations of the flow of a non-Newtonian
fAuid past an external surface. Schowalter’s primary objective
was to determine those flows of a power-law non-Newtonian
fluid for which similar solutions could be obtained for the
momentum equation. Acrivos et al. obtained numerical
solutions of the momentum equation for the flow of the same
type of fluid past a horizontal flat plate. The heat-transfer
coefficient was also obtained by considering an asymptotic
form of the energy equation valid in the limiting case of large
Prandtl numbers.

Among the investigators that have considered the subject
of similar solutions of the boundary-layer equations for
external flow of non-Newtonian fluids since the investigations
of Schowalter and Acrivos, Shah, and Petersen are the authors
of Refs. 5~7. Only in the papers by Acrivos et al. and Lee
and Ames’ was the energy equation considered in the investiga-
tion to determine the possibility of obtaining similar solutions.
The authors of the former paper concluded that similar solu-
tions did not exist for the energy equation for the case of the



