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Abstract 

Heat-transfer measurements were made on a 
complex scaled wind tunnel model containing 400 
miniature discrete sensors in Hypersonic Wind Tun- 
nels B and C at the Arnold Engineering Develop- 
ment Center (AEDC). This test program was signifi- 
cant for a number of reasons which, when com- 
bined, have led to the development of a new test 
capability at the AEDC. First and foremost is the 
large number of simultaneous thermal measure- 
ments made on the wind tunnel test model. The 
large number of simultaneous measurements on a 
single test model was primarily driven by the cus- 
tomer's desire to conduct the test program in the 
most cost-effective manner. This request was trans- 
lated into a system to obtain high-quality test data 
points in the least amount of air-on time and to make 
heat-transfer measurements on all surfaces of a 
very complex model. The measurements were 
made on relatively flat surfaces, wing leading edges, 
and thin tip fin leading edges; multiple measure- 
ments were made on a wide variety of unconven- 
tional control surfaces and appendages. Simulta- 
neous measurements on the wide variety of sur- 
faces required the selection of a sensor which was 
highly sensitive, small, and could be contoured to 
small local surface radii. The sensor chosen for 
these measurements was the Schmidt-Boelter 
gage. The capability to calibrate Schmidt-Boelter 
gages and compare a National Institute of Stan- 
dards and Technology (NIST)-traceable and certi- 
fied standard is one reason this sensor was used for 
all of the measurements. Since each gage needs the 
measurement of two thermal parameters to obtain 
the required measurement parameter, the simulta- 
neous measurement of 800 thermal parameters was 

required. The previous data acquisition system in 
these hypersonic wind tunnels at the AEDC was 
capable of measuring outputs for only 112 Schmidt- 
Boelter gages simultaneously. Therefore, a new 
robust and mobile data acquisition system config- 
ured specifically to accommodate the large number 
of measurement parameters for this test program 
was designed and fabricated. The cost-effective test 
techniques, the Schmidt-Boelter gage, the new data 
acquisition system, and the overall data quality 
achieved in this significant test program will be 
described and emphasized in the paper. 

Nomenclature 

Ci  Gage calibration scale factor, Btu/ft2-sec/mv 

C2 Experimental constant to determine tempera- 
ture difference between gage surface and 
wafer back surface, °R/mv 

E     Installed S-B gage output voltage, mv 

E0   Calibration S-B gage output voltage, mv 

HTR Heat-transfer coefficient based on recovery 
temperature, Btu/ft2-sec-°R 

Ki Thermal conductivity of parallel wall slab, Btu/ 
ft-sec-°R 

k     Thermal conductivity of wafer, Btu/ft-sec-°R 

/      S-B gage slab thickness, ft 

N      Number of wire turns on the wafer 

q S-B gage measured heat-transfer rate, Btu/ft2- 
sec 

q0 Laboratory calibration input heat flux, Btu/ft2- 
sec 
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TB   Measured temperature at back surface of S-B 
gage wafer, °R 

Tc S-B gage lower (cold) surface temperature, °R 
(see Fig. 6) 

TD   Difference between S-B measured and actual 
outer gage surface temperature, °R 

TH   S-B gage top surface temperature, °R (see 
Fig. 6) 

TR   Assumed recovery temperature, °R 

Tw  Model outer surface temperature, °R 

AT Temperature difference between S-B gage 
wafer top and lower surface, AT = TH _ Tc, °R 

t      Time, seconds 

x     Depth into parallel wall slab, in. 

a     Absolute Seebeck coefficient of the combined 
S-B thermoelements, (mv/°R) 

1.0 Introduction 

Development of hypersonic flight systems usu- 
ally requires a large volume of high-quality experi- 
mental ground test data which are used to predict 
flight performance and validate supporting analyti- 
cal codes. In the development of past complex 
hypersonic flight vehicles (e.g., U.S. Space Shut- 
tle), the Arnold Engineering Development Center 
(AEDC) made significant contributions with the 
acquisition of substantial quantities of high-quality 
experimental supersonic and hypersonic wind tun- 
nel data. In recent years, significant improvements 
have been made in experimental methods, both in 
the quality and quantity of test data obtained during 
wind tunnel test entries. With today's restricted 
budgets, increased cost of wind tunnel test time, 
and competition from other facilities, it is necessary 
to provide the customer the best possible value for 
his test budget dollar. This is accomplished, in part, 
at the AEDC with detailed pre-test planning for 
cost-effective testing. The continual development 
of new measurement sensors, coupled with the 
design and implementation of significantly 
improved data acquisition capabilities, makes it 
possible to obtain more high-quality experimental 
wind tunnel data in less tunnel air-on time. The 
higher productivity capabilities are realized through 

significantly improved data acquisition and pro- 
cessing, better sensors, and detailed, innovative 
test planning. The purpose of this paper is to: (1) 
Describe the highly sensitive miniature Schmidt- 
Boelter gage and its calibration and measurement 
application in heat-transfer measurements in com- 
plex flow environments on unconventional model 
surfaces such as small radii wing leading edges 
and thin tip fin leading edges, and (2) Describe a 
new robust and mobile data acquisition system 
designed, fabricated, and configured specifically to 
accommodate a large number of measurement 
parameters. 

The Schmidt-Boelter gage is a sensor which 
has a high sensitivity, small size, and is contour- 
able to small local surface radii. Sensors of this 
type were fabricated in miniature (0.062 and 0.125) 
and conventional (0.187-in.) diameter sizes. Some 
of the gages were fabricated in lengths less than 
0.10 in. in order to make measurements on some 
of the thin model surfaces. The Schmidt-Boelter 
gage features simultaneous measurements of sur- 
face heat flux and temperature in order to provide a 
local heat-transfer coefficient at each of the sensor 
locations on the model body. 

A related requirement was a new data system 
with the ability to measure low output signals from 
the sensors. The test model experienced wide vari- 
ations in aerodynamic heating from windward and 
leeward model surfaces as the model was sub- 
jected to varying angles of attack during the test 
program conducted at hypersonic flow Mach num- 
bers of 6, 8, and 10. An unusually high quantity of 
tabulated data and plots was available within min- 
utes of each model injection into the tunnel flow. 

Testing of the HOPE (H-ll Orbiting Plane) con- 
figuration was executed in the fall of 1996 and win- 
ter of 1997 at the AEDC. Aerothermal heat-transfer 
data were obtained simultaneously at 400 different 
locations on a scaled HOPE model using a newly 
developed modular multiplexed data acquisition 
system. A decision was made early in the test pro- 
gram planning to use only Schmidt-Boelter 
gages1'2 to make these aerodynamic heat-transfer 
measurements. One of the many reasons for the 
selection of Schmidt-Boelter gages was the sen- 
sor's ability to be calibrated to high accuracy (+ 1.7 
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percent uncertainty) with standards trace- 
able to the National Institute of Standards 
and Technology (NIST). The measurement 
methodology of the exclusive use of direct- 
reading Schmidt-Boelter gages will be 
explained in a later section of this paper. 
The success of this test program estab- 
lished the miniature Schmidt-Boelter gage 
as the AEDC sensor of choice in similar 
measurement applications. 

2.0 Facility Description 

Windows for Model Inspection 
or Photography 

Windows for 
Shadowgraph/SchlHerenSj 
Photography 

AEDC Hypersonic Wind Tunnels B and 
C, (Fig. 1), are large closed-circuit continu- 
ous flow, variable density wind tunnels with 
50-in.-diam (1.3 m) test sections. Axisymet- 
ric contoured nozzles provide free-stream 
Mach numbers of 6 and 8 in Tunnel B and 10 in 
Tunnel C. These tunnels operate over a stagnation 
pressure range of 50 to 300 psia at Mach 6, 100 to 
900 psia at Mach 8, and 200 to 2000 psia at Mach 
10. Stagnation temperatures up to 1440°F (768°C) 
are obtained through the use of natural gas-fired 
combustion heaters in series with an electric resis- 
tance heater. These tunnels are equipped with a 
model injection system which permits model 
removal from the tunnel while the tunnel remains in 
operation. The injection system permits precision 
control of model flow immersion time and model 
wall initial conditions. An additional advantage of 
the injection system is to permit model accessibility 
for rapid configuration changes while the tunnel 
remains in operation. The injection tank also con- 
tains an air cooling system to assist in regaining 
isothermal model-wall initial conditions. Tunnel B 
and the model injection system are also illustrated 
in Fig.1, and a more detailed description of these 
tunnels may be found in Ref. 3. 

3.0 Test Article and Test Conditions 

The test article (Figs. 2 and 3) was a scaled 
model of the HOPE unmanned, winged space 
vehicle which contained a variety of instrumented 
control surfaces. Some of these control surfaces 
were relatively flat while others had thin cross-sec- 
tional areas with very small radii of curvature, as 
shown in Fig. 4. These features made the selection 
of heat-transfer sensors quite difficult. Measure- 
ment of aerodynamic heat transfer on these types 

Tank Entrance Door 
for Model Installation 
or Inspection 

Fig. 1. AEDC Hypersonic Wind Tunnels B and C. 

Fig. 2.  HOPE Wind Tunnel model installed 
AEDC Hypersonic Wind Tunnel B. 

in 

4   Photo Courtesy of NASDA and MHI 

Fig. 3. HOPE Wind Tunnel model lower assembly. 

of surfaces has always been difficult,4 and previ- 
ous measurements5 contained error as a result of 
heat conduction. The model was designed to 
accommodate 400 Schmidt-Boelter heat-transfer 
gages. The lead wires from each gage consisted of 
one twisted pair copper for heat flux signal and one 
duplex pair Type-J thermocouple for the surface 
temperature   measurement.   These  wires  were 
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0.062 In. diam gages (typl 

Photo Courtesy of NASDA and MHI 

Fig.   4.   HOPE   model   tip   fin   control   surface 
instrumentation. 

routed in four main cable arrangements (Fig. 5) 
and bound together in the attaching hardware 
downstream to form a continuous cable to the new 
data acquisition system. 

Fig. 5.   HOPE model instrumentation buildup. 

The test article was injected into the flow at uni- 
form temperature (nominally 100°F) at pre-selected 
model attitude angles of alpha and beta. Mach 
number effects at 6 and 8 in Tunnel B and Mach 10 
in Tunnel C were each evaluated for several model 
configurations. Data acquisition was initiated within 
0.5 sec after attaining tunnel centerline. 

4.0 Discussion of Measurement Methology 

Peak aerodynamic heating on most high-speed 
flight vehicles occurs on nosetips, wing leading 
edges, and tip fins. It is reasonable that designers 
of this class of vehicle need ground test facility 
heat-transfer data to quantify aerodynamic heating 
in these regions. The challenge is that wind tunnel 
models are generally small relative to full-scale 

vehicles, resulting in nosetips and leading edge 
surface radii as small as 0.015 in. The usual 
approach to providing data that define aerody- 
namic heating for scaled models of complex hyper- 
sonic flight vehicles in wind tunnels is to make 
measurements on individual sections of the model 
rather than the entire body. Reasons for this are 
simple and include the following: 

1. It is difficult to instrument entire models if 
they contain small radius of curvature areas such 
as wing leading edges, tip fins, nosetips, and mul- 
tiple control surfaces. 

2. Instrumentation of the entire model for effec- 
tive coverage often would require several hundred 
measurements to be made simultaneously, and 
therefore require many more data acquisition 
channels than are currently available at most wind 
tunnel facilities. 

3. Heat flux levels over the entire model vary 
greatly, especially when the test model is sub- 
jected to a wide angle-of-attack range at variable 
test conditions. 

4. Aerodynamic heating on surfaces such as 
relatively flat wings, body, and fuselage are more 
easily measured with common discrete methods 
such as thin-skin thermocouples,5,6 Gardon 
gages,7,8 coaxial thermocouples,9,10 or conven- 
tional Schmidt-Boelter gages.1,2 

5. Areas such as wing leading edges and tip 
fins have been and remain more difficult to model 
and measure because of their small radius of cur- 
vature which is not readily amenable to measure- 
ment with common methods. 

Conventional heat-transfer sensors do not 
adapt well to these small radius regions. Measure- 
ment of heat transfer in these areas has always 
been difficult, and the search for more accurate 
and effective methods of measurement has been a 
continual and difficult quest. Schmidt-Boelter 
gages were best suited to the heat-transfer mea- 
surements required on this complex aerodynamic 
model because the Schmidt-Boelter gage may be 
contoured in one axis of symmetry. Therefore, 
these small sensors could be placed in areas of 
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very small radius of curvature if the perpendicular 
axis is nearly straight. Medtherm Corp. of Hunts- 
ville, AL, provided approximately one-half of the 
heat flux sensors that were designed specifically 
for this application. The sensors provided by 
Medtherm were small diameter (0.062 in. or 0.159 
cm) Schmidt-Boelter gages that were primarily 
used on the wing leading edges, tip fins, and other 
areas requiring small radii of curvature. The 
remaining one-half of the Schmidt-Boelter gages 
were designed, fabricated, calibrated, and installed 
by AEDC personnel. A schematic depicting a typi- 
cal Schmidt-Boelter gage fabricated at AEDC is 
shown in Fig. 6. These gages were 0.125 in. (0.318 
cm) and 0.187 in. (0.476-cm) diameter and are 
generally considered small enough for the majority 
of aerodynamic heating tests in the AEDC hyper- 
sonic wind tunnels. 

4.1 Principle of Operation 

It is understood that operation and data reduc- 
tion principles of the Schmidt-Boelter gage are 
documented in reference materials; however, it is 
the author's opinion that these principles should be 
presented in this paper for completeness. The prin- 
ciple of operation of the Schmidt-Boelter gage can 
readily and correctly be divided into two distinctly 

Anodized Aluminum Wafer 

i— 0.002-in.-diam 
Constantan Wire 

q 

AT = T„-TC 

Constantan 
on Left Side of 
Wafer Electroplated 
with Copper 
(Top and Bottom) 

TH = Top Surface 
Temperature 

Tc = Bottom Surface 
Temperature 

different physical principles. These are the thermal 
and thermoelectric functions. There are valid rea- 
sons for separating the individual functions, and for 
a complete understanding of gage operation, 
detailed descriptions of both the thermal and ther- 
moelectric principles are given in Ref. 2. 

For the purposes of this paper, the Schmidt- 
Boelter gage concept is adequately represented by 
Fig. 6. From a thermal perspective, the gage oper- 
ates on the principle of axial heat conduction. It can 
be shown that for a constant heat flux, q, on the 
surface, a constant temperature differential, AT, is 
developed between the top and bottom surfaces of 
an electrically insulating wafer that is in ideal ther- 
mal contact with another material which effectively 
serves as a heat sink. The temperature differential, 
AT, is a measurement of the difference in tempera- 
tures at the top surface, TH, and the bottom sur- 
face, Tc, of the wafer; i.e., AT = TH - Tc. A differ- 
ential thermocouple measuring this temperature 
difference will have an output signal, E0, which is 
proportional to the input heat flux, q. The thermo- 
electric function of the gage is achieved by winding 
a small diameter bare constantan wire around a 
wafer of an electrically insulating material (thermal 
resistance layer). One-half of the wire/wafer 
assembly is then electroplated with a material ther- 

All Dimensions in Inches 

- 35-40 Turns 0.002-in.-diam Constantan 
Wire. Electroplate Copper onto One-Half 
of Coil, Both Sides (Top and Bottom) 

Epoxy 
(Stycast® 2762) 

— Heat Sink 

#30AWG Fe-CN 
(ISA Type J) 
TC Wire 

U-U 
Section A-A 

Anodized 
Aluminum Wafer 
(0.15x0.05x0.02) 

0.002-in.-diam 
Constantan Wire 

Copper Tubing 
Solder Post, 
0.0230 ODx 0.14 

—Anodized Aluminum 
Heat Sink 

Solder 

-#32AWG (7/40) Teflon® 
Coated Copper Lead 
Wire 

Epoxy (Stycast® 2762) 

a. Concept 
Fig. 6.   AEDC Schmidt-Boelter gage. 

b. Design 
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moelectrically compatible with constantan thermo- 
couple wire. Boelter used silver as the plating 
material in his initial gage, but most manufacturers 
now use copper. This electrical configuration effec- 
tively creates a series combination of copper-con- 
stantan differential thermocouples with the hot 
junctions at a temperature, TH, on the top surface 
of the wafer and the cold junctions at a tempera- 
ture, Tc, on the bottom surface. This series combi- 
nation of differential thermocouples is called a ther- 
mopile. The output signal from the gage is directly 
proportional to the number of windings of the con- 
stantan wire around the insulating wafer. The out- 
put signal can be represented by the following 
equation: 

E0 = N*a*(TH-Tc) = N*c*AT (1) 

where N is the number of turns of constantan wire 
around the wafer and a is the absolute Seebeck 
coefficient11 of the series combination of thermoele- 
ments. 

A mathematical model which is often used to 
simulate a Schmidt-Boelter gage is the parallel wall 
slab backed by a semi-infinite solid. The geometric 
representation of this math model is shown in Fig. 
7. Exact solutions for the transient temperature his- 
tory at any axial station, x, on or into the parallel 
wall slab are available in several heat conduction 
texts or reports.12,13 These temperature histories 
or combinations of temperature difference histories 
are easily programmed for repetitive calculations 
on a digital computer. However, there are assump- 
tions which must be made to make gage perfor- 
mance calculations using exact solutions. The 
gage is assumed to have only two components, 

which can be two different materials. These are the 
parallel wall slab and a backing or heat sinking 
material. Heat flux sensitivity is determined by cal- 
culating the temperature difference, TH -Tc = AT, 
between the top and bottom surfaces of the paral- 
lel wall slab. The steady-state solution to the prob- 
lem is given by: 

Op 
K 

AT = •/ (2) 

where K^ and / are the thermal conductivity and 
thickness of the slab, respectively, and q0 is the 
heat flux input. Also, the in Eq. (2) represents the 
same AT shown in Eq. (1). The derivation of Eq. (2) 
can be found in several papers or texts, including 
Ref. 1. 

While Eqs. (1) and (2) are useful for showing 
how the Schmidt-Boelter gage develops its output, 
many actual gages are composed of several differ- 
ent materials due to the requirements of the appli- 
cations for which they are intended. These often 
include environmental considerations such as 
pressure, temperature, humidity, etc. This causes 
the thermal model of the actual gage to be much 
different from the simple model. Finite element 
analysis (FEA) heat conduction codes have been 
successfully employed to predict the thermal 
response of the gages to good accuracy. Results 
of thermal analyses to define the heat conduction 
paths in the thermal model of gages used in wind 
tunnel tests at the AEDC are presented in Refs.1, 
2, and 14. 

4.2 Data Reduction 

Since the Schmidt-Boelter gage is a discrete 
transducer featuring a self-generating output 
directly proportional to the heat flux incident on its 
surface, the steady-state output signal of the ther- 
mopile is proportional to the incident heat flux at 
the surface, and a temperature difference is devel- 
oped between parallel planes inside the gage 
shown in Eqs. (1) and (2). The constant terms in 
these equations can be grouped together such that 
the heat flux on the gage can be related to the out- 
put from the differential thermocouple series com- 
bination as: 

Fig, 7. Parallel wall slab backed by 
semi-infinite solid. 

CiE (3) 
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where C1 is the gage calibration scale factor that is 
determined from the experimental laboratory cali- 
bration. 

The determination of the local heat-transfer 
coefficient requires an effective gage surface tem- 
perature, Tw, as well as the heat flux given by Eq. 
(3). Since actual measurement of the surface tem- 
perature is difficult, a thermocouple is attached to 
the back surface of the wafer as shown in Fig. 6. 
The Type-J thermocouple provides a temperature 
measurement of the wafer back surface which is 
designated as TB. The temperature difference, TD, 
between the measured gage temperature and sur- 
face temperature is defined as: 

Tn = Co*E (4) 

where C2 is an experimentally determined constant 
which is used to calculate the difference in the gage 
surface temperature and the temperature mea- 
sured by the thermocouple located at the back sur- 
face of the wafer based on the gage output, E.1 The 
effective surface temperature, Tw, of the Schmidt- 
Boelter gage is then given by : 

w = TB + TD (5) 

The heat-transfer coefficient may then be com- 
puted as: 

HTR = q/(TR-Tw) (6) 

where TR is a suitable recovery temperature. A 
complete discussion of recovery temperatures is 
included in Ref. 15. 

4.3 Laboratory Calibration of Schmidt-Boelter 
Gages g 

8 
Schmidt-Boelter gages were cali- „ 

brated in the AEDC Aerothermody- "* 
namics Measurements Laboratory 
(ATMLab). The heat source is a nine- 
unit 1-KW tungsten filament lamp 
bank which provides uniform heat 
flux varying from 0.5 to 10 Btu/ft2-sec 
over a surface area measuring 4 in. 
by 1.5 in.1 Outputs from up to 24 
sensors are routed to the inputs of 
Preston 8300 XWB instrumentation 

o 

amplifiers. These amplifiers provide gain up to 
15,000 using analog filtering. Amplifier outputs are 
routed to the inputs of a Preston GMAD3A-15B 
multiplexed 15-bit analog-to-digital converter which 
is operated in the burst mode triggered by the com- 
puter (DEC PDP 11/73) real-time clock. A calibra- 
tion through the data system using National Insti- 
tute of Standards and Technology (NIST)-trace- 
able millivolt standards is performed at the begin- 
ning of each day the system is used. Sample cali- 
brations are shown in Fig. 8. 

It has been determined by a statistical analysis 
that the data system adds an uncertainty of ±0.5 
percent to the experimental calibrations. A detailed 
description of the ATMLab laboratory data acquisi- 
tion system is given in Ref. 16. Up to nineteen 
gages can be calibrated simultaneously using as a 
reference three heat flux standard 0.187-in.-diam 
Schmidt-Boelter gages made by Medtherm Corp. 
These transfer standard gages are calibrated at 
the NIST Optical Technology Division Physics Lab 
using a Variable Temperature Blackbody (VTBB) 
as the heat source. Calibrations of the transfer 
standard gages are certified to be accurate to ±1.7- 
percent deviation over a range of heat flux up to 10 
W/cm2 (8.81 Btu/ft2-sec). Three transfer standard 
gages are used over a time period up to twelve 
months and are then replaced with another stan- 
dards group calibrated by NIST in the same man- 
ner. Experimental procedures followed by NIST in 
the calibration of the transfer standard gages are 
documented in a technical paper published in Nov. 
1997.17 The calibration heat flux level is deter- 
mined by taking the average of the indicated heat 
flux from the three transfer standard gages over a 
common time interval. Measured heat flux from the 

Series 1.SBG2095 
Series 2, SBG2097 
Series 3, SBG2099 

3 4 
Heat Flux, Btu/ft2, sec 

Fig. 8.   AEDC Schmidt-Boelter sample calibrations. 
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three transfer standard gages is normally within 1- 
percent deviation. The output in millivolts from 
each of the test gages is measured over the same 
time interval over which the individual outputs of 
the transfer standard gages are measured. The 
calibration scale factor (Btu/ft2-sec/mv) for each 
gage is calculated by a straight line curve fit 
through three data points obtained at three differ- 
ent heat flux levels plus zero. Of course, the uncer- 
tainties quoted above only apply to the heat flux 
calibration, and not to the measurements of heat 
transfer coefficients. The gage surface tempera- 
ture is required in the calculation of heat-transfer 
coefficients, and this measurement is made with 
special-grade thermocouple wire whose uncertain- 
ties are listed in the ASTM manual on the Use of 
Thermocouples in Temperature Measurement.11 

4.4 Application Uncertainty 

The uncertainties of the final measurements 
were estimated using methodology contained in 
Ref. 18 and are a combination of bias and preci- 
sion errors. Typical calibration results are shown in 

AIAA-99-0945 

Fig. 8. The uncertainties of the wind tunnel test 
conditions at the 95-percent confidence level for 
the systems used during the test are provided in 
Table 1 and were estimated from the tunnel cali- 
bration data and the uncertainty of the tunnel 
instrumentation. Propagation of the bias and preci- 
sion errors of the calculated parameters of interest 
based on measured data are shown in Table 2. 
Calibrations traceable to the National Institute of 
Standards and Technology are available for all 
instrumentation and associated systems. In gen- 
eral the miniature Schmidt-Boelter gages demon- 
strated precision and bias uncertainties approach- 
ing that of a conventional gage (+ 5.0 percent). 
Data acquisition and instrumentation calibrations 
are performed daily as outlined in the previous sec- 
tion to ensure calibration criteria are maintained. 

5.0 Multiplexing System Functional Descripton 

5.1 Requirements 

The previous Tunnel A/B/C multiplexing data 
acquisition system was capable of simultaneous 

Table 1. Schmidt-Boelter Gage Calibration Uncertainties 

Parameter 
Description 

Precision Limit 
(S) 

Bias Limit 

(B) 

Uncertainty 
(B+t95*S) 

Range 
Type of 

Measuring 
Device 

Type of Recording 
Device 

Method of System 
Calibration 

Percent 
of 

Reading 

Unit of 
Measurement 

Degrees 
of 

Freedom 

Percent 
of 

Reading 

Unit of 
Measurement 

Percent 
of 

Reading 

Unit of 
Measurement 

Schmidt-Boelter 
Gage Heat Flux 

q, Btu/fr'-sec 
0.5 Btu/f^-sec >30 1.7 Btu/ft2-sec 2.2 Btu/ft2-sec 

0.5-IOBtu/ 
ft2-sec 

S-B reference 
gage 

Digital Data Acqui- 
sition System 

Application of multiple 
heat flux levels using 

3 NIST calibrated 
secondary standards 

Schmidt-Boelter 
gage 

TH, TQ, Temperature 
DegR 

0.5 degR >30 0.40% degR 0.9 2 degR 
490-960 deg 

R 
Iron-Constantan 
Thermocouples 

Digital Thermome- 
ter and micro-pro- 
cessor averaged 

Thermocouple verifi- 
cation NIST confor- 

mity/voltage 
substitution 
calibration 

Table 2. Schmidt-Boelter Gage Application Uncertainties 

Parameter 
Description 

Precision Limit 

(S) 

Bias Limit 

(B) 

Uncertainty 
(B+t95*S) 

Range 
Type of 

Measuring 
Device 

Type of Recording 
Device 

Method of System 
Calibration Percent 

of 
Reading 

Unit of 
Measurement 

Degrees 
of 

Freedom 

Percent 
of 

Reading 

Unit of 
Measurement 

Percent 
of 

Reading 

Unit of 
Measurement 

Schmidt-Boelter 
Gage Heat Flux 

q, Btrf-sec 
2.5 Btu/fF-sec >30 0+ 5.0 

0.5-10Btu/ 
fl2-sec 

S-B reference 
gage 

Digital Data Acqui- 
sition System 

ln-place check of 
gage heat flux level 

using calibrated radi- 
ert heat source 

Schmidt-Boelter 
gage 

TH, To, Temperature 
DegR 

1degR >30 2 degR 4 degR 
490-960 deg 

R 

Iron-Constantan 
Thermocouples 

Digital Thermome- 
ter and micro-pro- 
cessor averaged 

Thermocouple verifi- 
cation NIST confor- 

mity/voltage 
substitution 
calibration 
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acquisition of 112 Schmidt-Boelter gages and a 
system upgrade was required to measure 400 
Schmidt-Boelter gages in the same manner. In 
order to constrain costs and maintain schedules, 
the guidelines below were followed to select the 
appropriate upgrade strategy: 

• Minimize changes to the existing tunnel data 
system hardware. 

• Minimize data system software changes. 

• Use existing data reduction equations. 

PC-based and several off-the-shelf data sys- 
tems were evaluated, but each proved too slow, 
too expensive or too inaccurate. It was determined 
that enhancement of the current data system 
would provide the best quality data and minimize 
software development costs. 

The newly designed system interfaced the sen- 
sor signals to the existing data system using elec- 
tronically scanned pressure (ESP) control wiring. 
An ESP is a device that directs information from 
multiple pressure sensors to one data system input 
amplifier. The control wiring manipulates heat flux 
sensor signals as well as pressure data with addi- 
tional signal wiring and multiplexing hardware. Mul- 
tiplexing signals in this manner permits a large 
number of sensors to be measured by a single 
data system amplifier. The new system was con- 
structed to provide the necessary number of input 
channels without modifications to the existing data 
acquisition hardware. 

5.2 System Design 

The previous facility data system was capable 
of 48-channel addressing of ten ESP modules. 
This permitted the measurement of 480 pressure 
inputs. The redesign increased the address range 
to 64 channels and connected 14 additional ampli- 
fiers in order to accommodate 800 or more test 
article heat flux parameters. Analysis of data sys- 
tem timing and processing capability was also initi- 
ated. Data acquisition, display, and storage rates in 
excess of 16 samples a second for each heat gage 
signal were obtained. Each 64-channel multiplex- 
ing circuit output connects to a data system ampli- 
fier as shown in the attached schematic (Fig. 9). 

It was determined that a combination of the fol- 
lowing characteristics and functions provided the 
optimum accuracy. 

1. The shortest possible sensor leads were 
used to minimize impedance mismatch and 
cabling costs. 

2. The leads from the sensor to the system 
input were twisted to minimize noise pickup. 

3. Isothermal inputs were maintained for the 
signal inputs to prevent errors in the thermocou- 
ple readings. 

4. The capability to accurately measure float- 
ing (ungrounded) signals or grounded signals was 
provided. 

5. On-card jumpers provided flexibility in set- 
ting local amplification and grounded/ungrounded 
gage type. 

Figure 9 shows the connection for each thermo- 
couple signal of 62 Schmidt-Boelter heat-transfer 
gages. The connection for each heat flux sensor is 
identical, except that no reference temperature 
measurement is needed. The circuitry for both 
thermocouple and heat flux sensor is contained in 
a single chassis. This arrangement permits both 
signals from a heat-transfer gage to be connected 
in the same physical area. Also, the two outputs 
are measured within one u.sec of each other. 

5.3 Fabrication 

The system is installed in a standard 19-in. por- 
table instrument rack (Fig. 10) in order to simplify 
transportation between test facilities. One impor- 
tant feature of the instrument rack is that equip- 
ment can be mounted in the front or the back. In 
addition to the 7-multiplexer chassis and system 
controller, a pair of video monitors, a precision volt- 
age source, and a storage drawer were mounted in 
the rack. The rack was connected to the test article 
through the 1600 sensor leads, to the ESP System 
via six address lines, and finally to the data system 
through 14 analog outputs and a video feed. The 
system includes the capability for local calibration 
and checkout of the equipment. 
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Fig. 10. Data Acquisition System. 

The printed circuit cards are connected to the      field replacement of the entire card. Two 64-pin rib- 
rear panel through ribbon cables. This allows easy bon cables connect the 64 differential signals to 

10 
American Institute of Aeronautics and Astronautics 



AIAA-99-0945 

the rear of the chassis. On each card, the signals 
can be shorted to simulate a 0-volt input. Channel 
64 is hard-wired to the voltage source. The signal 
low input can be grounded in order to measure a 
floating sensor correctly or can remain floating to 
measure a grounded signal correctly. The cards 
are mounted on telescoping slides that allow the 
operator to extend the card to change jumpers 
when necessary. 

The system controller is the device that is used 
to input and condition the ESP control lines by pro- 
viding electrical isolation, conversion to 5-v logic 
level signals, and correction of any transmission 
delays. An electrically programmed logic device is 
used to output and retransmit gated, time-cor- 
rected channel addresses to the multiplexer chas- 
sis. The system controller may be operated in a 
manual mode to allow the operator to select the 
channel with a panel-mount encoder and LED dis- 
play. When this function was not required, the sys- 
tem controller is placed in the remote control mode 
for data acquisition. The output to the multiplexer 
address connector is in binary format for proper 
addressing, but the output to the display is in BCD 
format for direct channel readout. 

5.4 System Performance 

The system can be easily relocated where 
installation and environmental concerns are opti- 
mized. It has been constructed using state-of-the- 
art components and is expected to provide excel- 
lent capabilities for years to come. This system 
provides a new test capability that will help keep 
the AEDC at the forefront of ground-based aerody- 
namic testing and also reduces costs to our test 
customers. Within a period of four months, the total 
channel capacity was increased from 112 heat 
gages to over 400. System performance includes: 

1. 1600 or more signal leads are isothermally 
connected in a small area. 

2. Local displays show gage status during 
installation and checkout. 

3. Ability to compensate gage installation and 
wiring problems with on-card jumpers minimizes 
repair time. 

4. Voltage verification to each module is input 
and recorded during each test data point to ensure 
system accuracy. 

5. Low-level signals to 20 mV are measured 
with accuracy better than 10 uv corresponding to 
approximately +0.1-percent accuracy for typical 
heat gage signals. 

6. Ability to disconnect and relocate in 4 hours. 

7. Five installations have been completed to 
date without system failure. 

6.0 Data Productivity and Cost Comparison 

The previous Tunnel B/C multiplexing data sys- 
tem was capable of acquiring data from 112 
Schmidt-Boelter gages simultaneously. There was 
no practical way to measure any more sensors 
without a major equipment and software upgrade. 
The costs to perform this upgrade were compared 
to the costs of multiple test entries and the costs 
were comparable. 

An alternative approach was to fabricate a sys- 
tem that would interface the sensor signals to the 
existing data system using electronically scanned 
pressure (ESP) control wiring. This effort was 
approximately one-third the cost of either of the 
previous two suggestions. 

The signal multiplexer system and software 
revisions conceived, designed, fabricated and suc- 
cessfully implemented resulted in a cost avoid- 
ance of $208,000 for one test program and pro- 
vided a new data acquisition capability for the 
AEDC testing complex. Due to the nature of the 
system construction, it can be used in any AEDC 
test facility to expand input capability with minor 
software revisions. 

7.0 Summary 

Conventional (0.187-in.-diam) and miniature 
(0.062- and 0.125-in.-diam) Schmidt-Boelter gages 
were successfully employed to conduct heat-trans- 
fer measurements on a complex model covering 
major portions of both the ascent and descent tra- 
jectories of the associated flight vehicle at Mach 
numbers of 6, 8, and 10. The test model localized 
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geometry variability and wide range of heat-trans- 
fer rate from windward to leeward model surfaces 
led to the selection of specialized Schmidt-Boelter 
gages as the sensors of choice. The Schmidt- 
Boelter gage features simultaneous measurement 
of both heat flux and temperature to provide heat- 
transfer coefficient. These gages were fabricated 
to conform to highly variable local contours with 
small radii, and where space constraints existed, 
were fabricated to be less than 0.10 in. in length. 
These Schmidt-Boelter gages retained the desired 
sensitivity and provided a NIST-traceable and cer- 
tified secondary standard. 

The requirement of an exceptionally large 
number of parameters and capability to measure 
low output signals led to the development of a new 
robust data acquisition system. The data acquisi- 
tion system is capable of simultaneous measure- 
ment of 400 heat-transfer gages or 800 individual 
measurement parameters. The capability to obtain 
measurements for a complete configuration results 
in a reduction of tunnel run time, higher data pro- 
ductivity, and an overall decrease in the final cus- 
tomer cost (best value) for a program of this scope. 
The near real-time data turnaround cycle enables 
the customer to make intelligent decisions with 
regard to possible changes in the test matrix near 
real time as the test progresses. This approach 
proved to be cost-effective and significantly 
improved the data acquisition capabilities at the 
AEDC. The system modular design permits future 
expansion and is inherently transportable. 
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