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ABSTRACT 
A sample in a wind tunnel is radiated from a thermal 
energy source exteriorly of the wind tunnel. A thermal 
imager system, also located exteriorly of the wind tun- 
nel, reads surface radiations from the sample as a func- 
tion of time. The produced thermal images are charac- 
teristic of the heat transferred from the sample to  the 
flow across the sample. In turn, the measured rates of 
heat loss of the sample are characteristic of the flow and 
the sample. 

[571 

7 Claims, 1 Drawing Sheet 

34 



U.S. Patent July 21, 1992 5,131,758 

(28 
r 

IMAGE 26\ 

THERM A L PROCESSOR 
IMAGER 

/ 
IO f / G  / 

\ F' ', \ 



1 
5,131,758 

2 

MIXHOD OF REMOTELY CHARACTERIZING 
THERMAL PROPERTIES OF A SAMPLE 

ORIGIN OF T H E  INVENTION 
The invention described herein was made by employ- 

ees of the United States Government and may be manu- 
factured and used by or for the Government for govern- 
mental purposes without the payment of any royalties 
thereon or therefor. 

This is a continuation of application Ser. No. 
07/524,108, filed May 16, 1990, now abandoned, which 
i s  a divisional application of pending patent application 
Ser. No. 07/146,939, filed Jan. 22, 1988, now allowed. 

BACKGROUND OF T H E  INVENTION 
I. Field of the Invention 
The present invention relates generally to anemome- 

ters and, more specifically, to  a thermal remote ane- 
mometer system. 

2. Description of Related Art 
Wind tunnel testing has become increasingly more 

important over the years. The increase in such testing 
has brought an increasing need to  control and measure 
the flow characteristics of the tunnels and models. For  
example, the flow may need to  be altered to minimize 
shock waves; or the flow may need to be reduced from 
a supersonic mode to  a subsonic mode. To be able to  
provide specific characterization to the flow, it is neces- 
sary to  have the ability to  accurately measure the flow 
characteristics. 

In the past, gas flow characterization has been ac- 
complished by mechanical and thermal devices. One 
typical mechanical device is a rotating anemometer 
such as a wind cup or windmill device that relates its 
rotational speed to  the flow. One drawback to  these 
devices is that they only measure a swept volume which 
may not necessarily be clearly indicative of the flow 
adjacent a test model. Other drawbacks are their flow 
speed limitations and size restrictions. 

Thermal anemometer devices have included the hot- 
wire type. Those hot-wire devices supply a measured 
current to the tip of the sensor. A change in current is a 
measure of the heat transferred away from the sensor, 
which is an indication of the flow over the sensor. Some 
problems associated with the hot-wire type device are 
that holes may have t o  be drilled in the test models, 
wires must be run internally of the model and brought 
out of a wind tunnel for measurement, and the model 
must be refinished to  remove artifacts. If the model is 
not properly refinished, artifacts may interact with the 
flow and thereby affect the reliability of the measure- 
ments. The point measurements provided by hot-wire 
devices are also undesirable due to  their fixed location 
and inability to  scan. 

Artisans have attempted to  provide remote measure- 
ment devices, but these typically only measure tempera- 
ture of an object rather than providing characteristics of 
a flow around a model. These are found, for example, in 
Wickersheim, “Optical Temperature Measurement 
Technique Utilizing Phosphors,” U.S. Pat. No. 
4,075,493; Quick et al., “Fiber Optic Temperature Sen- 
sor,.’ U.S. Pat. No. 4,223,226; and Bernal, “Gas Tem- 
perature Measurement System Employing A Laser,” 
U.S. Pat. No. 3,632,212. 

A need still exists in the art to  provide an anemometer 
system that can accurately characterize a flow over a 

model, such as one in a wind tunnel, in a remote, non- 
contact and passive fashion. 

SUMMARY OF T H E  INVENTION 
5 An object of the invention is to  provide an improved 

remote, non-contact, thermal anemometer system. 
Another object of the present invention is to  provide 

a thermal anemometer system that is passive SO that the 
measured sample or model does not act as its own ther- 

A further object of the present invention is to provide 
an anemometer system that measures the heat loss of a 
model to  determine the characteristics of a flow over 
the model. 

An additional object of the present invention is to  
provide an anemometer system that can characterize a 
flow at various measurement areas on a model. 

An even further object of the present invention is to  
provide a measurement system for flow characteristics 

20 which is not highly sensitive to variations in the absorp- 
tion or emissivity of a material out of which a model is 
constructed. 

The objects of the present invention are particularly 
accomplished by non-invasively imparting thermal en- 

25 ergy to a sample in the wind tunnel. A plurality of sur- 
face radiations from the sample is received and then 
integrated. A change in surface radiations is then mea- 
sured and compared with a reference characterization. 

These and other objects of the present invention can 
30 best be seen from examination of the specifications, 

10 mal source for measurement. 

15 

claims, and drawings. 

BRIEF DESCRIPTION OF T H E  DRAWINGS 
FIG. 1 illustrates one embodiment of the present 

FIG. 2 partially illustrates another embodiment of the 
present invention wherein a thermal pattern is produced 
on a model. 

DESCRIPTION OF T H E  PREFERRED 
EMBODIMENTS 

The following description is provided to enable any 
person skilled in the electrical and gas dynamics fields 
to  make and use the present invention and sets forth the 

45 best mode contemplated by the inventors of carrying 
out their invention. Various modifications, however, 
will remain readily apparent to those skilled in the arts, 
since the generic principles of the present invention 
have been defined herein specifically to  provide a ther- 

50 mal remote anemometer system. Furthermore, while 
the following description is provided in the context of a 
wind tunnel, artisans should understand that the present 
invention can be applied in other contexts. 

In FIG.  1, a wind tunnel 10 is depicted. A flow 30 
55 passes through the tunnel 10 in the direction shown by 

the arrow. A model or sample 12 is fixed within the 
wind tunnel 10 by a conventional sting element 14 or 
any other appropriate conventional design to  fa the 
model 12 in the wind tunnel 30 for testing. 

The wind tunnel 10 is enclosed by a conventional 
sidewall 16. A window element 18 is fixed in the side- 
wall 16 to  provide operative thermal communication 
between the sample 12 and the environment exteriorly 
of the wind tunnel 10. In this particular embodiment, 

65 the window element 18 is constructed of an infrared 
transparent material to  enable infrared energy t o  be 
imparted onto the sample 12, as further described be- 
low. 

35 invention. 
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A thermal energy source 24 is provided exteriorly of 

the tunnel 10 and produces thermal energy which can 
be directed onto the sample 12. In this particular em- 
bodiment, the energy source 24 is a laser that operates in 
a pulse mode. The laser 24 produces an imparting en- 
ergy beam that propagates through an input path 34 to  
the sample 12. Prior to  impinging upon the sample 12, 
the imparting beam travels along a portion 350 of the 
input path 34 and into a conventionally designed scan- 
ning system 22 that scans the laser beam in two orthogo- 
nal angles to  permit scanning over the sample surface. 
The  scanning system 22 also integrates the scan to  de- 
termine the total energy in the imparting beam to re- 
move power fluctuations in the source 24. The scanning 
system 22 additionally directs the laser beam along a 
portion 346 of the input path 34 and into a convention- 
ally designed focusing system 20. The focusing system 
20 focuses the laser beam along a portion 34c of the 
input path 34. The focused laser beam then impinges 
upon a measurement area 32 of the sample 12. 

The measurement area 32 is described by a portion of 
the surface area of the model 12. While FIG. 1 depicts 
only one measurement area 32, the present invention 
contemplates the use of a plurality of measurement 
areas 32, as more fully described below. In that fashion, 
one may obtain a temperature image over the tire model 
12. In addition, one may rapidly scan the beam 34 to  
create a line of heat instead of a spot 32, and thus be 
sensitive to  a vector flow of heat away from the line. 

In one particular embodiment of the present inven- 
tion, the surface of the model 12 does not require a 
surface coating t o  absorb thermal energy from the laser 
24. Instead, the model 12 remains unaltered, which 
thereby enables multiple testing of the model 12 without 
the need to remove a coating upon subsequent tests or 
apply a coating for other tests. 

Nevertheless. the present invention further contem- 
plates that the model 12 can be coated with a thermal 
insulator coating and a surface absorbing coating. The 
thermal insulator coating minimizes the thermal energy 
transferred from the coating to the model body, thus 
optimizing heat into the flow. The surface absorbing 
coating tends to keep the thermal energy at the surface 
of the model 12 where it can interact with the flow 30 
in the fashion described below. Such coatings may, for 
example, be needed when the model 12 has relatively 
high diffusivity characteristics. 

The  thermal insulator coating may be made of a com- 
pound such as a plastic, while the absorbing coating 
may be made of a compound such as black paint. Prefer- 
ably, the thermal insulator coating and the surface ab- 
sorbing coating are thin enough so that the aerodynam- 
ics of the model 12 are not changed. However, as the 
surface coatings become thinner, the temperature mea- 
surements described below must be accomplished 
faster. This is necessary to minimize heat transfer to  the 
bulk material of the model 12, which transfer affects the 
signal-to-noise ratio of the temperature measurements 

A conventionally designed thermal imager system 26 
is provided exteriorly of the wind tunnel 10 and re- 
ceives surface radiations from the model 12. The surface 
radiations travel from the model 12, along an output 
path 36, and to  the imager system 26 In this embodiment 
wherein the energy source 24 provides a pulsed impart- 
ing energy beam, the imager system 26 scans the surface 
radiations from the measurement area 32 following the 
pulse of imparting radiation. The surface radiations or 
the surface temperature of the model 12 depends on the 

. 

energy absorbed, the thermal properties of the model 
(Le., specific heat and diffusivity). the time separation 
between the laser pulse and the thermal measurement, 
and the heat transferred to the surrounding flow 30. 

The thermal imager system 26 measures the surface 
radiations from the measurement area 32 over time 
(FIG. 1). The imaging system also determines the sur- 
face radiations without a flow to provide a measure- 
ment of total heat transferred to the model, which 

10 serves as a baseline for calibration. Thereby, the imager 
system can measure the rate of change in total radiation 
to  provide signals or thermal images of the flow 30 as a 
function of time. The thermal images produced are 
characteristic of the flow 30 because the rate of change 

15 in heat is indicative of the heat loss to  the flow 30. The  
rate of change increases as the flow 30 increases in 
velocity and decreases as the flow 30 decreases in veloc- 
ity. The rate is furthermore influenced by the quality of 
the flow, such as laminar or turbulent flow. The  rate of 

20 change can also be measured at a plurality of measure- 
ment areas 32 and thereby provide a flow image over 
the entire model 12. 

A conventionally designed image processor system 
28 is provided exteriorly of the tunnel 10. The processor 

25 system 28 takes the thermal image or temperature distri- 
bution curve (as a function of time) produced by the 
imager system 26 and performs a curve-fitting function 
on i t  of temperature versus time to determine heat trans- 
fer. Measurements with and without flow are sub- 

30 tracted to determine flow. The  curve-fitting function 
improves the signal-to-noise ratio proportionately by 
the square root of the number of relevant data points. 
The temperature fit is then compared to  a reference 
characterization or thermal theoretical model, such as a 

35 line with a Gaussian cross-section or Laplace’s solution 
for evolution of a line with an arbitrary initial cross-sec- 
tion. Such comparison provides a determination of the 
flow 30 characteristics with respect to  heat transferred 
from the model 12 to the flow 30. 

In an alternative embodiment of the present inven- 
tion, rather than a pulsed beam from the laser 24, a 
continuous beam is utilized. In such a case, there is no 
inherent time separation between imparting the beam 
and reading the resulting surface radiations, as with a 

45 pulsed laser. If there is no effective spacial separation 
between the two steps, the thermal measurements in the 
input path 34 and the output path 36 overlap and thus 
provide a poor signal-to-noise ratio. Therefore, the 
continuous beam is made invisible to the imager system 

50 26, for example, by using an optical frequency that 
cannot be read by the imager system 26 or by spacially 
separating an area that is radiated by the laser (heating) 
from an area through which the imager system 26 ob- 
tains measurement data (cooling). Separating those two 

55 areas also enables the input path 34 to  be spacially offset 
from the output path 36 while the scanning occurs. 

As in the first embodiment above, the extent to  which 
the sample 12 is radiated depends on the sample’s innate 
thermal properties, the power of the continuous beam, 

60 and the dwell time of the beam. The imager system 26 
scans the sample 12 for a fixed period of time after the 
sample 12 has been radiated by the continuous beam. As 
above, the measured rate of heat loss can then be related 
to the flow 30. 

In another embodiment of the present invention, the 
laser 24 provides a modulated amplitude or frequency 
beam, depending on the optical absorption of the model. 
The imager system 26 scans the produced thermal 

5 
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image to conventionally extract the thermal phase and mine flow characteristics as a function of position on the 
amplitude characteristics from the imparting beam to model and thereby form an image of the flow across the 
improve the signal-to-noise ratio. entire model. As explained above, this determination 

In contrast to  a single discrete measurement area 32, may be taken from a single discreet measurement area 
the laser beam can be scanned to produce a thermal 5 or from a plurality of measurement areas. If the latter 
pattern such as a line, a series of spots, or a grid. FIG. 2 procedure is used, thermal measurements are obtained 
depicts a thermal pattern of spots for illustration pur- simultaneously from each measurement area. In addi- 
poses, although other patterns and configurations are tion, the model does not have to  be altered with ' holes, 
contemplated. In FIG. 2, a model 12' includes three wires, or tubes. Although surface coatings are not nec- 
measurement area 32'a. b, c. A flow 30' moves toward 10 essary, surface coatings may be used to  maximize the 
the model 12' and across the three radiated measure- efficiency of the present invention in view of the partic- 
ment areas. Each measurement area produces thermal ular material out of which the model is constructed. 
radiations that propagate along a respective output path The above describes only a limited number of em- 
36' (only one of which is shown). The imager system bodiments of the present invention and it is contem- 
then simultaneously reads the surface radiations 15 plated that various modifications thereto may be made 
through each output path 36'. In so doing, the imager but nevertheless come within the scope of the present 
system provides data from a plurality of areas of the invention as defined by the claims. 
model 12' and thereby characteristics of the flow 30' at What is claimed is: 
various parts of the model 12'. 1. A method of remotely and non-invasively charac- 

Another thermal pattern is a line which can improve 20 terizing the thermal properties of a solid sample, com- 
vector detection of the flow 30. Difference measure- 
ments of thermal transfer to the flow are taken between imparting thermal energy to  the sample without the 
orthogonal heating lines intersecting at the measure- sample being n physical contact with a thermal 
ment area by scanning the laser in orthogonal line direc- energy source; 
tions by the scanning system 22. obtaining a plurality of thermal measurements over 

The thermal pattern can also be varied in both time time by simultaneously measuring thermal radia- 
and space to  determine, for example, sample thickness. tions from each of a plurality of measurement areas 
Such a determination could include a relatively short of the sample; 
laser pulse which enables a peak temperature decay to  providing a plurality of respective reference calibra- 
be examined. If one knows the thermal properties of the 30 tion standards for each measurement area which is 
model material, and loss to  the flow, then the decay is based on a thermal theoretical model for that mea- 
related to  the model thickness. surement area; and 

The invention also has application for characterizing comparing the relative difference between each of 
the properties of the model 12 itself. For example, if a the plurality of thermal measurements and the re- 
crack exists in the model 12, the thermal image pro- 35 spective plurality of reference calibration standards 
duced at the crack will be different from the non- for each measurement area thereby characterizing 
cracked area of the model 12. This is due to  the change the thermal properties of said sample. 
in  heat transfer of the model 12 from the change in 2. The invention of claim 1 wherein the measurement 
geometry caused by the crack. The present invention areas are on the surface of the sample. 
can also evaluate surface coatings, such as thermal con- 40 3. The invention of claim 2 wherein the thermal en- 
trol coatings, laminated surface integrities, and the ef- ergy is imparted in a pulse mode. 
fects of damage from both mechanical and radiation 4. The invention of claim 3 further including the step 
events, all of which can be characterized by the ability of applying to  the samples at least one of a thermal 
to  transfer heat. The present invention can also measure insulator coating and a surface absorbing coating. 
changes caused by ion implantation, ion diffusion, etch- 45 5. The invention of claim 4 further including the step 
ing, oxidation, ultraviolet degradation, physical impact, of placing the sample in a wind tunnel. 
and other processes that change the thermal properties 6. The invention of claim 2 wherein the thermal en- 
of the model. ergy is imparted in a continuous mode. 

As can be appreciated, the present invention mea- 7. The invention of claim 2 wherein the thermal en- 
sures rates of heat transfer remotely and without 50 ergy is imparted in a modulated mode. 

prising the steps of: 

25 

contact of the model. The present invention can deter- * * * * *  

55 
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