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Heat Flux Probe as a Flowfield
Diagnostic

IRwIN E. Vas*
Princeton University, Princeton, N.J.

N recent years, several new developments have been made in

the area of flowfield diagnostics. A few years ago, a.new
technique was developed which appeared ideally suited for
measurements in a hot gas stream.! The “heat flux probe,” as
it is_called, is small in size and can be used with good spatial
resolution. The purpose of the present Note is to indicate that
some published results obtained with this probe are quite
inaccurate even though the probe technique and calibration
appear very reasonable:

The heat flux probe operates on the same pr1n01ple as a
constant temperature hot wire. The sensor is a glass tube 0.006'in.
o.d. with a wall thickness of 0.001 in. A thin platinum film is
deposited on the tube to a length of 0.05 in. In a hot gas stream
a balance is made between the convective heating of the sensor
by the gas, cooling of the sensor by passing cold gas (or liquid)
through it, and resistive heating of the sensor. The electronic
circuitry is the same as required for a constant temperature hot
wire. The probe and electronic circuitry was purchased from
Thermo-Systems.

The initial concept, design and use of the heat flux probe was
published in a thesis by Fingerson! in 1961. Since that time
several other investigators have used this technique.” > It is the
results from McCroskey, Horstman, and Vas using this probing
technique which will be discussed, and compared with results
using other techmques

A brief review of the three particular studies will initially be
made. McCroskey examined the flow about a sharp flat plate in
nitrogen at a freéstream Mach number (M) of 25, Reynolds
number (Re,) of 10*/in. and stagnation temperature (T, ) of
2000°K. Flowfield measurements of pitot pressure (p,} and heat
flux (§) were made. Horstman determined the flowfield about a
3° half-angle cone at M ~ 41. Re_ /in. ~ 5.6 x 10* and T, ~
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Fig.1 Heat flux probe calibration.

900°K using helium as the test gas. The measurements in the
flowfield included pitot pressure and heat flux. Detailed flowfield
measurements were made by Vas on a 10° half-angle cone at
two conditions: a) M, ~ 19, Re,/in. ~4.0x10* and T, =
1700°K ; b) M, ~ 25, Re,/in. ~10* and T, = 1850°K." The
traverses were made using four measuring techniques: pitot
pressure, heat flux, total temperature (T;) and density (p).

In addition to the previous measurements on a flat plate in
the hypersonic nitrogen gas flow, direct density measurements
were performed by Harbour and Lewis® at conditions similar to
Ref. 2. Recent flowfield measureiments were made by Petraites’
on a flat plate at these same conditions using a pitot probe and
total temperature probe. Density and velocity (u) profiles were
derived from the measurements of McCroskey and Petraites.
The density profiles can be compared with the direct measure-
ments of Harbour and Lewis.

In using the heat flux probe, a calibration was performed by
each of the research workers. McCroskey carried out a
calibration in the hypersonic helium and nitrogen facilities at
Reynolds numbers Re, , (based on conditions behind the stiock
and probe diameter) from 1 to 10. To obtain a larger range of
Reynolds number a. calibration was performed by Vas at
M, ~ 2 and 6 and stagnation temperatures between 550°K and
1150°K to give Reynolds numbers from 0.15 to 10. This was in
addition to calibrations carried out in the hypersonic nitrogen
facility. Over a range of Reynolds number the heat transfer to
the sensor was measured (Nu,,) and is shown in Fig. 1. The
slope of the measurements at the low and high Reynolds number
ends approach the free molecule and continuum values, respec-
tively. These measurements give the same trend as a hot wire.®

The flowfield characteristics were determined in Ref 2 using
measured pitot pressure and heat flux profiles and the wall static
pressure. From these measurements, density and velocity profiles
were calculated and are shown in dimensionless form (p = p/p,,,
@ = ufuy) in Figs. 2 and 3 for the value of the rarefaction
parameter, [V = M (C)"*/(Re,, )"*], of about 0.12. These
profiles are not all made at identical distances x from the leading
edge. The height above the surface y is nondimensionalized by
the shock layer thickness y, Included in Fig. 2 is a diréct
measurement of density by the electron beam technique.®
Behind the. shock the density obtained by the electron beam
technique is higher than that obtained by the other two methods.
The profiles obtained by these methods are in agreement in the
outer portion of the shock layer, but the results using the heat
flux method deviate considerably from those obtained by the
total temperature method, as well as the direct measurement, in
the inner portion of the shock layer. In the shear layer, the
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Fig. 2 Density profile on a flat plate at M, ~ 25.

velocity profile obtained using the heat flux probe is considerably
fuller than that obtained using the total temperatire probe. The
simple laminar van Driest calculation is shown for reference
purposes only for M, (the Mach number at the edge of the
viscous region) of 12.

In a study on a 10° half-angle cone at M, ~ 25 in nitrogen,
the density distributions are shown in Fig. 4 at ¥ ~ 0.12 (Ref. 4).
All of these measurements are made at identically the same
location on the body at the same test conditions. The density
obtained by the heat flux probe (p,, 4) is higher in the outer portion
of the shock layer and lower near the wall than obtained by
the direct density measurement. Using the total temperature
probe (p, T,) the density is in good agreement with the direct
density measurement. Also shown in the figure are theoretical
calculations carried out by Rubin® and Mayne!® for these
particular test conditions. The calculations agree with each other
in the inner portion of the shock layer but disagree considerably
in the region behind the shock.

The velocity profiles show more clearly the effect of using the
heat flux probe (Fig. 5). The velocity obtained by the heat flux
probe in the outer portion of the shock layer is somewhat lower
than the freestream value. It increases going towards the body
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Fig.3 Velocity profile on a flat plate at M o ~ 25.
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Fig. 4 Density profile on a sharp cone at M, ~ 25.

(in the viscous region) then decreases, but reaches a minimum
value of about 0.5. The velocity obtained using the total
temperature probe gives the right value in the inviscid region of
the flow and tends to a small slip when extrapolated to the wall.
The profileis in reasonable agreement with the predicted velocity
profiles of Mayne and Rubin.

Velocity profiles obtained, using pitot and heat flux profiles
with the wall static pressure, gave high values of velocity (higher
than freestream) in the viscous region on a 3° cone at M ~ 41
in helium flow.® No verification of these profiles was made by
an alternate scheme. ' V

The trend shown by the flowfield measurements indicates that
the heat flux probe gives a) a density which is lower than the true
density in a major portion of the boundary layer, and bja velocity
which is higher than the true velocity in a major portion of the
boundary layer. The low value of the density and high value of
velocity which occur when the heat flux probe is used in the inner
portion of the shock layer imply a total temperature which is
higher than the real value. It appears that even though the
calibration of the heat fiux probe is normal, the use of the probe
in a viscous region (with varying stagnation temperature) is
extremely doubtful. At the time that the measurements were
performed by both McCroskey and Horstman only pitot and
heat flux measuring techniques were available. Since that time,
with the availability of a small total temperature probe and
direct density measurements, a check can be made on the
accuracy and dependability of the various techniques.

From the studies considered, the heat flux probe gives results
which differ extensively from those obtained by other measuring
techniques and also from theoretical predictions. In using this
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Fig. 5 Velocity profile on a sharp cone at M, ~ 25,
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particular technique, it would be advisable to verify its reliability
by an additional measuring method.
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A Simple Correlation for Incipient
Turbulent Boundary-Layer Separation
due to a Skewed Shock Wave

R. H. KORKEGT*
Aerospace Research Laboratories, Wright-Patterson Air
Force Base, Ohio

Introduction

FREQUENTLY encountered form of three-dimensional

shock wave-turbulent boundary-layer interaction is that
due to a wedge mounted normal to a surface in a supersonic
stream. Such a configuration is representative of a sharp-edged
fin on a flying vehicle, an axial compression corner in an air
breathing engine inlet or a wind-tunnel diffuser, and end wall
conditions for a row of blades in turbomachinery.

The configuration is illustrated in Fig. 1. © is the wedge half
angle or flow deflection angle and f is the wedge shock wave
angle. The shock wave is skewed to the turbulent boundary
layer on the flat plate on which the wedge is mounted. Of
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Fig. 1 Skewed shock wave
on flat plate.

particular interest for practical applications is the condition of
incipient separation of the turbulent boundary layer, defined by
the deflection angle ©,.

Theory

McCabe' develops a simple approximate theory for conditions
across the skewed shock wave, which relates the deflection of
the flow at the surface to the flow at the edge of the turbulent
boundary layer, based on the assumption that all the vorticity
in the boundary layer upstream of the shock wave is convected
with the freestream velocity. He obtains

cos? (f—@)—cos? B
tan e = 3
cos* ftan (f—©)

where ¢ is the angle between the surface flow and the edge
flow.

McCabe makes the reasonable assumption that incipient
separation occurs when the surface flow becomes aligned with the
shock wave, i.e. when ¢ = f—@,, for which condition Eq. (1)
becomes '

1)

cos f = cos?(f—8)) (2)

With the assumption of small angles corresponding to
M, » 1, Eq. (2) can be approximated to a first order by

®, =~ (1-2Y%/2)f = 02938 3)

For practical purposes it is useful to relate the incipient

deflection angle ©; to the freestream Mach number M. From

oblique shock wave theory, the relationship between deflection

angle, shock wave angle and Mach number is

2
cot® = tan f [_(y+1?/2]M1 —1 )
M, %sin? f—1
which, for small angles and y = 1.4, approximates to
M B —1=12M*0p—(M,*f*~1)0f )

Substituting Eq. (3) for the incipient condition into Eq. (5)
results in '
M,0,; =0364[1+0(0,%)] ~ 0.364 6)
Thus, from McCabe’s theory for M, » 1 the incipient
separation angle @, is inversely proportional to Mach number.
Now, the component of Mach number normal to the oblique
shock wave is M, = M sinf ~ M ,B. For the incipient con-
dition, by substitution of Eqgs. (3) and (6) one obtains

M, =342M,0, = 1.24

for which the pressure rise is P;/P, = 1.63, a constant value
independent of Mach number.

Comparison with Experiment

Incipient separation data by McCabe'! and Lowrie? are given
in Table 1 along with the corresponding shock-wave angles,
normal Mach number components, and pressure rises.

The data, although over a limited Mach number range, bear
out the near constancy of the pressure rise and of M| ®; although
the values are somewhat lower than that of Eq. (6). Better
agreement with experiment is given by '

M0, =030 (7

This correlation along with the experimental values from
Table 1 are shown in Fig. 2 in which the bars across the
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