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nearly linear. Further inspection of the figures suggests
that the reduction in Nusselt number because of blowing is
greater when the molecular weight of the injected gas is
lower. However, there are exceptions to this relationship.
In particular, in the range of small and moderate blowing
rates, the Nusselt numbers corresponding to helium injection
lie above those corresponding to water vapor injection.
Thus, helium is a less effective coolant, and water vapor is a
more effective coolant than might have been expected on the
basis of a simple molecular-weight rule. Also, argon and
carbon dioxide are somewhat out of order in their effect on
Nusselt number, but this is of little practical importance.

The nonlinear variation of the helium results and the in-
terchange of position between the curves for helium and
water vapor has been reported previously for stagnation flow.4

By making comparisons between Figs. 1 and 2, one sees only
slight differences in detail; the general trends are identical.

The dashed lines appearing in the figures represent the
correlation of Gross and co-workers.3 The original correla-
tion did not take account of thermal diffusional effects.
However, it can be extended to include these effects by re-
placing q with h', in the correlation equation thus

/3(m/PcoC/oo)^a;
1/2] (4)

where
C* = p*M*/PooM«> (4a)

and M2 and Tkf] denote the molecular weights of air and of the
injected gas, respectively. It is evident that hQ represents the
heat-transfer coefficient for no mass injection. The quantity
C* is a correction for variable fluid properties; p* and /i*
represent air properties corresponding to a reference tempera-
ture T7* that, in the absence of aerodynamic heating, is the
average of Tw and Tm.

It is evident that the correlation equation [Eq. (4)] pro-
vides a heat-transfer coefficient that decreases linearly with
increasing blowing rate. Furthermore, the correlation pre-
dicts a greater decrease in h when the molecular weight is
lower.

In view of Figs. 1 and 2, it is clear that the present results
are in accord with certain aspects of the correlation equation.
However, the correlation does not predict the nonlinear be-
havior of the helium results. Furthermore, it overpredicts
the reduction in heat transfer caused by helium injection and
underpredicts the reduction caused by water vapor injection.

The adiabatic wall temperature results calculated as part
of the present investigation are presented in Fig. 3. As was
noted earlier, the adiabatic wall temperature differs from T«,
because of the effect of diffusion thermo. Thus, Taw enters
the heat-transfer computation through the definition of h
[Eq. (1)].. Inspection of Fig. 3 shows that, for injected gases
having molecular weights exceeding the mainstream gas (air),
Taw/To, < 1; the opposite is true for injected gases lighter
than air. For the very light gases, hydrogen and helium, the
difference between Taw and Tm becomes substantial at higher
blowing rates. On the other hand, for the heavier gases,
there is little difference between Taw and Tm.
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Effects of Suction and Blowing on
Oscillatory Boundary Layers over

Cylinders

WEN-JEI YANG*
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BECAUSE of the importance of the boundary-layer con-
trol, there have been extensive studies on the steady,

laminar, boundary layer with suction or blowing. Recently,
considerable attention has been focused on the oscillatory
boundary layers induced by the acoustic waves, vibrations,
and flow fluctuations of the periodic-type transients.1 This
paper presents the effects of uniform suction and blowing on
the permanent alterations in both the wall shear stress and
heat-transfer rate. The alterations are caused by the fluctu-
ations in the magnitude and direction of the freestream
velocity, the rotational oscillations of the cylinder surface,
the standing waves, and the progressive waves superimposed
in an otherwise forced convection field. The analysis is
restricted to the quasi-steady state, which may approximate
the behaviors of low-frequency fluctuations.

The fundamental equations for unsteady boundary layers
have been deduced for two dimensional flow [Ref. 1, Chap.
7, Eqs. (13) and (135)]. Let u and v be the velocity com-
ponents in the x and y directions, respectively; t, the physical
time; x and y, the distances measured along and normal to
the cylinder surface, respectively; p, the pressure; T, the
fluid temperature; and U, the velocity of potential flow.
The boundary conditions are y = 0: u = Q, v = V, T =
Tw; y = o°: u = U, T = Tm, where V is the velocity of
uniform suction for negative value and uniform blowing for
positive value; Tw, the temperature of cylinder surface; and
TK, the fluid temperature of freestream.

Let UQ(X) be the velocity of the potential flow at steady
state and eU\ coscoZ be the periodic disturbance, where

U0(x) = Um f

U\(x) = Um XI b2kX2k

cC/i, the amplitude of the disturbance; e, a small constant
parameter; co, the circular frequency; and a^k+i and bu are
the coefficients depending upon the geometrical configuration
of the cylinder and the nature of disturbance, respectively.
If the disturbance is superimposed on the freestream in the
form of flow perturbations, then U(x, t) may be expressed
as UQ(X) + eUi(x) coscotf. It is called the flow oscillation for
UQ = JJi and the fluctuating circulation for Uo ̂  U\. Other
disturbances, which may be superimposed on the freestream,
include standing waves and progressive waves. Two typical
cases of standing waves are eA sin(27r/X)o; cosco£ for the nodal
point of the wave coinciding with the forward stagnation
point and eA cos(27r/X)o; coscoZ for the point of maximum
amplitude coinciding with the forward stagnation point,
where eA is the magnitude, and X is the wavelength of the
standing waves. By including A sm(2ir/X)x or A cos(2ir/X)x
as Ui(x), the disturbances caused by the standing waves and
freestream perturbations may be treated simultaneously.
The progressive wave may be expressed as eA sm[(o>x/Uw) T
at], which represents an infinite train of harmonic waves of
frequency co and amplitude eA traveling in the positive or
negative direction of x with a velocity Uw- By rewriting in
the form of eA sin (cox/1/^) cosco£ — eA cos(cox/[/w) sinco£, the
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Fig. 1 Effects of the uniform suction and blowing on the
steady-state components of wall shear stress.

progressive wave may be considered as the superposition of
two standing waves with 90°-phase difference.
|k If the disturbance of the boundary layers is caused by the
rotational oscillation of the cylinder surface, then U = Uo(x),
and the boundary condition u = 0 at y = 0 has to be re-
placed by u — eUi cosco£ at y = 0.

Now the velocity and temperature perturbations at quasi-
steady state are taken in the same form as

u = u0 + eui cosco£ + €2(^20 + ^21 cos2co£) + 0(e3) + . . .

Substituting these expressions into the fundamental equa-
tion, equating each coefficient to zero, and multiplying the
ascending powers of e, one obtains a series of systems of
equations, one for each of the successive approximations UQ,
VQ, TQ] HI, Vij Ti' etc. All of the solutions are obtained in the
form of the Blasius series. The zeroth-order perturbation
is the case of steady forced convection.2 The first-order
perturbation is the frequency response of the fluid velocity
and temperature. The second-order solutions consist of
the steady and periodic components. The steady com-
ponents U?Q, VM, and TW express the permanent alterations in
velocity and temperature. They give rise to a net change
in the steady values of the wall shear stress r20 and Nusselt

number Nuwj which are obtained as

7-20 36062 (T, „ , a,b0 /] 2a3 [ „ a3&o v
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Fig. 2 Effects of the uniform suction and blowing on the
steady-state components of heat transfer.

respectively, where #e is the Reynolds number; rj, the dis-
tance defined as y(aiRe)11*] and/(r;) and F(II), the universal
functions. The equations and their appropriate boundary
conditions, which define the universal functions (too many in
number to be presented here), are solved by an IBM 7090
digital computer. 3' 4

Numerical results are obtained for the case of a uniform
flow about an infinite circular cylinder. The external po-
tential flow is Uo = 2Um sm(x/R), where Um is the freestream
velocity at infinity, and R is the radius of the cylinder. The
disturbances superimposed on the system include 1) the
flow oscillation with an amplitude of eUQ, 2) the fluctuating
circulation caused by an alternating vortex at infinity
with an amplitude of eUi = eUm, 3) the standing wave with
a wavelength X = 2irR, whose nodal point coincides with the
forward stagnation point, and 4) the rotational oscillation
of the cylinder surface with an amplitude of eUi = eU^.

The effects of the uniform suction and blowing on the
steady-state components of wall shear stress and heat-transfer
rate are illustrated in Figs. 1 and 2. It is disclosed from
these figures that the uniform suction contributes to a de-
crease in both the wall shear stress and heat-transfer rate in
the steady, laminar, boundary layers. The fluctuations in
the boundary layers induce small permanent alterations:
an increase in r20 (except that caused by the rotational oscilla-
tion of the cylinder surface, which decreases r?0) and a de-
crease in NUM. In the forward portion of the cylinder, the
superposition of the uniform suction on the oscillatory
boundary layer results in 1) a decrease in both r20 and the
absolute magnitude of Nuw if the disturbance is either the
flow oscillation or standing wave with the wavelength of
2irR, 2) an increase in the absolute magnitudes of both
r20 and Nmo if the disturbance is the rotational oscillation,
and 3) no appreciable variation in r20, but a slight increase
in the absolute magnitude of Nuzo if the disturbance is the
fluctuating circulation. The uniform blowing of the bound-
ary affects the permanent alterations r20 and Nmo in the op-
posite manner,

If the disturbance is the progressive wave because of the
linearity in the equations and their appropriate boundary
conditions, the solutions up to the first-order perturbation
may be obtained by the superposition of the solutions to
the disturbances eA sin (a>3/17«) coscoZ and -eA cos(coz/
Uw) smut. However, because of the interaction of the
secondary flows induced by these, two different disturbances
in the outer flow, the superposition principle cannot be
applied to the solutions up to the second-order perturbation.
However, the same procedure as presented may be followed,
although the analysis might become involved for such case.
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Steadiness of a Plasmajet
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PLASMAJETS generated by means of electric arcs have
attracted wide scientific and technological interest during

the past decade. In spite of the widespread application of
plasma jets, there is still little agreement of the temperatures
and temperature distributions reported by different authors.
One of the reasons may be found in fluctuations of the plasma-
jet.

A possibility exists that the temperatures reported for tur-
bulent plasmajets might be too high. This is because the arc
column in these cases may come out of the nozzle, make a
hairpin turn, and attach to an interior or exterior wall in the
neighborhood of the nozzle exit. This would be an inter-
mittent process since the arc probably travels up and out of the
nozzle, extinguishes, restrikes in the nozzle, and repeats the
process. Such shapes of arcs in flowing gases have been
clearly detected on simpler geometries1 and are presently being-
studied in the Heat Transfer Laboratory of the University of
Minnesota. Dooley et al.2 call this effect the "blown arc,7'
which has been investigated in a similar plasma torch with a
segmented anode by Wheaton and D^an.3 A more recent
paper by Krtille4 describes experiments with a nozzle-shaped
anode. Bruckner5 shows photographs of a 300-amp turbulent

15
Fig. 1 High-speed Fastax pictures from an argon plasma-
jet, F-40 plasma torch: / = 400 amp, P = 1 atm, flow rate

= 150 scfh.
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Fig. 2 Oscillograms taken of a turbulent argon jet: / =
400 amp, flow rate = 150 scfh.

plasmajet in which the plasma is shown leaving the nozzle in
"blobs." A photo with an exposure time of 5--̂  sec shows two
such entities.

If such an occurrence takes place, then the line and con-
tinuum intensities recorded would be higher than one should
expect for the prevalent freestream gas temperature, since the
detectors would see the very hot arc column on a high-
frequency intermittent basis. The frequency would be on
the order of 1 kc and so would not appear as a fluctuation in a
relatively slow response detector-amplifier system. The mag-
nitude of the effect would depend on how much of the arc
column's lifetime was spent outside the nozzle.

Actually this effect could not be observed with the F-40
plasma torch t using argon as working fluid. High-speed
Fastax pictures taken of the plasmajet (Fig. 1) as well as the
behavior of the arc voltage (Fig. 2) did not indicate this
type of fluctuation. The smooth traces of the small voltage
fluctuations with a maximum amplitude of about 2.5 v show
that the arc length may indeed vary within 1 cm or so but that
there is no restriking of the arc which is symptomatic for the
fluctuating mode of an arc. The nozzle used for all experi-
ments has a length of 2.5 cm. The anode arc terminus usu-
ally stays in the vicinity of the nozzle entrance close to the
cathode as indicated by erosion in the entrance region of the
anode nozzle. According to the observed voltage fluctua-
tions, the anode arc terminus may travel back and forth in the
nozzle, but never reaches the nozzle exit, because the addi-
tional voltage required for this distance is higher than 2.5 v.
Restriking of an arc with superimposed axial flow leads to a
saw-tooth shape of the voltage fluctuations because the
breakdown time of the restriking arc is very small as com-
pared to the time required for the anode arc terminus to
travel downstream to the nozzle exit. These effects were
studied in an open geometry, which permitted unobstructed
viewing of the entire arc column.

A rod-shaped thoriated tungsten cathode was positioned
with its axis parallel to the surface of a plane water-cooled
anode, and a gas flow (argon) was introduced parallel to the
axis of the cathode. It was thought that this geometry repre-
sents the best compromise between the situation encountered
in plasma generators and the accessibility of a simple model,
because the flow conditions are quite similar to those with
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Fig. 3 Oscillogram of a nitrogen arc, F-40 plasma torch.
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