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An experimental program whose objective was an improved understanding of the effects of intermittent turbu-
lence shed by a propeller on the aerodynamics of heat-exchanger installations at low Reynolds numbers is reported.
The primary application is unmanned high-altitude atmospheric science aircraft, forming part of Old Dominion
University’s effort to develop technology applicable to ERAST (Environmental Research Aircraft and Sensor
Technology) class aircraft. Wind-tunnel results indicate that the propeller wake affects, but does not eliminate,
laminar separation bubbles on a representative wing. Rather, the bubbles reform between wake passages, limiting
the drag penalty caused by increased skin friction. Further, there appears to be a possibility of an enhancement in
performance of suitably designed ducted heat-exchanger installations.

Nomenclature
AR = arearatio
b = plane at the fin of the two-dimensionalinlet
Cp = pressure coefficient, Cp — (P _ POQ)/Q{OQ
c = chord length
E.e = mean and fluctuating parts of the output voltage
of hot-wire (or hot-film) sensors
P = static pressure
q = dynamic head, ¢ _ 0.50V?
R = universal gas constant, R _ 8.315 kJ/kmol . K
Re, = chord Reynolds number
r = function of measured variables
U = overall uncertainty
u = streamwise, x, velocity component
u’, v = rms values of the fluctuationg of the x and y
_ velocity components; u’ — Juz, v JUZ
t//(uz) IV % turbulence intensity
mean velocity along the centerline
of two-dimensional inlet
X = measured variable
X,y = streamwise distance and lateral distance
(normal to surface), respectively
o = angle of attack, deg
o = air mass density
Subscripts
atm = atmospheric
i = inlet plane to the two-dimensional inlet
ref = reference value
s = static
00 = freestream
Introduction

NTEREST in uninhabited aerial vehicles (UAVs) is higher to-
day than at any time since the end of World War II, spurred on
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by rapid advancements in the underlying technologies. Aiming to
develop technologies that will lead to a new family of UAVs, the
NASA Dryden Flight Research Center established the Environmen-
tal Research Aircraft and Sensor Technology (ERAST) program in
1994. Such UAVs could be used in upper-atmospheric science mis-
sions to help collect, identify, and monitor environmental data to
assess global climate change. They could also carry telecommuni-
cations equipment to high altitudes, serving much like satellites for
a fraction of the cost of putting a traditional satellite in space. There
are many other applicationsof UAVs varying among military, com-
mercial, and scientific arenas, as discussedin Ref. 1. These vehicles
will fly at subsonic speeds, as low as 15 miles per hour (24 km/h)
equivalent airspeed, at altitudes as high as 100,000 ft (30,480 m),
and for continuous missions lasting as long as many days. Accord-
ing to an ERAST propulsion system selection study,” a propeller-
driven aircraft powered by a turbocharged, spark ignition, gasoline
engine operates at substantially lower thrust specific fuel consump-
tion than a turbojet at typical design altitudes and speeds. This type
of propulsion system employs multiple stages of turbocharging to
reduce power loss with altitude by allowing the engine air intake
manifold pressure to be maintained close to the sea-level value over
the entire altitude range. Following each turbocharger stage, an in-
tercooler removes some of the heat generated during compression.
In additionto the coolinginstallation(s)required by the intercoolers,
this power plant requires an oil cooler and an engine coolant radia-
tor. The cooling installations are found to become extremely large
if high altitudes are to be reached, leading to weight and possible
airframe drag penalties. In response to this concern, many investi-
gators have proposed methods of designing low-drag installations
for the intercoolersor engine radiators * Solar/electric aircraftcan-
not yet rival the speed or ruggedness of more conventional powered
designs, and so cannot replace them in all applications.

Owing to the dramatic changes in atmospheric temperature and
pressure through the mission profile of this class of UAVs, high
aerodynamicperformance must be achieved over an unusually wide
range of Mach and Reynolds numbers. Mostly,a combinationof low
Reynolds number and high subsonic Mach number is the case.

Previous Research—Slipstream Effects

The effect of propeller slipstream on the aerodynamic character-
istics of wings and the performance of ducted heat exchangers has
received relatively little attention since the inception of the jet en-
gine. Early investigations of the effects of propeller slipstreams on
boundary-layer transition did not result in consistent conclusions.
Young and Moris™® concluded, through flight tests, that for smooth
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wings with conventionalsections the position of the transition point
in the slipstreamlay within the range 0.05¢-0.1c. Hood and Gaydos’
investigated the effect of a tractor propeller on the extent of lam-
inar flow on the NACA 27-212 airfoil. The Reynolds numbers in
their flighttestsranged from 3.5 10°t0 7.6 x 10°. They concluded
that the tractor propeller caused the point of transition from lami-
nar to turbulent flow to move from approximately midchord to a
position near the leading edge; the accompanying increase in drag
probably exceeded 100%. Wenzinger® made an investigationin the
NACA 19-foot pressure tunnel of a 0.4-scale model of an existing
pursuit airplane. From that investigation it was concluded that the
propeller slipstream caused an increase in the drag of that portion
of the low-drag (laminar flow) wing in the slipstream to a value
about the same as that of a conventional wing without slipstream.
Zalovcik® and Zalovcik and Skoog'® describe in-flight boundary-
layer and profile-drag characteristics of wing sections of a P-47D
airplane utilizing NACA 230 series and NACA 66 laminar flow se-
ries wing sections. These wings were especially finished to give
aerodynamically smooth surfaces having waviness of small magni-
tude. Their results show little effect of the slipstream on transition
for the NACA 230 section; however, the test with NACA 66 series
wing resulted in the transition point location moving forward from
50 to 20% chord, indicating a significant loss of laminar flow.
Time-dependent behavior, particularly at frequencies associated
with propeller blade passage rate, was not measurable by the
techniques commonly employed at that time. More recent flight
experiments conducted using surface hot-film sensors in a lam-
inar boundary layer in the propeller slipstream on the T-34C
airplane'' illustrated the existence of a cyclic time-dependentlami-
nar boundary-layerbehavior, resulting in convected turbulent pack-
ets between which the boundary layer appears to remain laminar.
Such cyclic behavior suggests that the previous conclusions about
the loss of laminar flow in propellerslipstreammight be pessimistic.

Cooling System Installations

The typical geometry of a cooling installation comprises a cowl-
ing (fairing) around a heat exchanger. The fairing serves the obvious
purpose of improving the aerodynamic shape presented to the exter-
nal flow. Italsoregulatesthe airflow throughthe ductthatit encloses,
taking a definite mass flow from the external stream and supplying
it to the heat-exchanger unit,'”> and most importantly, reduces the
flow velocity ahead of the heat exchanger (i.e., diffusion). The flow
ahead of the inlet is influenced very little by the particular shape of
the duct behind, and the flow conditions near the exit are important
only in so far as they affect the mass flow through the duct. The
ratio of the mean velocity at the heat exchanger to the freestream
velocity is the primary concern.

Diffusion, both internal and external to the inlet, is a function
of inlet shape. Whereas internal diffusion is a function of the area
change of the internal duct (and the internal boundary layer), ex-
ternal diffusionis a function of inlet opening area, the shape of the
cowling, and the exit conditions. Internal diffusion will cause an
adverse pressure gradient on the inside of the inlet lip, leading to
concerns about boundary-layer separation. At high-altitude flight
conditions the internal flow remains incompressible and is domi-
nated by low-Reynolds-number effects, whereas the external flow
is likely to be compressible.Internal flow separationwould decrease
the cooling efficiency of the heat exchanger, whereas external flow
separation would increase the airframe drag. Reduction in drag will
increase the aircraft’s endurance, range, or ceiling and will reduce
the amount of required heat dissipation.

Motivations and Objectives

There are many recent and demanding UAV applications,such as
stratospheric science vehicles, operating at low Reynolds numbers
and moderate Mach numbers, although the available experimental
database on slipstream effects, especially at low Reynolds numbers,
is very limited. The objectives of the present program therefore
include exploration of the effect of the propeller wake on airfoil
boundary layers and examination of the effect of the propeller wake
turbulence on the performance of conventional heat exchangers, all

in the low-Reynolds-numberregime characteristic of ERAST-type
aircraft.

Experimental Setup

Old Dominion University Low-Speed Wind Tunnel, Instrumentation
and Propeller

The Old Dominion University (ODU) Low-Speed Wind Tunnel
is an atmospheric pressure, closed-return, fan-driven type.'® It has
two tandem closed test sections9 8 , 7ftand 3 , 4 , 8 ftrespec-
tively, the latter being used for this work. To generate a slipstream,
a 30-in.-diam. SYNTEC variable-pitch propeller, manufactured in
Canada by NRG Research, Ltd., was installed into the test section
in front of the model. The propeller freewheeled at the tunnel op-
erating velocities, with different blade pitch angles set to alter the
wake spacing.

Model pressure measurements were made using PSI Model
9010 pressure scanners with a range of 10 or 20 in. of water.
Off-surface hot-wire measurements were taken with standard TSI
probes, mostly Model 1210-T1.5 (true wires), or occasionally 1201-
20 (fiber/films), connected to an IFA-100 anemometer, with an
IFA-200 digitizer. Surface hot-film measurements were taken using
DANTEC Model 55 films with the same anemometer and digitizer.

Models Used

Three models were used in the study, with results from two re-
ported herein. A laminar flow airfoil provided fundamentalinforma-
tion on the effect of the propeller wake on laminar and transitional
boundarylayers.">"'* Next, a two-dimensionalinlet airfoil, designed
at ODU as low-drag cooling installation, provided an upper-surface
flow with a separationbubble as the transition mechanism. Finally a
two-dimensionalinlet model provided an external flow with a large
degree of diffusion.

Two-Dimensional Inlet-Airfoil Model

The two-dimensional inlet airfoil was intended to be used as a
wing-root section of ERAST-class aircraft, as shown in Fig. 1. Be-
cause the internal diverged channel, shown in Fig. 2, could have
experienced massive flow separation without the correct flow re-
sistance from a radiator core, it was decided to tackle internal and
external flows separately. Hence, the internal slot was shaped as a
channel, as shown in Figs. 3 and 4.

Constructed out of fiberglass, foam, and wood, the wind-tunnel
model of the inlet airfoil was equipped with 37 static-pressuretaps,
whose locations, based on computational predictions, were concen-
trated in regions where laminar separation bubbles were predicted
to exist. The taps were staggeredat 10 deg relative to the streamwise
direction. The model chord was 18 in. with a span of 24 in., deter-
mined by the end-plate design describedin detail in Ref. 4. Figure 5
shows the two-dimensional inlet-airfoil mounted between the two
end plates into the test section. The model was typically operated at
a chord Reynolds number of 5 , 10°.

The end plates served as a support for a flush-mounted traversing
system, based on opposing Unislide™ assemblies, used to posi-
tion a pitot-static wake rake. The rake consisted of five pitot-static
probes distributed in the spanwise direction of the model mounted
to a streamlined, steel strut. This custom rake design enabled the si-
multaneous wake survey of five spanwise stations; therefore, it was
unlikely thatany spanwise variationin drag could be temporalin na-
ture. Following contemporary practicein testing of two-dimensional
low-Reynolds-numberairfoils, the probes were unevenly spaced to
avoid matching the wavelength of any periodic spanwise variation.

Two-Dimensional Inlet Model

The two-dimensionalinlet model has a 12-deginternal angle (26),
0.14c maximum thickness, and 0.3c inlet opening area, as seen in
Fig. 6. To begin the design process, a Selig 1210 airfoil was selected
from a group of recently developed high-lift, low-Reynolds-number
airfoils as a primary airfoil. An inverse design approach was then
utilized wherein the originalupper-surface-pressue distributionwas
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Fig. 2 Cross section of the two-dimensional inlet-airfoil, as designed.
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Fig. 3 Cross section of the two-dimensional inlet-airfoil, as built.

preserved, while meeting inlet velocity ratio and external diffusion
requirements. The inner surfaces were made flat.'’

The wind-tunnel model was constructed out of wood, foam, and
fiberglass with an 18-in. chord and 36-in. span. The model was
equipped with seven pressure taps on one element, five on the outer
surface and two on the inner surface. The taps on the outer sur-
face were distributed across the middle third of the model span and
staggered at an angle to the streamwise direction. A thin “fin” was
installed in a location somewhat representative of an internal heat
exchanger, but used primarily as a mounting surface for hot-film
sensors, which then measured in the developing fin boundary layer.
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Fig. 4 Photograph of the two-dimensional inlet-airfoil model.

Results and Discussions

Two-Dimensional Inlet-Airfoil—Wake Effect on Laminar Bubble
Measurementson the two-dimensionalinlet-airfoilare concerned
mainly with the effect of the propellerslipstreamon both the separa-
tion bubble and the transition process. At a chord Reynolds number
of 5, 10°, the pressure distributions on the model outer surfaces
show that the laminar separationbubble, formed on the airfoil upper
surface, exhibits its characteristic “flat spot” in the pressure distri-
bution, as can be seen in Fig. 7 (e.g., at about 0.25c at 6-deg angle of
attack). With the propeller wake introduced, this feature disappears,
as shownin Fig. 8. This could be interpretedas evidenceof transition
occurring prior to the bubble location, thereby eliminating the bub-
ble, but this is found to be an incorrect conclusion. Rather, velocity
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Fig. 5 Two-dimensional inlet-airfoil, end plates, and propeller in-
stalled in the wind tunnel.
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Fig. 7 Pressure distributions on the upper surface of the two-
dimensional inlet-airfoil—no propeller.

profile measurements'* suggestthat the bubble appears surprisingly
stable, and the pressure distribution of Fig. 8 is the result of tempo-
ral and spatial averaging as the propeller wake sweeps through the
bubble.

Laminar, transitional, and turbulent flow boundary-layer states
can be determined from the fluctuatingpart of the hot-film signals.'®
In the current work the ratio of the rms voltage to the mean voltage
across the anemometer bridge was obtained for a chordwise array
of six hot films, located at 0.3, 0.4, 0.5, 0.6, 0.65, and 0.7c. For both
cases (with and without propeller) the data indicate three distinct
regions where the boundary layer is first laminar, then transitional,
and finally fully turbulent. The beginning of the transitional region
(between the beginning and end of the transition process) is marked
by a sudden rise in the normalized voltage. In the transition region
the normalized voltage reaches a peak then rapidly decreases to a
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Fig. 8 Pressure distributions on the upper surface of the two-
dimensional inlet-airfoil—with propeller at 240 rpm.
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Fig. 9 Normalized hot-film voltages at different streamwise
locations—no propeller.

point where the voltage again has a nearly constant value, indicating
the end of transition."” In the case where no propeller slipstream is
introduced, Fig. 9 shows that the normalized voltage for the laminar
boundary layer upstream of the beginning of transition has a value
of about 0.04 at all angles of attack while the normalized voltage for
the fully turbulent boundary layer downstream of the end of transi-
tion has a value between about 0.45 to 0.5. As the angle of attack
increasesfrom 0.0 to 6.0 deg, the location of the beginning of transi-
tion correspondinglymoves forward from 50 to 30% of chord. This
forward movement of the beginning of transitionis expected, based
on the pressure distributions shown in Fig. 7.

Uniformly distributingthe propeller periodicturbulencealong the
whole wake passage cycle and computing the corresponding mean
and rms values, one can see from Fig. 10 that the start of transition
moved upstream, and consequently the correspondingpeak, at each
angle of attack, also moved about 10%c upstream. The normalized
voltage for the fully turbulent boundary layer downstream of the
end of transition has increased to a value between about 0.6 to
0.8 instead of 0.45 to 0.5 earlier. Now, with the existence of the
propeller slipstream, transition has at least intermittently moved
forward from the location of the separated shear layer. In other
words, the transitionmechanismhas changed, at leastintermittently,
from that associated with a laminar separation bubble, to a classical
transition process more commonly associated with increasing the
Reynolds number. Further details can be found in Ref. 14.
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Fig. 10 Normalized hot-film voltages at different streamwise
locations—with propeller at 240 rpm.
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Fig. 11 Stream-tube analysis of turbulent velocity fluctuations.

Two-Dimensional Inlet—Wake Effect on Ducted Heat Exchanger
In this section the emphasis is on the effect of the propeller slip-
stream on the flow diffusion of a two-dimensionalinlet. Prandtl was
one of the first to consider turbulent velocity fluctuations caused
by vortex filaments aligned with and normal to the flow in a wind-
tunnel contractionor diffuser. Considering the stream tube [control
volume (C.V.)] shown in Fig. 11, the vortex filaments aligned with
the axis are shortened, producing a decrease in V" and w’, whereas
those normal to the axis are stretched, producing an increase in u’
in the stream tube.'® Application of Kelvin’s Circulation Theorem
gives
uj/u, — AR, vf/v;zw;/w;Q:l/JAR (1
Because (V[/VOQ) _ AR, then the relative turbulence intensities be-
come
W/Vi) Z AR ' [V, ). (/V)) = JAR (v [V.) (2)
This theory has a number of limitations, one of them being that
random mixing caused by turbulence suppresses the preferential
stretching or squashing of vortex filaments by exchange of energy
between degrees of freedom. Thus, for the C. V. and according to the
theory, the longitudinalturbulenceintensity of the flow should grow
while that of the lateral turbulence should vary little. On the other
hand, inside the two-dimensionalinlet the opposite should happen.
However, the measurements shown in Fig. 12 show that, with no
propeller slipstream, the turbulence intensity is more or less con-
stant all of the way along the stream tube until the entrance planei of
the two-dimensional inlet and then decreases through the contract-
ing part until plane (b), see Fig. 11. Although the decrease of the
turbulence intensity in the contracting part of the inlet is consistent
with the theory just presented, constant turbulence intensity along
the stream tube, which is divergent, seems to be incompatible with

Turbulence Intensity %
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Fig. 12 Centerline turbulence intensity for the two-dimensional
inlet—with and without propeller.

I—s*vsy5, i . ,

v,
0_8 S 2

B 06 8. ..

>

= .

= 04b ok

=

ST | SRS S ——. S

Té :

z Re_= 500,000 & c.= 0.0

or ® No Propeller
O With Propeller

-1.5 -1 -0.5 0 0.5 1
Axial Distance (x/c)

Fig. 13 External diffusion of the two-dimensional inlet—with and
without propeller.
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Fig. 14 Hot-film signals, two-dimensional inlet: Re, = 0.5 % 10°—no
propeller.

it. However, the natural decay of turbulence is not taken into con-
sideration. Moreover, the mean velocity only changes by a factor
of two, as can been seen in Fig. 13, which means that the effective
area ratio is small. Introduction of the propeller slipstream, which
contains large-scale, organized, and anisotropic structures, elevates
the turbulence level from 0.3% with no propeller up to about 9%
(averaged over a blade passage cycle). In this case a slight decrease
in turbulence intensity along the stream tube is observed, while it
appears to increase inside the inlet, as shown in Fig. 13. The slight
decrease can be attributed to having faster natural decay than the
increase within the stream tube predicted by Prandtl’s analysis, re-
sulting in a global slight decay. This faster decay can be attributed
to the large-scale structures embedded within the flow via the slip-
stream, however, the increase in turbulenceintensity inside the inlet
is contradictory.

The sample vs time traces of the hot-film signals, shown in
Fig. 14, show that the flow without slipstream is laminar at the
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inlet leading edge and transient at the internal fin. When the pro-
peller slipstreamis introduced, the previously transient flow is now
partially laminarized by the slipstream, as seen in Fig. 15. The pre-
viously laminar flow at the surface becomes transient as indicated
by the power spectra shown in Fig. 16, which reveal higher activ-
ity over a wider frequency band and also a band of unstable fre-
quencies around 100 Hz. From the corresponding spectra, shown in
Figs. 16¢ and 16d, it can be seen that energy is distributed among
the same frequency components as with no propeller but with a
higherenergy level, thereby enhancingthe mixing processinside the
inlet.

At the inlet plane of the two-dimensional inlet, to explore the
flow conditions at the wall and on the axis hot-film signals at the
leading edge and hot-wire signals taken on the axis, for both cases
with and without propeller slipstream, are compared. The voltage
vs time traces of the hot-wire signals are shown in Fig. 17. The cor-
responding spectra are shown in Figs. 18a and 18b and compared
with those of the hot-film signals (Figs. 18c and 18d), shown in
Fig. 15. The spectrum of the hot-wire signal shows that at the cen-
terline the energy is distributed over a wider range of frequencies.
Although the energy level is lower at low frequencies (<60 Hz), it
is higher than that of the hot-film signal at higher frequencies. Sim-
ilar behavior is observed in the case with the propeller slipstream
(Figs. 18band 18d). These higherenergy levels at the inlet plane, as-
sociated with the propeller slipstream, enhance the mixing process.
This helpsin improvingheat transferand/or lift, drag, or pressurere-
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b) At the fin

Fig. 15 Hot-film signals, two-dimensional inlet: Re. = 0.5 x 10—
propeller rpm =240.
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covery coefficients,'”?* where eddies of the upstream flow transmit

freestream energy to the walls of the two-dimensionalinlet.'s

Uncertainty Analysis

Uncertainty involved in determining the pressure coefficient C,
from pressure data is computed using the methods of Ref. 21, as
follows:

Cp = (Pv — Pref)/qoo (3)

The pressure coefficient uncertainty is then

ac, *ac, > ac, 7
Uc, — (BAP UAP) + (_apoo Ume) + (3VOQ-UV°“) 4)
¢, ! <
IAP = ip v2 = AP
=t =G ®)
n. =TV =
dC, _2AP 2C,
ov, = -;-poov3 = v,

a) At the inlet plane of the 2D inlet. No propeller

b) At the inlet plane of the 2D inlet. Propeller rpm = 240

Fig. 17 Two-dimensional inlet hot-wire signals on the axis of the inlet
plane: Re; = 0.5 x 108.
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d) With propeller, at the fin

Fig. 16 Hot-film power spectra for the two-dimensional inlet: Re. = 0.5 % 10°.
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Fig. 18 Two-dimensionalinlet power spectra from hot-wire and hot-film signals: Re. = 0.5 x 10°.

leading to
5 2 2 4
Uc,/Cp— [(UAP/AP) + (_Upoc /,OOQ) + (_ZUVOQ/VOQ) ]’
(6)
Similarly, one can obtain the uncertaintiesof 0 and V__ as follows:

2 L

G fra =[O )T F (O ST O

2 3

Ui =[O 75) (O fPT) (G )]

With relative uncertainties of 0.001 and 0.08 % for temperature and
pressure measurements respectively, the 95% confidence relative
uncertainty of the pressure coefficient is

(®)

Ucp/C,, —0.21166%

Conclusions

For the two-dimensional inlet-airfoil in the presence of the pro-
peller slipstream and at a chord Reynolds number of 5 , 10°, the
following is concluded:

1) The slipstream does not significantly affect the lift perfor-
mance, that is, the pressure distributions. The propeller is unpow-
ered, and the separation bubble is short.

2) The mean transition locations move towards the leading edge
by about 10%c, compared to the case without the slipstream. The
separation bubble does survive, albeit as a transient phenomena.

For the two-dimensional inlet, with internal fin, at a chord
Reynolds number of 5 10, the following is concluded:

1) There is no change in the external diffusion of the flow ap-
proaching the inlet.

2) With the propeller slipstream, inside the two-dimensional in-
let, the flow becomes transitional on the fin instead of being lami-
nar without slipstream. The turbulence intensity distribution shows
an increase that starts from the inlet plane of the two-dimensional

inlet, reflecting an enhancementof mixing and, consequently, heat-
transfer rates that can take place at the heat-exchangerlocation.
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