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EXPERIMENTAL INVESTIGATION INTO THE REDUCTION

OF SUPERSONIC SKIN-FRICTION DRAG ON A FLAT PLATE

USING TRANSPIRATION AND A CAVITY WITH MASS ADDITION

by

Linda Ann Castiglone

(ABSTRACT)

An experimental program was conducted at NASA Langley Research Center, in
Hampton Virginia, that included development and evaluation of an operational facility for
wall drag measurement and evaluation of the total drag of various wall configurations.
The drag of three possible supersonic combustor wall configurations was measured to
determine if reduction in skin friction and/or wave drag could be achieved through the use
of cavities, vented cavities, and/or mass addition. Data are presented herein as average

drag force, wall static pressure distributions and focusing schlieren images.

The experimental model consisted of a series of interchangeable aluminum plates
attached to an air-bearing suspension system. The system was equipped with load cells
that measured forces up to 10 pounds in the drag direction only. The plates were exposed
to a Mach 2 air stream at a total pressure of 115 psia. This flow field contained a train of
relatively weak, unsteady, reflecting shock waves that were produced by the Mach 2
nozzle and plenum chamber assembly. Mass addition was successfully employed to alter

the plate drag in both the transpiration and cavity configurations.

Three plate configurations were tested: a flat plate, a plate with air transpiration,

and a cavity plate equipped for the introduction of bleed air into the cavity. The resulting



data base consists of drag data at Mach 2 for a standard flat plate, and two wall
configurations tested with bleed mass flow rates ranging from 0.00 to 0.06 lbm/sec. The
experimental wall static pressure distributions and the focusing schlieren images are shown

to compare favorably with the CAN-DO computer analysis results.
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1. INTRODUCTION

With current efforts to achieve supersonic and hypersonic flight vehicle velocities,
new high speed combustion systems are currently being developed. One of the challenges
involved in achieving efficient hypersonic propulsion includes complete combustor flow
field optimization. A thorough understanding of scramjet thrust and loss mechanisms is
critical to the design and performance analyses of hypersonic flight vehicles powered by
airbreathing propulsion systems. Supersonic combustor skin-friction and wave drag losses
are a significant fraction of the internal drag of scramjet combustors. Wall shear or skin
friction in the high temperature reacting flow regime must be minimized to the greatest
extent possible. This experimental program investigated the skin friction and/or wave drag
of possible combustor wall configurations and evaluated the impact of mass addition on
the skin friction drag. Additionally, an operational test facility for these evaluations was
constructed and evaluated.

One of the goals of this test program was to investigate a methodology of
measuring skin friction and/or wave drag with confidence, so that the merits of various
“low drag” wall design schemes could be easily compared and optimized. The
optimization design goal is to create “low drag” wall designs that significantly reduce the
measured wall total drag. In this experiment, an air bearing-load cell measurement system
was successfully employed to measure the skin friction and wave drag of three different
wall configurations in a Mach 2 air stream exhausting to ambient conditions.

All tests were conducted in the Transverse Jet Facility located at the NASA
Langley Research Center, in Hampton, Virginia. Wall configurations that might be

applicable to a scramjet combustor that were tested included a flat plate, a transpiration



plate, and a cavity plate. Both the transpiration and cavity plates could operate either with
or without mass addition. As anchor and baseline for the test program, a flat plate was the
first and last configuration tested. The baseline configuration provided a good comparison
with supersonic, compressible skin-friction models. The flat plate configuration also
allowed for the establishment of a baseline for comparison with the other configurations
tested.

The data acquired in this investigation is presented in three forms: static pressure
distributions along the full length of the test section, drag as total force measured in the
flow direction on the metric plate, and focusing schlieren images, the latter providing
visual details of the flow field. Qualitative evaluations of the flow field structure are easily
seen, including relative location and strength of the expansion fans and compression
shocks that formed. A detailed explanation of the facility design and evaluation, test

program and the experimental discussion and results are presented below.



2. LITERATURE REVIEW

While the skin friction drag of a flat plate has been extensively investigated, the
experimental and theoretical effort into the evaluation of skin friction drag on
configurations with transpiration and cavities with bleed has been relatively sparse. The
investigative focus in transpiration flow has been centered on cooling effectiveness and
heat transfer considerations, while cavity flow investigations have focused on aircraft
stores separation and laser cavity shear layer flapping. A comprehensive literature search
was conducted using the VPI&SU Library and the NASA LaRC Library. Literature
reviews have been conducted for each of the technical areas involved in designing the wall

configurations tested here: the flat plate, the transpiration plate and the cavity plate.

2.1. FLAT PLATE

Skin friction drag, or wall total drag, on a flat plate has been thoroughly
investigated over the years. Viscous fluid flow is described in detail by Schlicting ' and
many others. Investigations by Liepmann and Dhawan  and Coles > * conducted from
1951 through 1954 determined friction coefficients using a floating element technique. A
Mach number range of 2 to 4.5 was investigated and the turbulent skin friction coefficient
was shown to decrease with increasing Mach number. In 1952 O’Donnell * investigated
skin friction coeflicients and velocity profiles along the wall. In O’Donnell’s experiments

a total pressure survey was conducted using an impact probe, and the wall shear stress



determined from the boundary layer velocity profile. During the same period van Driest ®
7. among others, sought a theoretical solution to the skin friction problem by solving the
continuity, momentum and energy differential equations. Van Driest, expanding on his
earlier work in 1951, published his van Driest II Theory ’ in 1956. His solution to the
differential equation is still in general use today for viscous compressible boundary layer
considerations and calculation of skin-friction coefficients.

In 1971 Hopkins and Inouye ® published a literature review that evaluated and
summarized the turbulent skin friction theories of van Driest and others. They
recommended the van Driest II Theory ’ for a predictive model. The 1971 evaluation, and
subsequent tests in 1972 by Hopkins, Keener, Polek and Dweyer ° indicate that the van
Driest IT Theory ’ can be easily applied and provides results with an accuracy within ten
percent. A comprehensive summary and explanation of the various experiments and

theoretical models proposed over the years is included in Viscous Fluid Flow by White *°.

In this experiment White’s interpretation of van Driest II was chosen for use in pre-test

analysis.

2.2.  TRANSPIRATION

Transpiration, or discrete hole film cooling, is a technique of mass addition that has
been in use for decades as a way to cool surfaces exposed to high temperature
environments. There are many various techniques for introduction of mass into a turbulent
supersonic boundary layer. In this experiment a fabricated porous laminated plate known
as Lamilloy®" was used to distribute the air across the model surface. No references were
found in the open literature as to the performance of Lamilloy® with regard to skin
friction. Transpiration surfaces are usually employed primarily as a thermal barrier in

propulsion and reentry applications. Little consideration is given to any resultant changes

" Lamilloy® is a registered trademark of Allison Engine Company.



to the total drag along the wall because, until now, the value of transpiration as an
effective thermal barrier far outweighed any performance penalty within the intended
application.

The earliest published account of transpiration research in the literature database
was in 1956. Rubesin ! investigated skin friction drag of a transpiration surface exposed
to supersonic flow conditions both experimentally and theoretically. Rubesin’s
investigation used impact probe data to determine the momentum thickness of the
boundary layer and, thus, the skin friction. Rubesin measured skin friction drag reductions
of up to ninety percent using a conical test article with boundary layer mass addition. In
1957, Mickley and Davis '? investigated low speed flows over plates with transpiration.
Using improved experimental techniques, they noted even lower skin friction drag
coefficients than had previously been reported for flat plates under similar test conditions.

Hartnett et al. ** began investigations into transpiration flow as a boundary layer
coolant in 1960. In this paper they published a review of the research and analyses that
had been published up until 1960. For predictive purposes they recommended a simple
theoretical model over the more complex mixing-length analysis that had been proposed
by others.

At the same time, similar research was being conducted in other parts of the world.
An English translation of a journal article from the Soviet Union by Romanenko et al. '
provides a summary of the international transpiration research and development efforts
from 1947 through 1965. Their summary covers a total of eighty-six studies, most of
which are not of United States origin. A detailed summary of each research effort is
included in this work. Most of the studies considered transpiration research in the
subsonic flow regime.

Theoretical consideration of reentry vehicle shapes led scientists to investigate if
the high dynamic loads and heating during reentry might be mitigated through the use of
mass addition. Martellucci ** investigated a conical shape for transpiration heat transfer

influences in 1972. He conducted his experiments at Mach 8 flight conditions.



Martellucci’s comparison of his data with the industry-standard predictive models showed
that the theoretical models in question over-predicted the effect of mass addition on the
boundary layer thickness.

Additional experimentation was carried out in 1972 by Newman '® to evaluate
candidate computer models for thermal predictive capabilities for transpired surfaces. By
the 1970’s theoretical models had become more accurate, and numerical predictive
capabilities, including enhanced analytical techniques, became available. These could now
handle the complex flow field and heat transfer analyses of a transpired surface or body of
revolution. Unfortunately there does not seem to be a parallel development in transpired
surface skin-friction predictive capabilities.

The first comprehensive treatise on the engineering application of transpired

surfaces is found in the Mass Transfer Cooling section of the Handbook of Heat transfer

published in 1973. Hartnett '’ covers in detail the topics of transpiration cooling, free-
convection laminar flow, forced convection turbulent flow, liquid film cooling and gaseous
film cooling. Theoretical and practicable considerations are balanced in this work that
considers many varied configurations for introduction of mass into the boundary layer.

The effect of an unheated solid starting length on both the skin friction and heat
transfer of a flat plate was first investigated by Sastri and Hartnett '® in 1969. Exploring a
configuration similar to that of this experiment, their tests included an unheated, solid
starting length that allowed for the build up of a turbulent boundary layer into which bleed
flow was introduced. Sastri and Hartnett, although considering incompressible laminar
flow, confirmed that skin friction drag decreases with increased mass addition. Sastri and
Hartnett’s finite difference solution of the continuity, momentum and energy equations
also gives reasonably good results when compared with their experimental data.

The effect of having finite sections of transpired surface on a flat plate was

¥ in 1977. Marriott made measurements of the wall velocity

investigated by Marriott
profiles with a flattened total pressure probe on models that were configured with

alternating transpired and solid surface sections. This test program investigated heat



transfer of various transpired surface configurations that were exposed to free-stream
supersonic Mach numbers of 1.8 and 3.6, but drag forces were not measured.

G. E. Andrews et al. * ** 2 published a series of papers in 1985 and 1986
discussing the cooling effectiveness of various transpiration configurations, and the
influence of hole size on cooling effectiveness. Their application of transpiration
technology was to provide a more effective thermal barrier for air breathing engine
combustor walls. Tests were conducted in a combustion environment of approximately
900°F.

In 1990 Holden, Van Osdol and Rodriguez * examined the effect of transpiration
cooling on the drag and heat transfer of a slender cone at flow conditions of both Mach 11
and Mach 13. In these tests, nitrogen was used as the injectant and a floating sensing
element transducer was employed to measure skin friction. Results were compared to the
“BLIMP” computer code, which was found to be conservative in predicting transpiration
effectiveness at high bleed flow or blowing rates. This experimental program

demonstrated that skin-friction drag decreases with increased mass addition or bleed.

2.3. CAVITY FLOW

Cavity flow is defined as the flow field structure formed when a flow stream passes
over a cavity or depression in a solid surface. The flow separates from the rearward step
forming a shear layer. Flow field structure, shock waves, reattachment points and other
specific flow details are strongly dependent on the size and shape of the cavity and the
flow regime of interest. Early investigations into cavity flow fields defined the cavity flow
field structures. Investigators developed both simple analytical techniques, and complex
numerical models of cavity flow field structure. Over 200 references pertaining to
supersonic cavity flow fields resulted from the literature search conducted in support of

this project. In this thesis, cavity flow research published in the open literature from 1990



through 1994 are reviewed. For additional information on research published prior to
1990, both Emerson and Poll **, and Komerath et al. * have presented very extensive
literature reviews on all aspects of cavity flow research published in the open literature.
This research included, but was not limited to, identification and classification of cavity
flow fields, cavity flow field predictive techniques, and acoustic suppression studies.

Pressure oscillations induced by flow over open cavities, or acoustic disturbances,
constitute a prominent area of research in the literature concerning cavity flow fields.
Historically, investigators primarily focused on aircraft flight applications such as stores
separation. The desire to store munitions within aircraft bays to reduce radar cross section
has created a new field of scientific inquiry. The opening of aircraft bays under supersonic
flight conditions has been found to have potentially damaging consequences. Shear layer-
cavity acoustic resonance has been shown, under certain circumstances, to impart very
high oscillating pressures on both bay contents and aircraft structural integrity.
Investigations into these phenomena have historically dominated the research in the cavity
flow investigative area.

Flow over a cavity forms a shear layer when the boundary layer separates off the
leading edge of the rearward-facing step of the cavity. This shear layer is known to
oscillate, or flap, at a measurable frequency, and may reattach before or after the forward-
facing step of the cavity, depending upon the cavity configuration. If this shear layer
oscillation frequency couples with any of the cavity resonance frequencies, a violent
undesirable flow environment may result. This can cause damage to not only cavity
contents, but to the structural integrity of the aircraft as well. In 1990, Jacobs %
conducted experimentation that quantified the effect of leading edge spoilers on cavity
sound pressure levels. A comprehensive correlation of the experimental results into an
extensive design data base was accomplished. Jacob’s work allowed prediction of
appropriate leading edge spoiler designs for optimum suppression of the extreme sound

pressure levels experienced in aircraft cavities, or bays, at “critical” flight conditions.



Also in 1990, Sarno and Franke * reported using iterative experimental methods to
design leading edge spoilers for large cavities. The leading edge spoilers quite effectively
mitigated oscillating pressures within the shallow open cavities that were tested. The
experiments were conducted over a Mach number range of 0.6 to 1.6. The effectiveness
of the spoiler acoustic suppression was dependent on the geometry, frequency mode and
Mach number. The spoiler configuration labeled the “static fence”, installed upstream of
the cavity to deflect the shear layer, was found to be the most effective in stabilizing the
cavity shear layer.

Similar work was undertaken in the early 1990's by Smith et al. ** . Introduction
of leading edge cavity spoilers reduced acoustic amplitudes by a factor of five in their
experiments. It was demonstrated that the spoilers broke up the development of coherent
vortices under acoustic excitation within the cavity shear layer.

Wilcox ** modified weapons bay (cavity) flow fields in 1990, successfully reducing
cavity drag. A porous or vented cavity floor was used to modify the cavity flow field and
stabilize the shear layer. Wilcox tested relatively large cavities over the supersonic Mach
number range of 1.60 to 2.86. The passive venting system was found to significantly
decrease the measured cavity drag by allowing pressure equalization within the cavity. A
detailed wall static pressure survey conducted within the cavity provided a series of
nondimensionalized pressure distribution data.

3031 investigated the flow field

During the same time period Zhang and Edwards
structure associated with two tandem cavities in a supersonic flow field. Cavities with an
L/d ratio of 1 and 3 were tested at Mach numbers of 1.5, 2.5, and 3.5. Various geometric
combinations of two different sized cavities were evaluated. Zhang and Edwards used
schlieren imaging to document the cavity flow field structure. It was determined that the
downstream cavity flow field structure was significantly altered by the presence of an
upstream cavity. They also documented the observation that changes in the shear layer

structure were found to have a profound effect upon the cavity flow field characteristics.



In 1991 Chokani and Kim ** published an analysis of the passive venting system
tested by Wilcox *° as discussed above. Their solution of the unsteady, Reynolds-
averaged, two-dimensional, Navier-Stokes equations was accomplished using numerical
techniques. Their use of MacCormack’s time-dependent, explicit, two-step predictor-
corrector algorithm provided time accurate solutions of the cavity flow field structure
under investigation. Drag reductions due to shear layer stabilization, as well as cavity
flow field transitions from closed to open cavity flow were documented with the data
obtained after installation of the vented chamber within the cavity. The shear layer in an
open cavity flow spans the cavity, reattaching onto the downstream surface, while in a
closed cavity flow field the shear layer impacts within the cavity. The theoretical model
results were successfully anchored to the existing experimental data.

In 1991 Vakili and Gauthier * published an investigation into a method of
controlling an oscillating cavity shear layer through the addition of mass upstream of the
cavity. While testing at a Mach number of 1.8, Vakili and Gauthier measured significant
attenuation of cavity oscillations with their boundary layer mass addition technique. The
mass addition caused the boundary layer to thicken, causing the downstream, separated
cavity shear layer to thicken as well. This was found to alter the cavity shear layer stability
characteristics, decoupling the shear layer oscillations from the cavity resonance
frequency. Severe pressure oscillations that may occur in certain cavity configurations
may be reduced significantly with this mass addition technique. The design of Vakili and
Gauthier appears similar to the concept tested in this experiment as a cavity test plate.
The major difference was that in this experiment, mass addition occurred within the cavity,
while Vakili and Gauthier added mass upstream of the cavity.

In the same year, Bauer and Dix * constructed a mathematical model designed to
predict a first order estimate of the frequency spectrum and amplitude of the tones
occurring in a cavity due to shear layer flapping. They used the modified Rossiter
equation to predict the frequencies of the tones in the cavity. Dix and Bauer anchored

their computer model with experimental data for a cavity with an L/d of 4.5 exposed to

10



Mach 1.5 supersonic flow field. This analytical contribution is especially significant as it
allows designers to obtain reasonably accurate acoustic predictions in a short time on a
personal computer. This provides a key parametric design tool for aircraft bay designers.

In 1992 a similar line of research was pursued by Fugelsang and Cain **. They
addressed one of the basic mechanisms of shear layer-cavity acoustic interaction: the effect
of shear layer forcing on cavity resonance. Using numerical solutions of the time averaged
Navier-Stokes equations, Fugelsang and Cain were able to make accurate flow field
structure and frequency predictions. Fugelsang and Cain were successful in finding design
solutions that altered the severe acoustic environment found in a resonating cavity. They,
in effect, successfully “detuned” the cavity. Active forcing of the shear layer was
successfully used to alter or reduce cavity sound pressure levels by modifying the shear
layer-cavity feedback loop.

In 1992 Tu *” used computational numerical techniques for integration of the
unsteady, compressible, three-dimensional, Reynolds averaged Navier-Stokes equations.
His analysis was for a Mach 1.2 flow over a cavity with an L/d of 4.5. Velocity vector
maps and pressure contours were presented. During the same period Graur et al. **
published a study also using numerical analysis to study the flow over a cavity. Their
parametric study allowed for calculation of many cavity geometries and associated flow
fields. Cavity wall heat fluxes were also presented.

In 1994 Soltani and Hillier ** conducted both a numerical analysis and experimental
investigation into cavity shear layer separation characteristics using hypersonic cavity
flows. Using a gun tunnel, Mach numbers in excess of eight were successfully achieved.
Numerical analysis was used exclusively to predict the heat transfer in the shear layer
reattachment zone downstream of the cavity. Good agreement was found in comparison
of their theoretical analysis with existing experimental data.

During this literature review, no research on the effect of any cavity configurations
for evaluation as to wall drag reduction effectiveness was identified. Almost all previous

inquiries have been directed toward shear layer control and manipulation for large cavities
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such as aircraft storage bays and laser cavities. Previous work does indicate some promise
for the application of a cavity flow field with mass addition as a technique for drag
reduction. Investigations into the cavity flow field structure and methods for controlling
shear layer oscillations have all been considered in designing the experimental hardware
described herein.

The historical inquiry described above has shown that there have been no previous
experimental or theoretical investigations into the use of Lamilloy® for use in reduction of
either skin friction or wave drag. Furthermore, although a significant body of work exists
regarding cavity flow fields, no experimental or theoretical investigation was found in this
literature search that considered the merits of a cavity-bleed combination for use in the
reduction of skin friction and wave drag. The experimental investigation conducted for
this research project is thus an original, unique work that fills a gap in our collective
scientific understanding of the effect of mass addition upon the skin friction and wave drag

of transpiration and cavity plates.
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3. EXPERIMENTAL DESIGN

In order to measure the skin friction and wave drag of proposed combustor wall
configurations, a facility was constructed and made operational such that candidate plate
configurations could be easily evaluated. The model was designed to interface with the
existing Mach 2 nozzle that was mounted on the Transverse Jet Facility. The test article
confined the Mach 2 flow within a rectangular duct that discharged to atmosphere.
Instrumentation to measure wall drag forces, static pressure distributions, and bleed flow
rates were incorporated into the model design. The plate mounting and force balance
system, or test article, was designed by Nathaniel R. Baker of Lockheed Engineering and
Sciences Company, Langley Program Office. Manufacturing and inspection of the
hardware was conducted at ADVEX Inc, of Hampton, Virginia. A complete description

of the facility, test article, test plates, and instrumentation is presented below.

3.1. GENERAL DESCRIPTION

In this experiment, prospective high speed combustor wall configurations were
tested for skin friction and/or wave drag. This was accomplished by measuring total drag
on flat plate wall simulators exposed to Mach 2 air. A drag measurement facility was
designed, installed and extensively evaluated. The goal of the original design was to
measure surface drag of a relatively large area using off-the-shelf technology. The black

anodized aluminum test article consisted of a base unit with an air bearing plate suspension
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of Plexiglas walls. The drag measurement system contained load cells for measurement of
drag forces, and allowed only one dimensional axial movement (in the drag direction) of
the test plates. A bleed flow manifold was incorporated into the design to provide
uniformly distributed bleed air to the plate for controlled introduction into the Mach 2 air
stream. The Plexiglas side walls allowed for flow visualization access to the test section.
The entire apparatus was bolted to the Transverse Jet Facility, providing nearly unlimited
Mach 2 air vented to ambient conditions. The test article exhausted the air to atmospheric

pressure.

3.2.  FACILITIES AND EQUIPMENT

All testing was accomplished using the Mach 2.0 Transverse Jet Facility located in
building 1221C at NASA Langley Research Center. A flow schematic of the Mach 2 air
supply system is shown in Figure 3-1. The facility connects to a 560 psia ambient air
source that it shares with a Mach 4 wind tunnel. The facility is capable of providing

continuous air at more than eight pounds per second at Mach 2.0.
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Figure 3-1 Mach 2 Transverse Jet Facility air flow schematic.
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