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Introduction

BOUNDARY-LAYER tripping is desired in scramjet as
well as heat-exchanger design to enhance, respectively,

mixing and heat transfer rates. Furthermore, the achievement
of earlier transition by artificial tripping of the boundary layer
is often desired in wind-tunnel operations to simulate turbulent
boundary-layer behavior at full-scale Reynolds numbers. The
most common method for tripping the boundary layer is the
use of roughness. The existence of roughness enhances the
instability of the flow and accelerates the onset of transition
and, consequently, the occurrence of turbulence. It is known
that tripping the boundary layer with roughness elements be-
comes more difficult at higher speeds. This was first evident
because large-diameter wires were needed to trip the boundary
layer at high speeds.

The occurrence of laminar separation on aerodynamic sur-
faces increases pressure drag that results in a reduction in the
efficiency of these surfaces. Separation can result from a lo-
calized adverse pressure gradient created by surface roughness,
or it can result from extended regions of adverse pressure gra-
dient because of the curvature of the surface. In both cases,
the flow may separate while it is still laminar.1 In situations in
which laminar separation is about to occur, tripping the bound-
ary layer so that it remains attached is preferable. Transition
causes the point of separation to move downstream because in
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a turbulent boundary layer the accelerating influence of the
external flow extends farther because of turbulent mixing. This
in turn, reduces the pressure drag.

The critical tripping height of a roughness element is defined
as the minimum height that causes transition at the downstream
end of the roughness element. In this work, we quantify the
variation of the critical tripping height of a roughness element
with parameters such as the freestream Mach and Reynolds
numbers and the length of the roughness element. Our ap-
proach consists of using linear stability theory, coupled with
the empirical eN method, to predict the transition onset loca-
tion.

The presence of a roughness element on a surface can pro-
duce a separation bubble behind it if and when its height be-
comes sufficiently large. In such flows, both a strong viscous-
inviscid interaction and an upstream influence are known to
exist. The conventional boundary-layer formulation fails to
predict such flows; therefore, one needs to use a triple-deck
theory, an interacting boundary layer (IBL) theory,2 or a
Navier-Stokes solver to analyze them. In this work we use
the IBL theory to predict such flows.

The numerical results presented in this work are for two-
dimensional compressible subsonic flow over a single, smooth,
two-dimensional hump on a flat plate. The results are for a
two-parameter family of symmetric hump shapes given by

y = V*/L* = = kf(z)
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Here, k* is the dimensional height of the symmetric hump; it
is positive for a hump and negative for a dip. The parameter
A* is the dimensional length of the hump with the center lo-
cated at ** = L*.

For stability analysis, we use spatial quasiparallel instability.
By solving the linear instability eigenvalue problem, we obtain
the disturbance-wave growth rate as a function of location on
the flat surface. The transition onset location is then empiri-
cally correlated with the location at which the integrated
growth rate (N factor) of the disturbance wave reaches a cer-
tain value. This is the empirical N-factor transition criterion
(i.e., the criterion that utilizes the eN method) proposed by
Smith and Gamberoni3 based on experimental data (see also
Jaffe et al.4). For flow over a flat plate, transition was found
to occur when the N factor reached a value close to 9. We
denote the value of Rex at which the N factor reaches a value
of 9 by (Rex)N=9.

The length of a roughness element influences considerably
the predicted transition onset location.5 However, the effect of
the length of a roughness element on flow instability and tran-
sition location is usually overlooked in the literature. Although
the experimental correlations of Page6 and Carmichael7 ac-
count for the effect of roughness length on transition location,
the commonly used Rek correlation does not.

The role of the hump length is opposite that of the hump
height. If the nondimensional length A = A*/L* of a hump at
a fixed height is decreased, then the location where the N factor
first reaches a value of 9 is shifted upstream. When the rough-
ness element becomes so short that its length falls below a
certain critical value, the upstream movement of the transition
location slows down considerably, and the predicted transition
location approaches the downstream end of the roughness ele-
ment.

Variation of the nondimensional critical tripping height £crit
with the nondimensional length of the hump A is shown in Fig.
1. The results are for incompressible flow at a freestream
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Fig. 1 Variation of the critical tripping height of a hump with
hump's length.

Fig. 2 Variation of the critical tripping height of a hump with
freestream Mach number.

Reynolds number of Re = 106. It is clear from Fig. 1 that
increasing the length of the hump increases its critical tripping
height. However, the variation is not linear and it seems that
the rate of increase of kciit becomes smaller for relatively long
humps.

The effect of compressibility on the stability characteristics
of two-dimensional flow over roughness elements is compli-
cated by the fact that although an increasing Mach number
stabilizes the flow in the attached regions, it increases the size
of the separation bubble.5 An increase in the value of the free-
stream Mach number M* causes the flow over the hump to
separate at lower hump heights because compressibility makes
the pressure gradient more adverse and enhances separation.
When the flow separates, increasing the freestream Mach num-
ber increases the length of the separation bubble by shifting
the separation location slightly upstream and shifting the reat-
tachment location considerably downstream. In their experi-
mental work, Larson and Keating8 noticed a large increase in
the streamwise length of the separation region when the Mach
number of the flow over the roughness element was increased.

The widening of the separation region because of the in-
crease in Moo partially offsets the stabilizing effect of com-
pressibility. Overall, in two-dimensional flow, the stabilizing
effect of compressibility in the attached regions overcomes the
destabilization caused by the increase in the size of the sepa-
ration bubble. The downstream movement of the transition lo-
cation of a flow over a step as the Mach number increases was
noticed and reported by Chapman et al.9 Van Driest and Boi-
son10 studied experimentally the effect of two-dimensional sur-
face roughness (circular wire) mounted on a cone on transition
at supersonic Mach numbers. They indicated a spectacular role
of Mach number in damping the effect of roughness on tran-
sition. They also indicated that with increasing Mach numbers,
increasingly large ratios of roughness height to boundary-layer
displacement thickness were necessary to promote transition.
Furthermore, the stability of a laminar shear layer (that devel-
ops in the case of separation) was found by Lin11 to increase
markedly as the Mach number increases. At supersonic speeds
in wind-tunnel operation, larger wire diameters are required to
trip the boundary layer as the Mach number increases (see,
e.g., Coles12).

In Fig. 2 we present computational results that support and
agree with all of the previously indicated experimental obser-
vations. The results are for a hump of length A = 0.2 and the
freestream Reynolds number is Re = 106. It is clear that the
critical tripping height of the hump increases with freestream
Mach number in the considered subsonic range. Furthermore,
Fig. 3 shows a consistent increase in the rate of change of kcrit
with Moo as Moo increases. While the critical tripping height for
incompressible flow is kcrii = 0.0033, the corresponding value
for Moo = 0.7 flow is kciit = 0.0045.
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Fig. 3 Variation of the critical tripping height of a hump with
freestream Reynolds number.

As the freestream Reynolds number of flow over a rough-
ness element increases, the predicted transition onset location
moves to upstream locations.5 Moreover, increasing the free-
stream Reynolds number enhances boundary-layer separation.
Page and Preston13 performed a wind-tunnel experimental
study for flow past a wire mounted on a body of revolution.
They noticed that at a certain freestream velocity the flow
formed separation vortices, but the flow was laminar far down-
stream of the wire. Increasing the freestream velocity (which
increases the freestream Reynolds number), moved the tran-
sition point closer to the wire.

The results in Fig. 3 support and agree with experimental
observations such as the previously indicated observation of
Page and Preston. The results that are for incompressible flow
with A = 0.2 show clearly that increasing the freestream Reyn-
olds number reduces the critical tripping height.

In summary, the critical tripping height of a roughness ele-
ment is defined as the minimum height at which transition
occurs at the downstream end of the roughness element. The
variation of the critical tripping height of a hump in subsonic
flow over a flat surface with freestream Mach and Reynolds
numbers and hump's length is quantified. It is found that in-
creasing the freestream Mach number, decreasing the free-
stream Reynolds number, and increasing the length of the
hump result in an increased critical tripping height of the
hump.
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Introduction

E XPANSION of an electron-cyclotron-resonance- (ECR)
heated plasma in a magnetic nozzle offers several poten-

tial advantages over other plasma thrusters for generating high
specific impulse 7sp. The use of microwaves eliminates elec-
trodes, a primary life-limiting component for most plasma de-
vices; space charge ion acceleration eliminates the acceleration
grid problems of ion thrusters; and wall interactions are less
than other plasma thrusters, reducing energy and particle losses
and the sputtering of wall material. In addition, an ECR
thruster can deliver very high-power density and offers the
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Fig. 1 Magnetic field (dashed line) and floating potentials along
the plasma. Shown are potential measurements on axis (solid
points) and edge (open points). Gas propellant is injected through
the slot into a nine-section gas box.

possibility of variable 7sp through control of the plasma poten-
tial. In this Note we summarize for the propulsion community
the experimental status of an approach1"3 proposed to over-
come limitations of previous ECR thrusters,4'7 especially
plasma density limited by microwave cutoff at frequencies be-
low the plasma frequency, significant power losses to atomic
radiation, and plasma recycling at an interior rear wall in con-
tact along the magnetic field.

In our experiment several new features are used. First, whis-
tler waves are excited in the plasma at a magnetic field strength
B higher than resonance given by BKS = (me/e)27rf, where/is
the microwave frequency, and me and e are the electron mass
and charge, respectively/The wave frequency satisfies /< /<*,,
/pe, where /<* = eB/27rme is the local electron cyclotron fre-
quency (typically ~5 GHz), f^ = (l/27r)\/e2ne/e0me is the
plasma frequency (typically ~6 GHz), ne is the electron density,
and e0 is the free space permittivity. The whistler wave is the
only electron wave that propagates at arbitrarily high densi-
ties.8 Second, the resonance is located on the side of a mag-
netic hill below the peak field, as shown in Fig. 1. This reduces
power flow up the hill to the rear boundary because the mag-
netic flux tube area decreases as the field increases. Third,
hydrogen is injected in a gas box at a field below the reso-
nance, where it is ionized by the heated electrons. Calculations
predict that the magnetic forces caused by the anisotropic ECR
electron distribution can greatly reduce energy losses up the
hill.3*9 Fourth, the use of hydrogen or deuterium minimizes
energy losses from atomic line radiation.

Floating potentials > 100 V are generated in the plasma as
predicted9 and an ion flux down the magnetic field is generated
with energy characteristic of these potentials. We have also
measured the excited whistler waves and their propagation and
absorption in overdense plasma at the resonance. Observed
discharge particle and energy efficiencies are lower than ex-
pected, probably because the injected gas is not fully ionized
and losses to the rear wall are greater than predicted. Modifi-
cations to achieve high efficiencies are suggested.

Description of the Experiment
The apparatus is shown in Fig. 2. Microwaves at /= 915

MHz (Bres = 0.0327 T) and power up to 20 kW (30-100 ms
pulse length) are coupled from a bihelical antenna to a plasma
column at a magnetic field strength typically near 0.21 T. The
antenna is in air, outside a 4.9-cm-i.d.-fused silica tube vacuum
envelope to prevent electrical breakdown problems.3 The axial
magnetic field profile, shown in Fig. 1, is generated by two
solenoidal magnets located at z = —4.3 and 34.4 cm, with
mean conductor radii of 27.9 cm.3 The magnitude, axial pro-
file, and resonance location are varied by changing magnet
currents. The resonance is between the wave-launching col-
umn and the gas box, slightly upfield of the gas box slot, as


