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NOMENCLATURE

Areca of strip surface, ft?.

Specific heat of air, Btu/lbm°F.

Constants, equation (22).

Mean velocity decay factor, equation (24).

The dc voltage output from hot-film ancmometer, volts.
Height of a vortex generator blade, in.

Dimensional constant, 32.2 lbm-ft/lbf-sec?.

Overall convective heat transfer coefficient with vortex
generators present, Btu/hr-°F-ft?,

Overall convective heat transfer coefficient with no
vortex generators present, Btu/hr-°F-ft?,

Local span-averaged heat transfer coefficient with vortex
generators present.

Local heat transfer coefficient with no vortex generators
present.

Local heat transfer coefficient with vortex generators
present.

Current, amp.

Thermal conductivity of air evaluated at the mean boundary
layer temperature, Btu/hr-°F-ft.

Thermal conductivity of the plate material, Btu/hr-°F-ft.
The tested plate length, in.

Length of a vortex generator blade, in.

Constants, equation (23).

Atmospheric pressure, in. Hg.

Total pressure of air inside the wind tunnel, in. water.



ps(x)
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air

(x)

Static pressure of air at x-distance from the plate
leading edge, in. water.

Heat rate input to a strip, Btu/hr.
Encrgy loss by conduction.

Net e¢nergy loss by convection.
Energy loss by radiation.

The gas constant for afr.

Reynolds number based on a x-distance from the leading
edge.

Resistance of the strip at temperature L ohm.
Resistance of the strip at reference temperature tes ohm.
The hot=film sensitivity factor, volt/(ft/sec).

Pitch betweon pairs of the blades forming a pair of
counter-rotating vortex generator blades, in.

Space between vortex generator blades, in.

Local span-averaged Stanton number with vortex generators
present.

Local Stanton number with no vortex generators present.
Absolute temperature, °R.

Turbulence intensity, %.

Temperature of the back side of the working surface, °F.
Tedperature of the heated strip surface, °F.

The effective mean velocity, ft/sec.

Free-stream velocity at the leading edge, ft/sec.

Free-stream velocity at a distance x from the the leading
edge, ft/sec.

Velocity in x-direction in boundary layer.
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vi
Root mean square of fluctuating velocity in x-direction in
boundary layer, ft/sec.
Uncertainty in any quantity ¢, equation (25).

Distance measured parallel to the surface of plate,
distance from leading edge, coordinate direction.

location of vortex generator blades.

Distance meoasured perpendicular to surface of plate,
coordinate direction.

Thickness of the plate working surface, in.

Distance moasured spanwise to the surface of plate,
coordinate direction.

Angle between a vortex generator blade and the on coming
flow, degree.

To?poraturc coefficiont of resistivity for the strip,
1/°F.

Boundary layer thickness.

Laminar boundary layer thickness edtimated at the location
of vortex blades.

Emissivity of the strip material.
Thickness of a8 vortex generator blade.
Pohlhausen's parameter defined in equation (21).

Kinematic viscosity of air evaluated at the mean boundary
layer temperature.

Unheated length of the plate.

Density of air.

Stefan-Boltzmann constant.

Nonedimensional pressure gradient parameter,

2
[(v /U0y, V(U /dx))



I. INTRODUCTION
A. Rationale for Investigation

The main objoct of heat transfer analysis is to find ways of
predicting heat transfor rates. Prediction of convective heat transfer
ratos requires calculation of heat transfor coafficionts, values of
which are governed by the type and the flow conditions of fluid involved
in the heat transfer process and by the geometrical aspects of the
containing walls. For convective processes involving heat transfer to
or from a surface exposed to a fluid stream, the coefficient of heat
transfer h is defined by the equation

Q=ha (t o -t) (1)
where Q is the heat transfer rate to or from the surface, As is the area
of the surface, e is the surface temperature and %o is the fluid
temperature. For a given temperature difference, high heat transfer
coefficients require less surface area and reduce the size, weight and
cost of an exchanger. Improving convection heat transfer coefficients
by various means is usually called augmentation or enhancement of
convective heat transfer.

There are many techniques for augmenting convective heat
transfer [1}. The work described in this thesis is directed at single-
phase flows over flat surfaces with constant-heat-flux on which boundary
layers exist, similar to the flows in many types of heat exchange

equipment. Technically, constant-heat-flux problems arise in a number



of situations: eclectric resistance heating, radiant heating and in
counter flow heat exchangers when the hoat capacity rates are the same.
Recent work on plates and plate arrays suggests i{mprovements in
convection heat transfer are possible by creating unsteady or turbulent
flows to alter the boundary layer.

Surface goometry modification such as surface protrusions or vortax
gonerators alters the ordinary flow pattern and fluid distribution along
the wall surface and enables mixing of slower fluid near the wall
surface with the fastor fluid from the outer region of the bhoundary
layer. The * akes downstream of the geometry modifications introduce
longitudinal trailing vortices into the boundary layer which sweep the
surface, and break up the laminar sublayer and increase the turbulence
near the plate surface. In other words, if the level of mixing within
the boundary layer is raised artificially by a vortex generator it leads
to a thinner or more turbulent boundary layer [2]). Heat transfer
coefficient for the surface is also increased because the motion of the
external stream fluid toward the wall, reducing the temperature
difference for a constant heat flux surface.

The work presented in this study is directed toward use of vortex
generators attached to a plate surface as a means to improve heat
transfer coefficients by introducing boundary layer fluid mixing in
laminar flows.

Vortex generators may be characterized by whether the vortices

produced rotate in the same or opposite directions. A vortex generator



which produces vortices that turn in the same direction is known as a
co-rotating generator. If the vortices are in the opposite sense, they
aro called counter-rotating vortices. Both types are schematically
shown in Figure 1 togethor with the goometric nomenclature for typical
configurations. The nomonclature for the co-rotating generator includes
the spacing of the blades ss. the blade height °8' the blade length ls.
l:hn blade thickness Ca and the angle to the oncoming flow ug. For the
counter-rotating generator, the pitch 88 between pairs of the blades is
an additional parameter. The blades shown are rectangularly shaped, but
other shapes such as triangles or t-apezoids could be used. Moreover,

the plane of the blades of either type may be tilted from the vertical

8 B

The work of Chang [2] notes that the principle of boundary layer
control by vortex generators relies on the increased mixing between the
external stream and the boundary layer that is promoted by streamwise
vortices trailing over the surface. Fluid particles with high momentum
in the stream direction are swept in along helical paths towards the
surface to mix with and to replace the slower fluid at the surface,
which in turn is swept out away from the surface. The main streaswise
momentum of the fluid particles in the boundary layer is increased and
the skin-friction coefficient will increase where high velocities occur

near the surface. Reynolds' analogy then suggests that the heat



(b) counter-rotating
vortex generaror

Figure 1. Schematic of vortex generators



transfer rate over the plate surface will increase due to increased
skin-friction coefficient.

Pearcey [3]), in studies of boundary layer control by vortex
gonerators, found that the most important single factor in establishing
an effective vortex pattern was the need to have optimum spacing.of
vortices. He indicated that a useful pattern could be achieved for co-
rotating vortex geneorators if the spacing of the vortices was greater
than about three times their height. For a smaller spacing, the
vortices tended to damp one another and failed to maintain high
velocities at any point in the cross-section of the bounda-y layer and
vortex flow.

Pearcey indicated that the induced velocities for counter-rotating
systems caused the array of vortices to change substantially as they
moved downstream. In a system in which all vortices were equally
spaced, it was shown that the vortices were effective in delaying
boundary layer separation with extensive high energy regions occurring
in which the boundary layer was kept thin between alternate pairs of
vortices, and the low energy fluid was swept out between the
intermediate pairs of vortices. Further downstream, the centers of
vortices moved closer together in pairs and further away from the
surface, and the vortices eventually damped out. Pearcey suggested a
"Bi-plane” system that was essentially a combination of two or more rows
of counter-rotating generators, which could be used to accelerate and
improve the mixing within the boundary layer and keep the vortices

adjacent to the surface further downstream.



Poarcey [3] discussed contributions to the drag due to the vortex
blades, including the drag on the blados themselves and the increased
skin friction on the surface due to the vortex action. These
contributions were, to a greater or smaller extent, offset by the
reduction in form drag of the surface because of the reduction in the
boundary layer displacement offect. The not drag ponalty was a balance
betwaon the opposing contribugions and this was probably why it was
usually reasonably small, and also why observations of its magnitude
vary widely from one application to anothor.

Schubauer arl Spangenberg (4] investigated the importance of mixing
in boundary layers and in particular of forced mixing produced by vortex
generators and other mixing devices. This investigation was conduc’ed
on a wo-dimensional turbulent boundary layer formed on the wind tunnel
floor in a special wind tunnel able to produce a variety of free-stream
adverse pressure gradients. Each type of mixing device was arranged in
a row perpendicular to the main flow direction on the bottom of the wind
tunnel with a mixing device height of the order of the boundary layer
thickness at the installation postion. The main objective was to
compare the effect of increasing the mixing within the boundary layer
with the effect of reducing the pressure gradient on boundary layer
development and separation.

The conclusions reached from this investigation were that the
mixing devices could be used to assist flow against an opposing pressure

gradient by delaying the separation and giving the same effect on the



boundary layer as a general reduction in pressure gradient. A spanwise
variation in boundary layor longitudinal velocitics was observed in the
rogion downstroam of the mixing devices. The amount of spanwise
variation docroased with increasing distance downstream. The boundary
layer displacement thickness with the mixing devices is generally loss
than that without mixing devices obtained at the same location. A small
incroase in momontum thickness over that obtained at the same location
in the absence of the mixing davicos was observed.

A conclusion of Schubauer and Spangonberg [4] is that use of vortex
generators will lead to a thinner boundrry layer and increased skin-
friction coefficient where high velocities occur near the wall. As
noted previously, according to Reynolds' analogy, the rate of heat
transfer is also expected to increase.

Recently, vortex generators have been a parameter in investigations
concerning enhancement of heat transfer coefficients. After an
extensive literature search, only a few studies on heat transfer
enhancement downstream of vortex generators were found.

It is common practice to treat heat transfer over a cylinder with
very large diameter as being a close approximation to heat transfer over
a flat surface. An early heat transfer investigation by Johnson and
Joubert [5) was a starting point for use of vortex generators as an aid
to enhancement heat transfer rate over a flat plate surface.

Johnson and Joubert [5] presented data for an experimental

investigation of the effect of vortex generators on drag and heat



transfor for a 6-inch diameter circular cylinder in crossflow in a wind
tunnel. Two cylinders were used, one for measurement of drag and the
other for measurement of heat transfer. The cylinder used for drag
tests was supportod on a strain gauge drag balance for measuring total
drag, and had 36 pressure taps for measuring form drag. The outer
surface of the cylinder usod for heat transfar tosts was clectrically
heated by a strip of Nichrome ribbon, and the inner surface was
maintained at a constant temperature by using condensing steam at
atmospheric pressure insido the cylinder. The heat input to the strip
+ a8 controlled to adjust the strip temperature to correspond with that
of the inner surface of the cylinder so that the total heat generated in
the strip was convected to the air. Local coefficients were obtained
from the circumferential temperature distributions and the electrical
power input to the strip.

One configuration of a row of triangular co-rotating vortex
generator blades was used. The blades were cut and bent from a
continuous strip of 0.020 in. tinplated steel to form equally spaced
right triangular blades with an angle of incidence csf 10 degrees to the
flow direction. The blade geometry based on the nomenclature in
Figure 1 had a blade height esz 0.20 in., and a transverse space between
the vortex generator blades ss= 0.80 in. The cylinder was fitted with
two similar rows of vortex generators which were symmetrically placed
parallel to the front stagnation line. The angular postion of the rows

from the front stagnation line was varied.



Meaurements were made both with and without vortex generator bladas
on the outer surface of the cylinder. The rosults showed that the drag
coofficient docreased when the vortex genorator blades were used, and
that the location of the vortices had a large offect on tho drag
coefficiont by changing the critical Roynolds number. The further the
vortex genorators were from the front stagnation line of the cylinder,
the lower was the critical Reynolds number, and the higher the
supercritical drag coefficient.

Johnson and Joubert [5) qualitatively determined the effect the
vortex gonerators had o the surface shear stress by using a modified
oil-film technique to obtain photographs of the flow pattern over the
outer surface of the cylinder. The photographs showed that immediately
behind the vortex generator strip there were regions where the film was
completely removed by the generated turbulence. Moreover, the presence
of trailing vortices caused the separation line to become wavy with a
period equal to the space between the vortex generator blades.

The heat transfer vesults showed that the vortex generators had a
large effect on the local rates of heat transfer causing increases of
200 percent in some positions over the surface of the cylinder. The
magnitude of the local heat transfer coefficient downstream of the
vortex generators was found to reach a maximum in two regions, the first
immediately behind the generator station, and the second in the region
around the separation point. In the first regiom, improvement of the

heat transfer coefficient was caused by the vortices transferring
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momentum into the boundary layer and, to some extent, by the effect of
the disturbances gonerated in the flow as it crosses the vortex
generators. Johnson and Joubert indicated that the improvement of the
heat transfer coofficient which occurred at the separation was quite
unusual, and they believed that the process of the separation was
affected in some way by the prasence of the vortices and high
turbulence. However, the increase in overall heat transfor rates was
limited by reduced local heat transfer at the rear of the cylinder. The
net overall increase in Nusselt number varied from 7 to 17.5 percont
over a range of Reynolds numbers based on cylinder diameter ranging from
4x10* to 3x10%.

From the drag and heat transfer results, Johnson and Joubert
suggested that the cholces of the position of the vortex generators
referenced to the front stagnation line had to comply with conflicting
requirements. For example, the generators placed at a larger angle from
the front stagnation line showed a greater improvement of heat transfer
rates, while those placed close to the front of the cylinder had a
larger area of surface cver which the vortices swept.

Edwards and Alker |[6] carried out an investigation on the
improvement of forced convection heat transfer on a flat plate by using
surface protrusions in the form of cubes and vortex generators. The
protrusions were attached ro the lower wall of a wind tunnel with a
working section heated electrically with a uniform heat flux. Local

heat transfer coefficients were determined by measuring the local
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surface temperature and the local free-stream air temperature. Spot
temperature readings were made using a luminescent phosphor technique.
All cubos and vortex generator blades were one inch high, and each type
was arranged in a single row normql to the flow diroction. The local
transverse distribution of heat transfer coefficient was mecasured at
five locations downstraam of the surface protrusfons.

The single row of cubes was tested at transverse spaces .8 of 3, 4
and 6 in. betwoen cubes. A row of co-rotating vortex genorator blades
was formed of vortical right triangular blades with vertical rear edges
ind a length laf 2 in. on the heated surface which similar to those
tested by Johnson and Joubort [S]. This configuration of co-rotating
vortex generators was tested at equal transverse spaces 58 between the
blades of 2, 3 and 4 in. and for two angles as- 12.5 and 25 degrees
between the vortex blades and the oncoming flow.

Two configurations of rectangular counter-rotating vortex generator
blades were also tested with a length lsz 1.23 in. on the heated
surface. The transverse space between two blades forming a vortex pair
was 1.25 in., and the transverse pitches of pairs of counter-rotating
‘vortex generators 8g were 3 and 4 in. All configurations were placed at
an angle equal of %15 degrees between the vortex blades and the duct
axis.

Edwards and Alker indicated that an improvement in the local heat
transfer coefficient was obtained for all types of systems. For the row

of cubes, it was found that the highest local improvement was
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immediately downstream of the cubes, but their effect reduced rapidly
further downstream. For the vortox gonerators, f{t was obsorved that
their effoct on the improvement of the local heat transfer coefficient
oxtondoed further downstream. The co-rotating vortex generator with the
smaller transverse spaces between the blades improved local heat
transfor coafficients more than that obtained with larger spaces. The
most persistent improvement was obtained with the counter-rotating
vortex flow structure, especially with the the smaller pitch
arrangement.

Lee [7,8,9,10] carried out investigations to study the effect of a
systom of vortices in the space between the plate fins of a finned
coaling tube. Tests were done in & special wind tunnel in which {t was
possible to mount various forms of vortex generators on the plate fins
and to observe and measure the vorticity field generated in the space
between the fin plates and the cooling tubes to which they were
attached.

As the first step in his investigations, Lee [7] performed
experiments to find cut whether or not vortices could be established
between the cooling fins at low Reynolds numbers. He made a é-times
scale model of the fin tube pair and ran it at about 3 fps air speed.

Five types of vortex generators were tested with angles of
incidence cgf 15, 20, 25 and 30 degrees between the vortex generator and
the main flow direction. The first and second types were triangular and

rectangular blades respectively with e8= 0.5 in. and 18= 2.0 in., and
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anch type was mounted normal to a solid aluminum fin plate. The third
type was as a ramp running from one plate to the plate above it. The
fourth type was two parallel rectagular blades, each with 08- 0.625 tn.
and lsﬂ 2.0 in., punched up out of a plane which was inclined to thae
main flow direction. The last type was a bulge embossed on the fin
plate with es- 0.625 in., 18- 3.0 in. and csf 0.62% in. The ambossed
vortex generator was tested with two equal transverse spaces between the
blades ss- 2.5 and 4.0 in.

Each type of vortex generator was mounted in two rows, one just
behind the leading edge of the fin, the second about half way back along
the fin with an opposite angle of incidence to that of the first row.
The second produced co-rotating vortices with a sense opposite to those
produced by the first row.

A yaw vane was used to measure the average flow direction. The
vane was placed a distance downstream of the vortex generator being
studied, and moved cross-stream to get the angular deflection of the
flow. The maximum angular deflection of the yaw vane was considered
proportional to the maximum strength of the vortex. However, due to
friction and imperfections of balance, the results from the vane were
unreliable.

Flow observations with a smoke generator were used to see whether
or not it was possible to establish a system of vortices and to study
the flow pattern to confirm if the yaw vane measurements were valid.

The results showed that for a range of incidence angle from 15 to 20



14

degrees the punched-up rectangular blade and the embossed vortex
gonerator seomed to be the most effective types of vortox generators.

Lee's second experiments [8) wore carried out to measure the amount
by which heat transfer was increoased due to the vortices and to measure
the increase in air flow resistance. The investigation was done on twe
sots of aluminum fins 0.016 in. thick spaced ocight to the inch, with
wach sot soldered to a steam tube. The vortox gencrators tested wore
embossed, and the fin plate was € in. wida by 1 in. deep. Each embossed
vortex generator had ;s- 0.03 {n., 18- 0.36 in., with 38- 0.33 in.
between ad)acent blades. The height of the vortex generator ex was
approximately half the distance betweeon the adjacent fin plates forming
a channel.

Steam was provided by an electrically heated bofler, and air was
drawn through the cooling fins by means of a small adjustable speed fan.
The overall rate of heat transfer for various flow rates was obtained by
measuring the rise in air temperature and the air mass flow rate. The
Reynolds number was based on flow velocity between the fins and on the
clear distance between them. Measurements were made both with and
without the embossed vortex generators.

The results indicated that at a mass velocity of 1.2 Ibm/ftz.sec
the increase in heat transfer rate was approximately 50 percent over
that for the plain fin. The improvement in heat transfer rate was
reduced with decreasing air flow rate and reached about 30 percent at an

air flow rate of 0.4 lbb/ftz.sec. It was also found that the pressure
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drop across the fin tubes was increased by 28 percent at an air flow
rate of 1.2 1b /ft?.sec.

Lae noted that tho relationship between the flow pattern observed
in [7] and heat transfor rate data obtained in [8] was not precise due
to the effact of roughnoss and small irregularities produced in the
manufacture of the fins. Measurements of the olectrical power to the
boiler were made so that it could be compared with the power represented
by the heating of the cooling air, and it was found that the electrical
power was approximately 10 percent greater than the onergy absorbed by
the air. No indications of loss calculations were given.

Lee |8]) indicated that the vortices became weaker as they flowed
downstream of the vortex generators and suggested the addition of two
more rows of vortex generators at the middle of the fin plate similar to
those at the front edge to improve the vortex pattern over the entire
fin plate surface.

Lee [9] performed experiments on an array of fintubes with
rectangular fins with vortex generators, to measure the improvement of
heat transfer rate and the increase of the pressure loss. The array was
18 in. square in frontal area with fins 6 in. long by 1 in. wide, spaced
10 to the inch. An embossed vortex generator configuration was adopted
similar to those suggested in Reference [8], with a height of 0.05 in.
Steam was generated in a boiler to maintain the heat exchanger tubes at
a uniform temperature. Air was drawn through the test array from a

suction chamber and the heat transfer rate was calculated from the air
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temperature rise and the air flow rate. Pressure differentials were
measured across the test array.

Heat transfer and pressure drop were measurced at varying air flow
rates, and the Reynolds number was calculated using the hydraulic
diameter of the fin passage and tho not air mass flow. The results
obtained for the array over a range of Reynolds numbers from 300 to
2,500 showed that there was a 50 percent average increase in heat
transfer rate and about 17 percent increase in pressure loss.

Further tests ware done to assoss tho effects on heat transfer and
pressure loss of adding vortex generators to rectangular plate fins such
as might be used in an automotive radiator {10). Low-conductivity
models of the plate fins were made at about five times full scale, each
with a set of vortex gencrators. The vortex generator blades were
rectangular blades and their arrangement was based on the earlier
investigations |[7,8] for the embossed vortex generators. Each
rectangular vortex blade had est 0.25 in. and lsf 1.0 in., and the space
between each adjacent blade ss was 1.4 in.

Heat transfer rates were measured using a technique of observing
the melt-line of a temperature-sensitive paint applied to the plate
surface. The method used was to immerse a cool, painted plate fin
quickly into a hot airstream generated by a heater in the wind tunmnel.
The time and the progression of the melt-line across the fin plate was
observed through a television camera and recorded on a video-tape

recorder. By using the time-temperature data together with the solution
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of the unsteady conduction temperature field equation for the fin, the
rate of rise of the tomperature of the fin material was related to the
heat transfer rate and the instantaneous local heat transfer
coafficients were obtained as a functfon of time. Mean values of local
heat transfor coefficient were estimated for different regions
downstream of the vortex generators, and a value of the overall heat
transfor coofficiont over the fin plate surface was obtained. It was
found that adding the vortex generators increased the heat transfer
coefficient over the plate surface by about 40 percent, and the increase
in the pressure drop was about 15 percent.

A recont investigation was carried out by Russell et al.|ll} to
study the effects of vortex generators on heat transfer from a
rectangular plate-fin surface at a uniform temperature. The
investigation was based on the results obtained by lLee [7,8,2,10}.
Russell et al.[11] investigated the spanwise variation of heat transfer
coefficient downstream of the vortex generators at a Reynolds number of
about 2x103 for the model used by Lee {10]. The spanwise distribution
of the local heat transfer coefficient showed that a higher improvement
of heat transfer rate was always associated with the region of lower
velocity .

The purpose of the vortex generators is to provide enhancement of
heat transfer on the surface to which they are attached. The previous
investigators indicated agreement about the improvement in performance

of vortex generators in heat transfer augmentation. However, data
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available in the open literature give the effects of unrclated
configurations of vortex generators on heat transfer onhancement. As an
oxample, Edwards and Alker [6] investigated enhancement of lucal heat
transfor coafficionts for only ono height of vortex generator blades.
lwe [7,8,9,10] and Russecll ot al.[11] investigated the overall heat
transfer coafficiont over a fin plate and arrays of rectangular fins.
No complote parametric data have been found for both the local and
overall heat transfer coefficients downstream of a configuration vortex
gonerators. Morecover, in all the above investigations, the vortex
gererator blades were attached to the heated surface, and the heat
transfer enhancement was due not only to the influence of the vortex
generator, but also to the vortex generator blades acting as extended
surfaces. In addition, only qualitative fluid dynamic aspects were

investigated to determine how and why enhancement is obtained.
C. Scope of Investigation

The present investigation was conducted in order to better
understand the augmentation of forced convective heat transfer when a
single row of counter-rotating vortex generator blades is attached to a
flat surface. The major emphasis of this investigation is to study the
way in which vortex generators augment the heat transfer coefficient of
an initially-laminar boundary layer over a flat, constant-heat-flux
surface exposed to favorable free-stream pressure gradients. Particular

emphasis is placed on the relationship between the geometry of vortex



19

gonerators and the augmentation of local and overall heat transfer
coofficients and on the behavior of the boundary layer downstream of the
vortex generators.

A gonoral expression for the parameters investigated at a local
point of measurement can be written as

s‘(x.z)' £ R°(x)’ (dp/dx), (3/0)8' (3/5)8 | (2)

where St‘ is the local Stanton number, Re is the local Reynolds

%,2) (%)

number, (dp/dx) is the free-stream prossure gradient, °8 fs the height
of the vortex generator blade measured from the plate surface, 68 is the
boundary layer thicknoss at the distance xs from the plate leading edye,
and ss is the transverse space betwoen the vortex genecrator blades. The
system parameters outlined above in equation (2) are described in detail
in Chapters Il and [1I.

This dissertation includes results of an experimental investigation
of the heat transfer augmentation achieved by twelve configurations of
rectangular blade vortex generators with three favorable pressure
gradients impressed on the plate surface.

The flow pattern within the boundary layer is investigated for
certain conditions in order to understand the interaction between the
flow structure and the expected improvement of the heat transfer rate
and a set of guidelines for the design of more efficient surface is

proposed.
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11. EXPERIMENTAL APPARATUS
A. Genoral

The investigation was carrioed out in the Subsonic Fluid Flow
Facility of the Mochanical Enginecering Dopartment, lowa State

University.

B. Air Flow Facility

The air flow facility used was an open circuit suction type wind
tunnel utilizing a centrifugal fan with a nominal flow capacity of
13,400 cfm at a head of 20.8 inches of water, and driven by a 60
horsepower motor. Figure 2 shows the general configuration of the
tunnel. The air flow rate is controlled by a combination of dampers and
fan inlet guide vanes. Details of the test sccziouvatc shown in Figure
3. The test section of the tunnel is 14 in. square in cross-section and
66 in. long, and is constructed of Plexiglas plastic and aluminum. The
test plate was mounted in the test section with its leading edge 23 in.
downstream from the test section entrance. The coordinate system shown
was adopted to describe locations in the flow. The test section wall
facing the test plate surface had four slots located at different
postions in the x~direction to permit insertion of instrument probes to
survey the flow downstream of the vortex generators.

Velocity profiles at the upstream end of the test section without a

model present were uniform within one percent over the range of
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valocities involved in this investigation. The free tunnel had a
minimum streamwise turbulence intensity of 0.35 percent at a velocity of
100 fps, and maximum stroamwise turbulence intensity of 0.50 percent at

a velocity of 10 fps.
C. Flat Plate

The flat plate used was similar to those used by Feiler and Yeagoer
[12), Junkhan and Serovy [13}, and Blair and Werle [14] among others.
The plates in Roferonce {12] and [14]) were approximations to constant
heat flux surfaces similar to the plate described below. The assembied
plate was 14 in. wide, 41 in. long and 1 in. thick. It was composed of
five major parts - a nosepiece, heat transfer working surface, a plate
back with supporters and ribs, and two side rails. The arrangement of

these parts is shown in Figure 4.

). Plate parts

The nosepiece was constructed of aluminum 2.25 in. long and 1 in.
thick. The leading edge of the nosepiece was formed as a half ellipse
section to aid in maintaining a stable stagnation point. A spanwise
removable strip 1 in. wide and 0.25 in. thick was inserted in the top of
the nosepie;e flush with the plate surface. The spanwise strip could be
replaced by a similar one with vortex generator blades mounted on it.

Electric resistance heaters were used to approximate a uniform heat
flux on the surface. The metal foil heaters employed were composed of

34 transverse strips of nickel-chromium resistance alloy commercially



Figure &,

Expanded

Nosepisce
Working surface

Plate back

Plate supports and ribs

Cover strips

view of the major plate parts

k21



25

known as Nichrome V, each 1 in. long, 0.002 in. thick and 12 in. wide on
the working surface. The strips were mounted on the working surface,
which was made from a papor-laminated phonolic commercially known as
Carolite NEMA grade "C", by use of a ncoprene adhesive type F-1
commercially known as Carboline. The strips were spaced 0.0625 in.
apart on the working surface to allow static prossure taps of stafnless
steol tubing to be installod between strips. The resulting 0.0625 in.
by 0.002 i{n. spanwise grooves were filled with a high-temperature

Dekhot insky cement and cach space was carefully checkod to assure a
smooth working surface. These spaces are very small and occupied orly a
small fraction of the surface area.

The plate back, cover strips and internal spanwise ribs were made
from material identical to that used for the working surface. The
internal spanwise ribs and two lengthwise aluminum side rails were
primarily to add structural strength to the plate assembly. The
internal spanwise ribs had slots cut in them to carry the electrical
wires, pressure tubing, and the thermocouple wires. The 0.50 in. thick
space between the plate back and the working surface was filled with
expanded polystyrene insulation balls to reduce the heat loss by
conduction from the heated surface.

Two holes were drilled through each resistance strip into the edge
of the working surface base, and copper bus bars, each about 2 in. long
were held in position over the bent edge of the resistance strips with

small copper screws to provide electrical connections. The strips were
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wired in series to assure that the same current passed through each of

the rosistance strips and were powered by a single low ripple regulated

dc power supply.
The two cover strips were made from Garolite, and were designed to

cover the copper bus bars and the dc power supply wires to the strips.

2. Pressure taps

Static prossure taps on the plate surface were made of 0.02 in.
inside diamoter stainless tubing inserted between adjacent resistance
strips as shown in Figure 5. The tubing was inserted through a hole
drilled in the working surface base and held in place with a spot of
epoxy adhesive. Each tube was about 1 in. long and bent about 90
degrees at the middle. The tube end was connected with a plastic tube
leading to the pressure measurement system. Care was taken to make sure
the tubing did not cause an electrical short circuit between strips. A

pressure tap was placed at the center of the stagnation line of the

nosepiece.

3. Thermocouples

Local temperatures of each strip and the back side of the working
surface were required for this investigation. Details of thermocouple
installations are sketched in Figure 6. The thermocouples were made of
28-gage (0.0125 in.) diameter chromel-alumel wire welded in a Tigtech
Inc. model 116 SRL thermocouple welder. Each of the thermocouple beads
was carefully flattened by using a very fine sand paper to assure

contact with the surface.
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The working surface strip temperatures were measured using a bead
inserted through a small hole in the Garolite and cemented in contact
with the back side of the strip as shown in Figure 6a. Omega-bond
adheasive type 0B-100 was used to hold the bead to the heater strip.
This adhesive bas good thermal conductivity and high electrical
resistivity. Care was taken to be sure the thermocouple bead attached
to the back side of the strip surface did not leave a rough apot on the
upper surface of the strip.

Temperatures of the back side of the working surface were measured
by attaching the thermocouple bead to the Garolite with the same
adhesive as shoun in Figure 6b.

In order to investigate the distribution of the heat transfer
coefficients, twelve strips wore selocted for measuring the working
surface temperatures. A sketch of the flat plate and the thermocouple
array is shown in Figure 7. Eight of these strips were provided with
seven thermocouples each, five for determining the local heated-strip
surface temperatures and two for the back side of the working surface
temperatures. Each of the other four strips was provided with eleven
thermocouples for determining the local heated-strip surface temperature
distribution and four thermocouples for measuring the temperatures of

the back side of the working surface.

4. Vortex generators

An almost endless variety of vortex generators can be conceived.

Because of this variety, some limitations on the vortex generator design



e ———————— e DA

®
te _ 36* 44,375 —=|
heated surface <Unheated
. -length
-] je
1-
T
- * [ d . .
!’ L d * ! L] L J L] [ ] t L L ] :
RERIEE + wERERELERGER LR R AR R uEs
: 2‘- ; j’ & . o] & 10 - LY ] . e ol bo - ol -—
& + R EE R EEERCERHE N R
; - v ; [ ] - [ - ; L] . ;
L J [ ] 9 * ®
5 i
J-
Z_ 1716 gep
#» Static taps botwaen removable strip
* Surface thermocouple locations strips for vortex

+ Back thermocouple locatiens genarator

Figure 7. Instrumentation diagram for the uniform heat {lux flat plate

oe



31

were necessary. The general shape was limited to a rectangle and the
angle 88 vas fixed at O degrees. Details of vortex generator geometory
and nomenclature are shown in Figure 8.

None of the provioks workers studied the offect of vortex genorator
blade height c‘ on the hoat transfer performance. The study of boundary
layer mixing devices by Schubayer and Spangenberg [4] used a vortex
gonerator height cs approximately equal to the boundary layer thickness
63 estimated at the vortex generator position. However, Edwards and
Alker [6) used a vortex generator height c‘ greater than the boundary
layer thicknes 6‘. In the present investigation, vortex generator blade
heights of ‘8- 0.0625, 0.125 and 0.25 in. were selocted to give a range
of 0.65 - 2.9 for the ratio of the vortex generator height to the
boundary layer thickness.

The results obtained by Edwards and Alker [6) and Lee [7) indicate
that an of an incidence angle o‘ from 15 to 20 degrees is the most
effective for a rectangular vortex generator blade. Pearcey [3]) also
indicated that a vortex generator system with a good range of vortex
effectiveness could be obtained with a 20 degrees angle of incidence. A
20-degree incidence angle was used for this investigation.

Pearcey [3] found that the most important factor in establishing an
effective vortex pattern was the need to keep the spacing of the
adjacent vortices greater than about three times their height especially

for the co-rotating vortex generator blades.
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In this investigation, the space/height ratio (98/08) of the vortex
generator was varied from 3 to 64. The pitch 88 between vortex
generator pairs and the spacing '8 between blades of the same pair were
set to make 88- 2 ss as shown in Figure 8. Each of the rectangular
vortex generator blades tested had a length ls- 1.0 in. and a thicknoss

3

The data measured included free-stroam and ambient air
temperature, the strip and back temperatures of the working surface,
air velocities, free-stream static pressures, total pressure, and hot-

film anemometery data.

1. Temperature sensing

Free-stream and ambient air temperature were measured using five
28-gage chromel-alumel thermocouples which were independently referenced
to a Whittaker model BRJ14-SOTP chromel-alumel 150 °F constant
temperature junction. Free-stream air temperature measuroments were
obtained with three thermocouples placed at different locations
downstream of the leading edge of the plate and about four inches away
from the plate surface. There was almost no variation of the free-
stream temperature, and the arithmetic average of the free-stream
temperature reading was used in calculation. The ambient air
temperature was used for the calculation of radiation losses from the
strips and was obtained from the arithmetic average of two thermocouples

located about 12 in. away from the test section of the wind tumnel.
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A total of 120 thermocouples were attached to the plate to measure
the temperatures of the working and back surfaces. However, the data
acquisition system described later in this section has only a 40-channel
scanner. A switch system that divided the thermocouples into four
groups of 30 thermocouples each, shown in Figure 9, was used to connect
banks of 30 thermocouples to the scanner at one time. The switch system
was manually operated in response to prompts given by the data

acquisition computer after measremonts for each group was complated.

2. Pressure sensing

a. Pressure instruments Total and static pressures were

measured in the free-stream at two locations downstream of the plate
leading edge at the middle distance between the plate surface and the
front wall of the test section using a pitot-static tube probe. The
free-stream static pressure distribution was measured with a static
probe at three locations downstream of the plate leading edge. The
pitot-static and static probes were connected to a Meriam model 34FB2
micromanometer capable of reading 0.001 in. water.

The static pressures on the plate surface were independently
measured using the pressure taps on the plate surface. Four static
pressures on the plate surface, an atmospheric reference and the
stagnation pressure on the nosepiece were measured using a six channel
Scanivalve and a Setra Systems model 239 pressure transducer, the output

of which was connected to the data acquisition system.
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b. Velocity-profile instruments Boundary-layer velocity
moasurements were made with a total head probe constructed from
stainless steel hypodermic tubing with a flattened ond section to reduce
the velocity gradient across the opening facing into the flow. A sketch
of the probe and the micrometor probe positioner are shown in Figure 10.
The opening of the tube was large ocnough to give a time constant for the
moasuring system of the order of two minutes when the pressure
measuraments were made with the micromanometer.

The position of the boundary-layer probe in relation to the plate
surface was found by use of a 0.001 in. least count micrometer
adjustment probe positioner. The zero adjustment of the probe against
the plate surface was made by advancing the probe from a position some
distance away from the the plate until the tip of the probe and its
image, reflected in the plate surface, just touched. It was found that

repeatability of the zero position was within one part in one thousand

by this method.

3. Electrical instruments

a. Power input The power input to the resistance heater was
measured by obtaining the resistance of the heating st:ipé and the dc
current passing through it. The temperature coefficients of resistance
of the heating strips were determined using thermocouples and a Hewlett-
Packard model HP 3455A digital multimeter. Details of the heating strip

charateristics are described in Chapter III.
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Heater strip current was supplied by an Electro model PS-5R
filtered dc power supply. The dc current through the heating strips was
determined by reading the voltage across a precision shunt resistance
and calculating the current from Ohm's Law for the resistor.

b. Hot-film turbulence measurements Measuremonts of turbulence
quantities downstream of selected configurations of vortex generators
wore obtained using a TSI model 1227 single platinum hot-film probe of
0.001 in. sensor diameter in conjunction with a TSI model 1010A constant
temperature ancmometor and TSI model 1072 linearizer. The circuitry
involved in hot-wire anemometry is shown in Figure 11. An oscilloscope
was used to visually monitor the output signal from the hot-wire as an
additional check on the satisfactory operation of the ancmometer
equipment. The dc and true rms voltages from the linearizer were

measured using the data acquisition system.

4. Data aquisition system

All voltage and resistance readings were measured using a Heat
Transfer Lahoratory data acquisition systén consisting of a Hewlett~
Packard model 9845B desktop computer, a model 3495A 40-channel scanner
with low thermal offest relay contacts, and a model 3455A digital
multimeter with one microveolt resolution.

Thirty-eight channels on the scanner were used for experimentation.
Thirty channels were used for measuring the outputs from each
thermocouple gioup attached to the working surface. The rest of the

scanner channels were used for measuring the outputs from five
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thermocouples for free-stream and ambient temperatures, the pressure

transducer, hot-film and the voltage drop across the precision resistor.
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II1. EXPERIMENTAL PROCEDURE
A. Calibration

Thermocouples, strip resistance and emissivity, the scanivalve and
pressure transducer, and the hot-wire anomomoter were calibrated before
use. In all cases, calibrations wore made using the entire saystem of
sensors, connecting cables, data acquisition system and auxiliary
equipmont.

Thermocouples wero calibrated by immersing them in a Haake model M-
F3 constant temperature water bath having a maximum variation of 0.18 °F
from the preset bath temperature. The bath temperature was measured
using a calibrated mercury-in-glass thermometer with a least count of
0.1 °F. The thermocouples were calibrated over a temperature range 15
°F greater than the range of use. A linear least squares data fit was
obtained for each thermocouple; the equations thus obtained were used by
the data acquisition system program to reduce the thermocouple voltages
to temperature values.

The pressure transducer was checked against a Meriam micromanometer
with a resolution of 0.001 in. water. The transducer was referenced to
atmospheric pressure so that the zero pressure intercept of the equation
used to obtain the pressures from the voltage values varied with
atmospheric conditions, while the slope was constant. One channel on
the Scanivalve was used to determine the voltage output equivalent to

atmospheric pressure.
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Electrical resistance characteristics of the nickel-chromium foil
strips used for the heated surface were measured at room temperature to
obtain the strip length-resistance characteristics shown in Figure 12.

Threc strip samples were tested to obtain the temperature-
resistance characteristics of the heated strip. Temperature-resistance
data obtained for the three samples are shown in Figure 13. The
measurcmont of strip resistance was accomplished by obtaining the
voltage drop across each strip and the current passing through i(t, while
measuring the strip temporature at five locations along its length. The
arithmetic average of the lengthwise temperature distribution was
considercd the temperature of the strip. The error analysis for these
data indicates that for a given temperature the strip resistance can be
calculated with an accuracy of £0.0015 ohm using the following
expression

Rs = Rr { 1.0 + °s( zs-:r)] (3)

where Rs is the strip resistance at the strip temperature to Rr is the
resistance of the strip at the reference temperature tye and g is the
temperature coefficient of resistivity for the strip. For equation (3),
the result obtained was o = 0.00023 1/°F referenced to sr=o.2s ohm at
tt= 68 °F. The value obtained for the temperature coefficient of
resistivity o agreed within a ¥4.5% of that indicated by Beckwith and
Buck [15] for a typical nickel-chromium material.

A TELETEMP model 44 infrared thermometer was used to estimate the

emissivity of the strip material. The infrared thermometer was
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calibrated by measuring the temperature of a strip coated with 3M type
ECP-2200 high omissivity flat black paint which has a known emissivity
of 0.98. The measurod omissivity for the painted strip was within a
21.0 %X of that indicated by the manufacturer. The result obtained for
the unpainted strips at tho same temperature {ndicated that the heated
strips had omisasivity . equal to 0.45.

The hot-wire system was calibrated in place in the test section te
include any influences of the surroundings as discussed by Wyler [l6].
A pitot-static probe was used to obtain the reference velocity at the
center of the channel. Once the velocity had been adjusted, the pitot-
static probe was withdrawn from the tunnel! and the hot-wire was placed
in the stream at the same location. Free-stream temperature was
obtained from the arithmetic average of three thermocouples in the free-
stream.

The relationship used to obtain the velocity from the bridge
voltage output is given by

E,=SU, (&)
where Em is the dc voltage signal output from the linearizer, Um is the
effective mean air velocity and 8 is the sensitivity factor to be
determined from calibration. A typical calibration curve for the hot~

wire is presented in Figure 14,
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B. General Operating Procedure

The sequence of the general operating procedure for taking heat
transfer data is shown in detall in the flow chart in Figure 15.
Initially, all electronic equipment and the thormocouple reference
Junction wore started and allowed to stabilize. The centrifugal fan was
started and fan controls were adjustod for the required operating
conditions. The pitot-static and static probes were placed in the free-
stream to adjust the oporating conditions. Once the velocity and the
prossure gradient had beon adjusted, the pitot-static probe was
withdrawn to a location necar the front wall of the test section of wind
tunnel where no possible interaction with the flow over the plate
surface could occur. Perodic checks on the operating conditions were
made.

The plate-heater current was adjusted until the heat input resulted
in a minimum 10 °F difference between the free-stream and the heated
strip surface temperatures. The maximum difference between free-stream
and heated strip temperatures was about 35°F, and @ majority of the
tests were performed with a temperature difference about of 20°F.
Monitoring of the plate temperatures and the current passing through the
heated strips was required until steady-state conditions were reached.
Temperature data were recorded three times over a period of about thirty
minutes in order to be sure a true steady-state condition had been
reached. Then, the pressure transducer output voltages were measured.

The electric power input, free-stream and ambient temperatures were
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rechecked before measuring the output voltages for cach group of
thermocouples. Then the switch was manually turned to obtain the data
for the next group.

The operating procedure for obtaining hot-wire data is shown in
detail i{n the flow chart in Figure 16. As was the casc for obtaining
heat transfer data, the pitot-static and static probes wera used for
adjusting the freo-stream operating conditions. Once the operating
conditions were adjusted, the pitot-static and static probes were
withdrawn from the test section and the hot-film was placed in the free-
stream to check its calibration. In order to study the behavior of the
boundary layer and its development downstream of vortex blades, the
probe was placed at three locations in the x-direction. The hot-film
sensor was oriented parallel to the plate surface and perpendicular to
the flow direction, as shown in Figure 17. The probe was moved through
8 in. in the z-direction and was traversed in the y-direction at five
spanwise positions to obtain the mean velocity profiles and the the
turbulence distributions downstream of a pair of vortex blades.

The data acquisition system measured the dc and rms voltages of the
hot-wire signal ten times to obtain a true steady-state average at each
point. At the same time, the osilloscope was used to check for
satisfactory function of the anemometer circuit. A listing of the
computer program used to acquire and reduce the hot-film data rum output

is given in Appendix A.
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The raw data were reduced to obtain all required information and
the results were recorded on magnotic tape and disk for use in
calculation of other parameters. A listing of the computer program used

to acquire and reduce the data is given in Appendix B.
C. Data Reduction

Calculation of the experimontal rosults took place in two parcs.
First, the raw data were reduced to basic dimensional quantitias such as
free-stream velocity, local velocity and {ts fluctuation component,
temperature, and hoat transfer rate. These quantities were then
combinod with the plate and vortex gencrator geometrical data and
further reduced to non-dimensional terms such as Reynolds number,
Stanton number, and turbulence intensity. Basic reduction of raw data
was done using the HP 9845B desk computer.

Data were subjected to an uncertainty analysis based on the method
of Kline and McClintock [17]). An analysis performed for a typical set

of data is given in Appendix C.

1. Plate energy equation

The conservation of energy for steady-state flow is
Q=q, +0 +0Q (5)
where the terms are identifed schematically in Figure 18 and where Q is
the local rate of heat input to the strip, Qc and Qt are the local rates
of heat loss from the strip by conduction and radiation respectively,

and Qn is the local rate of heat loss by convection.
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The generated powar on the local strip surface is calculated from
Q=1 Ry (6)
where Rs is obtained from equation (3), ! is the dc strip current, and
Rs is tho strip resistance at the local surface temperature of the strip
ty Equation (6) can thon be written as
Q=12R [(1.0+a (bt (N
Since the heated surface of the plate is large with relation to the
thickness of the plate and because the x- and z-direction temperature
gradients are small, a ono-dimensional flow of energy by conduction was
assumed. The local conduction loss was calculated from
Q. = ( "p“a’ yp) (-t . (8)
where yp is the thickness of the plate working surface material, k_is
the thermal conductivity of the plate material, Aa is the surface area
of the strip, and ( te” tb) is the local temperature difference between
the heated strip surface and the back side of the working surface.
The local rate of heat radiation loss was calculated from
Q =504 ( Tﬁ' Tﬁ) %
where t is the emissivity of the strip material, o is the Stefan-
Boltzmann constant, Ts is the local absolute temperature of the strip
surface, and Th is the absolute temperature of the surroundings. The
temperature of the surroundings was taken as the room temperature.
Corrections for absorption in the room atmosphere and in the plastic
tunnel wall were assumed to be negligible. The radiation geometric view

factor was assumed to be unity as implied in equation (9).
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The net local rate of heat loss by convection from the strip can be

determined from equatfon (5),
Q, =Q- (Q*Q (10)
The local heat transfer coefficiont h is found from tts dafinition
h=Q/ 1A t)) (1)

where t, is the free-stream temporature.

2. Flow velocity and pressure

Since the plate was placed in an open suction type wind tunnel and
the test section was on the suction side of the fan, the free-stream
inlet donsity P, Was calculated from the ideal gas law

= (P

- PR, T) (12)

atm aerb

where Patm is atmospheric pressure obtained from a barometer, Py is the
static pressure of the air at the leading edge of the plate, and Rair s
the gas constant for air.

Using the pitot tube pressure difference between the free-stream
stagnation pressure P and the local static pressure of air Ps(x) and
the calculated air density, the local free-stream velocity at any x-
distance from the leading edge of the plate was calculated using
Bernoulli's equation, given by

1/2 (13)

Uotx) = | 28c0 o™ Pg(yy)/ 2,
To obtain the velocity gradient for the free-stream, static
pressures were measured at different x-locations using a static tube,

and from equation (13) the local free-stream velocities were determined.

The velocities were plotted as a function of x and a least squares fit
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was obtained to determine the velocity gradient (dUoldx). The pressure
gradient in the free-stream can be obtained by differentiation of

Bernoulli's equation,
(dp/dx) = - (p U / 8) ( dU_/ dx ) (14)
The local Reynolds number for an experimental point at a distance x
from the leading adge of the plate was calculated from

Ro(x) = | x U

otxy Val (15)

where Vo is the kinematic viscosity of air evaluated at the local mean
boundary layer temperature.

The value of h from equation (11) and U from equation (13) were

o(x)
used to calculate the local Stanton number for an oxperimental point

from the Stanton number definition

lt (pC

=1 h(x.z) a puo(x)) }

st(x.z) (1e)

where CP is the specific heat of air evaluated at the local mean

boundary layer temperature.
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IV. PRELIMINARY EVALUATION TESTS

A. Evaluation Tosts of the Equipment and Mcasurement I[nstrumentation

A proliminary seriecs of the evaluation tests was carried out with
no vortex gencrators attached to the plate surface to check the wind
tunnal and the plate cquipmont against earlier analytical and

oxperimental work.

1. Pressure-gradient measurement

The pressure distributions for this series of tests are shown (n
Figure 19 as the nondimensional pressure gradient parameter ¢ as a
function of the distance (x/L) measured from the leading edge of the
plate. That data show in Figure 19 are fitted with least squares lines
using values of the static pressure distribution on the plate surface
measured by the pressure transducer and those measured by the static
probe for the free-stream. The three average pressure gradients shown

will be referred to later.

2. Heat transfer distribution

The Stanton number distribution measured on the heated surface was
compared with the analytical solution presented by Kays and Crawford
[18] for a zero pressure gradient, laminar boundary layer flow with a

uniform convective heat flux wall and an unheated starting length,

~1/2 r-2/3
(x)

[ 1.0 - (&/x)°

St = 0.453 Re P

/4 \-1/3

(x)
(17)

For fully turbulent flow, Kays and Crawford [18] give
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- -0.2 -0.4
St 4y = 0.030 Rey 5 Pr (18)

whore Pr is the Prandtl number and Rn(x) is the Reynolds number based on
a free-stream velocity Uo' The Reynolds number at any location x is
R°(x) a ( on / va) (19)

where Va is the kinematic viscosity for air, and x is measured along the
plate axis from the plane of the leading edge. The distance measured
from the stagnation line is different from that measured along the plate
axis by about one percent; the orror is included in the uncertainty
analysis for Reynolds number.

The measured local span-averaged Stanton number distributions dre
presented in Figures 20 through 22 as the Stanton number corrected for

unheated length St as a function of Reynolds number for the three

(x)c
different levels of free-stream pressure gradients. The results
obtained at the lowest free-stream pressure gradient shown in Figure 20
indicate that for Reynolds number Re(x)< lOS the local span-averaged
Stanton numbers are in agreement within 3 percent of that predicted
from equation (17), and at Re(x)> 10S they are about 10 percent higher
than that given by equation (i7). For (dp/dx) = -0.02 lbf/ft3. Figure
21 shows that for R“(x)‘ 10s the local span-averaged Stanton number was
within £2.5 percent of that predicted, and 11 percent higher for

Re(x)> 105. For the highest pressure gradient, Figure 22 shows that for
of Reynolds number Re(x)< 3x105 the local span-averaged Stanton number
was within 5 percent of that given by equation (17), and for

5

3x107< Re(x) < 6x10S it was about 15 percent higher than that predicted

for a laminar boundary layer with zero pressure gradient.
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The magnitude of the conduction and radiation losses from the
heatod strips varied with the strip, back side of the working surface
and ambiont temperatures. The radiation loss was {n a range of 7% to
25% of the total heat input. The conduction loss was in a range of
about 3% to 15% of the total heat input,

The conclusion reached from Figures 20 through 22 (s that there is
good agrecment between heat transfer data measured in this facility and
the analytical selution of KRays and Crawford [18}), equation (17). Exact
agreement should not be expected due to the approximate constant heat
flux condition dictated by physical construction of tha plate.

Examination of Figures 20, 21 and 22 suggest that the transition
region takes place at a Reynolds number of about 105 for the two lower

pressure gradients and at about 4x105 for the highest pressure gradient.

3. Laminar boundary layer profiles

In order to check that the behavior of the boundary layer was
laminar as indicated by the heat transfer results, mean velocity profile
data were measured using the total head tube for each of the three
favorable free-stream pressure gradients. Profile data were obtained at
three positions downstream of the plate leading edge. The measurements
were taken on the plate centerline as well as in the z-direction. When
the experimental boundary layer thickness was required in a calculation,
it was taken as the distance above the surface of the plate where the
boundary layer velocity was 0.995 of the free-stream velocity. Typical
profiles for Reynolds numbers in the laminar range are shown in Figures

23, 24 and 25.



(y 76 )

63

.9 - Pohlhausen‘s solution
equation (20)
(dpsdx) = 8.0

08 e - w - Ax = aoS?
.7 e
6

- D Re(,)= 25,363
5 |— 0 Re(x)- 54,382
) g Re(x)- 133,248
.4
.3
.2
.l
,a 17
.9
Figure 23. Laminar boundary layer profiles

3
for (dp/dx) = -0.01 lbf/ft




)

(y 735

Figure 24.

.9

7

.6

.S

64

Pohlhausen’s solution
equation (20)
Ax - 8.50

Re(y)= 61,466
Re(, )~ 69,332
Re¢y )= 73,785

S P BT T A T T
4 6

04 05 »
u 7 Ug(x)

Laminar boundary layer profiles

for (dp/dx) = -0.02 1bf/f:3




65

Pohlhausen’s solution
equation (2@)
dp/dx = 8.0

-—== A, = 2.43

0

Re(y) = 88,385
Re(,y = 185,217

0

q
o &
7%
<{/O
a//'
il
/
T L Ll

1
9 P
08 e
A e
es e
< =
N LS B
> po
4
.3 rov—
'2 ’—
S O
(%)
(%)
Figure 25.

.l .2 3 .4 .5 .6 .7
u

4 Uo(x)

Laminar boundary layer profiles
for (dp/dx) = -0.06 b /fc>




66

The velocity ﬁrofilcs obtained wore compared with the Pohlhausen
polynominal approximation [19] to the Iaminar boundary layer over a flat
plate with a froe-stream pressure gradient

WO, = [ 25 - 25+ 7+ A 7 C1-7)° (20)
where, Yy = (y / 8 )
and A, = ( 8%/ 6 v ) (dU_/ dx ) (21)
The terms in the square brackets represent zero pressure gradicnt
conditions, while the terms proportional to Ax are first-order pressure
gradient corrections.

The measured velocity profile data agrece well with equation (20}
for a laminar boundary layer with a specified freo-stream pressure
gradient. Little effect on the boundary layer profiles was expected in
the region close to the plate surface due to the tip clearance effect of
the total head tube and the temperature difference between the plate
surface and the free-stream at each location of measurement. However,
Figures 23 through 25 show small variations from equation (20).

Total head tube surveys were made to help establish the transition
of the boundary layer from laminar to turbulent flow for the different
pressure gradients. From these surveys and the heat transfer data,
transition for (dp/dx) = -0.01 lbf/n3 was considered to start at
Re )" 1.5x10°. For (dp/dx) = -0.02 lbtltt3, the transition is at
Re(x)= ZxIOS and for the highest free-stream pressure gradient,

5

transition occurred at Re( = 4.5x107.

x)
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The data obtained for both heat transfer distributions and boundary
layor profile tests show that the test plate boundary layer without
vortox gonerators behaved as a highly two-dimensional laminar boundary
flow over a plate surface with constant heat flux.

It was found that for the threo froc-stroam prossurc gradients the
overall hoat transfor coofficients for the plate were about 5, 6.1 and
6.3 percent respectively over that predicted for a laminar boundary
layer at zero pressure gradient for all data. If only laminar Reynolds
numbers are included, overall coefficionts were 4.5, 5.1 and 5.0 porcent
respect ively.

The overall heat transfer coefficients obtained at the three
different pressure gradients show small increases over that predicted
for laminar flow boundary layer at zero pressure gradients and indicate
that the overall heat transfer (s not a strong function of pressure
gradients used. In addition, the data obtained at the lowest pressure
gradient (dp/dx) = -0.01 lbf/fz3 show that there is little difference
from that predicted for a laminar boundary layer flow at zero pressure
gradient. In the chapters following, the lowest pressure gradient is

considered equivalent to a zero pressure gradient.
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V. RESULTS AND DISCUSSION

The heat transfer data roduced using the methods described in
Chaptor Il will be presentod graphically as Stanton number versus
Roynolds number for different configurations of vortex genorators and
throee lovels of favorable free-stream pressure gradiont. These data are
also given in tabular form in Appendix D. Tho ecarlior results ohtatlned
from the evaluation tests with no vortex gencrator blades confirmed that
the test boundary layer was a highly two-dimensional laminar flow.
Therefore, at a specified local Reynolds number the improvemont of local
heat transfer rates due to the vortex gencrators will be referenced to
that obtained from the prediction of reference [18) for laminar boundary
layer on a plain plate given by equation (17).

Data are presented for a row of counter-rotating vortex generator
blades with pitch equal to two times the blade spacing for spacings ng
0.75, 1.0, 2.0 and 4.0 in., vortex blade heights eg= 0.0625, 0.125 and
0.25 in. and three levels of free-stream pressure gradient.

The heat transfer results are used as a basis for evaluation of the
effect of the different configurations of vortex generator blades on
enhancement of heat transfer. The behavior of the boundary layer and
its development downstream of some of the configurations of vortex
generators will be presented and the interaction between the flow
structure and the improvement of heat transfer rate will be discussed.
The combined experimental results are used as a basis for a proposed set
of guidelines for the design of more efficient surfaces with vortex

generators.
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A. Hoat Transfer Performance at (dp/dx) = 0

It was determined from the sories of evaluation tests with no
vorteox gencrators that there is almost no difference batween the veory
small pressure gradient (dp/dx) = <0.01 lbf/tt3 and a zero pressure

gradient with boundary layer transition at R°(x)- l.SxtOs.

1. local span-averaged heat transfer results

Data arco presonted in the form of the local span-averaged Stanton
number corrected for unhoated starting length as a function of the local
Reynolds number for three different heights of vortex generator blades.
FEach row of vortex generator blades of the same height cs was tested at
spaces of sss 0.75, 1.0, 2.0 and 4.0 in. between the vortex blades.

a. Effect of e = 0.062% in. Figure 26 shows the local span-
averaged Stanton number distribution St(x)s as a function of the local
Reynolds number Re(x) for the different spaces ss with the smallest
height of vortex generator blades, ess 0.0625 in.

The data show that the presence of the vortex generator blades has
a marked effect on the heat transfer coefficients from the plate
squaCe, Figure 26 shows that the vortex generators improve the local
span-averaged Stanton number over that obtained from equation (17), in
which the solid line representing for a smooth plate with a laminar
boundary layer.

For all spacings between vortex blades, the local span-averaged

Stanton numbers St(‘ show higher values in the lowest Reynolds number

)g



o

9 I Counter-Rotating Vortex Generator (dpsdx) = 0.8 lbg/ft3

1

.

1 ¥ LI I 1 I

Rectangular Blade

eq = 8.0625 in.

-]
600000

o

~

x

A4
o & P -
v s |- Turbulent boundary  _

: ~7

s q layer equation (18) -

E 0 .

2 -

c 4 - 7 -

0 o

o 0

- o .
& . i
- © sg = 8.75 in. d

[ D sq =1.8 in,

o g ) 0

o 2 |9 sg = 2.0 in. -
o 0 Sg = 4.8 in,

> g

v

5 Laminar boundary
é} layer equation (12)

y 1 1 Lo vl 1 | |
-ee! 2 3 4« S 6 209 2 3 4
10000 1008080
Reynolds number, Re(y)
Figure 2o, fleat transfer distyibutjon with zero pressure gradient and cg= u.vol25 in.



71

rogions. For the larger spacings s8 2 4.0 and 2.0 in., values of St(x)g
in tho Reynolds number range from 3.2x10a to leo“ decline below that
for the laminar boundary layer flow over a plain surface, but rise to
higher values at larger Reynolds numbers. For the smaller spacings sg=

1.0 and 0.75 in., the local Stanton numbers St Iie above the smooth

(x)g
plate line and again move to higher values beginning at a Reynolds
number of leo“. Soparation of the data points from the laminar
correlation line occurs warlier than without vortex generators and
varios deponding on the space between the vortex generator blades.
Gonerally, the heat trasfer data have a larger increase over the line
representing laminar flows as the space between vortex blades decreases.
The largest blade spacing, ssﬁ 4.0 in. does not appear to complete any
transition to the turbulent correlation.

The magnitudes of the increases in Stanton number are shown in

Figure 27 as distributions of the ratio [h / h

(x)g
distance downstream from the plate leading edge given as (x/L) where L

(x)o' versus the

is the length of the plate and h(x 0 is that obtained from the

)
prediction equation (17).

For all blade arrangements, Figure 27 indicates that the local
span-averaged coefficients increase non-linearly with distance
downstream of the vortex blades. Immediately behind the blades the
enhancement of heat transfer coefficients is from 1.20 to 1.70 times,

declining to minimum values at about x = 0.2 L and rising to larger

values downstream.
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The minimum improvement varies depending on the spacing between the
blades. In the case of larger spaces 388 4.0 and 2.0 {n., the minimum
fmprovement falls below unity to about 0.9 at about x = 0.20 L, and
increases to about 1.9 to 2.0 at x = 0.9 L. For the smaller spacings
38- 1.0 and 0.75 in. the minimum {mprovement of 1.15 to 1.35 percent
occurs at about x ® 0.23 L and increases to 2.35.

Figure 27 shows that the vortex genorator with the smallest space
hetween the blades ugﬂ 0.7% in. is more effective and gives higher local
span-averaged onhancemont of heat transfer coefficients than for larger
spaces between the blades at the same free-stream conditions.

b. Effect of ¢ = 0.123 in. Figure 28 shows the local span-
averaged Stanton number as a function of Reynolds number for the
different blade spacings with height cst 0.125 in.

The data do not deviate as far from the predicted laminar flow line
uor do they approach the turbulent correlation as quickly when compared
with the blades of egs 0.0625 in. The smallest space between blades ss=
0.75 in. again provides the best local span-averaged Stanton number, but
does not reach the values obtained for es= 0.062% in. shown in Figure
26. The transition region moves to a slightly higher Reynolds number of
about 61104 compared with esf 0.0625 in.

Figure 29 shows the distribution of the enhancement of heat
transfer coefficient |[h

/ h )ol versus (x/L) downstream of the plate

(x)g" (x

leading edge. In the range x = 0.12 L to x = 0.25 L, the improvement of

heat transfer coefficient starts to decrease toward unity with only a
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small offect of 38 evident. In the region x 2 0.25 L, the enhancement
rises again with the smallost space betwaen blades 38= 0.75 in.
indicating the groatest improvement, as was the casc of osl 0.0625 in.
Enhancement for 38= 1.0 in. and 2.0 in., is roughly equal with the
smalleost improvement shown for ssﬂ 4.0 in.

c. Effoct of o = 0.25 in. Figure 30 shows the Stanton number

distribution vorsus the local Reynolds number for the different spaces
with the largest height of vortex generator blades csﬂ 0.25 {n. The
meoasurcd local span-averaged Stanton numbers are more closely grouped in
the transltion region than was observed for vortex blade heights csi
0.0625 and 0.125 in. shown in Figures 26 and 28 respectively.

Once more the data for the ssﬂ 0.75 in. space between blades have
generally higher local span-averaged Stanton numbers than for the larger
spaces.

Figure 31 shows the magnitudes of the enhancement of heat transfer
coefficients lh(x)z/ h(x)ol versus (x/L). For the smaller spaces sgz
0.75, 1.0 and 2.0 in., Figure 31 indicates that the values obtained for
the local span-a&eraged enhancement of heat transfer coefficient are
less than that obtained with the smaller heights of vortex blades at the
same free-stream conditions shown in Figures 27 and 29.

It was not possible to establish a Reynolds number range for a
transition with eg= 0.25 in. due to the erratic values obtained for
different arrangements of the space between vortex blades. For the

smaller spaces sg= 0.75, 1.0 and 2.0 in., the minimum local span-
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averaged enhancement of heat transfer coefficient occurs at about x =

0.2 L and is higher than unity.

2. Ovorall hoat transfer results

The enhancement of the overall heat transfer coofficient is
presented as a ratio of the measured overall heat transfer coefficient
over the plate surface with vortex generators Es to the overall heat
transfer coafficient with no vortex blades attached to the plate Bo‘
The measured overall heat transfer cocfficiont ;‘ was obtained by
numerically integrating of the measured local span-averaged heat

transfer coefficient distribution h over the plate surface with

(x)g
respect to the distance downstream of the plate leading edge. The
predicted overall heat transfer coefficient io was obtained by
integrating the predicted heat transfer coefficient distribution h(x)o
with respect to distance downstream for a laminar boundary layer
obtained from equation (17) at the same free-stream conditions.

Figure 32 shows the enhancement of the overall heat transfer
coefficient as a function of the space/height ratio of vortex blades for
different blade vortex heights. Figure 32 also shows the enhancement of
the overall heat transfer coefficient as a function of (eg}&g) for
various spaces between vortex blades, where 68 is the predicted laminar
boundary layer thickness estimated at the location of the row of vortex
blades xg measured downstream of the leading edge of the plate.

An equation of the form

P _ cl
(hg/ho) =c, (sg/eg) (22)
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may be written for each vortex blade height. A linear regression
analys{s was used to obtain the constants < ond cl. It is found that
the values of the constants o ond cl vary with the height of the vortux
blades. The lines representing oquation (22) for the tested haights of
the vortex blades are shown in Figure 32.

From the data shown {n Figure 32, it can be observed that the
amount of the enhancement of the overall heat transfer coefficlent
depends on the ratios of (sg/os) and (cslés). The onhancement of the
overall heat transfer coefficient at 4 constant space/height ratio
incrcases with decreasing blade height. Figure 32 shows that the best
improvement of the overall heat coefficient at a constant space between
the vortex blades is obtained at a vertex blade height smaller than the
estimated boundary layer thickness at the location of the vortex
generator blades except for the largest space between the vortex blades
88“ 4.0 in.

It is observed that the behavior of the arrangement of vortex
generator blades with the largest space and height, 88? 4.0 in. and ez=
0.25 in., is different than that obtained for all other configuratious
and'arrangements of vortex generator blades. When these blades are
installed, only four blades are present and the distance from the tunnel
wall to the nearest blade is 1.0 in. There is a possible interaction
between the vorticity produced by the nearest blade and the wind tunnel
wall. Although some interaction possibly occurs with all blades, the
small number of blades present in this case may permit only the two

blades near the centerline to operate without side wall effects.
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B. Heat Transfor Performance at (dp/dx)= -0.02 Ibf/ft3

The data below are given {n the samo format as for the the zero

prassure gradient case.

1. Local span-averaged heat transfer results

The blade heights and spacings used are the same as for the Zera
pressure gradient.

a. Effoct of LA 0.0625 in. Figure 33 shows local span-
averaged Stanton number distribution s‘(x)g as a function of the local
Reynolds nﬁmhor Ra(‘) for different spaces 58 with the smallest height
of the vortex blades e8= 0.0625 in. For all spacings between blades,
the measured local span-averaged Stanton numbers are higher than those
obtained from equation (17) for a smooth plate with a laminar boundary
layer. The value of the local span-averaged Stanton number at a
constant Reynolds number increases with decreasing space between vortex
blades.

Figure 34 shows the distributions of local span-averaged
enhancement of heat transfer coefficient over the plate surface given as

the ratio of [h / h

(x)g
the plate leading edge given as (x/L). For all arrangements of vortex

(x)o' versus the distance downstream measured from
blades, the local span-averaged enhancement of heat transfer coefficient
is about 1.4 times immediately behind the vortex blades and then falls
to a minimum improvement at about x = 0.20 L and then starts to rise

further downstream. The minimum improvement varies depending on the
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space hetween vortex blades with the minimum improvement at about x =
0.25 L. and 0.23 L for the smallar spacing between vortex blades ss= 0.75
and 1.0 in. respectively. For the larger spacings 98- 2.0 and 4.0 in.,
the minimum improvement is about 10 percent higher than that for a plain
plate, and occurs at location x equal to about 0.20 L from the plate
leading edge.

A comparison of Figures 27 and 34 shows that the local span-
averaged enhancement of heat transfor coefficients increoases with
increasing level of f[ree-stroam pressure gradient for the larger
spacings 98‘ 2.0 and 4.0 f{p.

b, Effect of ¢ = 0.123% in. Figure 35 shows distributions of
the local span-averaged Stanton number versus Reynolds number for
different arrangements of vortex blades with height esn 0.125 in. The
distributions have the same trends as those obtained at zero pressure
gradient shown in Figure 28, The results shown in Figure 35 are
presented in Figure 36 in terms of the local span-averaged enhancement
of heat transfer coefficient versus distance (x/L) downstream of the
plate leading edge. The effect of the free-stream pressure gradient on
the local span-averaged enhancement appears small as shown by comparing
Figures 36 and 29.

Figure 36 shows that the heat transfer coefficient distributions
increase with decreasing space between the vortex blades, but the
improvement is not generally as large as for the smallest height eg=

0.0625 in. shown in Figure 34.
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The minimum improvement occurs at about x = 0.20 L for the spacings
38= 0.75, 1.0 and 2.0 in. shown in Figure 36,

c. Effect of o= 0.25 in. Figure 37 shows the span-averaged
Stanton number versus the local Reynolds number for the same
arrangomonts of vortex blades as before, but with the largast height of
vortex blade os- 0.25 in. The data are more closely grouped than with
the blade height ssﬂ 0.125 in. The smallest blade spacing again has
higher local span-averaged Stanton numbers than those obtained for the
larger spacing. At Reynolds numbers below ZxIOS. an apperant laminar to
turbulent transition occurs for each of the two smallest spacings but
not for the two largest spacings, which exhibit no clear transition to
the turbulent correlation.

Figure 38 gives the enhancement of heat transfer coefficient versus
distance downstream from the plate leading edge. For the smaller
spacings 888 0.75 and 1.0 in., the improvement of the local span-
averaged heat transfer coefficients fall to minimum values at about x =
0.27 L but the larger spacings ss= 2.0 and 4.0 in. do not appear to have
a2 minimum enhancement and increase almost linearly with the distance x.

This behavior is similar to that obtained for the same arrangements and

height of vortex blades at zero free-stream pressure gradient shown in

Figure 31,

2. Overall heat transfer results

Figure 39 shows the enhancement of the overall heat transfer

coefficient as a funcrtion of space/height ratio of vortex blades and the
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lines representing equation (22) for the three heights of vortex blades
at (dp/dx) = -0.02 lbf/fcs. For the smallest blade height, the amount
of enhancemont of the overall heat transfer coefficients at a constant
space/haight ratio of vortex blades is higher than that obtained with
the larger blade heights. For the blade heights of vortex blades 38-
0.125 and 0.25 in. at a constant (sslos). Figure 39 shows that they are
of roughly equal strongth on improvoment of the overall heat transfer
coefficient.

It is clear that the enhancoment of the overall heat transfer
coefficients at a constant (08/68) increase with decreasing the space
between the vortex blades. Figure 39 also shows that the best
improvement of the overall heat tranafer coefficient at a constant space
between vortex blades is cobtained with a ratio (cslés) of about 0.77.
The enhancement falls to minimum values at a blade height ea equal to
about 1.6 68. then starts to rise to higher improvement values with
increasing the ratio (38/68) but does not reach that obtained at
(88/68) < 1.0,

The effect of the free-stream pressure gradients on the enhancement
of the overall heat transfer coefficients can be obtained by comparing
the data shown in Figure 39 with that presented at zero pressure
gradient shown in Figure 32. A small increase of the level of the
pressure gradient appears to have a small effect on the improvement of
the overall heat transfer coefficients, especially for the arrangements
of vortex generator blades with smaller spacing between blades and

smallest height of blade.
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C. Hoat Transfer Porformance at (dp/dx)= -0.04 lbf/ft3

Data arc prescnted bolow for a row of counter-rotating vortex
blades in four different arrangements of the space betweon the vortex
blades, sga 0.75, 1.0, 2.0 and 4.0 in. Each arrangemont was tested for

the throe difforeont heights of the vortex blades.

1. Local span-averaged heat transfor results

The blade heights and spacings used are the same as for (dp/dx) =
-0.02 lbt/£:3 and the Zoro pressure gradient.

a. Effect of o = 0.0625 in. Figure 40 shows the distributions
of the measured local span-averaged Stanton number versus Reynolds
number for the different spaces sg with the smallest height of vortex
blades 98- 0.0625 in. For blade spacings asf 0.75 in.and 1.0 in., the
local span-averaged Stanton number is larger than for the spacings sgﬂ
2.0 in. and 4.0 {n. at Reynolds numbers below about SxIOS. The data for
all spacings appear to go through a transition from the laminar
correlation to the turbulent correlation. The two smallest spacings
have several points on the turbulent correlation. In the case of the
largest spacing sg= 4.0 in., the values of the measured local span-
averaged Stanton number in the Reynolds number range from leoa to
1.2x10S are on the laminar correlation line, indicating no enhancement
was obtained in this region.

Figure 41 shows the distributions of the local span-averaged

enhancement of heat transfer coefficient over the plate surfaces versus
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the distance x downstream measured from the plate leading edge
roforenced to the plate length L. The enhancement ratio Ih(x)gl h(x)'
at the same (x/L) valuos are larger than those obtained with (dp/dx) =
«0.02 !bt/u3 in Figure 34 excopt for ssﬂ 4.0 in. which has lower
values.

In Figure 41, the minimum improvemont of the span-averaged heat
transfer coefficients aro obtained at about x = 0.2 L for both 58- 0.75
and 1.0 in., and at about x = 0.18 L for ss- 2.0 in. It {s apparent
that the arrangemonts of the vortex blades with spacings ss- 0.75 and
1.0 in. have an equal effect on the enhancement of the local span-
averaged heat transfer coefficients. )

b. Effect of e = 0.125 in. Figure 42 shows the data for local
span-averaged Stanton number as a function of Reynolds number with a
vortex blade height csﬁ 0.125 in. In Figure 42, the span-averaged
Stanton numbers at the same Reynolds number are less than those obtained
with a blade height esz 0.0625 in.

Figure 4Z shows that the smallest blade spacings make a complete
transition to the region of the turbulent correlation before Re(x)=

5

4x10”, while the larger spacings are still between the laminar and

turbulent correlations at Re(x)= Axlos.

Figure 43 shows the distributions of the local span-averaged

enhancement ratio (h / h

(x)g
For both ssf 0.75 and 1.0 in., the minimum improvement of the local

(x)ol versus the distance downstream (x/L).

span-averaged heat transfer coefficients is observed at about x =
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0.22 L. The blades with 38= 2.0 and 4.0 in. do not show any obvious
minimum.

The offoct of different levels of free-stroam pressure gradient on
tha local span-averaged cnhancement with the same arrangements of vortex
gonerator blades can be observed by comparing Figures 43 and 36.
Improvement of the local span-averaged heat transfer coefficiont for 98-
0.75 in. and ag- 1.0 in. increases by increasing free-stream prossure
gradiont from -0.02 1b/ft> to -0.06 1b /12,

c. Effect of L 0.25 in. Figure 44 gives the local span-
averaged Stanton number data versus local Roynolds number for vortex
blade height cs- 0.25 in. As with the previous data, the local span-
averaged Stanton number at the same Reynolds number increases with
decreasing space between the vortex blades. The data diverge from the
the lines representing the laminar boundary layer correlation and again
the two smallest blade spacings make a transition to turbulent regime
while the others do not. High Reynolds number data for both ssf
0.75 in. and ssf 1.0 in. are significantly above the turbulent
correlation line.

Figure 45 shows the distributions of the local span-averaged
enhancement of heat transfer coefficient over the plate surface as a
function of the distance x measured downstream from the plate leading
edge. Comparison of Figure 45 and 43 show that for small spacings,
larger enhancement exists at larger (x/L) with e8= 0.25 in. Comparison
of Figure 45 and Figure 38 shows a significant increase in enhancement

at high Reynolds numbers with egf 0.25 in.
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2. Oveorall heat transfer results

Figure 46 shows the enhancemont of the overall heat transfer
coofficionts versus the space/height ratio of vortex blades for the
three difforont heights of vortex blades. Also, it shows overall
onhancoment as a function of the heights of vortex blades referenced to
the thickness of the laminar boundary layer at the location of the
blades downstream of the plate leading edge. For all three blade
heights and arrangoments of the blades, tho ocnhancement of the overall
heat transfor coefficients i{s higher than those obtained at lower levels
of the free-stream pressure gradients shown in Figures 32 and 39. The
trend of the distributions of the enhancement of the overall heat
transfer coofficient are quite similar for all the three levels of the
free-stroam pressure gradients. As shown in Figure 46, the enhancement
of the overall heat transfer coefficients at a constant (lsles)
increases with decreasing the height of the vortex blades. Also, it is
clear that the enhancement of the overall heat transfer coefficients at
a constant (esIGS) increase with decreasing the space between the vortex
blades.

For all the spacing between the vortex blades, the minimum
enhancement of the overall heat transfer coefficients is obtained at a
height of vortex blade about two times the laminar boundary layer

thickness at the location of the vortex blades.
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D. Summary of the Effects of Vortex Generators on Overall Heat Transfer

Cocfficient

A correlation that explains how various configrations and
arrangemonts of vortex generator blades are interrelated with the amount
of enhancement over a flat plate surface can be obtained from the data.
The correlation should useful for design purposes as well as an aid to
understanding the complex thermal hydraulics involved in the flows
studied. The data used are those from Figures 32, 39 and 46.

A regression analysis was used to aid in interpretation of the data
and in obtaining a relationship between the variables involved. It was
found that the best observed function may be made in the empirical form

(het ) = my (o /8™ (s 00 (23)
where (hs/ ho) is the enhancement of the overall heat transfer
coefficients, ﬁs. referenced to that for laminar flow, Bo’ at the same
range of Reynolds number. The ratio (as[eg) is the space/height ratio
for the vortex generator blades, &8 is the boundary layer thickness
estimated at the location of the row of vortex generator blades, xs. on
the plate surface measured from the plate leading edge. It was found
that the constants L ml and m2 varied with the free-stream pressure
gradients.

The variation of the parameter (fxslt.:c),l(eslds)"’l with (sg/es) is
shown in Figures 47 through 49 for the three pressure gradients. These
figures indicate that the enhancement of the overall heat transfer

coefficient increases with decreasing (sg/es) or (e8/68). On the other
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hand, the general plate performance was significantly improved by using
smaller space/height ratfo of vortex blades especfally when it was
accomplished with smallest (eslés) ratio.

These figures or equation (23) can be used to provide preliminary
guidelinas for the design of surfaces with vortex gencrators. It should
be noted that these figures and the cquation are valid only for a single
row of blades orionted at 20 degroes to the flow.

The frec-stream velocity, pressure gradient and range of Reynolds
number must be available or ostimated for the plate surface to be
designed. A location of the vortex blades at a distance x‘ aft of the
plate leading edge and a height of vortex blades °8 aro selected. The
appropriate constants L m] and m2 are selected according to the free-
stream conditions. Then, efther the transverse space {s selected to
obtain a desired enhancement from equation (23) or the enhancement is
chosen and the spacing obtained by solving equation (23) for ss. The
results obtained in the preceding parametric study suggest that °g be no
larger than the boundary layer thickness expected without vortex

generators at the chosen location.
E. Boundary layer and Turbulence Development

The results of the span-averaged and overall enhancement do not
provide details of the flow downstream of the blades. An in-depth study
of these details is beyond the scope of this investigation, however, a

series of measurements of mean velocity and longitudinal component of
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fluctuating velocity was made downstream of selected vortex generator
configurations.

The first group of measuroments was made with a blade spacing of
2.0 in. and the three heights of blades used previously. In order to
find the vortex generator cffocts on the boundary layer, a plane
0.032 in. abovo and parallel to the plate surface was chosen for
spanwiso hot-film anemometer traversecs at Reynolds numbers of 6&!0“.
1.2x10° and 1.8x10°,

The dacay of the vortices downstream of tho blades may be described
by a mean velocity decay factor defined as
l uo(x) ) u(x.z) )/ uo(x) (24)
Note that fully-diffused wakes would have a decay factor of zero. The

Du(x.z) -

decay factor, longitudinal turbulence intensity and local enhancement

ratio | h / h ] were plotted and compared for each plate height.

(x,z)g" (x)o

In the figures discussed below, the blade locations and sense of vortex
rotation are shown along the abscissa and just below it. The span
averaged parameters for the blade pair on the longitudinal plate
centerline were also calculated for the central pafr of blades at the
centerline. The data given in Figure 50 for esf 0.25 in. show that the
wake areas at this Reynolds number just downstream of the vortex
generators are outlined clearly by the data for the turbulence intensity
and the decay factor. The peak~-to-peak variation in the enhancement
ratio is about 0.30 and the span-averaged enhancement ratio is 1.23.

The span-averaged decay factor is 0.042. Figure 51 is for the same flow
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conditions but at a Reynolds number of 1.2x105. The decay factor and

turbulence intensity data here show that the wakes are less sharply

definod than in Figure 50. The local decay factor D

u(x.2) at (Zz/ss) a
$2.0 ts fincreased over Du(x.z) at (Zz/ss) = $1.0 and (Zz/ss) = 23,0 but
the span-averaged decay factor is 0.031, less than at Ro(x)- 6x106. The

span-averagaed enhancement ratio has increased to 1.37. Figure 52 shows
further diffusion of the wakes, with the span-averaged decay factor
incroasing to 0.026 and a continuing increase in enhancement ratio to
1.77.

Figures 53, 54 and 55 for cst 0.125 in. show the same general
trends. However, the wakes are more sharply defined for all Reynolds
wumbers and for corrvesponding Reynolds numbers have lower span-averaged
enhancement ratios. Moreover, enhancement is not as uniform along the
span as for egs 0.25 in.

The data for esa 0.0625 in. in Figure 56 show relatively much
steeper peaks and valleys for the turbulence intensity and widely
oscillating values of enhancement ratio. The span-averaged enhancement
ratio is 1.08. Figure 57 shows & large variation in enhancement ratic
with span-averaged value of 1.22. Some spanwise spreading of the
turbulence intensity is evident. In Figure 58, one vortex at (Zzlsg)
= +2.0 has nearly disappeared and the enhancement ratio, while still
appreciable, is much less than for the region near (2z/ss) = «2.0. The

span-averaged enhancement ratio is 2.03,
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In general, the span-averaged enhancement is lower for 088 0.125%n.
than for the other blade heights.

The span-averaged data for the single blade pair are given in
Table 1 and are plotted in Figure 59. The decay factors for og-
0.25 in. decreoases from about 0.04 to the range 0.02 to 0.025 as
Reynolds number increases, whereas the decay factor for oaf 0.0625 in.
romains fairly constant at about 0.025. The x-component of the
turbulence intensity does not have a large change for esf 0.125 in. or
“8. 0.25 in., but for esﬂ 0.0625 in., the turbulonce intecnsity nearly
doubles over the Reynolds number range. Apparently, when the decay
factor s declining, the x-componont of the turbuleonce intensity remains
relatively stable, but when the decay factor is nearly constant, the
turbulence component increases markedly. Although only this single
plane was surveyed, the data suggest that vortex generator blades with
heights larger than the boundary layer thickness create vortices which
dissipate their energy so as to disturb the free stream as well as the
boundary layer. Conversely, vortices formed by blades only within the
boundary layer diffuse close to the plate surface, increasing the x-
component of the turbulence intensity in the boundary layer as they
decay. The enhancement of heat transfer is then improved over a larger
range of Reynolds numbers.

A second group of measurements was made to determine the x-
direction turbulence intensity and mean velocity profiles in the y-

direction at several spanwise locations downstream of a vortex blade



Table 1. Span-averaged parameters for hot-wire surveys
for 3= 2.0 in. and (dp/dx) = -0.02 1b/fe

' . h h
.8 s in. R.(x) k\l(x) D\I(X) ‘ (X)‘/ (X)O'
0.25 6x10° 2.54 0.042 1.23
1.2x10° 2.02 0.031 1.37
1.8x10° 2.11 0.026 1.77
0.125 6x10* 2.73 0.037 1.05
!Qleos 2.41 0.03% 1.15
l.BxlOs 2.58 0.017 1.26
0.0625 6x10° 2.26 0.026 1.08
1.2x10° 4.04 0.024 1.22

1.8x10° 4.85 0.025 2.03
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pair for the same Reynolds numbers as in the first group of experiments.
The configuration chosen was ss= 0.75 in. and a8= 0.0625 in.

Results of the above group of measurements are given in Figures 60
through 62 for the turbulonce tntensity and in Figures 63 through 65 for
the moan velocity.

Figure 60 shows the longitudinal component of the turbulence
intensity data plotted against the vertical distance above the plate
surface divided by the undisturbed laminar boundary layer thickness.

The legeond on the figure shows the survey location graphically with
rospect to the vortex blade pair and one additional blade. The data are
dispersed for about 4 laminar boundary layer thicknesses out into the
flow and all are above the line representing the x-component turbulence
intensity for a two-dimensional turbulent boundary layer taken from
Schlichting [{20]. The free-stream turbulence intensity for the tunnel
conditions is about 0.5 percent.

Figure 61 shows less dispersion of the data at a Reynolds number of
x.2x105. and the data are again all significantly higher than the line
representing conditions for a laminar boundary layer.

In Figure 62 for Re ()" 1.8x10°, the data are all grouped in a
region laying several percent above the line and extend to about 3
laminar boundary layer thicknesses into the free-stream.

From Figures 63 through 65, it is clear that the spanwise mean
velocity profiles move closer together with increasing distance
downstream of the vortex blades until no significant spanwise change is

observed.
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Figure 63 shows that the mean velocity at (z/ss) = 40.5 is less
than at (z/sg) = «0.5 indicating lower and higher flow rate rospectively
displaced to those regions betweon the vortex blades. Figure 64 shows
lnss dispersion of the data at R°(x)= l.ZxIOS. and the two mean velocity
profiles become closer, as well as the velocity profiles at the
locations behind the vortox blades. Moreover, all the mean velocity
profiles shown (n Figures 64 and 65 are in the transition region as

5

= ].8x10

dotermined from heat transfer data. In Figure 65, at R°(x the

)
data are grouped on one mean velocity profile.

The conclusion obtained from Figures 60 through 65 is that the wake
region produced by each pair of vortex blades with the smallest spacing
sg and the smallest height cs mixed rapidly downstream of the blades and
produced higher local turbulence intensity.

The skin friction coefficient on the plate surface is expected
increase where high velocities occur near the plate surface, as shown in
Figures 60 through 65.

The free-stream pressure gradients did not vary with the vortex

blade configurations and were the same as those obtained with no vortex

generator blades attached to the plate surface.
F. Concluding Remarks

The only data available for heat transfer downstream of vortex
generator blades on a flat surface are those obtained by Edwards and

Alker |6] and Russell et al. {11]}. However, a quantitative comparison
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of their work and the data obtained from this investigation can not be
made. [In the investigations of roference [6] and {11}, the vortex
blades were attached to the heated surface so that the vortex generator
blades acted as extended surfaces and increased the surface area. The
work of Edwards and Alker [6] adopted counter-rotating vortex blades
with height csﬁ 1.0 in. spaced with piteh Sg- 338 and hss. and that
their type of original boundary layer is unknown. Russell ot al. [11]
used a uniform temperature rather than a uniform heat f{lux with two rows
of roctangular co-rotating blades.

The ounly qualitative comparison that could be made with data
obtained by (6] and |11} is that with the behavior ‘of the distribution

of the local enhancement | b Their results indicated

(x.z)g,h(x)o"
higher improvement of heat transfer coefficients in the regions located
directly downstream of the vortex blades than in the regions between the
blades. In Figures 50 through 58, similar behavior of the local

enhancement was obtained and the regions between the blades indicated a

small enhancement. From this point of view, similar results were

obtained.
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Vl. CONCLUSIONS

The previous analysis of the results leads to several conclusions:

1. The new data preosented in this investigation support using a
vortex generator technique to provide an enhancoment of heat transfer.

2. The amount of heat transfer enhancoment depends on the vortex
blade height and arrangement on the plate surface. The baost improvement
obitained was with the smallest space between the blades, especially {f
the blade height is net larger than the boundary layer thicknoss
ostimated at the blade location.

3. The overall heat transfer coefficients obtained at the three
different pressure gradients have measureable increases with increasing
the fres-stream pressure gradient, contrary to that obtained with a
smooth surface, indicating that the overall heat transfer coefficient is
a function of pressure gradient in the presence of vortex generator
blades.

4. The local enhancement of heat transfer coefficient was
increased for this system over that for a plain flat plate mainly
because of high turbulence produced over the region adjacent to the
plate surface, resulting in increased mixing of the slower fluid near
the plate surface with the free stream.

5. The most important factor in establishing an effective design
of a vortex generator is the need to ensure that the effects of the
vortices remain close to the plate surfaée and do not diffuse into the

free-stream. Design guidelines were proposed on the basis of heat
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transfer and the development of the boundary layer results. However, to
sot an optimum arrangement it would be necessary to do further heat
transfer and boundary layer investigations over a wider range of vortex
gonerotor arrangements and configurations.

6. Skin-friction cocfficients could not be determined from the
distorted velocity profilos oxisting downstream from vortex generators;
howaver, it is expectad that they would increase where high velocities
oceur near the plate surface.

7. No experimental data were taken with an initially turbulent
bhoundary layer at the vortex generator location. No conclusions can be
made concerning whether or not the turbulent boundary layer heat
transfer correlation represents an upper limit to the enhancement

achievable with vortex generators.
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IX. APPENDIX A

A. Computer Program For Reducing The Hot-Film Data
BREEL TR RSN AR RS S S IR ARRRANARI NN G AR EARRRAN NS

Praogram Nane is * UAKE *

This prograne is for :=
t(4)~ Calculation the velocity flucrvation in X=-dir. ¢*,
and the velecity cemp. ¢ . (inside ¥.L.),
A3 well as,the Turbvlence Intensity a% this paint
based en the Free-Strean Velescity ; Ustn),

The measurcnente toesk place at =
THREE location X, moasured fron the leading edge.

]

'

L

'

'

'

!

t

t

'

.

'

'

" % AT gach locavien =

' [ 19 Paints on I~dir.

' eache= 129 inch.

' at ONE  Yo-Flane located at distance equal te
? the snallest Hight of the

' Vertes Generater’s Slade;

“ t.e. Yo = .062% inch.

' The Free-Strean Velacity ; Usix) j at cach location was
t noasvreod av Y = ONE inch. fron the plate surface
' at SFVEN diffierny Z-directien , then the average
] Uséx) wvas taken.

'

'

]

’

]

!

]

'

t

’

'

'

]

50 HOIE o~
et l The DATA was ebtained fron this nwe“w-: is recerded
on DISK as the File Nane " Wt S8 P

To obtaine this DATA yeu cen use the PROCRAN " G~UAKE *
which gives the data and pletting v en GRAPHS.

ARSESERRBERERARAESEARBEANLEERERSAENBARBRERSRERERRRBERRERRAABRARER IR RN
¢

Key=70% P The § OUTPUT 3 A | NRITE v.: ) codes for she prinver.
DISP " Set the printer at top of page”

PAUSE

OPYION BASE § .

WR1TE BIN Key;J32,32,32,32, um 32,32,32,32,32

WRITE BIN Kgy;27,77 .

WRITE BIN Kep ;27,84 .
WRITE BIN Key;27,70,INT(1056/64),INT(1056)

BRITE BIN t.tme-Q&.uzd-nomO\oau-uzﬂgnomou

¢
DIN AS(1),B8(4),E(30)

¢

DI AC10),G(8),X%X(3),Re(3)

DIn Ze(7),Ue(3,7),Uvel(3,7),7e(3,7) t for Free-Strean
DIN Z(61),U(3,68),Uu(3,61),7(3,61) ! ¢ inside the B.Layer)
'

BEEP

INPUT "The Operater Nane 7 ®,A8(4)
INPUT "The Date 7 *,B8(1)
INPUT * Atmesphric Pressure ; inch Hg 1 *,Patn
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6290
630
640
680
460
670
680
&98
760
710
720
700
740
790
760
770
700
790
goo
80
Ll ]
a30
040
nsoe
660
070
aeo
a%o
00
210
206
230
240
950
760
%70
7680
790
1000
100
1020
1030
1040
1050
1060
1070
1080
1090
1100
1110
1120
1130
1340
1150
1160
1170
11680
1194
t2o0

138

LT h | ' Infornation for Free=Stresn Tenpersture.
=S
Aa=43526 3208 ' =}
' j===3 Calibration‘’s Constentsa
=190 SS3b } Ly |
'
'
'
Turdulence: 4

| wmsssssa=e

]

'

' (311)= Calcvlatien the Velocity Flucvation o’ tn X=dir.,
4 toutatide and incide B.L. Jand Turbulence Intennity.
[} UGS NI NSRRGSR NN US YN NS RETERECETNEE
]

INFUT “EInput Run No. as (70 . 890%) 71%,AL4)
INPUT * Are you going to heat the plate 7 (Yeasi,Naewl) " ,N
IF N=0 INEN COT0 Set_ipoed

Heated _plate: !

| sEwSEuSTErFEINSEw

| 1444

DISP " Bustech the D.C Povwer Supply On . Then CONT *

PAUSE

CasuP Amper

er

OI16P " leo ; anper ;, =" ,Al10) 1 Check the inpwt current.
PAUSE

INFUT " Is the current la , OK 77 , Yes=i, Ne=0" N
IF N=0 THEN GOTO Heastved plate
'

fer_speed: ¢
! ssumennwg

'
HECP
DISP " Now measure Pressure values Px’s ,#x°2 ;and P.atn. Then CONT *
PAUSE
AM2I=Patn ' Atnegpheric pressvre; in Hg
e -
INPUT ~ [ Pa ~ P static ) @ x'*4.2% 17" ,Psid
INPUT » [ Pa ~ P stagqn. ) B x’=4.25% 11" ,Pe
\ INPUT * [ Pa ~ P.static ) @ »“=23.4 177°,Pe2

’

DISP " Heasvring sthe Anbient and Fres-Sirean Tenparature. Then CONT "
PALISE

A=y

b=2

GOSUR Therne

AII=CELLI+E(2))/2 ! Anbient tenperature ; oF

'

as3

=5

GOSUP Therno

ALAI=(F(3ISECAI+F(5))/3 .} Free-Btrean Tenperature.
BEEP

DISP "Anb. Tenp.;of =" ,A(3);” and Free-Btrean Tanp. ; oF ; =";4(4)
PAUSE

]

ALHI=4 379 ! Plate Unheated Length ; inch.
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17%0
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1280
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1300
110
1330
1330
$340
13%0
1360
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13ae
1390
1400
1440
1420
1430
1440
1450
1460
1470
1400
1490
1500
1510
1520
1530
1540
1590
1560
1570
1580
1590
1600
1630
1620
1630
1640
1650
1660
1470
1680
1690
1700
1710
31720
1730
1749
1750
1760
1770
1780
1790
10800
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X111 J2SeALH)
X2=23 . AsLS)

DhisPei~Pe

Dh2wPe2-Po

Tave(AtI) e Al 4)) /2 ' Air Average Temperatere ; deg F
TavraTavedsS9 47 ' . . . ) don R
AtS)I=(70.2340A(2)=5 20244Ps1)/(ST3 . JIS4Tavr) | Adr density thn/f13
Uoi=8QR(29IZ. $74862 AJADNL/C120A(S))) Uatni)=(2g Rw Dhw/Reirl*1/2
Ve2=8QR (3432, 1740462 4J4DMh2/(128A())) Ustn2) e 1*4/2

AlB)=tUe=Ust )/ {(X2=X1)/12)
AL7)=a2-ALB)¥N2/12
A(PI==(A(SIRA(T7)IRALB)/I2 §739)

Velocsity Gradient ; dUetn)/dx
Velecity @ %e0 § Uated
Freasure Cradienty ; dP/dx
dP/dxw <Ro . air Us (di/dX)/gc

P e B

GOSUR Alr proep
§

] 4 44
DISP “ Ue ,fps, =", A7)
PAUSE
DISP * tdu/gX) , t/8ec , =*,ALD)
PAUSE
DIRP » (dP/dX) , 1BF/F13 , =" ,Al")
PaUSE
INPUT "Ie Ue , dUe/dX & dP/dX OK 77 , Yesw#i,Noe=D",N
IF N=0 THEN COYO Set_speed
]
(1444

INPUT * Have you vied the Vertex Generaters 7 ,Yes~i ,Ne=0 " ,N
IF N=i THEM GOSUR Veortexs
’

OUTPUT Key;""
OUTPUT Key UBING Fntal All)

OUTPUT Key;" Date » *,Ee)
QUTIPUT Xey,” Cperater : ",A8())
WRITE BIN Key;10,80

OQUTPUTY Key;" Running Cenditien ~"
OUTPUT Key;” wrsesssswsssesuss”
QUTPLT Key USING Fnial;A (2>
CUTPUT Key UBING Fnrald;Aald)
CUTPUT Key UBING Fntas;A(4)
QUTPUT Key UBING FniaS;A(5)
QUTPUTY Key USING Fmitab;nlh)
OUTPUT Key UBING FniaZ,A(7)
CUTPUT Key UBSING FntaB;A(0)
OQUTPUT Key UBING Fnta%;A(9)
OQUTPUT Key UBING Fniatld;al10)
Fntat: IBAGE //," *,"” Run Ne. *,2D.4AD,//

Fnta2: IMAGE /,” Atnespher Pressure (Pa) 5 tnch Hg ; = " ,n3D.3D
Fniald: INVACE ” Anbient Tenperature (Ta) 3 of 3 = ",n3D.20
Fntad: INAGE * Free-Strean Tenperatere (Te) i of 3 = ",n30.2D0
Fnta%S: INAGE * Air Density (Re.air) » 1bm/F13 ; = *,n3D AD
Frniab: INAGE * Unheated Length b inch ; = °,n3D.30
FntaZ7: INAGE * Free-Strean Velucity X=0 (Ue) 3 Fi/Bec ; = ",n3D.2D
FniaB: INMAGE * Velecity Gradient ( dU/dX ) 3 3/8ec ; = ",AID.4D
Fnia%: IHAGE * Pressure Gradient ( dP/dX ) } Ibf/Ft3 5 = *,N3D 4D
Fntat0: IMAGE " Input Current (le) j anper ; ® ",N3D.4D,//

IF G(3)=20 THEM COSUB Write_vgs
.

§ - -

! Hot - Wires Specificavion:-
'
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1030 QUTPUT Key, "
1630 OUTPUT Key,"
1840 URITE BIN Key,i0

1850

The Spocification of Het-Mire Prebes”
SNNSUNNEYENEN SN AN NG G USNUSENENN VNS g

1860 INPUT * Input type of the hot _wire?,( Nerm = § ,B8lanv =2 ,patheii” Mot
IF Metsis THEN COSUB Normal prode

IF Mosrit THEN COSUB Slant prabe

IF Hov=t THEN COSUB Normral probe

IF dMet=2 THEN QOSUD Slant _probe

10670
1000
1890
1900
1940
1920
1930
1940
1950
1760
1970
1940
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2040
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2030
2040
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2060
2070
a0wo0
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2100
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2120
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2140
2190
2450
r}
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2200
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2220
2230
2240
2250
2260
2276
o200
2290
2300
2310
2320
2330
2310
2350
2360
2370
2300
2390

- - w

MEASURED THE NUN DATA,

Channel=10

Mot _wire_senw, 3397
X112 SeALe)
XE) w0 . 70A06)

P IR ET IV Y

FOR 124 7O 3
NRIIC FIN Key,12
e

PISP * Meve te Position

PAUSE

U=ALT)+A(MIOXE T /12

|4 id

f Het=Nire Channel.
t Het=lire Sensivivity , fren Calibravion.
I X%X¢1) # Xeo + Unhoated Length

X, dneh s C D

t Uséx) = Ustd) + (dUe/dX) # /32

DISE " Mat=Mire incide Free-Btrean ~ ONE in.frem surface”

PAUSE
FOR MNumber=t T0 7
wer

t Neassuyrnents for Free-Siresn.

ZolNunber ) =(A=Nunber) 4}
DISPR * Met~-UWire inside Free-Birean at Ze inch = *,Ze(Nunbe

PAUSE
GCOSUB Dc_velrn
GOBUER Rns_vels

Uat I, MunbarisE/Har_wire_sen
Uvel( T ,Nunber)sle/Mot _wire_sen
YalX, Hunber)=Ee/Est00

NEXT Number
’

o=l
Uuo=0
10'0

FOR Nymper-{ 10 7
Hosls+Ua (I Nyunbar)
Uue=Unastiys(],Nunber)
Yo=TotTol(l ,Nember)

NEXT Number
Uesle/7
Hueslive/?7
Yo=Te/7

! Averaqge Uelx),v’(x) and TuX
t fer Free~Strean.

DISP "By Hot-Nire =";Us,"By Pitor 3*;U

PAUSE

DIGP ® CHECK the Het~-Vire Calibratien”
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470
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2500
26910
2820
2930
A%A0
2990
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%00
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2600
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2620
2630
Al
26%0
2ha0
2670

Q660
2690
2700
arso
2720
2z3e
2740
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2770
27680
2790
2000
i 11 ]
20820

2830 -

2840
258
2060
/20
2880
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2900
29710
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PAUSE

QUTPUT 16, 1c 4t OK 7, §Ff YES then CONT ,1f NO then CHECK
OUTPUT 146,"the CONNECTIONS and STOP , Stert fron the beginning”
PAUSE

'

B loayereSeX(1)/78QN¢(Uet(X(1)/712)/kvie) | Kot Laninar B. L. thichk
Retl)sUo(X(I}/712)/Kvie t Retn)e Usln)aX/K . Vis

'

QUYPUT Key USING 2490,X(I}
IMACE #/,* Distance deunstreamn the leading edge. X ; fnch ; = *,30 4D
QUTPUT Key USING J%1¢,Ue

IHMACE * Free-Strean Velucity @ Locavion X. UeiX); ¢ps , = *,2D 4D
QUTPUT Key USING 2530 Retl)

14,71 4 * Reynolde Nunber ;, Relx) ¢ Lecation X s *,70,/7/
QUTPUT Key USING 2%90,Uve

mact * Free-8trean flycvation Yelecity v‘én); fps ; = .20 AD
QUTPUT Key USING 2570;%e

INAGE * Free=Strean Turbulence Intensity;Te X sty /U)N100 = *,2D 4D

CosUatHot _wire_sen
OUTPUT Koy USING 2409;,Ce
MAGE * Dec. eutput Volrage of Free-Strean Ucstt) ; volt ; = *,2D 4AD,//
QUTPUT Koy USING 2429;0 _layer
1 {11 4 * Cstinated Laninar B Layer whichness @ X ; inch ; = *,20 4D
CUTPUT Key USING 2640,C(3)/2/8_layer
INAGE - noat:rononl @ ¥=fvugqg. /2 ; uhere (Y/B layer) « *. 2D 40,//
H=y
GOBUR | ine
QUTPUT Key," ' 4 r g ] 'Y (e /u)
te’/Ve) (Uo=u)"*
DUTPUY Kmy,” Snch velt Fv/8ac *
COSUE Line
NRITF BIN Key;)0
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DIAP * Hove te Posisdon Z(y) «3.79% fneh *

PAUSE

;;;50625 ! Yox Height of snellest V.G’s blades.
RISP " Mave to Ye-Plane Pesition ; Ye ; inch ",Ye
PAUSE

FOR J=3 TO 6%

Z(=(3t~12% 129
BEEP
DIGP " Meve to Posation I y dnch ;= ", 2¢(0)
PAUSE

COSUP Dc _vels

COSUR Rns_vels

]

Uel,J)=E/Het _wire_sen
Uil ,))=Ee/Het _wire_sen
T63,7)=En/Fu100

¢

QUTPUT Key USING 2948;Z¢J),F,Ee,UC1,3),Un¢1,3),7¢1,J)) ,Ee/Eesl100,Uo-U(1,)
IHAGE 24,nD.3D,5%,20. 3D,3X,12D.3D,7%,2D.3D,4X,2D 30,7%,2D.3D,4X,2D.30,7X%,20

]
NEXTY J
WRITE BIMN Key;10



2980 COSUR Line

29%0 QUTPUT Koy, Heasurenent for Freo=Strean hd
3000 NRITE BIN Key; 10

Into QUTPUT Key,* 2o Ue u'e Tuek Uetx,2)

/Ust)*

3u20 QUTPUT Key,* inch Fe/Sec i
3030 He?

3040 COSUR Line

3080 FOR %=} 10 7

3060 OUTPUT Koy USTING J070;20¢K3,Ustl K) , Uveél ) ,Tatl N),Uetl,K2/Ue

307¢ tHAQE ,2x,nD.3D,%9%,20 3D0,3%,2D. ao.7x 0. 00,7!,0 ] ]

3000 NEXT &

3090 COsSup Line

1400 NEXT §

Ji10 ¢

3120 WRITE BIN Key;10,10,30

3‘3‘ P ot omosoren o o anor wion o IOl GF O 6K O G AN O 6N 0RGF W W W W W

Asa0 ¢ RECORDING OF RUN DA!A aN DISK.

3% ) == e

3160

3170 Racording_dava: ¢

3100 { =axsesssavsssen

3190 wEP

3200 INPUT * Are you qgoing %o recerd the dots 7 Yeswt , Nowl ",N
3240 Ir N=0 THEN COTO J660

3220 DISP “ DATA Ready 1o be recorded en dichk , §f 0.6 CONT *
J230 raust

3240 018P " Insert Disk into the disk drive and CoNY »
3230 raust

3260 1F Gi3)=_ 062% THEM MNanei=}

3270 7 Ge3)r= §32% THEN Naneis=2

3260 IF G(3)=. 2% THEN Nanei=]

3290 Nane2=INT(GI2))

3300 ¥ G(2)=. 2% THEN Nane2=0

330 IP ARGIACPIIC. 01T THEMN Naned™§

3320 1F CARBINETI)Y 049 AND (ABSIATII( 02%9) THEN Nanelds2
3330 IF ABSIALT)Y) ) 030 HEN Naneldsd

3340

3350 Files="U"AVALS(Nanei ) A S AVAL S (Nane? AP "AVAL S(Haned)

3360 OQUTPYUT t6." File Nane i3 ", Filet

3370 DISP "If 0. CONY ,othervise INPUT Filet as TO68PS, EXFC. & CONT
»

Jine rFAUSE

3390 ¢

3408 MASE STORAGE IS "-F @,0"

3440 Mass_storage: !

3420 ! ssssresese

3430 CREATE Files,25

3440 QUTPUT %6;" 'ilc Created far Recarding the data is »,Filed
3450 DISP * Is the created File O.K , Press CONT

3460 PAUSE

3470 ¢

34680 ASSICHN 83 TO Files

3490 PRINY 83;A(%),6(%),X(8) ,Re(x)

3500 FPRINY 83,Z0(8),U0¢8) ,Uua(%) ,TolH)

3510 PRINT #35,2¢(%),U(%),Uu(s) ,T(s)

3526 ¢

3530 CHECK READ $%

3540

Jnse

PROTECT Files,"DATA”
]



3540
3570
3sa0
3590
JIn00
Joi0
3620
RTR] )
IH40
3550
Jbb0
3670
1680
3690
3700
3710
3720
3730
1740
37%0
A7h0
3?70
3780
3790
11
3ot
302¢
3glo
Jnao
3050
JRs0
3870
3660
38%0
3700
3?2140
3720
3730
3940
39756
3960
3970
3?80
3990
4000
4040
4020
4030
4040
4050
4060
4070
4080
4090
4400
4310
4320
4130
4340
4150
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QUIPUT Key USING Fnt_file;Filos
Frnt_file:-INAGE L, * Date recorded on dish , file nane i “,6A
tnPut * weuld gow like to gtare it on another disk ? Yesei,Ne=Q*,N
IF N=0 THEN COTO Change_din
nASS STORACE 18§ *:.F @,3"
GOT0 Mans_storage

'
NRITE BIN Key;12
F o o o o o o 0 o O O R O R AR R O A O O O A O A O O G G o -
!
Change_dim !}
| museevus
INPUT * s any of  tUe) ar (dP/dX) )} chanqqed 7 ,Yes~§, No=0",N
IF N=§ THEN GOTO Turdbulence
D197 * Turn the D.C. peuer eupply OFF 1f14y
PAUSE
DISP * The CLOSFED postitien & turn OFF the A.C Peuer of VUind Tunnel"
ratst
'

4

argr ¢ LA LI R R AR R R R L]

END LA ENEEl End of the Matn Pregran IBRESERERRANANES
4 SERSSINARRARLRARER S RRRBANEN

' «

| e R . . W W W

t The nexst subpregram i3 fer measuring the Curreny .

[ IR e 2T T R P 2 22 B2 2 2
Anper - |
! swwar
'
OUTPUT 722;*FARIT2NINIML "
CUTPUT 709 UBING 3800;7
INAGE ¢,°C",22,."E"
Sunxl
'
FOR M=} TO 10
TRIGCER 722
ENTER 722 BINT;E
SunnSunet
HEXT N
'
E=Bum/10
AlLar=5/ OSAE ¢t Current le ,anp ,l Using Shunt Resis. )
'

RETURN
f

' ———

! The next Subpregran i3 fer neasuring the Tenpersturs .
'

Therne: !
} mngumsx

¢
QUTPUT 722;"FIRIT2NIALNHL"
]

FOR Ch=A 10 B
OQUTPUT 709 USING 4120;Fh
IHAGE %,°C*,27."€"
Sun=0
FOR M=%\ T0 {0
TRIGGER 722



41560
4170
4100
4196
4200
4210
4220
4230
4340
42990
42560
4270
4200
A29%
4300
A3%0
4320
A330
1340
4350
4140
A520
4380
4499
4400
4440
4420
4430
4440
4450
AALD
44790
4400
4490
4500
45140
4520
4530
4540
4550
4560
4%70
4580
4590
4600
4610
4620
4630
4640
45650
4hH60
4678
4680
45690
4700
4740
4720
4730
4740
4750
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ENTER 722 BINT,E
SenSunest
NEXT N
CeSun/10
E(Ch)=AasE+bb
NEXT Ch

}
NETURN
'

t canasuuasas - - - LY T -
t

The nest subprogram s for Met-Wires Speceification,

3 P T T T P PO PRy T axua - -—sa
Nermal _prode: |

| SsesssusEw

4

QUTPUT Key,” For Standard Straight Het-Nire Probe”

QUTPUT Key,"* 181 Medel 1237 (~40) :=*

RcisS

Ahi=0

Ohr t=Rni/Rc

QUTIPUT Key UBING F_c;Rct
Fc: INAGE /," Cold Resintance of Probe. ) ehmas ;, = *,2D 3D
QUTPUT Key UBING F_h;Rhi
lda» Inace " Operated Resistance of Prebe. , ohns ; = *,20.3D

TPUT Key UBLING F_r ,0hri

¥ r:- Inacek * Quer Heat Ratie of Prebe. 3 ohns ; = *,2D 3D
IF Extvand_by=0 THEN 4450

QUTPUT Key UBING F_siEsvand by

3

AETURN

'
}
Glant _prebe: |

| sssswszwss

'

CUTPUT Key;" Fer the Blant Bingle Het-lUire Prebe”
QUIPUT Key;" T8 MWedel 1213 (~10)> ="
NRITE PIN Key;i0

Rc2+7

Rh2=10. 65

Ohr2=Rn2/Rec2

OUTPUT Key UBING F ¢ ;,Rc2

OUTPUT Key USING F_h;Rh2

QUTPUT Key USING F_p;0hr2

IF Exrand_byl=0 THEN COTD 4630

CUTPUT Key USING F_s;Entand hy2

’

5510lu

[ RS
1  The next subprogran is fer Measuring the e/p D.C. velt of the Het HWire.
} o - - -

Dc_veolr: ¢

| =sssszs

]

TRIGGER 722

OUTPUT 722;"FIR7T12n3ALHL"
OUTPUT 709 USING A740;Channel
INAGE %,°C*,22,"E"

Sun=0



4760
4770
4780
4790
4800
anio
an20
an3o
4040
4n%o
4840
AN70
4090
4990
4900
A91¢
1920
4930
4940
49%0
A%h0
4970
4980
4990
5006
5030
S020
5030
5040
$050
5060
5070
5080
%090
5400
5410
S120
%430
Si40
5550
5160
5170
st60
90
5200
5210
5220
s230
5240
5250
5260
5276
5280
52998
5300
5340
s320
5330
5340
5350
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FOR N=¢ 10 20
IRICCER 722
ENTER 722 BINT;E
SunaSynsE
NEXT N
E=Sun/20
]

RETURN
¢

¥ The next subpregran ia for Heasuring the RNS D.C. volt of the Hot Wire

| cecacaasquescccacccua

- -—-a

Rns_volt: '
f swsmsus
[}
IRIGCFR 722
QUTPUT 222;"FIR7AINITIHL "
QUTPUT 709 USING A%40 ;Channe)
INACE ¢,°C*,2Z,°C"
Sun=0
FOR Ne=y YO 20
TRIGCCER 722
ENTER 722 SINY,Ce
Sun=Buncle
NFXT N
EosBum/20
]

RETURN
]

P ot o o o ot e -

» The next subpregran 13 for the Properties of Air,

| wowvwcoeevens
AMr_prep: ’
! sxmusErrs

¥

Com 2231+3 42440 (=52 8Taur~3 93810 (-9)8Tavr*2

Kaz. 002049342, 43810°¢~5)8Taur
Vis*. 0150209+6.09%30°(~-S)slavr
Keis=( 00202%Tave~.47862)/35600
Pras 78586~.00044%Taur

]

RETURN
[

t PIW/(Ibm hr . of)
t BIWEhr Fy. of)
! Ibn/inre Fi)

! F12/8ec

t Prandsl Nunber.

t The next subpregran 13 the vortes gengrators’ cefiguration .

P eowwowrvanwwe —~
Vortex !
} wEmExw

G(1)=20 ' Anqle of incidence ) deqree
INPUT " Transverse Pitch of V.G’s blades ; inch. *,G(2)

INPUT * Heighs of a prosrusion ; (V.G's) ; inch. *,G(D

Gia)sy t Length of a prosrusion 3 inch.
G(S)=. 0625 ' Protrysion‘s thickness 5 inch.
IHPUY ~ The nunber of Vsriex GCenerators Blades § *,G(H4)

s

Avg=4.7S t Loecatien of Vartex Generators ; inch.
Uug=A(7)+A(BISXvqg/L2 t Air Velecity at V. Generators ; Fr/Bec.

Kvis=(. 002028Tavr~.47862)/3600
Revg=UvgsiXug/12)/Kuis ]

Reynolds Nunber at Versex GCensraters.
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X. APPENDIX B

A. Computer Program For Reducing Heat Transfer Data

‘. | 3 223 4 1 313 113122 313771 3123 230 31 Y3331 3 3 033 3123033137113 313 83231313323 1)
§= Program Name * HEAT *

;: For neasuring :-

60 1= Velecitieos, precsure and velecity gradients,

]
}
'
}
'
}
' 2« Local tromeratures and heated curreny
a0 ' 3= Local hoat srancfor rates
' ( conduction, radiation and convection)
¥ 4= Loecal and Span-averaged Stanten nunbders.
¥ S« Conpre neasured Stanton nunber by the
' redicted for laminar and rurbulent
' eundary layer flow.
' R AR FEN A I U S rF N NI I T CE NS U N NG TR U AN RN rFEU SN ST S NN N E W
’

160 Keyr70% t The t QUIPUT 3 A ¢ URITE BIN ) codes for the printer.
$70 PRINIER 18 7,4

100 OPTION ¥n8C ¢

190 DIN Tetal(i2,14)

Q00 DIN ARCL),BF8(1),NIE12),C¢12)

210  DIN X€32),7e¢42),T0¢42),U(12),Re(12),012¢12),0cat12),0rat12),Qnatt?)
220 DIN Tsa12),810¢12),810(12),812(42),Rav(id)

230 DIM V12,312 ,0012,41),04¢42,14),Qc(12,14),0r(42,41),0n(12,11),Ts0(12,41)
240 OIM BrE12,18),Ra012,144),2¢42,81)

250 DIN E(A0),P(4) . CptM)

260 WRITE PIN Key;J2,32,32,32,32,32,32,32,32,32

270 ekl!( BIN Key;27,77

280
@90  DIGP " Sev the printer at tep of page”
300 rPAUSE .

3186  NRITE BIM Xey;27,04

320 URITE PIN Xey;27,70,INT7(1056764),IN7(10%6)

330 WRITE BIN Key;27,76,INT(2056/764) ,INT(1056)

J40 INPUT "May yeu check tharmeceuples & the systen 7,Yeesy NewQ" ,N
350 IF N=0 THEN GOTO S60

360 FOR J=g YO 4

370 wEPF

300 DISP " Buitch the Thermneceuples Group in order. s ¥ =7
390 rauSE

400 A=40

410 IF J=4 THEN B=39

420 IF JI=2 THEN §=39

A30 IF J=3 THEN B=3?7

440 IF J=4a THEN P=37

A58  Aas4)536. 3205

460 806150.5536;

470 COSUD Therme’

480 FOR I=aA 70 B

470  QUTPUT Key USING 500;J,1,E(D)

500 INAGE 5X,2D,3X,2D,5X,M6D.2D

540 NEXT 1

$20 WRITE PIN Key;10,10

530 DISP * Check the nsne working thermecouples 11! *

S40 PAUSE

550 NEXT J

S60  BEEP

570 INPUT “*Input Run Ne.as(B% 3%) 7*,A(1),"Operater?”,A%(1),"Date 7",68(3)
588 Alb)=4. 375 ! At6) = plate unheated length; inch.
590 INPUT * Atn. Pressure ;in.Hg; 7°,A(2) ! Atmespheric pressure; in.Hg.

600 '



610
620
630
640
»%0
660
670
600
&%0
7n0
710
720
730
740
7%0
760
2?70
700
7%0
900
Li3Y
22¢
230
840
asoe
ae0
870
gao
Lixd ]
200
930
920
230
940
950
960
70
7m0
970
1900
1040
1020
1030
1040
1050
1060
1070
1080
1090
1100
1440
1120
1130
1140
1150
1160
t170
1180
1190
1200
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Axi

fi=2

Aan4al5346. 3208
Me1S0 9536
GOSUR Thermno

:éz=-¢t<3)01t2$)/2 ! Anbient tempersture ; of
DISP “Anb. Temp | ofF ; =" ,ALT)

PAUSE

)

neep

INPUT * L Pa - P.sratic | @ »'wi 2% 177",Pet
INPUT * t Pa =~ P .314gn. 3 @ 5*=4.2% 77",Pe
INPUT * ( Pa =~ P . sratic ) @ #'w23 .4 771",Pe2
Xiwg J3SeAlH)
23223 AeN(S)

Dhiepgti-Po
Oh2ePg-Pe
AS)IS(70.7340A(2)-%. 20240P61) /(53 IG8(AL3)+459 . 47)) ! Alr densivy
UeiwBQR(2#32. 1745462 4J4DN1/(129A(S))) ! Usénid)=(2q Rw Dhw/Rair)~4/2

Uo2vBQRIINIZ. 174062 . AINDN2/(120A(S5))) ' Ustn2)=( 17442
ALB)=(Ue2-Ues )/ (X2=X3)/32) t Velecity Cradient ; dUeixn)/dx
Al7)=Ue2=ALD)X2/42 } Velecity €@ X=0 » Uste)
A(DD)u=(ALSINALZINAI0)/32.4739) } Pressore Cradient ; dP/dX
! dP/dX= -Re.afir Ue (dU/dX)/qc
11444
DIAP " Ve ,fps, =*,At7)
PALSBE
DIGP " (dUsdX) , §/8ec , =" ,A(0)
PAUSE
DIGP " ¢dP/dx) , IDF/F13 , =", A(D)
PAUSE
INPUT “Is Ue , dUe/dX A dP/dX 0K 77 , Yes=f,Ne=0",N
IF H=0 THEN GOTO 610
1144
DIGP " Suitch the pewer on 14} *
PAUSE
COSUR Anper
VEEP
DISP ~ Lo ; amper ; =" ,A(30) !} Check the $nput current.
PAUSE
INPUT " Is the current o ;; 0K 77 , Yes=i,Ne=0",N
IF N=3 THEN GUTO %60
INPUT " Are Vortes Ceneraters ysed 77 ,Yes=§ ,Me=0" M
IF N=3 THEN GCOSUB Vertes
IHAGE ¢,7C",2Z,7€"
THAGE °*FIR3ITZHINLHL"
BEEP ! The next part for prassure neasurenont en the plate surface.

DISP " Pressure Gradint on the Plate *
PAUSE

DISP ” SBer Scanjvalve at CHANNEL &6 *
PAUSE

QUIPUT 709 USING 1060;0

OUTPUT 722 USING 31070

K=0

FOR nN=% 10 20

TRICGER 722

ENTER 722 BINT;E

K=K +E
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1240 NEXT N

1320 E=K/20

1330 Ceo~§ 1394E t Calidration const. for the pres. transducer

13240 RELP

1380 0OLl8F " Sotv Scanivalve at Channel S *

12460 PAUSE

1279 QUTPUT 722 USING 1070

1280 K=o

1290 FON Ne=§ 10 20

1300 TRICCER 732

$£310 ENTER 722 RINT,E

$3320 Kek oL

133 NEXT M

1340 (EsK/20

$350 PeaogeCel. 1394K t Sragnatien pressure on the plate nece ,in W10
1360 FOR l=f 10 4

1370 SECP

t300 OIfF * Yet Scanivalve av Channel *,.I
1390 PAUSE

$400 OQUTIPUT 722 USEING 1070

$440 K=0

$420 FOR N=% 10 20

1430 TYRICCER 722

$440 ENTER 722 KINT.C

1490 KoK +g

1460 NEXT M

$470 E=K/20

1480 PE(IdsCey $390C t Btatic Pressures en Plate Surfase ; in M0
$490 Cptl)=i=(P(T)=P30Q)/(P(})~Psag) ! Cotn)=nlP3in)=Psing)/( SRo.atr Ue*2)
1500 NEXT 1

1540 !

1520 A=}

1530 F=S

1540 Aa=AJ536. 3205 .

1550 Eb=1%50 5536

1560 GOSUP Therms

1570 ACAI=(E(IIoE(A)+E(S2)/3 ¢ Frew-Strean Tenperatire.
1580 ¢

1590 GUTPUT Key USING Fnial Aty

1600 OUTPUT Key;” Dare s "L, Ee00)

1610 OUTPUT Key;" Operaser : ",AS%($)

1628 WRITE KIN Key,;10,10

$630 QUTPUT Key,;" HRunning Cendition ~"
1640 OUTPUT Key;"™ o ="
1658 OQUTIPUT Key USING Fn1a2;A(D)

1660 OUTPUT Key USING Fntad;Aa(l)

170 QUTPUT Key USING Fntad;A(4)

1680 OUTPUY Key USING Fnta5;A(s)

1490 OUTPUT Key USING Fntab; Alh)

1700 OUTPUT Key USING Fnita?;A(7)

1740 QUTPUT Key USING FntaB;A(B)

1720 OQUTPUT Key UBSING Fmi1a?;A(7)

1730 QUTPUT Key USING Fnialid;A(10)
1740 IF G(4)=3 THEM COSUP WNrite vgs

1750 Fnras: INAGE //,” ”,” Run Mo. *,20.3D,/7/

1760 Fnta2: IHAGE /," Atmespher Pressure (Pa) j inch Hg ; = " ,n3D.3D

1776 Fn1a3: IBAGE * Anbient Tenperatrure (73) 3 of 3 * *,n3D 2D

1780 Fntad: INACE * Free~Strean Tengerature (Te) 5 oF 3 = *,n3D.20

1798 FntaS: INAGE * Air Densisy (Re.air) 5 Jon/F13 5 = ", N3D. 4D
3 = ",n3D. 3D

1800 Fntab: INAGE ® Unheated Length P inch



1810
1820
1030
1840
10%0
1860
1870
1080
1090
1900
1910
192¢
1930
1940
19%0
1940
1970
1900
1999
2000
2040
2020
2030
2040
2050
2060
2070
2neo0
2070
100
2140
2120
2130
2140
2150
246G
2170
2480
2190
2290
2210
2220
2230
2240
2250
Q260
227¢0
2280
2290
2300
2310
2320
2330
2340
2350
2360
2370
2300
23190
2400
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Frta?: IMAGE * Free=Strcamn Velocity #X=0 (Uo) y Fe/Secc ; = *,H3ID 2D
FrtaB: INAGE * Velocity Cradient ¢ dUZdX ) i 4/%c¢ ; = ",n3D 4D
Frea9: [MAGE * Pressure Cradient ( dP/dx ) ; 100/F¢3 ; = * H3D 4D
Frtail: TNACE * Input Current (lo) } anper = s.:wo,oo.\\
NRITE DIN Key;30,10

WRITE FIN Key,12

NRITE BIN Ney,10,10,10,30,10

QUTPUT Key USING Fmntal ,Alt)

QUTPUT Key," fressyre Messurenonts on the Plate Syrface

(134 J7) 4 x't-a ETTITTE I P TT LAY PRI P I 117 1272111 g

QUTPUT Key USING Fntal A(2)

QUTPUT Key USING Fntpo,Po

CUTPUT Key USINC Fnipi;Pst

QUTPUT Key USING Fntp2,Pad

OUTPUTY Key; " CENNESFCINNN YT IRENNErarrTENaNETENSTEN *

OQUTPUT Key;" x (Patn = Pe.x} Cot(h) .

QUTPUT Koy, " tnch snch Mo .

OUTPUT Key;" THERNNATENRGEENETNGNSEUNTENTERENTANEeNE ¥

FOR =3 70 4

IF I=s THEN XpmAlbd) ! Locavion of Press. Tape &1

IF 1+2 THEN Xp*Atb)+5 29 ' Locatien of Press. Tipe 42

IF 1+3 THEN Xpeatb)+10. 5625 ' Lecavion of Press. Tape ¢3

1F I«4 THEN XpeA(b)+24 37% t Lecasion of Press. Tepe $4

OSUTPUTY Key USING Fntpp,Xp,Pt1),Cotl)
Fnspp: INAGE /,9%,2D.4D,7x,KD.4D0,0X,1D. 4D

NEXY 1

WRITE BIN Key;10

ouTPruT xo‘vt TSRS EEYNSE RSN ISR T SERTAGSSENTNREE P

OUTPUT Key USING Fnips,Pseq
Fripe: INAGE " ( Patn. ~ Patag ) s tn . M20 ; ="N3D. A0
Fatps: THAGE “* ( Patn. ~ P3tat ) Bx’=4 .29 5 $n.HZ0 ; ="n2D. 4D
Frnip2: INAGE * ¢ Patn. ~ Pstat ) Ox°=23.4 5 In.H20 ; =°n2D. .40,/
Frips: INAGE /,” ¢ Patn. = P5tag ) on plate‘e nese ;in.N20; ="M2D. 4D

4
4

Reasyring_tenpe:

| womemeewcvwa—e-

DISP " Mow For MHeat Calcvlation , Check the values of ( Te 2 A [ To 3 *

PAUSE

NRITE BIN Key,;12

COSUB Line

OUTPUT Key," J 1

TséJ, )

eI, D Ts-T0

Te=Te

»

Ea a2 L et 2 d

QUIPUT Key;"
GOSUB Line
WRITE ¥IN Key;10
BEEP

DIBP " HEAT TRANSFER NEASUREMEMT A

CALCULATION *

PAUSE !»s
¢

Ax]

B=S

Aa=43536.3205
Bb=450.5536

GOSUP Therno
ALAI=(E(I)tEC4)+E(S))/3
s

WalY S06

! Check the Current

GOSYR Amper

DISP * o ; smper ; 3*,A(10)

} Free-Sirean Yenperasure , oF

' AC30)= The Current

,anper .



o410
2420
2430
2440
2480
2460
2470
2480
2490
2500
as10
2520
280
2940
2550
2560
2570
2800
a5%0
2600
2630
2620
2630
2640
2650
Q6h0
2670
2610
2690
2700
2740
2720
2730
2740
2750
27h0
2770
ydil
ar9o
2800
2010
2020
2630
2840
ans0
2060
2870
2080
2690
2900
2910
2920
2939
2940
2950
2960
2970
2989
2990
3000
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PAUSE
'

EP

DISP * Tuitech an position (A « §)*
PAUSE - ——— -
Ani0

W39

AavwaqlAl? 0727

=150 .57144

COSUN Therme

¢

'

Juy t SINIP &

} ccsccacwas

Ks=0
R€I3= SeAlH)
FOR I=10 Y0 20

11, 1=kt ) 4
KemkgoEL D)

NEXY §

ALIPRLILVAY) ¢
#s24

CORUE Pach_senpl ¢

TDCII=(C 2L +E(22)eE(2T)¢E(24))/4 ¢
FOR I=% YO 4%

cCosSul Tenp

t

J=a ¢t SIRLP ¢ 7
} eeccamaww

Ksw0

XtJ1>)#6 B7SeALH)

FOR 1+25 70 3%

1¢3,1=24)=E¢ D '
Ks=dssEE])

NEXT §

Ta(Jr=Kks/44 ¢
=36

COSUR Back _sempl
ToCIISCECILI+E(IZN+ECIBI+E(IRNI/4
FOR I=t TO 1%

COSUR Terp

$

]

REEP

pISP * Bwuitch en positien (N ~ 22" ¢
'wa‘ | R e LS SR S LS 22 S
A=10

b=39

Na=437%1 4374

b=150.67%9S

GOSUR Therne

L]

4
E¢31)=(E(30)+E(32))/2
'

’
3=9 ¢t SIRIP $ 22

} mmwewm -
Us=0

X€J)=22 8129+A(H)

First Crouvp of thermecaouples.

Surface Tenps.

“ L] w
kack Tenps.
“" » »

Surface Tenps.

‘v L J »

Fack Tenps.
Av. " *

Second Greup of therneceuples.

Thernecouple 631 (A-2) is net qgoad.



152

3040 FON 1=30 fO 20

3020 T¢I,1-9) (D) ! Surface Tenps,
3030 Ke=KeeECD)

3040 NEXT 1

J0%0  Ye(Jrexa/td ! A, * w
3060 U=Qy

3070 GOSUR Pack_tenpt t Back Temp.

3080 TH(Iw(B(21)+L(2I+L(IJI+L(4))/4 } Aw ™ *
3090 FOR 1=4 70 &t
J100 COSUB Temp

3110 0

10 Jei2 IRt ¢ 33
3130 | ewcecnaaaa
3140 Ks=0

3150 X(J)e34 SeA(SH)

J160 FON 1=2% Y0 39

3470 T4}, 1-24)=E( D) t Surface Tenps,
3100 Ke=KeoE(])

3490 NEXT 1

IN00 TedJrens/in tAe. .
3240 =34

3220 GOSUR Rack_tempi t Back Tenps.
J230 To(II=(LIIGI*E(I7)+E(IBI+ELIPIIZA ) Av. * ¢

3240 FOR I=% 10 %t

J250 CGUSUR Temp

3260 ¢

J270 ¢

3200 WD

3290 DISP * Suitch oen pesitaen (R « 1)* | Third Creup of thernsceuples
33'0 '.wt jeraveneenseneancaennaanaaeea s
330 A=10

3320 =37

3330 Aa=A334L9 49119

3340 Ebe150.3%537¢

3350 GOBUP Therme

3360 ¢
3370 ¢
3380 J=2 P SINIP $ 3
3390 Ks=d } wemvemwme

3400 X(J)=2 629+Alh)
3430 FOR 1=40 Y0 34

3420 T¢J,1-=E(D) t Surfiace Tenps.
3430 Kewke+EC(])

3440 NEXT I

3450 Tel(J)sks/S P Ao * .
3460 B(J,2)*£(38) ? Pack Tenps.

3470 B(J,4)"E(1S)

3480 GOSUR Pack_temp2

34970 Th(J)=(E(15)+£(156))/2 t Ap. .
3500 FOR I=t 10 S

3510 GOSUEB Temp

3520 ¢

3530 J-3 t STRIP ¢ S

3540 Ks=0 b memem———-

3550 X(J)=4.75+A(H)

3560 FOR 1=17 10 2%

3570 T1¢J,I-16)=E4(D) t Surface Tenps.
3S88 Ks=Ks+E(])

3590 MEXT I

3600 Ts())=Ks/S ! Ae. * e



J610
3a20
3610
3640
3690
Jobo
3670
680
Jovo
3700
3710
3720
3730
3740
arzse
3760
prad
3780
7%
isoe
3610
3020
Ando
Jaao
anso
Jo60
an70
Jeso
Jneo
3900
3?10
3920
39230
3940
3950
3960
3970
3960
3990
4000
4040
4020
4930
4040
4050
4060
4079
4080
4090
4100
4140
4420
4130
4140
4150
4160
4170
4180
4190
4200

I, D023
BT, 0)e€(22)

COSUN Rach_tenpd

TR (IetEt2D)+E(DT) )2
FOR =} 10 S

eOSUl Terp

=S

Ke=0

AEIres0. 063506
FON [~24 10 20
TE2,2=23)E(1)
Ke=e+L(L)

NEXTY 1§

Tetl)=ka/9

#J, L6305

B, 4)2€2D)
GOTSUR Vack_tenpd
Totretge2¥r+€(3031/2
FOR i=3 10 S
?0'0& Tenp

J*b

Ke=0

X6J)=s3 25¢a(H)
FOR 1I=3% 70 3%
¥¢3,1-300=€¢( 1)
He=KerLED)

NEXTY
Tet))=ne/%
§J,2)sE437)
8(J,A)=E(30)
GOBUP Pack_tenpd
ThEId = (ECIB)+E(37))/2
FOR I=§ 70 %
?0803 Tenp

'
BEEP
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! SIRLIP ¢ 10

| seccca=max

t STRIP & 123

)| emeceanwces

ISP * Switch an pesition (B ~ 2)* |}

PAUSE ¢+
A=40
B=37
Ma=43647.29115
Po=150. 6134
COSUR Therns

[

[]
€(26)=(F(25)+E(27))/2
]

]

¥=7

Ks=0

X6I)=16. 4375+A(H)
FOR I=30 7O 14
¥¢J,I-7=E( D)
Ks=Ks+E(])

MEXT 1

I1s¢J)=Ks/S
B(3,2)=E(46)

- o - -

t SIRIP ¢ 16

| wwwmmrm———

Fach Tempa.

“v‘ . -

Surface Tenps,

“’. L -»
bach Tenps.

hv. * .

Surface Tenps.

“" L J L]
back Tenps.
‘“' L3 »

Foeurth Groevp of thernecouples

Thernocepule 426 is nat goed

Syrface Tenps.

Ae. b
Back Tenps.



A210
4220
4230
4240
A2%%
42460
4270
4290
4290
4300
AM0
4320
4330
4310
4350
4160
437¢
4360
4390
A400
44410
4420
4430
4440
44950
A460
4470
4490
A4%0
43500
4%10
4520
4530
4540
A5%50
4560
4570
4500
4590
4600
A0
4620
4630
4640
4650
1YY )
44670
4680
4670
4700
4740
4720
4730
A740
4750
4760
A770
47906
4790
4800

B, A)eE(LS)

GOSUN Packh_tanpd
T¢I I=tE1S)+EL16))/2
FOR 1=y 10 S

?OSUI Tanp

J=8

Ke~0

AT I=19 625+AL8)
FOR I=37 10 2%
eI, 1-16)+E( D)
KeskeoE(])

NEXT
fe(Jirke/S

3, 2)«L(2))
I, AF(22)
GOBUS Rach _tenpl
Tot1)e(F(22)+€(23))/2
FOR 1=3 TO S
COSUP Tenp

p g

J=10

Ks=0
£(JIn260ALH)

FOR 1~24 T0 20
7¢21,1-23)s€¢1)
KsekerEC(L)

NFXT
To(J)eKs/S

$6J, =8I0
I, L (29)
COSUP Back_tenpl
Th¢I)=(F(29)+£(30)>/2
FOR Ist 70 S
GOSUR Tenp

'

J=it

Ke=0
XtJ)=30.25¢+A(H)
FOR I=3% 10 35S
¥6J,1-30)=E(])
Ke=s+E(])

NEXT X
Ts¢Y)=ks/S
BJ,2)E(37)
§€J,0)E(36)
GOSUS Back_tenpd
TOCII=(EC36)+£(37))/2
FOR 1=} 70 S
GOSUR Tenp

'

'
'
WRITE PIMN Key;12
WRITE BIN Key;32
'

156

t SIRIF 0 29

! canccccaas

' SIRIP ¢ 2%

¢ SIRIP ¢ 29

)} vocwewmm—

PISP * Check Thermecouples’ Reading

PAUSE

INPUT ~ Is sthe STEADY SYTATF ebtained
IF Ans=0 THEN Measurig_tempe

Surface Temps.

.‘. " "
Fack Temps.
“'. L] -

Surface Tonps,

A, * -
Pach Tempe.
Ae, * i

Surfoce Tanps,

e, * -

Back Yenp.

Ae. " -
‘,'

1 Yes=i,No=8",Ans



A810
4820
4n0
40440
AN%Y
4040
AR70
4000
4090
4900
4910
4920
A%30
4940
4950
4960
4970
49080
4990
$000
5040
$020
s03e
S040
50%0
5060
5070
5000
S0%0
$100
S140
$120
%130
5140
5150
5160
S37¢
5180
5190
5200
5210
5220
$230
5240
5250
S260
5270
s28¢
5296
8300
5310
5320
5330
5349
%350
5360
5370
5380
5390
5400

GRUD Hear

Lecal span~averaged Stanton ¢
based cn heat rates neaturenents.

'
'
c
'
t
4
'

'

FON J=3 YO 12

Riael

Qea=0

Qra=0

Qna=0

Sranl

Rave0

[ 13 )

IF tJet) OR €J=4) OF (Je9) OR (J=t2) THEN Mniy

FOR I=§ TO N

QiaeQiosQitJ, D>

QcanQcatQetJ, D

QrasQracQr(]. D)

QnssQnatlntl, D

SranSraefec, D .
RaveRaveRalJ, 12

NEXT |

QiatJ)=Qta/n

Qcatl)=nQca/n

QretJ)=Qra/n

QnatJ)=Gna/n

Stal))sSsa/n

RaviJ)=Rav/nN

NEXY J

’

’

CUTPUT Key USING Fntal;na(t)

OUTPUT Key;" Date s, Bee8)

OUTPUT Key;” Operater : *,A%(1)

NEITE PIMN Key;10,10

GOSUP Line
Fntui: INACE 8" X Uixn) Re(x) r 4 Ts
Friw2: INAGE $"(T3-TD) Qin Qc Qr Q.net
Frtul: INACE "Btn/Ste”

QUTPUTY Key USING Fniwl

OUTPUT Key UGING Frrwd

OUTPUT Key UBING Fniwd

OUTPUTY Key;™ in. fos in.
GOSUR Line

'

FOR J=t T0 12
’

WRITE BIN Key;10

QUTPUT Key USING Fnthi ;X(J),U(J) ,Re())
Fring: IMAGE §,2D 4D,2X,2D.20,2X,7D,2%
s

n=5
IF ¢J=1) OR (J=4) OR (J=9) OR (J=12) THEM H=1t
' .

FOR I=t TO M
IF n=g3 THEN 2(J,1)=b6-1
IF H=S THEN Z(J,1)=28(3-1)

T (Ts~Ta)
Stnéxn,3)

degree F.



SA10
$420
GA30
S440
%4%0
S440
%470
400
5490
sso0
5510
$%20
353
59540
a6s0
S9560
%5720
Ssuo
9590
Sht0
S610
S620
5630
5640
56350
Shao
$670
5660
5690
5700
S710
5720
9730
9740
$7%0
5760
%770
S7680
S790
5606
S6t0
5620
5a30
040
Sa50
50860
%870
s880
5890
5900
5910
5920
S930
5940
5750
5960
5970
5989
5990
6008
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QUTPUT Koy USING Fath2,Z¢3,1),7¢3,1),807,1),Tuetl,1),T¢],10=047, )
Fath3: 1HACE §,M2D,2X,3D. 20,2! 30.2D,3%,30. 25 2x,30. 30 ax
QUTPUT Key USING Fn!hl;ﬂl(l

Qctl,1),Qr¢J,1 Qﬂ(l y,8%¢7,1) ,Rat3, 1)

Favnd | INAGE 3D 3D, 2% 20 3D,4%,2D" 30, 3%, 25  3b,3x, b 4D, 2x, 40, 45

IF I=M THEN COTO $500

OUTPUT Key USBING Fmth4a
Fatha: INAGE ¢,2%%

NEXTY 1

[}

NEXT 7

]

]

URITE BIN Key; 10

COSU¥ Line

URITE PIN Key;10,10,40

OUTPUT Key UBING Patal ntt)

'

: Now for * Reduced Run Data *

]

NRITE BIN Key,42

QUIPUT Key UBSING Fnivag;att)

OUTPUT Key;" Dare Y 1138

OUTPUT Key; " Cperator . " ,AS(%)

NRI1TE PIN Key;10,10

QUTPUT Koy, "srenn=risssss naATISESNE=s sSuw L2 - "
QUTPUT Key;" Reduced Run Date .
o""m Kc,b'-uc--cc«----------------- -~ -t
QUTPUT Key;" s Ts~Te Qin Rex 81in) Seéx) 1 1T S A
QUTPUT Key;" in. of DTU/hr Turbd. Lan. neas . "
CUTPUT Koy "o isssassassuaissiaisinssvdanussssstens oL sesRE"”

FOR J=3 10 32
QUTPUT Key UBING Fair;X(]),T3a¢)),03a¢)) lo(f%sl!otl)illctll,statl).ltvtli

Fntr: INAGE /,2D. 4D,2X,3D. 20 2%,20.3D,2X%, D 3 oM ,2

NEXTY J

URITE ¥IN Key;10

OUTPUT Koy, "smas= sers sSERry - - . L 12 14
]

]

::358. Check she Temperaturaes, Heas Loss A Heasurenant "

INPUT "Are Tenp. Measurement O K and 8.8 cond. 7 ,Yesel , NesO " N
IF N=0 THEN GOT0 6140

[]

FOR J=§ 70 12
Tesal(J,$)=Al))
Tetal(J,2)=G(])
Totalt],)=X(J)
Yotraltt,4)sU())
Total(J,5)sRel])
Tosal(J,6)=Qiall)
TosaltJ,7)=Qcail)
Totald),8)=Qracl)
Totral(),?)=0nall)?
YosaltJ,10)=Tsal))
Tetal(l,11)=8ra( D)
Totalt(J,12)=Rav(])
Totalt],13)38%e¢))
Total(J),14)=Sse( )

NEXT 3



6010
8020
4030
6040
4050
6060
6070
6000
4090
6100
6110
6120
6130
6140
6150
h160
6120
6100
6190
£200
6210
#2320
6230

240
62%0
6260
6270
6280
6290
6300
6310
6320
6330
6340
6350
6360
6370
5380
6390
HAano
6410
6436
6430
6440
6450
6460
6470
6480
6490
6500
6530
6520
6530
6£540
6550
6560
6570
6580
6590
6600

'
' Chech the Array Total (®)

]

NRITE NIN Xey;12

QUTPUT Xey USING Fmntel ,AlL)
QUTPUT Key)," Date ¢ "L EetY)
QUTPUT Key,"” Operatar : ",A8(})
WRITE BIN Key,;10,10

COSUR Line

GUTPUT Key)" The average recult ¢ Torali(s) )} *

OUTPUT Key,* - -

IMAGE ¢* X Ut Relr) tTe~Te) Qia Qca Qra Qna .

INAGE “Sinix) Ratte Srats) *

QUIPUT Key USING 4120

QUTIPUT Key USING 5130

QUTIPUT Key;™ inch fos of BlU/he *
COSuUs Line

FOR J=4 10 12

NRITE BIN Key;i0

QUTPUT Wey USING 6210,X(J>,Ut]) ,Ret)) ,Teatl),Riatl)),0cald),Qralcd),Qnatd)
INAGE 4,20.40,2%,30.20,2X%,7D,2%,3D0.20,2X%,2D. 30 2!.30 30,ax%,20.30,2%,2D0.3D
[N [ T) Koy U!lNG bzloyttatl) lau(J) 8!0(3)

INAGCE O 60,2%,2D 3D,2%X,D.AD

NEXY J

NRITE BN Key;10

GOSUD Line

?ﬁlit BIN Koy ;12

'
:l!? * Check the array Total(s) ¢ . If i1’ O. K. ;then RFCORD DATHA ,Cont”

’
: BENNNNN Recerding Dava SERANNE

! File Nare
e r pressure gradtcnts
lf AUS(ALI (. ozﬁ THER Nanald=

IF (ABS(A(T)) ). 055) AND (ABS(A(D))¢ . 025) THEN MNaned=i
IF AKGE(A(T)))> 030 THEN Maneld=ti
'

Files="A"AVAL S (Nanei)AS AVALS(Nane2 )A"P AVAL S (Naned)
IF G(s)=0 THEN Filesx"LAn-"AVALS(Nanal) I for na-vortes datae
¢

: RFCORDING DATAH - en DISC

HASS STORAGE 18 ":F8,0"
FCREATE Files,?
FPRINT Files,Tetal(s)
PROTECT Files,"DATA"
]
BEEP
DISP " Dasa recerded on DISC . Mow , ins. TAPE te recorde on it 100 "
PALSE
]

nAssS STORAGF I8 ~:T19 ~

CREATE Files,?

ASSIGHN €1 TO Files

PRINTY 83;T01a1(s)

PROTECT Files,"DATA"
BEEP



6640
4620
6610
6640
64650
6660
6670
6600
6b6%0
6700
6740
6720
6730
6740
67%0
6760
6270
6780
6790
6800
6810
H620
6830
6010
6850
~060
6870
Haee
68%0
6900
6910
6920
6930
6940
6750
6960
6970
6900
6990
7000
7040
7020
7030
7040
7050
7060
7070
7080
7090
7100
7540
7120
7130
7340
7150
7160
7178
7180
7190
7200

158

DISP " Data recorded an TAPE 100"
PAUSE

¥

DISP * If the Uota),(dUsdX),and (dP/dx) are changed ), Change FILE NANE™
PAUSE

¥

}

INPUT * s any of [ (Ua) aor (dP/dX) | chenged 7 ,Yes=i, Ne=(".,N

IF N=3 THEN COTO 010

DISP * Turn the D.C. power uvpply OFF )53}

PAUSKE

2:3;'" The CLOYED poesitian A turn OFF the A.C Pawer of Wind Tunnel*

]

'

srQr } RAENEEEERERERAR RSN ARN NN

END ) ANsAsanssnannEsl End of the Main Pregran IENASRAANANENN NN

' HEAERARNENEENERNNARNNENANNS
’

: The next svbpregran is for neasvripg the Curreny .
Ampar: |

QUTPUT 722, "FARITINIAINL"
OUTPUT 70% USING 68608;9
InAGE ¢,%C*,2Z,"C"

K=l

'

FOR N={ Y0 20

TRIGCCER 722

ENTER 722 BINT X

Kek+E

1::1 [

E=k/20

AC10)=5/ 9TE ! Current lo ,amnp.,1 Using Bhunt Resis )
RETURN
'

} www - - - - -

! The nexs Subpregram {3 for neasvring the Temperaturs .
¢
¢
Therme: !

QUTPUT 722;"FAR3IT2RIALINL "

!

FOR I=A T0 B
OUTPUT 709 USING 7080;])
INAGCE #,"C",Z2Z,"E"
[ £ ]

FOR N=t 70O 40
TRICGER 722

ENTER 722 BINT;F
K=K +E

NEXT M

£=K/40
E(T)=aanE+*Bb

NEXT }

L3

RETURN
}



2240
7320
2230
2240
22%0
23260
7270
7280
7290
7300
7310
7320
72330
7340
7350
7360
2370
7380
2390
7400
7410
7420
7430
7440
7450
7460
7470
7480
7490
7500
7510
7520
7530
7540
7550
7560
7570
7%80
75%0
7608
7640
7620
7630
7649
7650
7660
7670
7680
7690
7700
7740
7720
7736
7740
77560
7760
7770
7786
7770
7800
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t The next subpregran i3 renunbered back tenp. for strips ¢ 1,7,32033

' P e Y T P R e B 2 1 Py caancaa
Bach_tenpi: 1lep

Slop=tFt1+2)=E(1e3))/0

AsE(T+ D)

91, 8)=A=810p

N ,2)she8ap

9¢J,33uneJa80p

(T, 4)=A+%48)0p

Blopw(E(let)=E(Lls2))/0

Aeg(led)

I, 9 eNe8lep

B(3,6)%A¢J08)0p

963,7)eAs%481 0p

Slop{E(T)=L(1+4))/6

A=C(l+1)

13 ,8)%a*Blap

9], 92"A*J8810p

$63,80)*AS8810p

BRI, 18)=AeTuBL0op

RETURN

'

| waw -- A - - - otan -
¢ The nest subpregran 15 for Dach temp. 3trips‘43,%,10,13,,16,19,35A29
| wwwoew - A AW A AR -
Rack _tenp2: |

I, =TI, )=(T¢],2)=0¢],2))

PO, 3)=(0(],2)20(],4))/2

B(],5=T¢],5)=(T(J,4)=0(],4))

RETURN

| B

Tenp: ¢

QUTPUT Key UBING 7950,J,1,7¢J, 1), 87,11, 7(J,5)=043, D), 70, 1} -ALM)
INAGE 5%,2D,2%,2D,4%, 84D 2D,2X,H4D 2D ,2%, 14D, 2D,2%,H4D.20
NEXT B .

URITE BIN Key;10

QUTPUT Key UBING 7590, Ts(])

IHAGE 5%, ™ TasdJ) = ~,.neD, 2D

QUTPUT Key USING 7610;TB(J)

IHAGE SX,” TOS¢J) = " 4D 2D

NRITE BIN Key;10,10

RETURN

]

| wwewwmeen B s e mren

! The next svbpregran i3 for the heat squations & Ovix,3) calculation .

L)
Heat: ¢

'

Tavr=(At3)+A(A))/2

[}

$ PROPERTIES OF AlR

[ 3 AFPRAEBCEIENEEERNIINS

Cp=.2231+3.42%810°(~5)8(Tavr+45%.67)-2. 93840 (-2 8(Tavr+459 672°2
Ka=. 0020493+42.43810°(-S)%(Tavr+459.67) ¢ BIW/(hr Ft . oF)
Vis® 0118205+56. 078107 (-5)5(Taur+459.67) t Lom/ihr F1)

'

?
FOR J=% TO &2
L4



7610
7820
7030
7840
7180
7060
7870
7680
7890
7900
7940
7920
7930
7940
7950
7960
7970
7940
7990
@000
1040
noae
| DR!
8040
n0%0
8060
8070
goeo
0090
0100
0130
8120
f130
8140
%o
81560
0170
8100
8170
a200
8210
8220
8230
f240
82se
B260
8270
n2eo
6290
83080
8310
n3ze
8330
8340
8350
0360
8370
n3n0
8370
/400
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UEII=A(7)eACB) XTI /742 t UtedeUostdU/dxinex , fps
Kutnet 002024t TaureaSy 473 47862173400 ' F12/%c

Pran 705806~ 00014%(Tavr+459 67) ’ Pr. 0.
RetI)=UCIIRINCI)I 212 /tuie ' Reynolds Nemder
TealJ)eTgtl)=AtN)

l)e())n.4!3!(:-(006)/%(1))'.1!)'(-‘383)/¢l.¢1)“5i!r0'.666) f Laninar
St0(I)e OIO7NIA=CAIOI/NCTII* 9)~(= 114)/(Ret])* 2aPpra” A00) ' Turdbulent
th lpan-oucraqd&(ﬁiiéu?i&'i*bhfﬁ“'i‘&oﬁli3éﬁ‘§iﬁiﬁ';'ﬁiiQiélbv -
baged an the span-sveraged surface temperature
¢ for the plate witheut vertex qunora'orn)

..................................................

¥

'

¥

¥

'

! A= 29408 000234(Tat))=06M))

t QiatId)wAC10)*TeRET. 41

t QeatIde §0195% 00IR(Ts(I)=TO(J))IN(LT/ 227)

P DrmiYs(J)ead0)*4=tALI) 400144

Y QraCl)= 4748507 ¢=0)% 494 0030DYr

' Qnatl)=Qia(d)=Recetl)-Qraltld)

) Brat)=AnatIINEX(IN/122/7¢ 0834Trnat))akasRet)2ePry) ' Meas. Av. B ¢
: Ravil)=Bratl)/8le()) £ 01(nIVG / BF(edo J (=« Av. Rarse
'
'
'

‘ihé L-cal ncalurin s1nuvuu 0‘- tur qach ltrtp ;lr lttn,r)n '

'

17 Je=t THEN H=ii
IF Ja2 THEN N~S%
1F J=3 THEN NWeS
IF J=4 THEMN n=it
IF =S THEN KH=$
IF J=b THEN N~%
IF Je7 THEN n=S
IF J=8 THEN NeS
IF J=9 THEN N=gt
1F J=30 THEN H=S
7 J=tt THEN 1S
17 =42 THEN N=ig

’
FOR =4 TO N

= 268(1+°000238(1¢J,1)~p8)) t Strip Reis. *functien of Tenp
Gi¢X,1MwA(40)*24R%3. 443 } Heat tnput = 1~2akEvInCan ;¥T4/nr
IF T, I0MCT,1) THEN RS, D)>T(], 1)~ 2

Qctd, 1= 485 0038(T¢J, -0¢J,1))4€42/.227) ! Canduction. loss ;BTU/hr

Derud Y], 1)2460)°4-(0(3)+4560)°4 ! Radiatien’s Tenp. diff.
Qr(),1)=. 174850 (~-0)%.45% . 0835D1s 1 Radiarion lJess» ctefMsDir ;BTU/hr
QnéJ, D=Qi¢),1-Qc(),1)-~Qr¢], 1) ! Nets Heat,(Ferced Convection); *
Ts0¢J,1)=7¢J,1)~A(4) I (Ts = To) 3 oF

S1(I, D=Gn(T,1)8(X(J)/42)/¢.003InTs0(],1)0KasPrasRe(]))
! Stés,2)= [ Nulx,z2)/Retx)5Pr) = | hix,3)/RotCpileix) )

- b

¢ where ; his,z) = [ Qn/A8(Ts~Ye) )

Raty, 1)=8t(J,1)/Blel)) ! Ratio = St(x,2)with VG /Bs(x)withaut
. NEXT §

;EXY ¥

;EYUGN



8410
0429
8430
0440
a4%0
0460
8470
LL] 1]
84a9%0
0soo
Ass0
as20
a%30
ns40
9930
0560
a570
ase0
8590
n600
640
nN620
8630
640
84%0
8660
n670
8680
/670
8700
0710
8720
0730
8740
0750
8760
A770
6780
n770
8a00
8610
8820
1030
8840
aase
8060
8R70
96680
sa%0
8700

J
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[T B e P P L D P P R L SR I PR LR L R L P e R e T R T

!  The next subprogram i3 the vo

Verter
INPUT
INPUY
INPUT
INPUY
tNPUT
INPUT
'

’
{4
1r
14
1r
1r
1r
ir
r

RFETUR
[}

- LT Y

riex ganerators’ ceafiqQuratvien .

[ |
* Angle of incidence
Transverae Fiteh

* Height of & protrueion
* Length of a protrustun
L)

»
L
L}

Protrusian‘’s thichknoss ,
* The numnder of V. Cansratraora.

Order for the Recoding Files

O S A N .

Gt3)e 0625 THEN MNanet=?

Ci3)= £ THEMN MNanet~d
CtI)=. 25 THEN Nomei=d
Ct2)e4 THFN Naneldes
G(2)=3 THEN Nangl=)
Ct2)=2 THEN Nane=2
Ct2)ey THEN Nanelwi
Gt2)w 79 THEN Nann2s=0
N

Vrive_vgs: !}
QUTPUT Kcoy;” Using Recvangular Counter Rotating Verves Ceneratore *

ourrut

QUTPUT Wey UBING Fntgs ;C(3)
CUTPUT Key UBING Fn1g2,G(2)
QUYPUT Key USING Fnigld;C(I)
OQUTPUT Key UBING Pnigde,Gia)
OUTPUT Key USING FargS,CtS)
CUTPUT Key USING Fnigbh,GiH)

'ﬂ'ﬂ‘&

Fmig2:

fnigl:

Frniga:

Frnigs:

Frigh:
RETUR
?

} e

Line:

INAGE /,"Angle betn. a V.GC’'s and plave axis ; degree

ineh
fneh
inch
tneh

- - W W

7°,Gt3)
1,661
7°,6tH
1*,604)
7%,Ct(%)
ANCITY)

«

Key;” IR IR TANASATAEANARARTIATUCEF T EN

INAGE “Iransverse pitch betn. V.G‘s blades ;
IHAGE "Height of V.C‘s blades

InAGE

"Length of V.G's blades
INAGE *"Thickness of V.G’s blades

IMAGE *The nynber of Vertvas Ceneratorn

FOR N=§ 10 %S
OUTPUT Key USING 8BS0
INAGE &, "wuns=s>z"

NEXT

OUTPUT Key USING 8880
INAGE "s=ssnwan®

RETUR
4

~ -

]
]
3

WEENE

inech
inch
inch
inch

- "

=" 20 2D
=" ,20 20
=~ ,2D0 3D
= ,o0.20
=*,2D0 3D

- ,7D
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XI. APPENDIX C

A. Error Analysis

In any experiment, uncertainties in the raw data can occur due to
two types of errors: systematic and random. By careful operating pro-
cedure, random errors can be avoided or minimized. Systematic errors
always exist in data acquisition but can be minimized by proper experi-
mental §aaign. Hence, to estimate the accuracy of experimental data,
it i{s neccssary to quantify the total uncertainty through the use of
statistics in a propagation-of-error analysis for single sample cxperi-
ments, such as that proposed by Kline and McClintock (19].

The expression of the uncertainty in a calculated results f{ound

from a linear function of varfables is

A3 ’
(25)
1-1[3"1 "1] }

where H¢ is the uncertainty in any quantity ¢, Xg is any of n parameters
of which quantity ¢ is a function, and wxi are the uncertainty limics
placed on the several variable parzmeters by the experimenter.

In the folloding calculati;ns. it has been assumed that the uncer-
tainties in the properties of‘alr are negligible. Uncertainties given
below for the instruments used in this investigation were obtained from
the manufacturers’ catalogs for instruments.

The uncertainty in the dc voltage reading for voltage measurements

of thermocouples and the hot-film anemometer is, for “E = 0,0037 of
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reading + 0.0006 of range,

we = (%993« 0.002) + (%999 , 1)y « 0.000004 v

The uncertainty in the dc voltage measurement of the pressure transducer

is for W, = 0.0027 of reading + 0.001% of range,

wsp-(ﬂi-f%"-x 3)+(°—i-g+gix 1o)v

wa = 0.00016 Vv

P

The uncertalnty in the resistance measurement is, for HR = 0,0025% of

reading + 0.00047%7 of range.,

W 0.0025 0.0004 1)

R -——m-o-—xo.lS)'i'(-——l—o-o—-t

HR = 0.000008 kr

The uncertainty in ac voltage measurement is, for we = 0.04%7 of readfng
+ 40 digits
0.04 ) 0.04
we-r(moxo.l *(100 xl)

we = 0.00008 V

Uncertainties for the following cases were obtained from the cali-
bration data:
Temperature measurement using thermocouples = 0.2°F

Pressure measurement using pressure transducer = 0.01 in. water
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Uncertainty in the mercury barometer = 0.01 f{n. Hg.
Current measurement using shunt resistance = 0.02 amp.
The frec-stream density pn was calculated from equation (12). The

uncertainty in P, using equation (25) is given by

1 2 2
W, o= T T 70.731 W + [5.2024 W
Pa 33.3 To l [ pn:m] [ Ps(x)]

i
. [?70.731 Pacm = 5:2024 Py () . ]2}
T T,

©

Patm = 29,011 In. Hg

Pa(x) = 0.115 In. of water

- .27¢
T, = 530.27°8
6. = 0.0725 1b /ft>
a )

W = 0.000025 1b /ft> or t 0.0345%
Oa m

The local free-stream velocity was calculated from equation (13).
Then, the uncertainty in uo(x) is calculated using equation (25), given

by

- 2 1 S 74
W P
W =U ‘ Ap a '
Uo(x) o(x)l lZAP] + [53—] ‘
where Ap = Po ~ Ps(x)

Ap = 0.047 in. of water

3
o, = 0.0725 lbm/ft
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no(x) = 14.03 fps
W w 0.14927 fps or 2 1.064%
|\
o(x)

The local Reynolds number was calculated from equation (15). The
analysis showed that the uncertainty in the Reynolds number was depen-
dent almost exclusively on the uncertainty in the velocity measuremont.
Because of small dependence on the kinematic viscosity Vg this variable

was neglected in the computations. Then, from equation (25)

[ 2 w12
oo * ac(,,l[—ui%l] o] }
x = 9,125 {in.
Uo(x) = 14,03 fps
Re(x) = 63646
wgc(x) = 691.37 or * 1.086%

The relation used to obtain the generated power on the local strip

surface was given by equation (6). Then, the uncertainty in Q is

‘ 2 "R 2 :
G REE

1 = 3.0991 amp

Rs = 0.2512 ohm
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Q = 8.235 Btu/hr
wQ = 0,345 Bru/hr or £ 4.185%

The local conduction loss was calculated from equation (8). Then,

the uncertainty in Qc is

A, = 0.083 fe?

yp = 0.227 in.

(e, ~ tb) = 1.622°F
Qc = 1,284 Btu/hr

"o

c

= 0.1952 Beu/hr or £ 15,20%

From equation (9), the uncertainty in Q is

2
41: 413 "A‘T
W, =Q + —
Q 1 4 4 4 6 A
L | LR 20 ('r -T) s )

Ta = 530.27°R
- L
Ts 563.01°R
Qr = 1.399 Btu/hr

HQ = 0,0207 Bru/br or * 1,485 %
4

Noting that, it has been assumed that kp’ ¢ and Es all have small enough

variations in their true values that the contribution of each and total
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contribution of their aggregate uncertainty will be negligible. Thus from

equation (10), the uncertainty in Qn is

]
2 [w.1? [w T
Yo % %
W, =Q + | =5] +1-=
Qn nl Qn Qc Qn

Qﬂ = 5.551 Btu/hr

W. = 0.3969 Btu/hr or 2 7.15%
Qn

The specific heat of air was evaluated at the mean boundary layer

temperature, where

. -5 . -9 2
C, = 0.2231 + 3.42 x 107 T - 2.93x 107 T,

Then, the uncertalnty in cp is
N, = ‘|3 42 107° w }2 +[s.86+ 2071 u_|
c, | T, m T )|
= L]
Tn 573.71°R

- P e
CP 0.2417 BtullbD F

W, =7 x 1078
P

Btullb"P or ¢ 0.00287

The local Stanton number was obtained from equation (16), and the
local heat transfer coefficient was calculated from equation (11).
Substituiing from equation (11) into equation (16) for h(x)' the loeal
Stanton number is given by

Q

n

St(x) =
As(ts - co) o, cp uo(x)
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The uncertainty in S:(x) is

2 2 2

W W W
Q A (e, - t)
"se " St x,2) %[ Qn] *‘[ s] ¥ [('-‘ =) ]
(x,2) ’ n [ 8 o

wpz Wy 2 “cz)"
A +[_9m NN
Pa uo(x) ¢ ‘

Q, = 5.551 Btu/hr

(c, = t,) = 21.36°F
Py = 0.0725 1b_/te’
Uo(x) = 14.03 {ps

C, = 0.2417 Bru/1b,°F
SE ey = 0.003499

“St = 0,000259 or = 7.395%
(x)

The uncertainty for the sensitivity factor of the hot-film was

determined from the calibration data. The effective mean air velocicy

was obtained from equation (4). The uncertainty in Uu is

2 b
( wgn) ("s)z
W = B + |
Un m Eu S »
Sn = 00,3357
W. = 0.0084

S
E_ = 6.339 Volt
.}
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Un = 18.88) fps

"U = 0.4725 fps or ¢ 2.5%
m

The uncertainty in u' is

. () +<%e)’r

u' = 0.1489 fps
W, = 0.0037 fps or ¢ 2,52

The local turbulence intensity was obtained from

v
Tu W e—
uﬂ

Then the uncertainty in Tu 1{s given by

Y
A 2 ) 2
w,r“ = Tu L + _6:

Inside the boundary layer, close to the plate surface, for a

measurement point the data were

v, - 14.3582 fps
u' = 1.618 fps
Tu = 0.1127

RTU = 0.00448 or * 3.331Z

For the free-stream turbulence, the data were
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U« 18.883 fps
u' = 0.1489 fps
Tu = 0.0079

Then, from equation (26)

Tu = 0.0002 or £ 2.497%
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XII. APPENDIX D

A. Tabular Data



Table D.l. Measured svan—-averaged Stanton number behind a
row of counter-rotating vortex generator blades

S W T W TP WS R W W TR TR TR WS WS TS R WR TR WR R WS TR W W W D WS UR WS W W NS W T WS W WP W WE W TR W WS We R WR W W WS W T WS W TR TR W YD R TR TS WS NS TS P W W W IR YD W W T W

Free-stream pressure gradieat = 0.0
Height of vortex blade = 0.0625 in.

I R WP U WS WS WP VR WR MR WA AR TES W WD WR WR TR WS WS N WD WE W W R WP W Wh WR Wb W TR W W N W R W TR TR S WS WS W W W W W W T R WP TS GG W W WU WP S W T S D G WP D W TP S .

W TS TR W W W WS WS T W VWD W W S WP TS WH WS TR WG W WD WS U WS WS WS WD P W

X 0.75 1.0 2.0 4.0

in. Re (x) St(x) Re(x) St (x) Re(x) St (x) Re (x) St (x)
4.88 22629 0.00598 23836 0.00816 23955 0.00457 25341 0.00425
7.00 32769 0.00430 34505 0.00370 34670 0.00300 36534 0.00276
9.13 43076 0.00367 45342 0.00310 45552 0.00258 48076 0.00244
11.25 53551 0.00330 56349 0.060314 56599 0.00280 59668 0.00250
14.44 69577 0.00346 73176 0.0029% 73482 0.00265 77337 0.00240
17.63 85980 0.00366 99382 0.00317 90738 0.092297 95342 0.00209

20.81 102760 0.00306 107970 0.00253 108367 0.00265 113684 0.00182
24.00 119916 0.00349 125937 0.00302 126370 0.00296 132363 0.00209
27.19 137450 0.00316 144284 0.00305 144747 0.00265 151378 0.00226
30.38 155360 0.0032) 163012 0.003C1 153497 0.00275S 170731 0.00210
34.63 179826 0.00315 188574 0.00309 189079 0.00292 197057 0.00218

T I W WD WD WD VR WS T TR T WA TS WS TR W TR W WS T TR WD Wh TR WS WD R WP U WS D WR NP WS W VS W WS VR W TR WS WD W TR TR he D D W WD WS TR VD W W NS R WE W W WP e WE WS W I W i WP W D P WP T WP WD W e e

Quy



Table D.2. Measured span-averaged Stanton number behind a
row of counter-rotating vortex generator blades

Y SR W W S W WD W U VR WR WS W U WD W We W TR WS WR WS VP TR WO R VS VR WS WD WS W R WS W We WS WP W TR WS W W R R TR WS W W WP D TP WE VIR VI T TR WP W P T W TR T WP W WD Wy A S W W W -

Free-stream pressure gradient = 0.0

(A4

................. Height of vortex blade _ ___ = 0.128in. _____________________
§gggg_be§ween vortgg_élgdes. in.
X 0.75 1.0 2.0 4.0
___ig; _____ Ef(f) St (x) Re(x) St (x) Re(x) St(x) Re(x) St (x)
4.88 28635 0.00437 28185 0.00433 25839 0.00430 30628 0.00389
7.00 41376 0.00312 40720 0.03324 38767 0.00287 44224 0.00285
9.13 54275 0.00266 53407 0.00270 50850 0.00269 57969 0.00245
11.25 67332 0.00254 66246 0.00251 .63080 0.00253 71863 0.00206
14.44 87212 0.00245 85788 0.060234 81699 0.00269 92933 0.00222
17.63 107447 0.00263 105670 0.00217 100649 0.00261 114439 0.00195
20.81 128036 0.00247 125894 0.0019%5 119923 0.090228 136229 0.00183
24.00 148980 0.00281 146459 0.00206 139537 0.00243 158354 0.00196
27.19 170278 0.00266 167365 0.0023) 159476 0.00213 180314 0.00182
30.38 191931 0.00265 188611 0.002i5 179744 0.00217 203610 0.00166
34.63 221353 0.00283 217471 0.00236 207233 0.00253 234525 0.00207

VR TS D W W VR W e WR VR TR WD VR WS TR WP VS VR W R WS MR R YR NS WR VR TER WE WS WD R WP VR WS S WP WD VR WD WS R WD P WP WS WA TR WD WR WS WD WS W W WS N W TR P W T WP TR W W I TP P W WP TN VEF WO W WS WP



Table D.3. Measured span-averaged Stanton number behind a
row of counter-rotating vortex generator blades

SV Y T T WD Y P WD WP TR T D TR WD W UR S R R WS D TS WA N TR WS W W WS W D WS WR WR W W VD W R U R W TR W W W WP W WP WP R VR UD WP VR R WP A W AR WP TP WP T TP P Y D WD D G W S W W

Free-stream oressure gradieat = 0.0
Height of vortex blade = 0.25 in.

S S W TP VS VD W e T WS W T WD T TR T W WS R TR WR WS W R TR W TP NS WR WP WS WD WS W WS TP UD R W WD We T T W e S WS T W TR W W S D W W WP W T WA T T WD T W A WS T e A e e

S W T W WS S W W W WS W W W W W WD WS WS TR T e We S W W e WD S -

€Ll

X 0.75 1.0 2.0 4.0

in. Re(x) St(x) Re(x) St(x) Re(x) St (x) Re(x) St (x)
4.88 28727 0.00496 28354 0.00499 25511 0.00456 27581 0.00392

7.00 41452 0.00338 40951 0.00340 36857 0.00319 39846 0.00349

9.13 54298 0.00271 53692 0.00282 48340 0.00312 52257 0.00313
11.25 67268 0.00248 66577 0.00233 59959 0.00282 64815 0.00271
14.44 86952 0.00274 86175 0.00245 77645 0.00259 83928 0.00286
17.63 106912 0.00275 106097 0.0D211 95638 0.00246 103372 0.00262
20.81 127147 0.00256 126343 0.00208 113939 0.00215 123146 0.00250
24.00 147659 0.00283 146914 0.00205 132549 0.00230 143251 0.00254
27.19 168446 0.00270 167810 0.060231 151466 0.00233 163686 0.00238
30.38 189510 0.00275 189029 0.00205 170691 0.00219 184452 0.00220
34.63 218023 0.00295 217827 0.00259 196803 0.00239 212655 0.00236

W T TS W W T WS W W WD WD W W WS WS WS R WS R R WR TR Y WS T MR WD WS WD W WD We WS U i WP W W W WE W Y Ve T WD WS WE W T W W W R TR W T WS WD WS W U W T S T W W TP D P W W e e W



Table D.4. Measured span-averaged Stanton nuxber behind a
row of counter-rotating vortex generator blades

G R T W WD WS W WS TS D R D U D T R WP WP MR TR WP IO WP WS TR YR TR N TR WD VR YR W NS WD RS R WS TR WP S R WS WR AR NP WS WP WP O WP WE WE A WP TR W W WS WE W WS A R WD W AR D G P WP A WP W W W W

Free-stream pressure gradient = - 0.02 lbf/ft3
Height of vortex blade = 0.0025 in.

TR W W Y WV VS W WS WD WS WS W WD Y W R WS R WR WS WS WS WS TN WS W W Wh N WP TR VR WP WS IR TR N S WD WS W WP WD WR AN T 5 W U WP WP WD W T W WD W W WP W SO W WP G W W A P W T WD W N e

Space between vortex blades, in.

X 0.75 1.0 2.0 4.0

in. Re (x) St (x) Re(x) St(x; Re(x) St(x) Re (x) St (x)
4.88 33443 0.00446 33431 0.00432 33657 0.00409 34242 0.00426

7.00 48447 0.00376 48414 0.00326 48734 0.00230 49565 0.00292

9.13 63709 0.00317 63646 0.00283 64057 0.00250 65130 0.00255
11.25 79230 0.00298 79128 0.00278 79626 0.00262 80935 0.00234
14.44 102996 0.00313 102817 0.00234 103442 0.00267 105096 0.00244
17.63 127344 0.00306 127066 0.00285 127812 0.00266 129799 0.00228
20.81 152273 0.00301 151876 (.00253 152735 0.00266 155045 0.00209
24.00 177784 0.00310 177246 0.052388 178213 0.00287 180834 0.00228
27.19 203877 0.00286 203177 0.00273 204244 0.00259 207165 0.00229
30.38 230551 0.00289 229669 0.00277 230830 0.00251 234039 0.00220
34.63 267022 0.00331 265863 0.00274 267140 0.00264 270715 0.00228

TR WD WS TR WD VR W TS W W TS T W VS WA W W W W TS WD VR T WE W YR IR WP TR TP WD W WS WS R WD WS W TP D WD WD W WD WS W WP WP W WP MR WS W We W TS WE WS R W WP WP U WP W W T e D TN e W W G W G S W
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Table D.S5. Measured span-averaged Stanton numoer behind a
row of counter-rotating vortex generator blades

T W VR WD WS WS WS S US A UN WR WP WP VR TR UL USRS TR TS TR WS SR TS WA W T WS Wh T U TS D WA VB WS W W W W WD R G TS WD W WE WS WP WD WD WS We W W We W DR W WD WD W G Wi WD P N WP P WD W W

Free-stream pressure gradient = - 0.02 1bf/ft3
Height of vortex blade = 0.125 in.

W W W R T Tir T TR WS WS WD W MR W WD W RS GRS RS WA WS TR WS TR TR WA R TR TR TR U WS TR VR D VB WD VR WS W W W W G TR W WS TSR WS WA W W WP WSS W W TP WS W T T WP W P WP W P A W e

X 0.75 1.0 2.0 4.0

in. Re (x) sSti(x) Re(x) St (x) Re(x) Stx) Re(x) St(x)
4.88 36574 0.00400 35763 0.00335 36581 0.00379 36921 0.00313
7.00 §2914 0.00291 51739 0.00271 52903 0.00252 53412 0.00247
9.13 69496 0.00247 67951 0.00255 69454 0.00250 70143 0.00217
11.25 86319 0.00230 84398 0.00233 86233 0.00245 87115 0.00181
14.44 112005 0.00234 109510 0.09214 111831 0.00218 113025 0.00208
17.63 138235 0.00254 135151 0.00194 137943 0.00203 139476 0.00174
20.81 165008 0.00251 161321 0.00204 164570 0.00191 166470 0.00168
24.00 192323 0.00284 188021 0.002i9 191711 0.00201 194005 0.00180
27.19 220182 0.00260 215250 0.00243 219367 0.00182 222082 0.00155
30.38 248584 0.00262 243008 0.00257 247537 0.00170 250701 0.00151
34.63 287298 0.00270 280843 0.00269 235897 0.00200 289703 0.00178

W WD D W VR W W WD WS WD W WS W NG WS WE WD W WS WA WS WS WS VR TS WS WS R WS WS WS W W WS We W WS WS WP WD WS W WD T WD WP MR VR WP WS W WP WS WP WP WS WS TR WE WP WP P A R W W WP W DT WP W W WP W W P e

WOWS VWS WA TE WS WS W W W W WP WP VD W W WS WP W WR WS WP WS W WS WP W WS W W W
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Table D.6. Measured span-averaged Stanton nuxber behind a
row of counter-rotating vortex generator blades

S YR R R TR R W TR W TR R YD R TR WS WS WO WS WS WR WR WS TR WE e WO W WD WD W WS We WS WS W T W N T R W WS WS U W W N WS WWR WU W U TR WP WS WO W I W A Y U G A A D D W WD W

Free~-stream pressure gradient = - (.02 lbf/ft3
Height of vortex blade = 0.25 in.

X 0.75 1.0 2 4.0

in. Re(x) St(x) Re(x) St(x) Re(x) St(x) Re(x) St (x)
4.88 40278 0.00418 38882 0.00434 36821 0.00380 36175 0.00338
7.00 58185 0.00316 56177 0.0031S $3250 0.00322 52333 0.00305
9.13 76304 0.00252 73682 0.00240 69909 0.00272 68727 0.00270
11.25 94636 0.00250 91398 0.00214 86798 0.00257 85358 0.00235
14.44 122532 0.0025%6 118367 0.00%21¢C 112563 0.00242 110747 0.00252
17.63 150905 0.00274 145809 0.00189 1383845 0.00237 136668 0.00231
20.81 179756 0.00275 173725 0.00199 165645 0.00225 163120 0.00220
24.00 209085 0.00293 202114 0.00253 192963 0.00223 190105 0.00221
27.19 238892 0.00277 230977 0.00276 220798 0.00222 217621 0.00208
30.38 269177 0.00279 260314 0.00285 249150 0.00190 245669 0.00183
34.63 310300 0.00284 300166 0.00287 287758 0.Q0241 283894 0.00206

G T W WD WS WD WE W WD R W W W T T e N TR WD T R T TR T W W TR R W W WD W WS T TR WS W S WR T TR T e R MR R W NP W W T WD W NS WS G0 W TP WP WS up e YU TN U T W T W W Y

TR WS WS WP WS U D WD WD TR WD W T WS A T T WD WP WD W WD WD NS TR W WS W
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Table D.7. Measured span—-averaged Stanton nuxber behind a
row of counter-rotating vortex generator blades

D T W S W W A WP WS TR WS T WD W G D WD W R WRTD VDN WS W S TS WP S T WS T WD TR N WS W YR TR TR R WS R TR R WS W WD W WP T G W T We W T TP TR W GIR WP W T S I N T A W A W W

Free-stream pressure gradient = - 0.0¢4 1b /€63
Height of vortex blade = 0,0625 in.

T TR S T D T WS T T WS G TR YD TS W WS YR N WP TR WA WL TR ED WD MR WU TR TR S W e S TR R T U WS W e M WD W W WD WO W UR WS D W TS TR W W A W W T W W W W W

X 0.75 1.0 2.0 4.0

in. Re(x) St(x) Re(x) St (x) Re(x) St(x) Re (x) St (x)
4.88 49502 0.00385 49020 0.0034C1 49780 0.00303 50746 0.00261
7.00 71625 0.00328 70933 0.00293 72009 0.00214 73387 0.00218
9.13 94079 0.00276 93177 0.09265 94561 0.00206 96344 0.00188
11.25 116864 0.0028¢ 115753 0.00267 117434 0.00224 119618 0.00157
14.44 151661 0.00298 150237 0.00298 152348 0.00238 155122 0.00184
17.63 187203 0.00283 185466 0.00304 187986 0.00227 191338 0.00161
20.81 223489 0.00261 221441 0.00283 224348 0.00237 228266 0.00164
24.00 260520 0.00285 258160 0.03300 261435 0.00250 265906 0.00182
27.19 298295 0.00262 295625 0.00273 299247 0.00246 304257 0.00216
30.38 336814 0.00263 333834 0.00265 337783 0.00241 343321 0.00218
34.63 389332 0.00257 385940 0.0G281 390292 0.00251 396513 0.00238

T W W TR S NS WD T W W W T W W WS W W WD WD WS WP WS VR D WS U WS WS W WS W WS TR W WD WS we W TR WS WS WN WS W W WD WD R W W WS We WD T R W S S WP W YW W WP T W P W W
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Table D.8. Measured svan—-averaged Stantcn number behind a
row of counter-rotating vortex generator blades

Y TS W D R WS VR W T WS TS W WS WE WS WS WS D WD WD S W W WS WD W S TS WS WS WS TR WS S WS WP WS WE M U T N TS W R WS W DWW AR T WU T S D W W S N D W W S D T S O S W e

Free-stream pressure gradient = - 0.04 1b /ft3
Height of vortex blade = 0.125 1n.

S S P R TR W TR e WS T W W YR RS TP TR RS WSS TR R UR TR YRR TR R TR RS TR D WS W D WD WD WS TR WS WP D W WS Wn AR U P WP A e G W D D TP R ST W TID e W P R W W A S A e e

X 0.75 1.0 2.0 4.0

in. Re(x) St(x) Re(x) St(x) Re(x) St(x) Re(x) St(x)
4.88 51047 0.00355 52526 0.030342 52458 0.00300 51395 0.00209
7.00 73826 0.00278 75964 0.006240 75882 0.00247 74318 0.00213
9.13 96924 0.00240 99731 0.05203 99645 0.00213 97556 0.00188

11.25 120343 0.00237 123827 0.0632063 123747 0.00190 121110 0.00166
14.44 156070 0.00259 160588 0.6C.i78 160535 0.00195 157033 0.00179
17.63 192517 0.00295 198090 0.CJ1865 198086 0.00199 193666 0.00167
20.81 229684 0.00290 236332 0,002:0 236399 0.00179 231008 0.00155
24.00 267571 0.00297 275314 0.00253 275475 0.00195 269061 0.00168
27.19 306178 0.00263 315036 0.00249 315313 0.00170 307824 0.00179
30.38 345505 0.00275 355499 0.00247 355913 0.00173 347297 0.00158
34.63 399060 0.00300 410601 0.002564 411233 0.00210 401032 0.00176

T W T T W T Ve W e e TS W W WS UR TR R WR WA W W WD TR WD WP WS N ED WD R TR WD W WS WE W WS WR A D W R T W WS R We WR WP S VS WS R W W TS VIR T W R THP R W W T W TR W W G A W TP R W e
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Table D.9. Measured span-averaged Stanton number behind a
row of counter-rotating vortex generator blades

T W TR SR TS W TR YR WS WS VW MO TS WSS SRR WS TP TR AP WR TE WS TR W WD TS WE WS WS WS WS T TS W W TP WD WS WA R TR W TR WP W WS WE TR WP TP W WE W I T S Y T G W T G S Y W W -

Free-stream pressure gradient = - 0.04 lbf/ft3
Height of vortex blade = 0.25 in.

T e T T WP S e W D W W TR T WP R W WD WS WD WS TR WSWE WD RPN WS W WD e W We WS WE WD WE WS T WP W S W W WP W TR WS WD G A T W W WS W S W T W T TP

X 0.75 0 2.0 4.0

in. Re (x) St(x) Re(x) St i{x, Re(x) St(x) Re(x) St (x)
4.88 50828 0.00396 49€€7 0.00386 49804 0.00367 48767 0.00291
7.00 73487 0.00211 71823 0.00264 72009 0.00279 70551 0.00266
9.13 96453 0.00278 94287 0.00238 94514 0.00250 92654 0.00235
11.25 119724 0.00239 117057 0.060207 117321 0.00226 115076 0.00210
14.44 155205 0.00296 151790 0.50238 152094 0.00215 149308 0.00228
17.63 191375 0.00311 187214 0.30225 187545 0.00210 184259 0.00213
20.81 228232 0.00322 223329 0.0025) 223672 0.00210 219929 0.00201
24.00 265779 0.00315 260137 0.00237 260475 0.00206 256317 0.00202
27.19 304013 0.00290 297635 0.00282 297956 0.00220 293424 0.00203
30.38 342936 0.00293 335826 3.3G2383 336113 0.00186 331259 0.00185
34.63 395904 0.00320 387822 0.00282 388042 0.00245 382802 0.00201

T T R WS D W WS WS S W W W I U WD WR MR M WS WR AP WP ER CUP D W W WS R WS WP WS WR WD MR WS W WS We WE W NS WR WE WS We WD We R D N W BRI W D WS TEN WP W TP P WP TP W G W A S W WD WS -
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