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measured temperature distribution was approximated by a
parabolic fit, from which the temperature gradient was
calculated (see the highest heating level data in Fig. 4). Use of
the Fourier equation showed the heat-conduction contribution
to the cooling of the wire at all stations, except at the center-
line (where gradT = 0), to be about two orders of magnitude
lower than the generated heat. Thus, the conduction influence
can also be discarded.

Another possibility is that measurements with IR imaging
systems of targets exhibiting high gradient temperature distri-
butions are consistently lower than what they should be. The
extent of this error is unknown (the manufacturer does not
supply such information); therefore, an effort was made to es-
timate it by using the available experimental data. For this
purpose, per-pixel calculations were made of

1) the electrical heat dissipation of the wire, based on cur-
rent and resistance measured values;

2) the heat convected by the air, based on Eqgs. (1) and (2);

3) the heat conducted along the wire, based on the measured
temperature distribution and the Fourier law of heat conduc-
tion; and

4) the heat radiation, based on the measured temperature
distribution and the Stephan-Boltzmann law.

Hence, the difference between item 1 and the sum of items
2-4 can be considered as an overall measurement error based
on local energy balance. Figure 6 shows this error plotted
against the measured temperature gradient at the location of
each pixel for the highest heating level experiment. This find-
ing is partially supported by the findings of Boylan et al.,’
who showed that temperature measurements made with their
IR system fell behind the actual temperature distribution once
the temperature gradient of the target passed a certain limit
(see their Fig. 12).

This conclusion does not diminish the merits of IR imaging
systems for aerodynamic research. In fact, if the true error
function was known, it would have been possible to adjust the
experimental results to get the actual temperature distribution.
Starting with the measured distribution, one can iteratively
recover the true temperature distribution by adding the
measured values distribution and the gradient dependent
measurement error. Still to be answered is the question of
whether this error is a function of the temperature rate of
change of the target in the FOV, or in the IFOV, i.e., to what
extent the measurement error is affected by the optics and the
distance to the target, in addition to the actual temperature
distribution.

In closing, it is suggested that the temperature distribution
of the heated wire may be used to reconstruct the flow velocity
distribution by using Eq. (2). This application of the method is
illustrated in Fig. 7, where the only correction made was to
subtract the heat conduction effects along the wire. The imple-
mentation of this method has to wait until the actual measure-
ment errors of IR imaging systems are available, and their
source understood.
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Low-Order Panel Method
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Introduction

OW-ORDER panel methods, if properly formulated, can

yield accuracy levels comparable to higher order methods
even for comparable panel densities.!»? Such low-order panel
methods are currently popular as design tools in aeronautical
industries, especially for external flows. The same ease and
confidence is lacking, however, in applying low-order panel
methods to internal flows or internal-external flows due to
problems of accuracy.? A low-order panel method is proposed
here that aims at reducing errors in the analysis of internal
flows through complex three-dimensional ducts. A synthe-
sized solution technique that can enhance solution accuracy of
internal flow analysis or analyze internal-external flows in
aircraft-intake combinations is also proposed.

The proposed low-order panel method uses constant source
and doublet on flat panel approximations of the geometry to
be analyzed. Such a scheme suffers from loss of accuracy as
the higher order terms are neglected. This loss of accuracy
may in some cases be avoided by using a large number of
panels, but only at the cost of increased computations, negat-
ing the basic purpose of resorting to a low-order scheme. Since
the most significant among the neglected terms in the low-or-
der scheme is the gradient in doublet strength,* the accuracy
can best be increased if gradients in the doublet distribution
are somehow reduced. The proposed formulation aims at
providing a handle to reduce gradients in the unknown dou-
blet distribution a priori.

Analysis

The internal flowfield is considered as a perturbation field
over an arbitrarily prescribed velocity V,. The flow problem is
solved by a formulation in which the doublet gradients be-
come equal to this perturbation velocity. This is done" by
prescribing a source distribution of strength o=(v,—V,-n)
and solving for doublet strength u by setting the external per-
turbation potential to zero:

SS WV =Vo-n)(—1/r)ds

+ H uv(l/ry-nds=0 ‘ 1)

s p

Here n is the unit normal to the boundary s that points to the
internal flow domain, v, is the desired normal velocity
boundary condition, and r is the distance from ds to any point
p on the boundary but outside the flow domain. It can be
shown that doublet strength p here is equal to the perturbation
potential ¢ on the boundary. The surface velocity along a
direction ¢, therefore, is

Vi=(Vo+ Vo) t=(Vp+V,)-t @

The doublet gradient in this formulation is equal to the surface
perturbation velocity and may be reduced by a proper choice
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Fig. 1 Results for a duct with lateral offset.
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Fig. 2 Results for a bifurcated duct.
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is analyzed with ¥V, as the average of velocity at its entry and
exit. The percentage errors on two lines along the duct length
with the smallest and largest errors on them are shown in Fig.
2. The 9% peak error in the solution occurs close to the
stagnation point in the flow. But this is not alarming, since
even a slight error in solution at the stagnation point will be
unbounded when expressed as a percentage of the locally zero
velocity.

Guo and Seddon® have tested an S-shaped air intake with a
rectangular entry and circular exit. This duct has an area ratio
of 1.338 and length-to-diameter ratio of 4.8. Discretized ge-
ometry of the duct is shown in Fig. 3. The lip shape outside the
duct for this geometry is defined by Guo only for a short
distance downstream of the highlight station. This was ex-
tended for the purpose of present computations. The solution
inside the duct was insensitive to the shape of this extended
portion outside. Results of present analysis compared reason-
ably well (Fig. 4) with the test data of Guo. The total pressure
loss at the duct exit was measured by Guo as 11%. It may be
noted that the computed C, at this station is higher than Guo’s
test data by an equal amount, i.e., 11% of the total pressure
at entry. The deviation between the two gradually vanishes
toward the entry, as should be expected. This suggests that the
deviation of present results from the test data of Guo is
because of viscous effects.

Large number of ducts, for which analytical results could be
generated, covering a wide range of area ratios L/d and lateral
offsets, have been successfully analyzed by this low-order
panel method. These studies have indicated that the error in
solution at any point is strongly correlated with local doublet
gradient for a given paneling. This information has been suc-
cessfully exploited in proposing a synthesized solution tech-

of V,. For most duct flows, a good choice for V, is the
average of velocities at its entry and exit, though better choices
can be made.

Results and Discussion

The effect of V, on solution accuracy is shown in Fig. 1.
The duct considered here is a stream tube traced in a flowfield
generated by a source-sink of unit strength at a distance of
+0.45 on the x axis in a unit onset flow (the flow past Rankine
body). One end of the stream tube is a circle in the y-z plane
with its center at (1.63, 0.2, 0) and a diameter of 0.2. The other
end at x = 0 has an ellipse-like shape. The duct has an area
ratio of 1.45, length-to-diameter ratio of 8.9, and lateral offset
of 1.3 times the average diameter. The boundary conditions
are such that v, is zero on the duct surface and a nonuniform
velocity profile, as defined by the flowfield, is at the duct
ends. The exact solution is known in this case. The percentage
error in velocity e on a line along the duct length is shown in
Fig. 1. When V, =0, the gradients in u are equal to total
surface velocity and the errors are large. When V, is the
average of velocities at the entry and exit of the duct, the
gradients in doublet distribution and thus the errors in the
obtained solutions are substantially reduced.

A bifurcated duct of area ratio 1.25 and length-to-diameter
ratio 8.1 is generated by tracing a stream tube that is divided
equally by the Rankine body in the above flowfield. This duct

Fig.3 Geometry of the S-shaped duct.
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Fig. 4 Results for the S-shaped duct.
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nique* that can enhance the accuracy of solution for a given
discretization. The method involves generating two or more
solutions to a problem for the same paneling. These multiple
solutions are generated for different values of V,. The choice
of V, for each analysis is based on the result of previous
analysis and aims at refining the solution in the region where
errors were large in the previous analysis. Such regions are
easily spotted by scanning the doublet gradients in solutions,
largest gradient indicating largest error. These multiple solu-
tions can then be synthesized into one single solution of con-
siderably increased accuracy by a simple procedure. For each
panel, the solution corresponding to the one with the smallest
doublet gradient is chosen. Generating multiple solutions is
not computationally demanding since V, affects only the right
side of the linear algebraic system set up for the problem.
Once the matrix is set up and inverted for the first solution,
every additional solution requires only a post multiplication.
The additional time required to invert a matrix, as against
obtaining one solution, will depend on whether a direct or
iterative method is employed for finding the solution.

The method may be used for external flow analysis by
setting the V, = V., whereby it coincides with the low-order
panel method of Maskew.! In the case of internal-external
flows such as aircraft-intake analysis, a synthesis of a mini-
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mum of two solutions, one for ¥V, =V, and another for
V,=Vy, where V, is the average velocity expected in the
intake duct, can be used.

Conclusions

The proposed low-order panel method can analyze flow in
complex three-dimensional ducts, external flows, and internal-
external flows.
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