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SUIMM1 R

This paper is an introduction to the problem of defining and selecting an automated

data processing system for a wind tunnel facility. The restraints imposed by speed
and accuracy requirements, and the characteristics of various facilities and types of

testing, are discussed. Typical systems and system elements are described. A

tabulation listing the present data processing systems for many vind tunnel installa-
tions and a sample specification for a modern system arc included.

SOMMAIRE

Ce papier constitue un pr6ambule au problbme consistant ' d6finir et h choisir un

systkme de data nrocessing pour l'tude d'une soufflerie. Les contraintes gOn6r6es

par des impositions de vitesse et de pr6cision. et les caracteristiques des diverses

installations et mftthodes de test sont discut6es. Les syst'mes typiques et leurs
elements sont decrits. Une tabulation listant les systemes de data processing pour

plusieurs installations de soufflerie et un example de specifications pour un systeme

moderne sont imclus.
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WIND TUNNEL DATA PROCESSING

Robert E. Covey*

1. INTRODUCTION

1.1 Introductory Remarks

Wind tunnels are used for the testing of scale models of air frames, missiles, and
aerodynamic entry configurations of space vehicles, or for the full-scale testing of
ramjet and gas turbine engines or components. From the early days of aircraft
development, wind tunnel experiments have involved a considerable amount of instrumen-
tation and processing of the acquired data by manual means. In the past decade, the
rapid development of high-speed automatic computers has permitted more extensive
calculations, and the automatic instrumentation to feed data into a computer has
followed as a logical consequence.

This report is written by a test facility engineer, not a data handling specialist,
computer programmer, or electronics engineer. It is basically adressed to other
facility operational or test engineers, or those who wish to view the problems of wind
tunnel data processing from that vantage point. It is an attempt to pass on some of
the Jet Propulsion Laboratory (JPL) experiences concerning the definition and
selection of an integrated data processing system. It is hoped that the things we
have learned would be of interest and use to another facility operator embarking on a
system analysis and design project. The near optimum solutions in terms of specific
hardware are rather transient due to constant advances in the state-of-the-art
resulting in both improvements in present equipment, and completely new equipment.
Recognizing this, and realizing that each facility's requirements are somewhat unique,
the discussion is kept as general as possible.

1.2 JPL Experience

The data handling experience in the JPL wind tunnels is a composite of many of the
experiences of other facilities. The JPL facilities' have been in operation long
enough (15 years) to have witnessed and participated in the technical revolutions
which carried from hand operation to fully automated systems. 'The operation has been
diverse enough (from the extremes of high priority military development testing to
basic research work) to raise the gamut of operational problems. During this period
JPL has also experienced the management variations inherent in growth from a 1000- to
a 4000-man laboratory, addition of new facilities, and a change of direction (in the
wind tunnels) from military ownership, through a brief fling at quasi-private
enterprise, to the present operation by a university under contract to NASA. In each
area: operation of the facilities, acquisition of the data, reduction or computation
of the data, and presentation of the results, JPL has passed through several phases.
Some new systems affected all phases, while other changes or indifications only
improved one area at a time.

To a limited extent, a brief description of the history u tunnel data

processing at JPL can thus double as a brief history oflihe Id in general. It is

* Jet Propulsion Laboratory, California Institute of Technolugy, U.S.A



2

not all-inclusive, but is probably more representative than the experience of many
others who arrived on the scene more recently, or who perhaps skipped some of the
intermediate steps in their quest for better methods. This history is summarized in
Table I. Reference to this table shows that during this 15 year period the system
has progressed from a completely manual research-type test operation to the present
integrated system which will be described in greater detail in this report. The
operation of the tunnels has been automated little by little through the years. Not
shown on the Table I listing of major milestunes are thousands of operational
improvements such as the modification to central-control operation of over 100 valves
in the compressor plant, improvements in the air drying system, and improvements in
the test setup and installation techniques, and compressor plant and tunnel maintenance.
These features have certainly contributed their share to the large amount of rapidly-
available test results by increasing the tunnel efficiency and run-rate and reducing
the facility down time.

1.3 System Justification

%benever a test facility is expanded, modified, or improved, the engineer must

justify the costs involved on economic and technical grounds. The detailed justifica-
tions required to cover a large integrated data processing system represent a

significant proportion of the overall problem. The system usually cannot be explained
on either straight technical or purely economic grounds. The arguments advanced
represent a combination of these reasons. Basically, vehicle testing can no longer
be accomplished by rule-of-thumb procedures, The research test program is exposed to
too many unknown factors. The testing most seek knowledge on a cumulative basis with
succeeding steps based on immediately preceding tests combined with the required design
or test objectives. To be able to synthesize tLis knowledge, the aerodynamicist
should be presented with data in an easily digestible form whose validity and reliability
are keyed to a satisfactory confidence level. Thus timeliness is a primary reason for

resorting to automation where large quantities of data must be processed but the
economic factors in large manpower saving are equally important.

Ir. the selection of wind tunnel test equipment, heavy emphasis must be placed on
system and component reliability. Equipment reliability is a key factor in obtaining
high production. Unscheduled maintenance should be avoided if possible, and scheduled
maintenance should be organized to minimize the reduction of time available for
facility operation. Since the operating costs of wind tunnel facilities are generally
very high, high production must be achieved in order to obtain data at a relatively

low unit cost.

Another major argument advanced for the advantages of automation has to do with
accuracy, both indirect and direct (Reference 2, page 291).

'Inaccuracies in manual data handling processes cause excessive time delays as
well as erroneous test results (indirect accuracy). If a study is made of virtually
any manual data process from acquisition to final results, each and every number
that is used must be read, transcribed, calibrated, or operated on in some manner
between five and ten times. When final answers have been arrived at, even though a
computer has been used to do all the computational operations on the data, extensive
time is required to evaluate suspicious results and isolate erroneous data. If
engineers or high quality technicians are utilized for the manual data protessing.
fewer errors are apparent. This is not usually the case, however, where the menial
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tasks are concerned, such as film reading, calibrations or transcriptions. Errors
invariably occur in misreading,. inverting numbers, transcribing data, poor handwriting,
etc. These errors are inherent in data when handled manually and are extremely time
consuming for the engineer or a.,alysis staff to isolate since many times a single
number must be traced not only back to the recording medium, such as film or oscillograph,
but also to the transducer itself before the source of an error may be determined. If
manual computational operations are made, as compared to computer computations, a
proportionally larger number of induced errors will be inherent in the final results.
Through the medium of automatic data handling systems the data are 'unct,,t -minated'
by human interference and as a result very little time is expended on .solating random
errors. It should not be construed that automatic systems are infallible - they
definitely are not - however, when an error is made it is usually very obvious aid
can be isolated rather rapidly. If an equipment failure is the cause ot erroneous
results considerable time may be required to remedy a given situation. However this
is not time lost and effort spent by the engineering o: analysis organizations who can
profitably expedite other portions of a given program during the same period.'

'The direct aspect of accuracy that is a definite factor in favor of automatic
systems is the much more sophisticated manner in which data can be handled. The
basic accuracy of any one given data point that has been processed through an
automatic system is usually no better, and in some cases slightly worse than that which
may be obtained on a conventional photopanel or oscillograph system. Because of the
relatively high frequency of parameter sampling obtainable on tape systems as compared
to the data frequency required for performance tests, it is possible to make use of
computer programs encompassing statistical data handling methods in smoothing routines.
Since the normal scatter of any given parameter is random in nature these methods
present a means of obtaining more accurate test results than can normally be achieved
by conventional methods. Depending on the number of points and the rate at which the
parameters are sampled, the average random error can be decreased by a factor of 3
to 5. Though the same procedures are technically feasible with data reduction on a
photo-recorder or oscillograph, the excessive number of points which must be processed
manually makes it impractical.'

1.4 System Selection Philosophy

The philosophy which we have found to be a valid approach to the problem of
obtaining a satisfactory integrated wind tunnel data processing system consists of
three major parts. First, we define the overall problem as precisely as possible.
then we specify a general system which should handle this design problem, and finally
we evaluate the systems and equipment offered by the bidders to meet this specification.
To carry out this philosophy, a special organization was formed. The team approach
was emphasized. A senior project engineer with the title of Data System Coordinator
was put in charge. Supporting him were engineers from the Facilities Operation
Section, Instrumentation Section, and from the Computing and Data Handling Section,
as well as special support from Procurement and other Laboratory elements. A definite
time schedule was set up to complete the phases of problem definition, system
specification, and bid and evaluation. Based on funding considerations, a target
cost for the system was derived. Management war then sold on our ability to obtain a
satisfactory system within this target cost and in a reasonable time.

This approach of problem definition, system specification, and proposal evaluation
will be discussed in greater detail in the succeeding sections.



2. PROBLEM DEFINITION

2.1 Ideal System

A good way to begin a system definition is by describing an ideal (but unattainable)

system. Then perhaps we can degrade this paragon into a practical system and yet

retain a sufficient proportion of its ideal characteristics. Briefly, the ideal

system should be able to record all data instantaneously with absolute accuracy, and

to instantly present it in such a lucid fashion that error-free decisions can be made.

This ideal system, providing 'instant knowledge for infallible decisions' will be kept
in mind as we ask and answer the general and detailed questions which describe the

system.

The most general questions are as follows: (1) What kinds of problems %ill we be

trying to solve, and what will be the significant data that we will generate') (2) In

what quantities and at what speeds shall these data be recorded) (3) What is to be
done with the recorded data; what shall be the nature of the computations required

9

(4) What shall be the form of presentation of the resultant computations' (5) What

shall be the significant limit of error in ti,h results) The answers to these

questions tell us (I) the required mode of operation; steady state, dynamic, or both,

(ii) the nature of the input data: pressure, temperature, strain, etc., (iii) the

required scanning and logging rate., (ivl the necessary data channel capacity.

(v) the size and speed of the computer and its memory capacity, (vi) the presentation

equipment, (vii) the system accuracy. Regarding the last item, firm statements of

system accuracy and reliability are a matter of operational experience, although the

versatility and cost of a data processing system can be established at the design

stage.

Z.2 System Elements

Before attemptieg to delve any deeper into the definition of the system it will
prove useful and instructive to review the elements of a typical system. In

general terms, a physical quantity is measured by some sort of transducer which
provides an electrical output proportional to the measured quantity. This

electrical output or signal i3 usually conditioned in many ways. It may be switched,

amplified, filtered, smoothed, converted to a digital form, recorded on punched

cards, paper tape or magnetic tape, or sent directly into an analog computer or

assimilated in digital form by a digital computer.

2.2.1 Transducers and Signals

Let us begin with the sending element and follow through a typical system. The

need to measure with minimum effect on the measured parameter on the small models

encountered ii 1." tunnel testing dictates the use of strain gages and thermocouples

as transducer', ,h ,ey may appear in configurations of pressure gages, heat meters,

etc., but are still fundamentally strain gages and thermocouples. In fact, if some

other transducer with the required resolution and predictible behavior were to be

developed or used to measure model conditions (such as variable reluctance or

capacitance gages, etc.) it would still have the same basic handicap of low-power

signal levels. The fact that our system begins with a low-level signal is the cause

of many problems, as will be noted in the discussion of other system elements.
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2.2,2 Cabling and Shielding

A key element of any system is the cable and wiring which connects the other
system elements. This wiring is a source of many spurious signals and a variety of
noise. Where the signals are low level, the noise level can represent a significant
portion of the signal, and reduction of such noise becomes a primary consideration in
the system design. The noise cannut be completely eliminated, but can be greatly
attenuated through careful attention to design details- One error source is the
grounded circuit loop or common mode current which is c.,used by a voltage difference
between different grounds, or by pickup between a pair o: conductors. These ground
currents or pickup can be controlled by careful attention to isolation or impedance
balancing in the design. Signal grounds and power supply grounds must be isolated

from each other to prevent ground loops. Another source of error is the thermo-
electric junctions of dissimilar metals. Materials must be selected to avoid unwanted
thermocouples. Large blocks of material may be utilized to provide temperature
stability and a good design may include an actual isothermal box. Finally, a major
source of signal noise arises from the fact that a conducting circuit element in a
varying electro-magnetic field will have a current induced. The usual method of
isolation consists of coaxia: or triaxial cables, twisted pairs, etc., but even the
shielding itself can have a large capacity to ground and provide an a.c. ground loop.

Even mechanical vibrations can induce a current if the conductor is moving in an
electro-magnetic or electro-static field. The reduction of the system signal-to-noise
ratio through appropriate shielding and wiring design is of major importance, but
requires a sound technical understanding of the problem. An excellent article on
noise control in low-level data systems may be found in Reference 5.

2.2.3 AMplftLers and Filters

The low-level signals will contain two or more of the following components: A
static or d.c. level, and a dynamic or flutter signal, and extraneous electrical noise.
The instrument measuring these signals must be capable of: (I) amplifying the signal
to usable levels without degradation; (2) distinguishing between the signal
components: and, (3) presenting the measured value in a convenient form. There are
many schemes for transforming the low level transducer signal into usable levels or
forms. 'No methods with proven reliability and accuracy will be considered.

2.2.3.1 Servo Instrument Amplifier

The first is the null balance instrument utilizing a - 'omotor, such as a
Fairchild or Brown Recorder. It continually seeks to null t " signal voltage against
the voltage developed by an output potentiometer positioned uy a servo. Its
ultimate resolution is determined by the servo 'dead zone', internal noise generation,
and potentiometer resolution. Its accuracy is determined, aside from resolution, by
potentiometer linearity and attenuator stability.

In order to properly measure static conditions, the time-varying signals of
flutter and noise must be rejected. This implies low-pass filtering which is a
fundamental property of the servo system, due t I its mechanical inertia. However.
this inertia coupled to its amplifier gain gives rise to a natural frequency of
oscillation which must be avoided in the input signal.



The high-level output of this instrument is essentially the angular position of

its servo shaft. This position can be easily detected visually by coupling to a
mechanical counter or indicator dial. A digital output is normally obtained by a
shaft-position encoding disk. A special requirement of this technique is that
ambigivities in the encoded value be prevented. The Gray or reflected binary code may
be used, or other codes which do not require complex relay matrices to convert to the
desired computer code.

2.2.2. 2 ElectronLc Instrument Ampltjier

This instrument differs little in principle from the servo system, but it employs
no mechanical components. The high-level output voltage is attenuated by precision
resistors and subtracted from the input voltage. The amplifier section, which has an

open loop gain of several million, amplifies the error signal only. Gain accuracy
and linearity, then, are essentially dependent only on resistor accuracy and
stability, and resolution is limited by internal noise levels. D.C. drifts are
effectively eliminated by modulating the input signal and utilizing an a.c. carrier
amplifier. The output is a high-level, low-impedance analog vcltage related to the
input voltage by the gain setting. A tutorial description of the design and use of

d.c. amplifiers may be found in Reference 6.

F'jndamentally, this amplifier is a wide band instrument, but its bandwidth is

usually restricted in order to limit noise signals. A typical d.c. differential
amplifier has a bandpass of 100 cycles. Therefore, static conditions are usually

obtained by filtering the input. Differential. floating inputs effectively eliminate

common mode signals.

Thu output cannot be visually displayed directly but must be displayed by an
auxiliary instrument such as an X-Y recorder. An analog-to-digital converter is

normally used to digitize the value.

2.2.3.3 Amplifier Comparison

Basic properties of these instruments are generally comparable; e.g., drifts and
resolutions are on the order of three microvolts and linearities are better than 0.15.
Other features are less important to their primary function, but affect the
characteristics of the system into which they are integrated. The following comparison
is made on the basis of signal conditioning functions:

Serzo Electronic

Reference The same reference can be used for A separate reference is
Supply strain gages and the instrument so needed for gages and the
Voltage that a highly regulated reference A-D encoder so that a stable,

is not needed for stiani gages. regulated supply is needed.

A separate reference is needed

for thermocouples.

Component Mechanical components experience All solid state components

Reliability wear which indicates periodic with long life expectancy.
overhaul.



Sertio Electronic

Visual Visual indication of output Visual indication must be
Indication is readily obtained with counters provided by auxiliary

or dials, instrument.

Response Response speed has a low upper Speed is electronic and can

limit. Has a natural frequency be controlled by plug-in
to be avoided. (Sub-harmonics filters. Will not oscillate.
of the potentiometer chopper
frequency should also be avoided to
prevent zero shifts due to chopper

intermodulation.)

Size Comparatively bulky. Compact.

Digitizing Code wheel output must be conver- Low impedance output can be
ted to computer code. Conversion sampled directly by a single
circuits can be shared, but code A-D converter with a direct
wheels cannot. BCD output.

2.2.4 Commutators

2.2._, High-Level Commutation

In a multichannel systerr., the various signals are recorded on a single medium.
The method of commutation is determined by many factors such as recording medium.
signal levels, signal frequency, recording time available, etc. Many different
physical processes are utilized (such as mercury-wetted switches, etc. ) by various
manufacturers to supply a wide range of requirements 7

.

When the signals are switched at the amplified or conditioned level, it is known

as high-level commutation. It has the advantage that signals are not distorted at
the low level by contact potentials. It has the disadvantage that an amplifier or
servo instrument is required for each channel.

Cost comparisons of the two types of amplifiers for a high-level system show that
for a very few channels the servo balance system is less expensive, but with any
usual number of channels the d.c. amplifier system is cheaper. The reason is that an
electronic A-D converter is more expensive than a shaft digitizer, but only one is

needed. For example, if the A-D converter costs $5000 and the amplifiers $1000 apiece
as compared to $2500 per channel for servo amplifier including individual digitizers,
it will be seen that the d.c. amplifier system is more expensive for I to 3 channels

but less expensive for 4 or more channels.

2. 2. 4. 2 Low-Level Govro tat ion

When signals are switched at the transducer output level, the signal conditioning

instruments can be time-shared but switching noise is introduced into the low-level
signal. However, at medium scanning speeds, gold contact stepping switches can be
used to commutate. By switching three lines - two signal and a guard - contact
potentials can be kept below 5 microvolts.
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Before comparing the two amplifying instruments in a low-level commutation
system, consideration must be given to settling times and channel rates.

In ordnr to obtain optimum performance from a d.c. amplificr, ite bandwid~h should
be limited. To be conservative, a low pass filter is employed as its input. When
signal is switched to its input, eight time constant periods of the filter must be
allowed for the voltage to settle within 0.03% of its final value. For example,
eight time constants for a 4 c/,s filter amount to 0.32 second, which is more than the
usual channel commutation time. Therefore, systems employ several amplifiers; one
to be sampled while the others are settling.

A servo balance instrument has about 4 seconds full scale excursion time for the
signal levels in question. Using the same technique of 'leap frogging' channels,
36 instruments would be required to assure accuracy with only an eight per second
channel rate.

This illustrates why servo balances are seldom corpmutated at low levels. D.C.
amplifiers with their adjustable bandwidth are ideally suited for low-level ccrmutation.

0.2.5 Calibrattion. and.Vonitoring

Before continuing on through the system let us compare the amplifier and servo
systems with regard to system calibration and data monitoring.

Servo instruments have the capability of being scaled and offset by auxiliary
attenuator circuits. Thus they can be calibrated directly in engineering units.
Amplifiers cannot be offset, but they can be scaled by variable gain settings and by
some control over gage exciter voltages. However, if lo%-level commutation is used,
scaling of individual channels would be impractical. This is irue of either instrument
with low-level commutation.

An ar'plifier system of any size would certainly employ low-level normutation and
suffer the disadvantage of non-engineering units in the raw data. This would shift
the burden of conversion to the computer, but would also reduce set-up and calibration
time. Set-up would consist of connecting transducer leads to a terminal block and
wiring a plug board for the desired channel sequence. Zero scans would test no-load
conditions of strain gages and short circuit thermocouples, A calibration scan would
shunt a known resistor across one arm of all strain gages and substitute a known
voltage for thermocouple inputs8 .

A system of servo instruments would most likely use high-level commutation and
have the advantage of individual channel calibration. It would also have the advantage
of direct monitoring of all channels.

Continuous monitoring with alarms in a low-level commutation system would be
difficult to integrate into the acquisition hardware. A special monitor and alarm
sub-system would be required to select critical channels, but the additional cost
would be relatively small in a large system.
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2.2.6 Rccorders

A recorder is a piece of equipment which preserves the analog signals. This
preservation may be cnly temporary as in the case of a computer memory. In this
instance, the computer performs further operations on the stored data and only the
final results are preserved. More typically, the raw data are preserved in some
manner which utilizes perforating, printing, or magnetic recording on cards or paper
or plastic tape. The frequency characteristics of the data of interest dictate the
type of recording medium which must be used. In static testing, every piece of
recorded data is significant. The date is generally checked by listing and/or
plotting. For this type of testing, perforated cards or tape are the most economical.
Punched cards provide the maximum capability for sorting and handling data. Cards
may be easily edited and repunched, and the handling equipment is the least expensive,
and in the widest general use. Card punches, sorters, etc. are readily available
and easily maintainable. Punched paper tape is probably the most economical
recording material of all, but is not as versatile in handling and editing as cards.
Again, the auxiliary equipment; teletype perforators, tape-fed electric typewriters,
etc. , are readily available and relatively inexpensive to buy or lease. Excellent
low- and medium-speed computers for paper tape input and output are available. A
complete on-line system for data acquisition, reduction, and presentation can be
assembled using paper tape communication throughout. Such a system9 is perfectly
adequate for static testing.

For the measurement of dynamic conditions, there are two standard techniques of
high-speed measurement; analog (oscillograph, strip charts, etc.) and digitals'o1,
For a very small number of channels or an infrequently-used system, the analog
approach has the economic advantage as well as an immediate graphical output. However,
if any reduction is involved on a large amount of data, the conversion to digital
records with chart reading equipment is laborious and expensive. For the greitest
accuracy and minimum effort, direct digital recording techniques are recommended.
In order to analyze trarsient or higher frequency conditions, the data acquisition
system must be able to sample at three times the rate of the highest frequency
component. Actually, the sampling theorem states '2W samples per second suffice to
represent perfectly and permit perfect recovery of a time function if and only if that
time function contains no frequency components above W cycles per second'. In
practice, since there is seldom a function containing absolutely no frequency
components above W cycles per second, but recognizing that the power content at
frequencies greater than W is usually small, an approximate sampling theorem which
compensates by allowing a higher sampling rate is used. (Even this may be greatly
subject to error, as noted in Reference 12.) But, even neglecting the aliasing errors,
a transient with a one-second time constant contains frequencies up to 6.28 cs, and
this must be sampled at least 18.84 times per second. A fifty-channel system,
measuring these conditions must be capable of recording 942 samiples per second. Wide
band amplifiers and digital magnetic tape recording techniques are indicated. With
higher frequency data and the wide band instrumentation involved, the noise problem
becomes more severe. However, if high accuracy is needed, the large number of samples
can be used tc generate a fitted curve to reduce the effect of noise.

To demonstrate why perforated tape is completely impractical for recording dynamic
data, let us assume that some. scheme such as electric-arc card punching uould be
developed. These would be the results: the punch would have to operate at '7000
characters per second, the tape would have to be supplied at 58 feet pfr second, e;id
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10 seconds of recording would generate 580 feet of tape. Therefore, where

speed is required, data are recorded on magneoic tape. Magnetic tape holds
considerable more information in a much smaller volume, permits more rapid recording
and entering of the information into computers, and avoids electro-mechanical
components of limited reliability. The monitoring, handling, and reduction of data
at these higher rates are completely forei.;n to techniques for itatic data. For
instance, in order to be certain of rcýording a tiansient, many superfluous samples
are recorded before and after the transient. The job of editing is more suited to a
computer than a test engineer, and so the raw data equipment is affected. If all raw
data in the dynamic tests were to be printed, the many pages of closely typed
numbers would be rather meaningless. The only practical use for this volume of data
is to enter it into a computer for editing and reduction. The output of reduned-data
plots and summarized results is then more digestible. Data reduction of transient
data involves much bookkeeping, search for !,ignificant data, and generation of fitted
curves or auto-correlation techniques to minimize noise. This can be accomplished
by a small computer with magnetic tape inp.it or a large general machine such as the
IBM 7090.

.2.7 Computers

2.2.7. 1 Analog

Accumulated data is seldom useful in the form in which it is collected. The data
must be modified eo. reduced to some common frame of reference and presented in the
form of dimensionless coefficients or recognizable engineering units. Nearly all
data reduction has been removed from the realm of hand-calculation, and automated by
means of suitable electronic computers. The analog computer relies on the analogies
between electrical circuit element behavior and various o'her physical processes.
A special purpose analog computer nay be designed to handle a specific class of
problems. The reduction of force lnd moment data to dimensionless aerodynamic
coefficients from a strain gage balance is one such classi'i,". If a very limited
variety of tests are being performed in the facility, the analog computer can provide
an excellent solution to the protlems of data reduction and presentation. The data
may be produced and plotted na-line without the necessity of intermediate storage.
Final results are thus presented in an easily digestible form as the test progresses.
The basic accuracy of an analog computer is usually somewhat deficient in comparison
with the digital computer. However, this accuracy may be compatible with the tunnel
flow conditions or other systeE elemcnts. Analog comlputer accuracy may be improved
by adding circuit components to represent higher order terms, and by specifying
elements throughout the system of the highest accuracy and stibility.

2. ?,7. 2 Dig ital

Digital computers are inherently more versatile than analog computers. With
suitable programming, they can handle a much Aider variety of problems. Small high-
speed digitel computers may te programmed to control the entire facility operation,
as well as collecting, reducing and presenting the data. They may also perform
calibration and system checks in their spare tiile and do general mathematical

problems. Although such computers are relatively expensive, they may be shown to be
quite economical if they are applied to a wide variety of problems on a heavy
daty-cycle 1 5 ' 1. Large digital computers with their high speeds and vast memories are
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required for the handling of huge quantities of dynamic and transient measurements.
Frequently, small computers are used to prepare the data for rapid input into the big

machines. Although the big machines have a high hourly cost, they can handle such
vast quantity of data in such a short period of time that they are more economical

than the smaller machines. The output is again on magnetic tape, which is frequently
converted by small computers to various o'her media to operate equipment such as
plotters. %ind tunnel facilities cannot afford the sole use of the large computers,
but neither do they need computer abilities of this magnitude. Companies which have
large digital computers available for other company problems can often hand)-. their
wind tunnel data reduction with only a few per cent of their large machine time''.
The variety of tests being performed in most test facilities today requires the
versatility cf a digital machine. Whereas a few years ago 9Q'.- of the tests could be
handled with a few force or pressure-integration programs, now there are different
ard unique types of tests. Data reduction in many cases is quite complicated.
requiring sophisticated techniques and the handling -9 large quantities of data. High-
speed digital computerb are mandatory for these types ot problems,

In addition to its versatility, the inherently high accuracy of a digital computer
is a powerful asset in the wind tunnel system, A high order of precision may be
retained through successive calculations by carrying extra digits and using so-called
double precision techniques. Thus, it is possible to not degrade the basic instrument
accuracy through computer operations. This is not true with an analog system where
the signal becomes increasingly uncertain as it is successively modified.

2.2.8 Listers and Plotters

The accumulated data must bc presented in some form from which engineering
analyses and decisions can be made. The presentation is usually a tabular listing
of nurrbers or a graphical plot. If the unreduced data is listed or plotted, it is
known as a raw data tabulation or a raw data plot. A raw data plot is useful in
static testing to moaitor the progress of the test and to watch for wild points which
may then be repeated before test conditions are changed. Raw data presentations are
useful when the final reduced data will not be available for a considerable calendar
time after the running of the test. The final data tabulations or plots are sufficient

for transient tests where the sheer bulk of the data makes it impractical to derive
much information from the raw data. Final data presentation is also sufficient for
static tests which are performed on-line. In this case the test progress is monitored

in real-time using the final data presentation.

The graphical presentation is more convenient for analysis. Results are easier to
visualize and the trends are more apparent when looking at a plot as opposed to a
column of figures. If further analysis is required of certain selected areas, it is
more convenient to utilize the data tabulations as opposed to attempting to read values
from a curve. Maximum accuracy is maintained in the tabulations while further errors
would be introduced in attempting to read from the curves.

The listers range from relatively slow-speed equipment such as card-fed or paper
tape-fed electric typewriters to ultrahigh speed cathode ray tube page-at-a-time
printers. in between are line-at-a-time printers and other high speed listers which
operate from magnetic tape. Plotters are of two basic types, continuous, or point
plotters. The continuous plotters are usually found in conjunction with an analog
computer. The plotting speed of the plotters is similar in range to that of the listers,
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varying from relatively slow card or tape fed machines up to cathode ray tube
plotters. These, like the cathode ray tube Aisters, are expensive machines and are
usually found with a large general purpose digital computer and are not confined simply
to wind tunnel usage.

2.3 System Form

2.3.1 Computer Control

The data acquisition system may assume one of several forms, 8 . If the seivicing
of many test sites is involved, one of the initial decisions which must b, made is
wsether to provide a data acquisition system at each site or a central data
acquisition system. The latter method, while less costly in terms of hardware, can
result in expensive delays if the system is not available for the use of a given test
site when needed. On the other hand, the installation of many separate systems
provides reduced capabilities at each individual test site, yet is quite expensive
due to the redundency of many system components. The central system is definitely
advantageous if means can be provided for the maximum use of time-sharing. This
means the system fo.r assigning priorities to the various users' requests in a real-time
system-scheduling situation can be handled best by a computer. Thus, a single large-
capacity system may serve many test facilities if the computer operates the system in
an optimum manner in terms of priority of data servicing, channel selection, and
sampling rates.

2.3.2 Swi tchtng Level

All large multiple-input systems use some form of sequential data sampling. This
sequencing gives rise to four system forms, depending on whether the signals are
switched or sampled at a low signal level or high signal level (i.e., before or after
amplification), or whether sequencing is done close to the signal source (in the model
or next to the tunnel) or at a re63ote location such as the central data system. If
there are both high level and low level inputs to the system (as is usually the case),
a combination of forms may be used. For utmost accuracy, a high level system with an
amplifier per channel is required. This circumvents the problems of low-level
multiplexing and lengthy transmission of low-level signals, with the possibility of
introduction of spurious signals. However, this is a very expensive approach for a
large system. If requirements permit, a combination system with high-accuracy, high-
level channels and somewhat lower accuracy, multiplexed low-level channels presents
an attractive economic solution. Careful consideration o1 the real testing requirements
may reveal that the amplifier-per-channel is only required on a limited number of
strain gage channels. ihile a multiplexing system may suffice for most thermocouple
channels, Such an approach necessitates a realistic error analysis combined with the
best guess as to the types of tests and facility capabilities during the lifetime of
the system.

?..3 SvstemSPeed

The form of a data acquisition, reduction and presentation system is highly dependent
upon the type of data to be handled. One requirement which has a major impact on the
design and form of the data system is the rate at which 'he data must be acquired.
Static testing requiring rather low input rates may utilize card or paper tape
equipment. With today's state of the art, dynamic testing and recording of other
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transient phenomena requiring high input-speeds must be accomplished on magnetic-
tape equipment. As mentioned previously, magnetic-tape data processing techniques
are quite dissimilar to the techniques employed in handling cards and paper tape.
The low speed system will attach a much greater significance to each individual piece
of data. The data will be carefully monitored as it is accumulated; frequently by
use of raw data listers and plotters. On the other hand, the high speed system will
attach very little significance to any individual data point, but will rely on
statistical techniques to achieve results. The difference in recording medium and
handling philosophy thus affects t'.e system form in terms of control, monitoring, and
output.

2.3.1 Real-Ttine Presentation

An important consideration in the design and form of the system is whether an
attempt will be made to provide a real-time present4_on of the results. The data
acquisition system may be greatly simplified if it simply performs as a data logger.
The tests may be run 'blind' or selected channels of raw data may be monitored. in
either case, quantities of data are accumulated which are to be reduced later and
presented a 'batch at a time'. If the batches occur at a short enough time interval
in relation to the run rate of the facility (every ten runs or so whether it is
hourly, daily, etc.). a certain amount of test direction and modification may be
achieved based on the results of the preceding runs. If a test program is run and
results are not available until after the conclusion of the program, no advantage may
be gained from the knowledge obtained in that test period to modify the direction of
the testing.

To approach our ideal system of instantly-available results requires an on-line
system. An on-line system may be likened to a production line in which the raw
material (transducer signal output) enters one eid of a completely automated line
emerging at the other end of the line as a finished product (final listed and plotted
data). If this data production line is to be truly automated, the subsidiary lines
feeding into the main line must also be automated. Calibration data, reduction
constants, etc., must be capable of rapid insertion without relying on time-consuming
(and error-prone) human calculations. As more elements are added to the on-line system,
there are more components involved whose malfunction would prevent the operation of
the entire system, For example, in a batch-at-a-time system a plotter malfunction
would not prevent the operation of the test facility in the accumulation of data, but
in a complete on-line system, tunnel operation might have to await the plotter repair.
Therefore, an on-line system tends to involve more redundancy and parallel components
than an off-line system. Also, it is necessary to know more about the expected
results in order to provide advance specification of the output format including
plotting scales and ranges, etc. It is anomalous that the type of tests which most
benefit from having on-line final data presentation available is the type of test
which is most difficult to prepare for this form of handling. This is the ne% and

different type of testing about which little is known to prepare for the program,
but which is most useful to have final results available to help direct the course
of the test. On the other hand, a simple, straight-forward type of test which is
easy to prepare for on-line processing would generally benefit the least from having
final data immediately available.
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3. SPECIFICATIONS

3.1 Accuracy

3.1.1 Introductory Remarks

The problem of accuracy and its antipode, error, probably have been the subject
of engineering discussions since the beginning of scientific thought. Numerous
authors have presented their view of the facets of the problem. The purpose of this
discussion is to point out specifically the sources of error confronted in the field
of wind tunnel data acquisition. A reiteration of work adequately presented by
previous authors is not intended. A good general treatment of data accuracy is given
in Reference 19.

In the evaluation of the accuracy requirements of a wind tunnel data acquisition
system, the accuracy requirements of the final results are the controlling factors.
The inaccuracy of these final results can be thought of as possessing several distinct
parts. These parts may be either aerodynamic in origin or inherent in the measuring
system. It is obvious that the accuracy of the final result cannot be greater than
either of the parts, and if both of the parts are assumed to be non-zero, they must
be inherently more accurate than the desired final result.

In the consideration of the total accuracy, it is not always possible to consider
each part independently because of the nature and magnitude of some aerodynamic
parameters and the human ability to measure these parameters as limited by the
existing state of the art. Thus, under some circumstances, the measurements to be
made must be tailored in some manner to match the type of instruments available to
make that measurement. This tailoring must be done in a manner which will not
contribute further inaccuracies.

3. 1. 2 Aerodynamic -Sources of Error

3.1.2.1 Aerodynamic SLttlarrty

Though not directly related to data accuracy, the problem of aerodynamic similarity
must be considered. In almost every case a wind tunnel test is not an end in itself,
but the results of the test will be related to some other aerodynamic phenomenon on a
larger scale or under differing conditions. Therefore the similarity or degree of
similarity between the wind tunnel test and the parent problem represent an amount of
certainty on which one cen rely in applying the test data toward the solution of the
parent problem. Under conditions where there exists considerable similarity-
uncertainty, no amount of data accuracy will make the data more reliable than this
basic uncertainty.

Basically, the similarity problem can be separated into two categories; that of
flow similarity and that of model similarity. In the category of flow similarity are
parameters such as Reynolds number, boundary layer growth and similarity, Prandtl and
Lewis number, and flow r6;ime. In addition, parameters unique to channel flow, and

hence wind tunnel testing, are of importance. Significant among channel flow
problems are parameters such as flow angularity and curvature, and spatial gradients
of Mach number, pressure, and temperature in the flow field. Time-dependent

parameters such as free-stream turbulence and fluctuations of stagnation conditions
can also become important.
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In the category of model similarity, model sizing can be an important factor.
Available dimensional tolerances may place a limit on the contour accuracy of the
model shape thus affecting local pressures and pressure gradients. The addition or
exclusion of small model detail can also affect the similarity. The addition of
boundary layer trips can adversely affect the flow field in the vicinity of the trips
thus cancelling any advantage in maintaining an artifically turbulent boundary layer.
Model support problems, such as aerodynamic interference and model wake distortion as
well as model attitude uncertainty generated by indeterminate support deflections, can
further complicate the already considerable problem20. 21, 22

It is not within the scope of this work to evaluate analytically the significance
of these many sources of uncertainty. Let it suffice to say that experience has shown
that, in general, aerodynamic similarity problems can create uncertainties as great
as 10%. but generally range between 0.5 and 5.0%.

3. 1.2.2 Measurement of Flow Condttions

In making aerodynamic measurements in a wind tunnel, the characteristics of the
airflow as well as the pertinent effect of the airflow on the model must be measured.
References 23 and 24 present a thorough discussion of this problem. Because of the
nature of supersonic channel flow there are several redundant combinations of
measurements which can be taken to define the characteristics of the flow. In
reality, the dynamic pressure (q) and the Mach number (M) are the most useful
quantities but neither can be measured directly. Dynamic pressure is the most
significant in terms of data accuracy in that it is normally used in forming the
aerodynamic coefficients. Thus anything which tends to maik the determination of
dynamic pressure inaccurate will tend to make the final results inaccurate.

The determination of Mach number and dynamic pressure usually involve the measurement

of two or three pressures in the tunnel. Then the Mach number

M = f(PjP 2 )

and

= f(P1 . 2 or 3"M)

Figure 1 shows the percentage variation in q per percentage variation in each of
the three pressures as caused by the miscalculation of Mach number. The percentage
variation in q is equal to the percentage variation in the measured pressure
P1.2 or 3 at a constant Mach number. Figure 1 is based on the partial differentiation
of the several isentropic flow relationships for a perfect gas. The total percentage
error in q then is the sum of all the applicable partials, i.e..:

TPp
* Te derivation of the eguations used to produce Figure I Is given im Appendix A.
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or as indicated above

q q-1 + 
i + 2I

( i C PM~fC

3.1.3 Measurement Scurces of Error

3.1. 3. 1 Transducers

For the purpose of this report, a transducer is defined as a device which senses a
physical condition and translates its finding into a more easily interpretable
physical condition. It may, in fact, be a calibrated spring, a column of fluid, a
bulb thermometer, or one of several devices which convert force, pressure, temperature.
or position into electrical power. The discussion here will be limited to the latter
type because of its adaptability to electronic data acquisition.

The selection of a transducer is generally based on the following considerations:

1. Capacity.

2. Quality.

3. Availability and convenience.

The capacity of the transducer, that is, the largest value that it can measure
should be no more than 25, greater than the largest value that it will be expected te
measure because the accuracy (or quality) tends to depreciate when the capacity is
much greater than is needed. The transducer, however, should be capable of
withstanding a certain amount of overloading if a possibility of overloading exists.
If the transducer is not of a fail-safe design, it is possible that the above
criteria cannot be met simultaneously, and an arbitrary compromise must be struck.
This will result in a sacrifice in accuracy, a risk of damaging the transducer, or
both. Transducers can be successfully used over small fractions of their nominal
range provided, (1) that they are calibrated over the span to be used and, (2) that
environmental conditions are properly controlled. In fact, errors due to non-
linearities and hysteresis, may actually improve when transducers are used ovwr
fractional portions of their range. Zero stability will suffer unless the temperature
environment is controlled.

The quality of a transducer is a composite of the mechanical quality of the device
and the quality of the calibration system used with the device. The mechanical
quality is reflected in the hysteresis, linearity and repeatability characteristics
of the transducer, and the response of the transducer to secondary parameters, such as
ambient pressure, ambient temperature, time, and previous measurements. The quality
of the calibration system is reflected in the calibration techniques and standards,
o:',hgonality of axes systems, and the quality of any sensitivity conversions used.

The availability of a given transducer, aswell as the convenience in using it, are by
no means the least important criteria when considered in the non-trivial ease.
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This can best be described by an example. Consider the case where a parameter is
to be measured, the value of which is expected to vary between 2 and 9 units. A
transducer is available which will measure as many as 10 units. A second transducer
is available which will measure only as many as 5 units. The question then is. should
the lower range transducer be used to measure the lower units in view of the previous
discussion on capacity or is the larger transducer adequate for all measurements?
Thus the accuracy requirements must be weighed against the convenience of obtaining
a given accuracy.

Figure 2 is an extension of the data of Figure 1. By assuming a constant value of
Pt for all Mach numbers a new ordinate is formed as

PM=i

where transducer errors are given as a function of the full scale capability of the

transducer. If the same transducer is to be used for the complete Mach number range,
Figure 2 shows the percent error in q for 11%, error of the full scale capacity of the
transducer.

3,1.3.2 Acqutsttton System

The electrical signals generated by a transducer or a series of transducers are
generally collected, converted to some other form and recorded. A device which
performs these functions is termed a data acquisition system. This system, which is
normally a collection of electronic components, has the capacity to create errors
in the final results and hence must be considered in the accuracy of any collected
data.

Transducer signals (especially those of strain gages) are predominantly at a very
low level. Therefore the first stage of most acquisition systems consists of signal
amplifiers. These amplifiers must be of very high quality. They must be extremely
linear; that is, the amplification factor must be constant over the complete range
of transducer signal levels that are expected. Further, the amplification factor
must be virtually independent of time and temperature within some specified limits.

All electronic systems are susceptible to some extent to extraneous electronic noise.
In the case of data acquisition systems, electronic noise such as the capacitance dis-
charges and fluctuating magnetic fields of adjacent equipment as well asthe system itself

tend to be absorbed and interpreted as data signals. These signals introduce errors
into the final result and can be either random or periodic in characteristic. If the
magnitude of the electronic noise is significantly detrimental to the achievement of
the desired accuracies, steps must be taken to either prohibit the introduction of
the noise into the system, or to filter out the noise at some point in the acquisition
system. In most cases, neither method is completely effective so that often both

methods are employed to reduce the noise to some acceptable minimum.
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Mechanical noise, though similar to electronic noise in effect, is signal noise
generated by mechanical means. Usually, this type of noise is causea by an environ-
mental or mechanical phenomenon unique to the experiment, is periodic in character
and has a much lower frequency than any periodic electronic noise. In addition, the
amplitude of the noise is often significantly large compared to the basic signal level.
The filtering of mechanical noise can most easily be done by electronic filtering, but
care must be taken so that only the mechanical noise is filtered and the accuracy of
the basic signal is not affected.

A significant component in any acquisition system is the data scanner. The
function of this component is to sample the signal of one or several transducers at
a desired time. The ability of the scanner to sample and transmit the signals from
the transducers accurately is indicative of the quality of the scanner.

Data acquisition systems which present the collected signals in digital form, have
as a component of the system an analog-to-digital converter (ADC). The linearity,
accuracy and least count of the ADC directly affect the accuracy of the digital data
presented. Linearity and accuracy are directly related to the reliability of any
number presented. Least count is indicative of the resolving power of the ADC.

The errors intre'duced by the non-linearity of an acquisition system can be
minimized by using a system calibration technique designed to serve that purpose.
This method requires that a set of accurately standardized signals be presented to
the system in place of the transducer signals. Subsequent comparisons of experimental
results with calibration results should proN-ide experimental results essentially free
from errors caused by system non-linearity. Such a calibration does not provide any
irsurance that the data are free from all errors caused by system repeatability and
least count. A system calibration can iP no way reduce the error caused by repeatability
and least count; this -an only be done by improvement of the system quality. Stati-
stical evaluations of rep-tability and least count errorF can be made by numerous
calibrations, the differences noted being the result uf repeatability and least count
errors.

3.1.3.3 Techniques

The most perfect combination of transducers and data acquisition system can be
thought to produce intolerable results if improper techniques are employed in using
the system and collecting results from it. Improper technique generally results from
the violation of the basic limitations of the system; hence the techniques used in
acquiring and reducing data must be continually reviewed to assure that they are
appropriate for the experimental effort at hand. The vagaries nf the human mind
permit an almost infinite number of improper techniques to evolve.

The evaluation of any technique should begin with the evaluation of the signals to
be recorded. That is, the nature of the signals should be determined in terms of
their dependence on any technique variables. If the system requires a finite time to

complete a recording sequence, the time dependence of the signals must be evaluated.
Similarly, if two or more signals are to be related, their time-dependent relationship
must be evaluated.

Generally, time-dependent signals may be approximated by any one, or combination
of, three mathematical forms. They may follow polynomial, transcendental or
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discontinuous equations. The coefticients and limits of these equations, together
with the use to which the data are to be put should specify the minimum requirements
of the acquisition system in terms of the number and frequency of recordings required.
Valid methods for handling time-dependent data are covered in books on numerical
analysis.

Similarly, all of the signal parameters should be compared to the characteristics
of the data acquisition system. The absolute magnitude of the signal should be
compared with the ability of the system to measure signals of that level, and the
quality of the calibration technique should be investigated. Further, a better way
to reduce the recorded data to usable form should be considered.

3.1.4 Magnitude of Errors

The errors inherent in any set of data should be made small with respect to the
aerodynamic uncertainty so that the total error is as small as possible. In actual
practice, aerodynamic uncertainty often can be reduced by inference and re-evaluation
after the fact, whereas measurement errors are usually irretrievably buried in the
measurement once tho measurement has been made.

The total error inherent in any data is the algebraic sum of all the individual
errors. The maximum possible error is the arithmetic sum of all the individual
errors, that is, the sum of all errors disregarding the sign of each error. The
probable error of any measurement is the arithmetic sum of the systematic errors and
the root-mean-square random errors.

Systematic errors are those errors inherent in the system and are generally
repeated time and again. Random errors are those which appear occasionally and may
be either positive or negative in sense and tend to vary in magnitude. Statistical
techniques suggest that the probable total random error is equal to the root-sum-
square of all the maximum possible random errors. Table I is a list of all of the

sources of error discussed in this paper and classified as to type. Four different
types of tests are considered (furce, pressure, temperature and transient heat
transfer). The maximum error magnitudes given are those generally considered
acceptable at JPL. Both the maximum possible and the probable error are calculated
for comparison.

3.2 Speed

3.2.1 Acquisition

The initial impression is that the required speed of the data acquisition system
is somewhat proportional to the run time of the facilities which it serves. In a
hotshot or a shock tunnel or shock tube, where run time is measured in milliseconds
or microseconus, one desires instrumentation response times in the nanosecond range,
and recording in the kilocycle or megacycle range. For this kind of facility, the
maximum possible system response is required and even this must be combined with
techniques of time expansion on the data tapes. At the other extreme, a continuous
facility implies no particular need for the high speed data acquisition, as long as
the system keeps up with the tunnel operation. Further analysis will show, howe~er,
that it is not so much the facility run time which dictates the required system speed
as it is the types of measurements to be made, and the necessary frequency response
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required to obtain dynamic measurements to a sufficient degree of accuracy. One
example of dynamic measurements is transient heat transfer measurements. For example.
let us assume that the best definition of the initial heating rate comes from the
measurements taken during the first two seconds of wermup after model injection or
cooling-shield ejection. Let us furthcr assume that 0he best d, finition is acquired
by using statistical curve-fitting methods requiring approximately 200 point-. These

two requirements say that a given thermocouple must be sanpled 100 times per second.

Further, if we are interested in temperature distribution of, say, 40 or 50

thermocouples, we are already talking about a system requirement for data recording

of 4000 to 5000 samples per second. This is not an unusual or overly stringent
requirement for a system capable of handling transient heat transfer measurements on

a relatively complicated model.

Another dynamic testing requizeainnt is in the measurement of acoustic noise.

Some small transducers such as barium titanate crystals do not experience roll-off

in their frequency response until up to the 100 kc level or so. Certain types of

measurements in this field (boundary layer noise) require very high-speed, sophisticated
equipment. In dynamic stability testing it is necessary to obtain several data points

during a single cycle If the model has a natural frequency of. say. 40 c/s, and is
oscillating ±60o, to obtain even a few channels of data every few degrees throughout

a cycle requires a system range on the order of 5 kc. A measurement of dynamic loads
ov a strain gage balance will also generate similar requirements. In addition to

these dynamic arguments, it may also be shown that system operation may be speeded

by having a faster data acquisition rate. For example, a continuous pitching system

may be utilized if the data may be accumulated during a sector movement of only a few

hundredths of a degree. Since many of the new and interesting problems of today
and tomorrow are dynamic problems, a high speed system is a definite asset to the

facility. However, before specifying the highest possible scanning rate. it must be

remembered that the system accuracy tends to deteriorate witn the increased frequency

response. This is because many of the suurces of system noise are controlled by

filtering. The higher system response prevents the use of much of the filtering. A
happy compromise might thus be a variable speed system. Again, since circuit design,

cabling, and filtering are matched to specific system speeds, speed selection shoula

not be infinitely variable, but consist of discreet system scanning rates. Thus an

excellent modern design could be provided which would cover a slow-speed, highly-

accurate mode of operation, coupled with one or more higher-speed, less-accurate modes

for dynamic conditions.

3.2.2 ReductLon and Presentation

If test requirements dictate an on-line system, the reduction and presentation
portions of the system must be compatible with the system acquisition rate. This is

not to say that the calculation, and listing and plotting rates must proceed at the

same speed as the acquisition of data, but the system memory and buffers must

accommodate typical data bursts. In any aerodynamic research facility it will be
found that the actual data recording tire is 'ess than 1 per cent of the total time.

One example of a duty cycle of around I per cent would be a high-production intermittent
tunnel obtaining about 20 seconds of actual data on each run with runs at 30-minute
intervals. Another example would be a continuous tunnel performing a transient heat
transfer test and obtaining a two-second data burst every three or four minutes

(changing model attitude and achieving equilibrium conditions). If the systems in
the preceding examples were obtaining data at a 5 kc rate, the reduction and
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presentations systems would have to operate at about a 50-channel-per-second

effective rate to keep up in real time. For very high-speed acquisition systems,
the reduction and presentation systems will turn out to be something less than on-line.

They will tend to fall behind during testing periods where maximum utilization of the
high-speed capabilities of the acquisition system is required. They will catch up on

off-shifts, weekends, and during periods of lower system utilization. A study of the

expected duty cycle of the facility operation, instrumentation, and test programs
defines the speed requirements for the computer, lister, and plotter. The most

versatile (expandable) buffer between the acquisition system, computer, and

presentation system is magnetic tape. Buffers are necessary between the major
6ystea, elements to accommodate the different operational rates of the elements, and
to allow work to be performed on one element without disabling the entire syste~m.

3.3 Capacity

The system capacity (or number of channels it must be able to handle at one time)
is related both to the type of testing and the physical size of the facilities. A

pressure or temperature test where there ar• many pressure transducers or chermocouples

requires more channels than a force test where there are only half-a-dozen strain

gages. The larger the facility the more thermocouples or other instrumentation can
be built into the model. Ideally, the data sysgem should be able to accept all the
data generated during a given run. Instances may exist where a rare model has so

much instrumentation that it would be more economical to repeat the same run,
recording different portions of the instrumentation (with some overlap) each time,

but such a situation would be unique. Actually, tests will be planned and models
designed based on the maximum system capacity. Larger capacity encourages additional

instrumentation. Some instrumentation will be found to be superfluous and tests
will be more costly than necessary (in terms of both model costs and data analysis,
simply because the capacity is there. The specified system capacity should closely

match the foreseen requirements during the expected life of the system. Specifications
of required system accuracy, speed. capacity, maintainability, versatility, etc.,

must be based on present or expected future requirements. Just as it was uneconomical
to specify too high a system accuracy or too great a system acquisition rate, so also
it is uneconomical to specify touo large a capacity. A system which handles from
95 to 99 per cent of the requirement is preferable to the system which handles 100
per cent of the requirement, and therefore, by definition, is never completely used.
Over the life of the system this overcapacity in equipment, maintenance, space
requirements, etc., is very expensive for the amount of utilization. It would also
be unreasonable to specify permissible electronic noise to orders of magnitude lower
than flow field conditions can ever be determined. To arrive at an appropriate

capacity requirement, it is necessary to examine each type of test program expected
to be run, and make reasonable assumptions on the number of data channels required to
obtain a sensible amount of data.

14 Operation and Maintenance

The desired general philosophy of equipment maintenance and operation should be
considered during the specification stage. If an operational and maintenance
philosophy can be enunciated, it will aid in the formulation of personnel requirements.
This advanced planning will simplify the problems of forming an operational

organization. This operational organization should exist in at least a skeleton form
during the system specification stage. Although the system user may define the
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accuracy, speed, and capacity requirements of the system, the system operator
should specify the required documentation (drawings and manuals), training program, and
system demonstiation and check-out procedures.

3.5 Procedure

System specification consists of several steps. The initial step is taken by the
eventual user who assembles his requirements. This user (the test facility engineer)
writes this specification in his own language. lie uses the simplest approach for
describing an automatic data processing system, namely; specifying the system inputs,
outputs, and command features. Descriptions of several wind tunnel data processing
systems are found in References 25 to 32. Specialized pressure-measuring systems
are described in References 33 to 35.

First an analysis is made of the types of test data which must be handled by the
user. These Quantities are determined by consideration of the present and estimated
future testing work. Results of this review as performed by the JPL facility engineers
are listed in TableIIT. Considerationofthetest results, and potential accuracy of
the instrumentation, controlled the input accuracy requirements. Basically the
requirements included capacity (number of facilities, number of analog channels and
digital characters per facility), scan rate, signal range, accuracy, stability,
repeatability, input amplification, filtering, overload alarm, and channel numbering.

The output requirements are based on what must be seen in the wind tunnel console
area in oider to properly conduct the test, and what is required in terms of test
results. These include the console display (number of channels, type of plot,
oscilloscope, etc), accuracy, full field digital range, word length, recording
mediums, compatibility with existing equipment, computer format, and computer capacity.

The tunnel operator specifies command features in terms of various modes of
operation. The basic mode would be called the standard mode, which is a simple data
scan. However, since a scanner may be serving several facilities, it is necessary tc
request the use of a scanner and arrange for some sort of priority system, The 'run
information' listed inTableIV will be recorded just once during the initial scan
at the beginning of a run. Succeeding scans of the same run will record the point
information listed in Table IV and all other pertinent raw data either once, or a
selected number of times, or continuously. Continuous scanning could be controlled at
will by either internal or extc-nal timing. Another operational mode is the counting
operation. When a counter sub-system is being used in one facility, it is necessary
to automatically sample the counter reading, or readings, at intervals which are
determined by the status of the counter storage system. For example, a dynamic
stability test requiring a counter in one tunnel would nave the counter storage
sampled and emptied before it overflows. Another operational mode is the manual
stepping mode. It must be possible to manually select any analog channel for
digital display and inspection at the scan control station in each wind tunnel console
area. This operation must be accomplished independent of the data gathering operation
of the standard mode. In this case the display is essentially a digital voltmeter.
Other modes include the complete system check-out mode or the system self-calibration
mode. The system should re-calibrate itself whenever necessary while not gathering
or processing data.
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In addition to the system input/output/command features, there are several
physical and environwental considerations that must be specified. The heipht of
the equipment must be specified in order to avoid conflict with existing doors and
ceilings. Length and depth should be kept minimum consistent with adequatc acces:i
for maintenance purposes. All maintenance should be accomplished from the front and
back of the equipment, and major component failures should be annunciated on the
front of the equipment. Control should be accomplished from the front of the
equipment. Wiring which connects the equipment should lay In or under the floor in
wiring gutters that either already exist or will be provided by the user. Interbuild
connections should be kept below ground level. Attention must he paid to human
engineering considerations so the equipment is easy to use and quiet (40 to 50 dB or
less). Control of the scanning operation and the 'run information' in Table IV should
be accomplished from the model-control console in each wind tunnel area. The
operator must have a visual display of the 'run inf,)rmation' which he inserts into
the system. The new data gathering and processing system should be shaken down
and operated satisfactorily as a complete system prior to delivery to the wind tunnel
area. Carefully detailed plans for the transition to the new equipment must be
provided to minimize the facility down time.

A proposed schedule completes the user-requirements specification. This should
include suggested dates for requested proposals, proposal due dates, contract award.
system delivery, and completion of transition to the new system.

The next step is for the instrumentation and computer engineers to take this
'users requirement' document and convert it into a system specification. The
specification is organized to meet two basic requirements. First, it must be easy

to find any requirement desired, and second, it must provide an almost automatic
check to insure that all important requirements have been included. The systematic
procedure for preparing specifications is described in Reference 36.

Finally. with the help of the technical writing consultants of the Specification
Department, this develops into an official design specification. It is reviewed
(and modified if necessary) by all interested parties, particularly the test facility
operator. The design specification for the JPL wind tunnel facility data systecr is
found in Appendix B.

I. EVALUATION

4.1 Method

.1.1 FamzIiartzatLon

A bid evaluation team (six members) consisting of the data systcef coordinator and
engineering representatives from the user organization and the instrumentatton and
computer and data handling sections was formed. Prior to the release of the request
for proposals, the evaluation team attempted to visit all companies which had
indicated active interest in submitting a proposal. The teanm also surveyed current
literature on systems and equipment which ,ight prove pertinent to the wind tunnel
system. A number of narrow band differential d.c. amplifiers were borrowed and
evaluated.
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A request for proposals and abidders, package containing specifications, general
provisions, statement of work, and proposal instructions were sent to sixteen
companies. One week later a bidders, conference was held. At the conference an
invitation wrs extended to each bidder to consult with the JPL evaluation team, if
additional clarification of the system requirements were desired. No definitive
information on specific designs was given.

After the close of the solicitation period, an informal invitation was offered
to each company to discuss their proposal. Ihe purposes of the meetings were to
insure correct understanding of the proposal, allow each company to offer additional
supporting information, and allow the evaluation team an opportunity to assess the
company representatives' technical competence.

At least two meetings were held with each company. Typically, the method of
computing system accuracy was delineated with the associated assumption discussed.
When an arbitrary limit wes included (for example, the temperature variation of the

room), JPL suggested a value for all companies to use in recalculation of system
performance.

At the conclusion of all the conferences, the evaluation team had a thorough
understanding of the proposals and had gained a good insight into the companies'
competence.

4. 1. 2 Breakdoula

The broad purpose of the evaluation is to select a com,,any which can deliver a
system which will meet the design objectives with least cost. The design objectives
are: (1) Reliability, (2) Accuracy, and (3) Flexibility. An evaluation f only the
proposals would not result in valid judgments on the probability of the proposed
systems meeting the three design objectives. Therefore, the evaluation was extended
to include judgments on the companies' technical capability, ability to produce, and
management. An excellent description of a general subcontractor rating system is
given in Reference 37.

An arbitrary point scale was chosen and the values for the various categories were
adjusted until the relative values were satisfactory. The technical design (proposal)
was given 700 points; the company's technical capability (company's ability to

satisfactorily solve the problems which will come up during system fabrication). 150
points; the company's physical ability and record for producing the system. 300 points;
and the company's management and management policies which are pertinent to the
system, 100 points. The company awarded the highest total number of points should be
the one which could deliver a system meeting the design objectives with a minimum risk
to JPL.

Five companies responded to the request for proposals. The identities of the
specific companies will be disguised for the purposes of this report. Certain cost
figures have been changed or deleted a.d one company will be arbitrarily omitted
to prevent any possible debriefing. ;! intention is to demonstrate the rating
process, not how certain companies t,• red in a particular rating. In fact, if the
same companies were to prepare new ,.r uosals, and be re-rated, the outcome would
probably be considerably different. The companies will be referred to as Companies

A, B, C. and D. One company presented two proposals; three others suggested options
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within their initial proposals. Three companies informally requested additional

time to explor' various options. A time extension was granted to all companies. At
the end of the proposal period, nine proposals were submitted for consideration.

The system as proposed offered various hardware capability (an arbitrary choice

by the bidder on conditioning equipment load factors). Therefore, the cost could
not be compared directly. The costs were adjusted to a common hardware capability,
i.e., the same number of filters, power supplies, reference junction boxes, etc.
(Tables Vand VI). The ratio of the technical design evaluation (assumed to be
proportional to the delivered system's worth) to the adjusted cost should represent

a relative value rating.

4.1.3 Proposal Evaluation

The first step in the evaluation was to transform the principal parts of each
proposal into a standard form. System block diagrams, analog wiring schematics,
digital-data flow charts, and performance tables were made (Figures 3 to 6, Tables VII

to X). Team members selected various technical areas for analysis and reported their

findings to the group. Discussions followed.

As the relative weights of various categories and the form of the rating sheets
were determined, it became evident from the discussions that between the dual proposals
from three companies, one was clearly superior from JPL's point of view. Therefore,

only one from each of these comparies was further evaluated.

Each team member evaluated the remaining proposaL individually; equal weight was
given to the evaluation of each member for each category judged. The team members
are referred to as 'a' to 'f' . The evaluation summary is shown in Table XI.
Again the detailed ratings have been omitted.

4.1. 4 Company Evaluation

Company evaluation was based primarily on information contained in the proposals
and on insight gained during the conferences with company representatives. Each
team member evaluated the companies' technical capabilities (Table XII), and
participated in a joint evaluation of the companies' abilities to produce, and their
managements (Table XIII).

4.2 Results

The results of the evaluation are summarized in Table XIV. Company B's system was

judged superior. As Tables VII, VIII, and IX show, the B system is the only one %hich
meets the accuracy and repeatability specifications for the strain-gage channels, and
nal but two conditions of the specifications for the thermocouple channels.

This proposal utilizing a common area for both high-and low-level signal
commutation was thus jmdged the superior system. The guaranteed performance of this
system offset the additional cost over the least expensive system.

The primary reason for the superior performance estimate for the B system was the
company's thorough understanding of the cause of errors in the system and their

willingness to accept the responsibility for delivering a system which met the JPL
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requirements. They proposed to achieve the estimated performance by designing and
constructing the system with extra care to minimize and distribute the errors to
best advantage,

This approach was, in fact, successful and the contractor not only met, but
exceeded, thestringent specifications. (See Tables XVIII and XIX.) However, a great
deal of effort was indeed required to minimize all noise sources, ground loops. etc.,

and many things had to be reworked after installation to achieve this success.

5. CURRENT SYSTEMS

5. 1 Survey of Systems Now in Operation

5.1. 1 Introduction

In the process of specifying and selecting a new integrated data processing system

for the wind tunnel facilities at the Jet Propulsion Laboratory, it became evident
that it would be useful to have a better understanding of the capabilities of the
existing or proposed equipment at other installations. Consequently, a system-survey
was conducted among the major facilities represented by the Supersonic Tunnel Association
and the National Aeronautics and Space Administration. Replies were received from 36
of the 39 participating organizations, with 32 of the responses describing equipment
which could properly be considered a data processing system. A total of 51 systems
serving 104 wind tunnels are tabulated. With the exception of the new JPL system, the
Northrop system and the McDonnell HIT system, the collected replies represent the
status of equipment existing during the survey period of the summer and fall of 1962.

1•.2. Format

The replies are arranged in alphabetical order by facilities. Each facility is
assigned a code number-letter for identification on the plots where certain
characteristics are displayed. It requires seven pages to tabulate the characteristics
of each system. The code numbers and facility name are repeated on each page. The
tabulations are arranged with all the first pages together followed by all the second
pages and so on. This facilitates examining any given characteristic for all of the
systems but does require skipping through the pages to obtain the complete description
of a given system.

The information that is tabulated is as follows:

First Pages: I. ACQUISITION SYSTEMd

A. Description

I. Make and model

2. Cost (thousands of dollars)

3. Year of initial operation

4. Recording medium
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B. Capacity

I. Strain-gage channels

2. Thermocouple channels

3. Maximum channel capacity at one time

4. Number of single-channel amplifiers

5. Number of commutated channels

Second Pages: 6. Word size

C. Speed (Scanning rate in words per second)

D. Amplifiers

I. Type

2. Number of amplifiers

3. Band pass of filters, if any

E. Commutator

1. Type

2. Sigial level

Third Pages: II. COMPUTER SYSTEM

A. Description

1. Make and model

2. Cost (thousands of dollars)

3. Year of initial operation

4. Input/output medium

B. Capacity

1. Word size

2. Storage capacity

3. Number of registers

C. Speed

I. Cycle time

2. Add and logic time

3. Multiply and divide time

Fourth Pages: D. Utilization

1. Percent of total usage for wind tunnel data
reduction

2. Percent of wind tunnel usage handled in batches

3. Percent of wind tunnel usage on line

4. Typical time from raw data to final results
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III, PRESENTATION SYSTEM

A. Raw data

1. Tabulating equipment

2. Plotter

(a) Make and model
Wb) Number of channels

B. Pinal data

1. Tabulating equipment

2. Plotter

(a) Make and model
(b) Number of channels
(c) Operates on line?

Fiftr Pages: IV. SYSTEM AUTOMATION

A. Self-calibration during operation

B. Automated calibration

1. Determination of constants

2. Matrix inversion

C. Completely integrated system

D. Computer control of entire operation

E. Programmed or automated

1. Tunnel start, stabilization

2. Tunnel stop

3. Model pitch or yaw

4. Model rl 1

5. Mode -face deflections

6. Data recording

Data reduction

8. Data presentation (raw)

9. Data presentation (final)

Sixth Pages: V. TEST FACILITIES DESCRIPTION

A. Test section dimensions

B. Mach range

C. Run time

D. Maximum stagnation pressure

E. Remarks (maximum stagnation temperature, etc.)

Seventh Pages: VI. EXPLANATIONS AND COMMENTS
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The first four pages (Sections I. II, and III) describe the data acquisition,
reduction and presentation systems. The fifth pages (Section IV) describe the degree
of automation in the combined balance calibration, tunnel operation, and data
handling systems. The sixth pages (Section V) describe the physical characteristics
of the test facilities served by each data handling system. Finally, the seventh
pages (Section VI) present any pertinent explanations or cosnents relative to each
individual system.

5. 1.3 Discusston

In this tabulation of the characteristics of a selection of data processing systems
for wind tunnels there is no mention of system suitability, reliability, maintainability,
or accbracy. These are certainly vital system characteristics but, unfortunately, are
veritably impossible to assess, particularly by means of any written questionnai1e.
Even the relatively straight-forward questions (like cost, scan-rate, and number of
channels) are subject to a wide variety of interpretations and are probably not
presented on a completely common base. For these reasons, there is no Rttpmpt to fcrm
any comparisons among the systems or rate them in any manner. The primary intent of
this survey was to disclose where various commercial equipment could be found, so that
operational experiences could be discussed with the users. For anyone charged with
the responsibility of selecting a new system or purchasing additional system components
it would be wise to enter into direct discussion with the users of similar equipment
as determined by this survey. The names and addresses of the appropriate contacts at
the cooperating facilities are listed in Table XV.

Generally speaking, the reader of this tabulation would be interested in systems
with capabilities which would satisfactorily meet the requirements of his own facilities.
That is to say, the operator of a small wind tunnel would not be concerned with a
system with hundreds of channels any more than a large facility would be interested in
a six-channel system. Also the type of testing (transient heat transfer, etc.) and
mode of operation (blowdown vs continuous) dictates the system speed or scan rate
required. Therefore, to separate the spheres of interest the systems have been plotted
in Figure 7 on a log-log plot of maximum number of data channels at one time versus
maximum scan rate in words per second. Then an arbitrary division has been made which
defines small systems as those with less than 100 channels, and large systems as 100
channels and more; and low-speed systems as those with scan rates of less than 100
words/second, and high-speed systems as 100 words/second and greater. The four
categories thus formed of small and large low-speed and high-speed systems are
presented in short-form lists in Tables XVI and XVII. In addition, they are plotted
on an age-cost spectrum in Figure 8 under the same four categories.

A cursory perusal of these Tables and Figures leads to a few general observations.
The small, low-speed systems are mostly older systems (three-fourths began operating
in the 1954-1959 period) of the digitized Brown readout or analog oscillograph variety.
About half are now served by cencral computing facilities and half have small
computers like the Bendix G15. The definition utilized in this survey results in an

insufficient number of large low-speed systems to form any general conclusions. The
high-speed systems, both small and large, are generally of recent manufacture (over
two thirds coming into operation since 1959) and are mostly Consolidated or Beckman
systems. In fact, of all the systems represented in this survey and installed since
1960 there are three times as many Beckman 210 systems as any other kind. The small
high-speed systems are all served by central computing facilities, as well as about
half of the large high-speed systems.
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The median costs for the small and large low-speed systems were 50 and 135
thousand dollars respectively. Similarly, the median costs for small and large
high-speed systems were 105 and 250 thousand dollars. The average system costs in
the four categories are very similar to the median costs (if the two expensive
systems at Tullahoma are omitted) being 70 and 98, 120 and 232 thousand dollars
respectively.

The presentation systems for both raw and final d.ata include a wide range of
plotters, withthe Electronic Associates, Moseley, and Benson-Lehner models
predominating. Some of the large central systems are beginning to use high-speed.
high-capacity systems such as the Stromberg-Carlson 4020 CRT printer in conjunction
kith their IM, 7090 computers.

Concerning the degree of automation involved in these systems, four-fifths of the
51 systems claim automatic datr recording. About half of the systems nave
automatic model pitch and automated data reduction and presentation for both raw
and final plots. The percentages of systerts claiming various automated features
under all or some conditions are shown in Figure 9. It is evident that computers are
not yet controlling wind tunnel systems. 'Most of the systems (31) claimed 3 to 7
automated features with half of these claiming 4 or 5. Twelve systems have two or
less and eight have eight to twelve. It is interesting that these highly automated
systems are mostly large company tunnels; i.e., Boeing Supersonic, Cornell Transonic,
Duuglas Aerophysic Lab., Lockheed-California Division, North American Transonic.
Norair, Rspublic, and JPL (new system).
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5.1.4 Tabutattons
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I. ACQUISITION S1STEM
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I17aivc~knne Consol. 1959 inag. tape 125 I 125 25 125

PSc Microsadic c

121b McDonnell M inneapo1is a 110 IAug. EM ta;,e 50 50" 0
HIT Tapne t1e 19(3 data

Lorp Taer trget and

RecoderIde•t-

"_______ r d____ I ____ ____ 9ic,Or, "

Lat-J
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I ACQUISITION SISTFV1

Pcsc'it.. on

-aý I_ ! nI f-95-1---_fT,,

*isr..NAF-Cn'adafltvDt~ and F0 pape t9yp0 - 8 -

[ow sreed banrerI

Ihsa NASA - Bo& 'an 120/eye.. 1962 j-p~e- taee 350 300 1300 6 3(

I~ v UrII

1j -' Be c kan&1 37 5 1960 sag. tape 15i 0 90u

kmes 210 II(400

3 5 HAT 'lea
level

'ýa AS; - "ASA 165 1 01.61 r'arcn taT 2 40 24 4

Lanale, Land S I

NASA.- Sceoarw ,3-5 1960 -g-(p C.22

al-gle3 210 an;alog.
I i Ce ra! I we

Ia I

N CAA ETrSai,e s 95 fo 'arS,s r 6 6 1 0

Mar,ýallI

Navafl O50 £5j 19631 tla re 10 IUo2 1r
I Oro Esco

'hunts

NAA 200 19%9 nag, tape, 800 4 6 ,

195- in 12 II 12
40- ~O ut- 100 113 ag. tape 120IN

piscine, NAtis - 12 tC ui i a

-5-:-rthr p) Out nmdata I GO0 1963 Ion.tpe 10 0 aOiool6 pI. lu ý'e azl

Nora; r (cistGc) Itn ~ a

frI! Ir

I 00

a"'dL____ nslLlt
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I . ACQ1 ISITLO SIS;TLM

I t~-

'~T ~ --------1 -
_____

i i, sae2 1956odtr'1 c tL . .12 1S . 0

o 'Ppii I: Svst'cr- . 'M at tae2 :10 10 1 1

CIO- 10 I

211a San''i Rrtti 1~o ad 1j ca ia 13 13 1o
rI 0"s 1iC ya.ra'sterI ~arnd !atcx~

28b 'Sb andia Strip, Chart 50 9l5c ca.,s 9I 10 0
I Trisonlc recordingI I

'9 UP I I. p c-2 9. a .t "C

SI t[

outt

I9' it r 0 o annini 40 195 [j car&; I- 12

I Tra;sonic Dates xL ue j1433 ___ _______ ___
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I. (Cant.) ACQUISITION SYSTEM

Amp l if ier Cowutator

No.' Faci.tyeWord Rate Filter, Signal

Size (words)
words) Type No. Band Type

Pass

Is Aero. Res. 3 14 Leeds Northrop 14 no -
Inst. of Speedcmax
Sweden chopped d.c.

input servo amp

lb Aero. Res. 3 50 Offner 491 1 yes solid state + 5 volt
Inst. of
Sweden

2 ARL-Wright 4/3 digit 7500/ Sanborn chopper 40 no yes high
Patterson 10.000 stab. d.c.

AF Base

3a AEDC. 15 bIt binary 20 temp SO-Beckman 10 so no Press-merc. high

PIT 4 dec dig + to 3000 Pitgo; press. 50 press. wetted relay:
sign words CEC Type 1-126 Temp-solid

state

3b AEDC, 15 binary 20 (See comments) relay high
VKF bit

3c AERC, 4 dig (BCD) 2400 Beckman Fitgo 100 yes solid state high
VWY + sign
(heat
transfer)

3d AEDC, Carrier amp/ 50 200 c/s

VKF - 100" modulator for galvo
Hotshot I d.c. input

3e AEDC. Carrier amp/ 50 200 c/s no
VW? - 50' modulator for galvo
Hotshot 1 d.c. input

3f AEDC, 8 binary 10.000 VI? design 24 d.c. - 200 Wiancko high
VKF - 50" bits c/s ftsco A to D
Hotshot 2 converter

4a AsD - 4 dec. dig. Sit. NA Brown chopped 10 no none -

Wright Readout d.c. input,
Field s.c. servo
Supersonic

4b ASD - 3 dig. BCD 400 d.c., s.c. 50. 50 no yes 500 mV
Wright Carrier
Field
Hypersonic

5 Astro. 3 digit + 400 a.c. carrier, 72 s.c.. no Relay matrix 0.5V
Marquardt time + chamnn/ demod. output 6 Brown
Corp. Ident. sec and Brown

6 Ballistic * 9999 0.9 El 40 x 106 8 no. Servo Manual used low
Research pus < occasionally
Lab. 10 cyc.



I (Cunt.) ACQLIISITION SýSTFMI

Yo.1  Facilt L 0 5  i tca - sit). C'.~u

Ti v

sa Min g 3digits 11.0 Leeds, an con 1i4 none
Tran son ic 'Northrop to 34.?

Boeing 3cdigit 
12 dgf/oct.

iIlBen 3diis It r6 Bristol -Ir' c hartl no

iSupersonic Iscans/;see ~ recorders)

!,'Boeing 3 digit 1 !6 Bristol - Isr: s

IlyprsLe Icans/sec I Irt

d Ben `C 0KC 2404000 cys no

l~t Shot  24 140-~ut

Honey~ell 3kc 2

Carrier

8 a! Calcech;- 6 r ttpr d-. - 25 jo it I l ter lV t
JP , Ia~c. servo lava ilable' -istinc

8L.attech- 13 binary bit 15000 Astr,-Aana '36 Sc Sol Id stare lv
:Pi. ýn-TA80x I outpivoýer

lAstro data 110

I9 !Chance 0? BCD + 1000 ,.C,[ 20 cs o Electric high

Vo sic:ti:..I st ab,. 400 C s ,s.itch

tsp t''r-nts)I

10al Comne! 4 digits 126 CAL svatic. 30. 16 CAL 10.5 to 18 bao
'Tiann Mcý CFC den. Isec press.

,ci Ik aoCAL

.1.. 1ivi Plrty 4 1533 I5 d.c. Fitgu 50 0-5 e s IT-ransi itn r 'hi gh

Talr 4 digits 'ýl c

I ho

G-Cnai r' igit word 10 %ords' T~intlc. 1 Jlit . Stppng 1;

13U1 UC~,,j X IBC 1) 400 4- c- (NIE 25 Crvl

II!i4K Spi-ed Type 1000) (ftC 0.00-h tgl

14a r a loa '12 di t I r~h gain Ino ItP*a o

CShr, ivnw id c.

:iIC.,snnras, -, dv15S.V

114, 
Iý
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F I (Cant.) ACQUISITION SYS1EMI

No.e co i-v

lsalbockheed- 6 digit 7000 BecL-.wi Filgj 20 !6 ox 800 20 at 7000< h gh
Cal If. c. 100C:t at t iars-

%I Sii

of Tech I encoder I' ~-
I I voltL

'-,?a, Meclesnell1 6 15s, Ihintel 114 Id 10cyc. IRelay 15

!PSY.T Max. ACA nr pre-airp -channel

I elect la sot--con'I

* !pass l - C6

I I har e
t~~~tr~ Anlg-P s ro ,p.

*o'! n.g Aag Plug in 0 as AnalogZ AnaiLo0
till I 046-1004-K s

Iý channels

ISlAC 3h DD 302 10-20c

Can adaIII

Ii Cnci. N C

19b.iNja2 :ee - -5 digi ito I~cka Fig 10-5 c, s ;Oil Ixr70rse0 leo

I-' I-n yS p

NASA - n or 6 '500 9tg dc 0 0-2 *,ech ar ica) -len

digit nroEpper stab. 10-15. 0-50

,Aoo Variable fO lolivel ,-oIs lcr- bit

Logl.char cnpp" F. slat- ,chanico.l

un sI zael a

'2C:I'INA.-A - -t HOD iiigit 2400 Rttctriat Files, o2 0- I i 1 stale L'xivi

.7 4A S.gnC 1-121 1- .

I~sa idvt
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I. (Conot. I CQtISITOI\' S S1TEM

z P_ r _ _ _ _ _ _ _tf

.S7', 0n. V..,-,

222 tr4 r, sL I ,.A'r

NiL s~al Ord. Signr 22 5 .25. %1;d off____ 1 4012

k a1). db r tC1 5000 190('s £ r. '-cc 0 cyles

3 N; - 4 00o Op~erat onal ;30 - 5 lc i :
CoAlumus Offner 1I90 rper. lo 0

diff. :npt 30 off 50 as

'24 boo - 0 to24 MO 000 PeIcx am 0 1N No . o
'Trisocnic Ill its 2A -4 t a' t, SO n"..

'or aury jet

e~rthrop -I mlt r)igi 1000- Astroga a : ,t' no ati tal 1ivi 1r
onral'- sig ora. Mu']J 7 25G nas t nSI'4, 0-80 n..

26 iOhio State - -d. c. - Doe Icaw.m - ye"s 1o10

tUiJversity 2H1LA-4

27, Republic 6 100 d.. '1 c, 3.0 kc RelIays - o

28 a n d ia 3 d gl 1.- nl n 1 i

Hyp cr scrnitc 166 tCCoerd e Ii

Aýuý San di1a 3 digit, 1.636 Builter int. 10n

It) tehi1100t level -

Ia Lnit. 11000 v ariaible ILeaý SA t'0 I -

.,blsonl ic dit f. JI cs ; s L mI.Chai

"Onp Ortiteil 3 or 4 20 Bristol 1,3112~ah

Trassoujec digi:ts ldecimal CYc. jo-a C109, CIG2

U.pe",rsfi inotep Jimote) IQ,

Hypp rsoniscj ___- _______ _____ ___ ______
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I. COWlPUERu SVSTgEq

n-esc .-p! ton Cal-a C I fA 0.1 Faciiu I tes r,

ý'e~r oi

I r ,-Ti Loetc Di se;

I a'Ar Res, IB 1l6 20 2 4!')yr j1961 7Ke~yboard, vr NITO,6
Iinst. of cads Ranf digits
Sweden

lb'Aero, Ries. -II

Sweden

2ARL-Oright IBM 090o 'Contral Vl
!A Base jlities I I

35'~~ 1957X' Pi 50Paper tape, :24 116,38464t '4 26IPIAT 1102 flexotriter. !bnaiy 8000to 2 320

Plotter !bit.

3b;'AFDC, ER~A 325 1954 !Paper tae 124 bit 18192 '3 ' 0 ~1 VI*F 1102 1 !350 12 !ori

MBM 7070 'Leased I1900 Mag. tape. 10dg 00 3t o 1000
(heatPaper tape,

itransferý cards I

IBSD- 1M 7090 ýShared -I
4aArigh Fdjw/a12

:Supersonic ASD

4bIAsrfI- IBM`7090 jSharedj

H~ypI'reonlIc 1ASO

5 Astro ALWAC 
415 lnpo Cadtp.1

'Mar~uardt III E I ,x1'Ces 'fexo rltrchar4 89sign 
I

6 alsi r. 3. 100 1962 iYag. tape, 72bt 496 14-jResearch ESC 1 cards initial 15 j

Lab. 245716 I6
65536

iultirzate
7RBoeing 094 '7090 1Central1i

7s TwBioein IBM 709 I on ore

Ira-
1.1apersoniltc

lips'

17C Boeing 6e e Central - -1

FHvpe tson Ic Comments Fact- ILi lity
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I I COMPU'TER "16111-9

1;,.22t s- rj2."rrts Kioai t -

'Fltltcr ur, o-g's 1 25 1954 1Keyboard, 10 APP '4020 80C )o0 12
TPLa(caiec 20I paper tare +s i gnI

9t.:Caitech- PO- 360 I 1963 Mna.ý tape. . 4

jP n- IPrap tape 'bits "4096,

Co IP. Analog I- Hpi~tters - I

Ia.C & n'rr1e Bu r'oeý hs 1 I C. 6 . a r~j 10 BW;. ;n(ý 1 0'Ro 21r. r . 610

r aransovic 204 cado Is 407. rip

ITa Io irrhr, I I

lIla1 0asv Unva G 1 t-0 0 0.,50 Iýý t90 Sg ape 16 !cIa: 32,76F '1 2. i ,S .34

TaiorI I *. '" c'02

TalK I I
Keni D RnId. P-. PanI'0. 2 1962 Yac, taps 1'2 nar. 1 02 000' ;-.Rhz 4 163

iI I I i
P'ou.'a" BM 760 ~ OS I1961 Keyboard. Variall6000ros '" Vr I

a! t a eara i' n. s
Yoin I I

Il 1 0.Csa i I1 I .0 0 I -n 5o
G)-Coia r:113h 1620 'Leased 1 ',961 Cards. ieai o00 '0co o

L'. wPeosd n K jihssý-oard d Jcia.1

13' GD C'-~."air INV., 1401 n.3135 1963 Cards, Var i allO P if K-~

p;,- ee.d M9,2. 11 nro. 'ch~ar. 1C '

~a.Orurian 11191 '090 Csr1VI

14,1 'urn-' as M (19 9 '00 Peretrall
IO'ifi' r1'fli

l4c G, 11Te.-me ;6v.'7090 "epra Il m -.ORO

) " -I!

j-ijLo-ahcool- !F9. 1401 1!RentalI 19"0, Ya' to'.v 9ar al' cj 4000 I3

LJCaiI 
r c ha r. - 1
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II. COMPUTER SISTUI.'

Descipton .apac t 1
-- ] .v •-•.I ._ _• •

)a of, .44-iy~l~_, l fout D1•~e
l, . ,ike Cost In ,• Ia , " 4ord ,,tpcity 1j e

-d ]eOutput ,.. tze iap,icity Rei- T4 e IeT.tfodel $ 0 1Oea- !!d u: I :e i eI Tise

! l 1z n --- -4[ ,te, 5 .. . ..

cards, dig. 10.000 .400 90o 12000

1, o 220 Prri te r , sign i

16 '. 5 H16oft. Inst. rei 50 9 A Keyboard. 29 bits '2000
lofTe~m_ G1,AParer tape 1+ sign wo rds

,1;•Mc °onnel IV.,o90 0.112/ 190o IM0. tape, 35 bi,-i 32 , -768 28 -1 11I6'
PSIT for cards ary - ccles 14 .0

.T. .si' ' c I les

18a NAE- Bendix 30 1956 'Paper tape I -
Canada G15 100 char/'

High Sp eed c)see) I

lb; NAE- :BM 1620 Rental 1 1982 Cards (100 variabie 20. 000 --
]Canada ]char,/see) char.

Low Spe ed I

I19a NASA - MH 36-.0. 1962 Cards. paper:48 bits 16. 384 1256 8 24 150
IAmes H -800 Itape. mag. 1312
I n i tary' tare I

I N
Ames or -7090

-ca NABA - IBM 1620 40 yr 1961 P1aper tape IntutI0 00! 2 6
i 1 0

:Langley cards 12, data'char. i200 ;16860
I r, Iar l el

2,t NASA IBM 7070 23200 1 ag. tape ;1icun- 999n 13 ;6 " 1228
Langley MO. eric I36 iso0
Central dlg.
Data :sign i

21 NASA - Bendix 2500/ 1958 Card, paper 28 hit ý2160 14 29.000 540 <1500

Marshall G-1I Mo. tape, mag. drum iItape tape I ]
"22 Naval Ord. IBM 7090 -"I

Lab. an NNOLI I

23 NAA- IBM 709 555Mo 1961 Mag. tape h PCD 32.768• • 112i .2 4
IColumbus char. i I ax

24 NAA- ALC 200 1957 Mag. tape, 33 bits 1128 .1 I n it 1 n
Trisonic III E incl. cards incl. aords I orking

plot- signp ]Nrking sto
ter) 4096 1104 m,

•urds. I f r.'r,

nain - in
_ 1___ ,_____........ Ir

_______ ____ _______- ____[I1______ __________ ____
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II. COMPIITER SISTE'1

160I

I~ Des cr~p t ton ]-I •17.,'t f[e

o l in -I I

VI: Factl: 1ea of d. ,tt
Of pu Add ,. .o t .Vu: t.,°

2 ioake El Cotst 6t0al15 Eetricu - C '.

ansc II) TuIO

Rep10u l CC nerat r S-t e 7 T -

7000eITf

t Lon a .stetv.g + .e

128 Ndiah C 1 Central mo. 1963 Mag. tape 36 bits 32.6 -8 13 -1
7090 mx) -,ax)

nand 'or

T s onic ine i -

a d0 i I

26 Ohio State Elect- 1966 MElect ri 3a b 22 6 [ - 2 2' Un iversi ty ron ic s i nal si

SubsnicI Ii I 1_

27 Repubte e La a - C ra
e 7090 ae i

i28 Sa~nd~a CDr. 160 'Central 1961 ag tpeI

a, bS uvperso.nic
and

1 Tris-nm,

29a On,.tel 1 B 7 090 iLease 1961 M~ag. tap,• 36 bits 132 768 3 11 ;2. 1 2 t
il u bsonmcees i'J • 114t

i29~b UnI ted I BY. Les Cards. mag. 36 bit 3 .768 Ij2. 1 !2 to
] Tnranser, ic 7090 i tape 3[ 14

I Hypers'nic Transac j .
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Ii. (Cont.) III. PRLSENT.1,TION SISTE'1

l'til'zou',n I Rz( fl,: at,

:c. Faci, I 7 ± ca! P'o: ter P t,,,,.
IorBatch, (Iln Tine

Tine anu

iAMil at a Line Ra- a• r.• • t:g .'. :. ,'

He v : •,d.' :•,

'PesIi' s I ID-a 08 12n

la!Aero Res. 90 100 0 24 hr I SpedSx 4 14 I 70 -Va 101 1

Inst. of F ,, 3200

Sweden

lb.'Aero. Res. Paper tape

Inst. of output
Is.eden Il

3a; AEDC, PAT "s 46 54 20 sec no EA 205 10 5 flex"- Gerber 4 yes
!to I writers, Scientific

I mri teletype 501B

' :punch Mosel e. 4D

3b AEDC, VKF 100 !00 0 Flexo- Gerber 501 3-9 Flexo- IGeruer 501
writer writer

3c. ADC. %WE' 60 100 1- I-8 hr IBM 1t01 Gen. Dyn 6 IBtl 1401 Gcn. Q-n. 6 no

"heat Sys. w Ger-: *',s. , (Or-

* translferý ber

i plotters pLtter:

4 ASD- righ - 100 0 1aM 402 ,ModOIB 1401 iR1 "adE I no
Field 

I

aSupersonic

biliyparsonic

5 Aztro, 100 95 1 5 15 min Flexo- Librascoie 12 tles'- L1braio'pe I' n.
-Marquardt writer arier i
'Corp.

6 Ballistics 0-1- 100 0 4-48 Flexo- Hanson- 6,7 IBM 407 'EA] 3300, 1 no

Researcn 0.3 hr writEr Gorrmll- 3440

!Lab. Brian.
Electro

Inst. 400
7a! Boeing 1.6 100 0 8 hr IRS 407 I~oseley 4 lBM 1401 None

Transonic No. 2 X-y in contrail
I facility I

7bBoeing for 100 0 8 h" IBM 402 EAI 1100 4 None

* Supersonic all 1100 X-Y
Itun-

nels

Tc Boeing 100 0 24 hr 2Moseles 2Nose
i.Vpersonlc ,No. 2 X-'f

GdlBoeing 100 0 48 h1 one
Hot Shot
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I~~~ II ent) 1. PRPIýFNTATI0N ShSTE'1

'n-i ~ ~ T nilt T
L r, atc L(11 Pa.-e Data~

TWref n i Tt 9 to Fa!n an,.-cit ~
Resu tModel

KiECaltech 190 35 65 10 sec 1ehe read JPL Desist 2 4 iTel. -ra_' JPL Design 9 ,
lnold) On cr. 'exc ::. Fleoo- SC 4020 i

line) ..its-r

80atc- 100 100 ,2 hr I Teln-read-1 JPL Denies 24 IRNI 1401 Stto:abere -
i L a-new,- ,ot eFlex- I.n.Central'Carlsor

9 lhace 10 0 100 I) 5"6 Beckmaun 10 -IBM tab P.A var;-- I u

Corp. I i tr:n 7090 1

I10a lCornni1 90 20 80 3O 0 se IEN 41f) 45.), No I ISM 407. Pace Data- -

jTranoonic 
Im 523 ;2p plot !or I

' ka oDavid 0 00 ( 1 hr iFloe,- Nn - Cit_,pe r. 'None -noi

Ona -ypor.I
I:e iprint r,

TaAb r 2 0 r !co None - r 1401 SC 402'nIijDav d 2 00 ct iIFen
TkI o I atinter

Tall~a o 1t- Incier, I jere
Ta I uI-ie 7r

i2tore no 100 0~ ýn Iqp47 Me 'I Itl! 407 Olq1YdlI1 1 It o

lInJGO Co'nnv r 30 2 0 0 Jc%" n~ iBid 400 Ma~nUal IBM 407 F.A 3033F, '0 lPo

lila Speed sijig]e it) qj 12

t"n batch

I3 -Cnar100 130 70 15 min 11403 FI a4 ts - 1 1.403 PA Data- In

i~i
1

i Speed pIntlter 'pLi(ter PCtncc-r !plooter

114a!Gruruan nmai I 10" oA ?0033

seal,~.,f I GO 0 'PA 3033-A2 'I
ISupersoni I I

14 rman sal 1 0 0 iFlea - INon, FI 5 33 2I ,(

t5. Lok oe- 0 100 1 I IM '40'? lk-41 C.-Oc 20 I 140:3 iEI 303-R'-,:

lof I ~ i f.
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It. (cont. 11i. PRLSENTAIION SYSITEM

V.Facl I Ity Tp I 'Plotter plot!"
No.' TyIM.l

Wi nd Tin . .. .IIn n Tabulanh t.'g! ' . F
a!Td aý Line :Pau. Data

1 £,sIpMakn 
Eqat1r1I 1ýMade. Ii L- t- I r -i

[5bLokheed- 0.1 l 0 124 hr analog; Manual all analog kianual all -

I StC I ecords records 5

16 MIT 50 20 80 30 sec Fk ty'pe- sNono- yeis :'

inca writer writer

I punch

l•-'Oll-o1neli n

170 McDonnell lo r- - 15 main IBM 1401 IIM 1401 25 IBM 1401 enhson- 6 no

P581T ate LehrerIP•f l I Model1 J
loca-I oe

I ~~tiont II

I:7blMcDonsell rem- 45 M-1n IIEW 1401 118'. 1401 25 I&. 1401 lBenset- I no

NiiT te oLUhner
calee- MII.odel J

Stion I
IISa!NAE- Iint-Hsne;-, 10 tAM Serv. !EAT 3033-C 1 in

Canada iel i Br t

HIb gh 100 i ,ell BurSs i'

IbINAE- 10030 iomn IBM hA 3033-C i l1E EA1 3033-C1 Ino

Caneada e- pewriter; t 33e3r1tiertI

19aNAA. - 99 90 I0 10-15 Flexo- EA 1033- 61,A e

l A t e s s e c t ajw retre r t o
IUnitar,.I

19b N.ASA - , lexo- No NIo
.Ames HW' 

Osc llo- ,

grPh

II I20a 'NASA - 20 0 100 25 sec I 118 416 tis. - lea if " i' I2 le

Langley I writer
lUnitaryI

20b "NASA - 25 160 0 2n min Flexa- jIBM 1401, 1 IBM 1401 !A 1!no
'Langley reel of 'writer EA ea.
Central dt [B 141

21l.SA - 60 100 0 1 hr IBM 870 NA 1100 l ld 407 B-L Model J: 1 Is

Marshal! (avg.)

I I

<1 win I I
(Spec.)I

122 Natal Ord O~n lire, IM 14011 Mosaics XI'; 6 IEtl 1401 1EAI 44 6 int-

Ina. 1j iba::rah ~ IDataplotteri
t=~i _____j j _______ -off line Li
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11 o I R-V -SI U ItT ON S ISTEI.A

--

it;?a u~h- Pa j!i.

-. I ¾-tip' r . k

TaeiiTto rmo an 1

C. hiA 3 100 024 IRI 14", Yo'ch 4 6 ! 141 \r

ý4 NAA I0Q 100 013 0 mi 1 IBM 407 2Mjselcx 2 IW it,, Rcrrriui A il nio
Arto ari so, C

, 5INrhop 100 100 50 21mn IRM 41P FA 50 i- 41 F
Nerair2- tII

6 0hio Sta- 1 L-Qo¾ie Tat A11- a
ta re 10 j y0 pr or.c p.on Tr~ I,'

Ie.: I c -6

8 ancji a "1 100 0 24 o' 'Fleso o CDC I'2 I''t
I-1persr~nic . I iriter

an, i ,*

Srcq icI
2

II QO r
I I ipruite

"90b jut,,ed I jO 0 riom: Cards .nd Rcist-1 12 pPrmnt -UL. n"I t

Tarasonic -r II !n- Za t a ýa t -a-a ý

1uero -.56 trip

IyesncaT
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Ill. S)iv S AVIk-TOM A IION

~z

rF Sencti;

I aAe½ Res. Inst.
I f SIIe

Patterson AF

"3 MV#I xl x x
3h AFCV x x

2SOiFDC. Vie X I

:100, flot oh ot i
3e AFI 

. I

OHot~h.h'tf

llot'hI I

4a.AS3D - OrightjI

F'ield Llyperson.ic

5 Astro,MrurtCorp. xx~ ~~Ki

7a Boeing x

s u p crs I Ac 
( S e r i0

Ic Floe k.g 
0d

B Y-s. 0 under 51CC cnndit ions
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I. SY S1EM1 AL TOMAtT IO

%0.c Fac IIt

I d!Boejog Hot Shot x x x xx

BaCaltech JPL x I 0 o x xx o

Sb' 'altch JPL X x I 6N

9 Tha,,-e Vought X

;C rp.I II

I0lonl x x x

11 David Taylor I

12 D-ulsSanta x . x S > x x*lxi

13a, GD-Censair I x 0 -slo
I[, Spced I I Tat-

13t: 0D-Convair X x1 I
£ High Speed I - j \

llaiGr-urzan x X

10145GrusIan xi

Supersonlic II .I

14CnGrIuflaf Press. I
'Inst. I i S

iIB0cked x x o x I

liLockheed MSCI

Hot ShotI I

16 Mass. Inst.I x

10fTech. IIx
I-,a1 Mcionne~l 0 x' x ~ I Y, I

x I

X s yes. 0 under some, conditions



18bI NA -C na a

Un ctt I ta r

I j AAAC

i0al NASA-Canaday x l i

!unit ary I

1Th; NASAALftcS I

Ca-i -

21NMA-Langule I x xix , x

LbNASA-Cl andeasII .

'Ce Nothrpral r flt X 0

ý.te State xjnl' A

HvIAS-Mrscmi IHi1

I_& In i Ie I.x
I I I Ii

21n rthrpori X X x I XXOH x
I I Ix

'TrllSa teUnv. i I .. I
supe oI : iA

sonic I I

X - e, 0 udrsm odtin, Tp crhadRa
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_______ ______________-~ V. UIST FACILITILS DIESCRIPTION'-

1.I A,?t.-. Res. 40 40 0- to 2.5.20 sec '
lost, of
5Ž~cdov 20 20 '0. 5 to 3.260 sec I

scow-r, Res. 40 40 10. 5 to 2.32-0 sec 1

SAOP 8- ta o ýSeveral nn 1

4'R[-- 23,At 14 '1 0 1166 T, to 23308'
ariglitI

IPatterson 30' din. 14 to 20 1 it 16 . to 4000-R

ABse 16 ft* 0. to 1.6 Continuous 2

ic ft

I3biAEIX7. 40 40 1.5L to 6 IContinnoun 10. 2 to 13.61

m 30 din. :8Cs.t inao To 9()0001

30 dlin. 10 or 12 Contirjnuoss 113.6 to 1,O:Tt ZU' OOf

*12' I t.- 'iTnterrýitteni If, 07 toý4.7

121 5 to 7 1linier,-ittent 12.7 to 20 5ni to 10001r

2C:AFC. '.RC 50 din. 1ý Contionous l~ ~ 000 F

trZCn~fcry l3315. :0-o 1: Cur~t touo 13.0 to :7r . 13100KF t- 2000K

12 , 12 3 to 7 Internitent 2.7 to 205 . 100'F to 1000W

11AD, 100 di. 113 o 0;40 t70 700 to 1400 Are-driven -interrittent
* Ipr -100' rC-dricocn

.30 AFDC, 50 din. 15 to 220 i40 to 7 1700 to -40A-die internisttent

CRYF - so' 'sillisecood
;Hot aot II

3WD 150 din. 15 to 20 4Oto 70 M1700t 1000 A r C-d r ivcrt I int rnI t tecnt

H[ot .Siot 2I

4a AGO 2 ft '1.5 to 5.0 Contonuoan 0.02 to 2

1w, h. 2tft I
Gape rnon~c

45 AGO - :2 ft din. 8 -2 12I 1 n. 65 to 40 f- - 4000
krlght!I
!ld. 2 ft di.. I5 16 15 mi. I to 120 IT.- = 5000'R

tner tated Otter.,uc
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1, ft S ACir It L -i rILSD s HT10

5 tosto. 1 ft d1la. 42- Ys ~rtolra, 1 3. 6 N,eaair Crater end 105 Rtj hr tae

8atr--ida rd t 80 ft long for. 000 111i 'C- ater 12 4050 "1. Fp
t 

s
Colr~. I -vrle cxlnis cr ahnr 34,000 qW C11

12 ft 1" to 63.81 a'ccord ing t13.o ti c , 1.5 e I ln'abs. V 40
80 ft size no zzle)' l b fin.. 3 smaler -Ind tertici

6 fBah1:Stic 13 15 1. 5 5-0 5C:tnuu

L-a,. 1513 . .in, is canoas 1-4
* I and
* 15'20

14.50' dia. 6. 0. 7. 5 :-.ecos 5 ax 1xs rC. 3. to 1500,F
15. 62" din, ar

6  
I ..'-

18. ,4" din. 9.

,a!Rsc?.ng & ft -:2 ft '4,14 t C yoo Int--u ita!
TPrainsc I c 1. 15'n

stat I

75 c lItInz 4 ft -4 ft ISueson ic 3-3 to 46 It0
!Superson ic toO 40 i

.C BOCring t1 d'in. 6. cc 45 ,(
'hypersoýnic Ifixej

7d!Soeing 44 din. 1" -O2 13 nw to 100.-3 Man. 0.. 600f)'K

I l11nt Shot -0to -x

*8 Caltech- 18 '20 I. 3 to 8 Conit Irnuonjs 4.4
aSI bJPL I

121 '21 .4 to 11 !C1ltnuOas 48 . to 1330' F

9 01 !car 4 ft 4ft 0.4 .01 "0 Sec 25 max. I Pinro t-r, Tie line toLow SpreS
Vonght . -t-a!fr pressure recordjing

* Co rp.
I13.5 14 21 '50nlE 2,000 -ax. plyakadroad na;p. annlog tape.

s ec-n d ICa~n awnr read teiroet~r tape.

E1oai~t:rtell 8 ft ., 8 ft 0) to 1.I, oitnn .i

Transonic

M '6.0 6' 6.0.0 and 1itScc 't 195 tL"e Ccc-puter or-.7

m 5 -5 15.0 ii- snps

24 din. 00 1) 1n 3 ,ill- 27D ''se t73wpntcr il.
and 48 din. 129.0 seconds Inozzle

tUnieSs statPed ether-wise
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SN. TLST FACILIlIES DLSCRIPTION

r io
fOCI! s,

lobI Cornell 9 I ft nozzle 15 15 see max. 200ax. T, -nooSE

".S. it
VN pi'l'snni r

S0 06 15 see max. 200 Yfax. T_ 9000 P.

1 Dv d 0, 01 to 4.5 148 sec I
STa io :-

T2 •r12 .S2 tc 1.0190 se(

is 1 Sub t- 4.- 27 eec I

!3-, dia. 1M = 5. 7. 100 sc I•-0 OI r. et

.10

12 Du•las lIt > I ft 0.2- 3.5 .60 see - 6.5

Monica 4ft , 4 ft 0 2 - 5.0 30 -60 see 20 : to 20'F

J" dia. 6, 0 psdl '90 1o- - Ic 2030 F

10I! I ,

I13a! OI-C c'A IT 8ft 12 ft 'to 0.35 Cot tOl I.sltmospherie

SI I:sect :00rL - I

O 51bP-Convair 48 0 4s 0.5 to 3.0'35 - 90 seC 1.5 - 22 .2~oeti
Hi,oh ýSpeed

l'aiaOruinar n ft 10 ft 0 - '.2 Contfnucus 1.0

14 1,ruan ! ft f 1 ft 1., to 4 0160 sec .3 to 20
Supersonr 1I

Lockheed 4 ft 4 ft D - 5. Avg. 45 se 25
Calif. I

0 it 12 fti : - 0.3 Cor,ntinuous 1

115b Lockheed 28 dia. i1S - 25 35 DilI: !000
:O sIsecond

16 Mass. 1S.., 21 '1 5 to 4.01 CoOtinuous 0 to 3
Inst. and 2.6

Tech. i I

] YD-ne 4 ft - 4 ft 1t 5 to 5.8130 sec 22.
PSAT At'g. , (Maxn

,biMcDue11 30 d.u. 8 0 A 40 TS to I1.0 to ia, stg. teoperat-re 6500'K

HIT l 0" dia. 29.0 10 a:

t~n OAk- 511 t 11 0.t 2 4.5 10 see- 20

Canada 20 mir

•t~nl•s• staled otherlive
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\'. I'ST FACI. T1•'], Ul.SfRTP1]]3N

-n ad a

'No. Foi ia t Ic c rs 0 ,:t R.;

' D.•enstong .It¢ it'se Pro,,. I•':k

:s SeD .taten. nonosysens. DataTtr,
- Iv Sp e

ISa NASA - 8 ft ' ft 2.5 - .5 ContiLruous 0.4 - .0 T,.ese fat'jiticv k 1i-;c l,..ntaical
Ac : so '•-~ in.ystems. Dita fr, vt

Luicary 9 ft 7 ft 1 5 -2.5 Cor' tr uaous 10.4 - 2 0 *h fa,:, c'.j ti s art' ctd'ucti on a slngle
I . . t oC " u r r ,'Ii- 8 0 0 ) a % a r e mto t e d a t a

11 I t '11 ft-0 7 - 1.4 CcnL'.nuo-u 0.5 -t),:. cener.

14 ft c 14 fIt0.5- 1.2 CIntenuoou 11.9

19b'NASA - 3.5 ft dia. 5 - 15 1 4 .rio - 120 iT t to 2100-R

Wmes i later to 36t'15-

H3.T5 HI 14 dia. 10 -22 1 a mn Ito 150

20a:NASA - 48 48 1.5 9 Cntuo 4.0 T 61C'
'Dangley, I ii

Unitary 48 * 48 2.3 4.6 E; C-:,it uun-'-s ,10.0 1 10 -.1 0-R

20b'NASA - 31 -31 9 10.2 Canhnu'cls 15 - 150 .. - 50 -19 R

Langley khyp.)
Central I I

;Data 31 syo. 11.5- Continuous 30 - 300 IT 2080 - 23820'
12 1

72 a 10,5 13 i - .5 ;cc 3.3 - 130 - 60 - 112O'R

(Th e r '.
Struct.) i
96D 7.0 - 240 127 - 270 !- 2500 - 450048

ott. ",etui. ; ec. l I

StruŽt.)

186 * 133 0.2 1.1 Contiato us 1.0 lr -500 - 640cP.

(Traflstnic)

85Tr.< 8 .0.6 1.431Continuous 025- 1.0 T 58•3R

Press.)

54 - 54 1.4 - 2.0 Cortinuous 0. 25 2.0 T 570"R

(Sup. Press. )

20 20.5 :6 lk hour 10 - 3i T, 8 1" -O•0jR

20 20.5 3 . hour 3 7 T. 530 - 1010'R

22D 8.5 L hour 112 '- 200 TI 1510o

12 4 6.0 120 see 1.35 - 4i.0 T 860 - 1060'R

18.5 D 8.0 60 - 90 sec 3. 4 68 Tz 1260 - 1560"1R

S ComttluLou Lt50- 00 T. 1260 -560R

'Unless stated otherwise
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T V. TEST FACILITIES DESCRIPTION

No. Facility Section Mach Run Stagn.Seto ah Rn Press. Remarks
Dimensions Range Time (are)

(in)*

21 NASA - 7 x 7 1.5 - 4.3 1 - m sin I
Marshall

14 x 14 0.5 - 5 3 min 7

22 Naval 20 x 20 5 - 10 1% min to 15 to 150 To to 15000F
Ord. Lab. Continuous

23 NAA- 7 ftx 10 ft 0 to 0.349 Continuous I at V - 0
Columbus

14 ft x 16 ft 0 to 0.09 Continuous 1 at V - 0

24 NAA- 7 ft x 7 ft 0.2 to3.5 5 to 30 sec I to 8 Tunnel is of the intermittent blowdown
Tr isonic type

25 Northrop 7 ft x 10 ft 0 to 0.4 Continuous Atmospheric
Norair

2 :t x 2 ft 1.5 to 5.0 45 sec 20.0 Blowdown

20L dia. 6.0 to 40 to 300 200 To to 3 20 0 OR - Blowdown
14.0 sec

26 Ohio State 72 x 12 Transonic 40 sec 5
University

12 x 12 Supersonic 40 sec 100

12 dia. Hypersonic Continuous 100

27 Republic 20 Octagonal 0.60- 1.30 38 sec max. 5

15 x 1S 1.50 - 150 sec 33
. 00 max.

36 dia. S. 10. 14 30 - 60 sec 200

28 Sandia 18 D 5 and 7.5 45 sec 19 max.
Hypersonic

5 D 4 and 9 2 min 19 max.

28b Sandia 12 x 12 0.4 to 3.0 1 min 5 max.
Trisonic

29a United Is-feet 0 - 0.25 Continuous Atmospheric
Subsonic Octagonal

S-feet 0 - 0.95 Continuous, Atmospheric
Octagonal

29b United 17 x 17 0.Sto 1.5 60 sec max. S
Transon ic Trnsoeic

17 x 17 1.5 to 5.0 90 sec max. 25
Supersonic flex plate

* K 6 4.3 to 9.5 90 see max. 60 blowdown T to 1800Ot (pebble bed)
ypersamic for blowdown. 25 con-

Coatinuous tinuous
in the range
4.3 to 8.0

SUnlee stated otberuis
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VI. EXPLANATIONS AND COMMENTS

"No. Faci I i ty

lb Aero. Res. The system is movable. The Aystem is also used in
Inst. of connection with heat-transfer tests in the Structures
Sweden Department.

2 ARL-Wright Practical system accuracy in 4 digit mode is 0.05%
Patterson and in 3 digit mode 0.2%. Solid state commutator at high
APB levels allows maximum programming flexibility.

3a AEDC Brief descriptions of the subsystems comprising the

PWT overall digital data processing systems are outlined below:

1. Force or Strain Goge 'System (Force Balance Readout)

Ech channel consists of a Beckman Fitgo pre-amplifier,
gage power supply, bridge balance unit, Dymec voltage to
frequency converter, and gated counter. Full scale ranges
of 0 ± 5. 0 ± 10. 0 ± 20. 0 ± 40 millivolts are available.
Full scale count ± 10,000 counts. BW) digital output is
available for entry into the computer raw data system.
Gating periods of 1-2-4-8 or 16 seconds are available for
obtaining average values of gage outputs.

2. Temperature System

Conventional Beckman 21C high speed data acquisition
system. Digital output can be entered directly into the
computer at the rate of 20 channels per second or recorded
on magnetic tape at the rate of 3,000 channels per second.
Magnetic tape data is usually processed on a centrally-
located IBM 7070 computer. A magnetic-tape-to-paper-tape
converter is available if ERA 1102 processing is required.

3. Pressure

This system is comprised of 50 CEC 1-126 high speed servo
amplifiers and 250 CEC Type 4-332 pressure transducers.
Five transducers are commutated into each servo amp.
Transducer ranges of ± 1.5, ± 5, ± 15, ± 60 and ± 500 psid
are available. System is capable of providing full scale
count for 1/2. 1/4. 1/8, and 1/16 of nominal full scalo
transducer range. Analog data are digitized by the use of
Dyymec voltage-to-frequency converters and gated counters.
Pull scale output count is ± 4000 counts in natural binary
code.

All systems, including tunnel condition readout, are
actuated and controlled by a Master Print Control System.
Digital outputs of all system are digitally commutated into
the computer raw data system at the rate of 20 channels per
second. Data reduction may be fully automatic and on line
if desired. Most common operation is a modified on line mode

- o L-
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No. Facility

3a AEDC in which paper tape generated by computer raw data section
PlT is hand fed into the computer main frame tape reader. This
(Cont'd.) mode allows faster tunnel operation with only a slight delay

in the generation of final data.

A similar data acquisition system has been in use in the
PWT 16-ft Transonic Tunnel since 1957. The force or strain
gage system (10 channels) is identical to that used in the
16-ft Supersonic Tunnel. The high speed temperature system
(Beckman 210) used in the supersonic circuit is shared by
the transonic tunnel. The 16-ft transonic digital pressure
system is comprised of 50 each CEC 1-124 MA servo amplifiers
and up to 250 CEC 4-330 pressure transducers. Five
transducers are time shared on each servo amplifier. Digital
outputs from shaft position digitizers (Coleman P-15-D) are
read into a computer at the rate of 20 channels per second.

The ERA 1102 computer described in Section II, COMPUTER
SYSTEM, is shared by the Transonic and Supersonic tunnels.

3b AEDC The ERA 1102 contains two Raw Data Sections. By means
VKF of cross-bar switches, each of these data acquisition units

may be connected to any one of five relay scanners located at
the tunnel sites. Each relay scanner has the capacity to
scan 84 binary readouts.

Five high-speed paper tape punches are switched in
conjunction with the relay scanners. Therefore, each tunnel
has a unique output device, regardless of which RDS unit is
utilized. This enables data acquisition from any two
tunnels at the same time. These raw data tapes are read
into the computer for reduction of final data on an off-line
basis.

The computer is equipped with four identical storage drums.
This multiple-storage capability allows the computer to
operate sequentially on more than one data reduction program
witbout the necessity of reading a new program into the memory
at each change-over.

Signal conversion is accomplished primarily with d.c. and
a.c. servopotentiometers. These instruments are equipped
with angular position encoders to provide binary readouts to

the scanners.

Several instrument systems are employed at each tunnel
location. A typical tunnel instrument complement consists
of the following equipment:
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NO. FacilIty

3b AEDC Pessurc: 9 channels equipped with pressure scanning
VKF valves for a total capacity of 99 model ports. Variable
(7cnt'd.) reluctance transduonrs with frequency-modulated outputs

are used. Gated frequency counters provide binary read-

outs.

Force: AEDC-designed 400 cis precision servo-indicators-
are employed to measure strain gage outputs. Encoders
provide binary readouts. The basic system consists of
eight channels, but this is expandable to sixteen as
required.

Temrerature: Five d.c. servopotentiometers are used for

static thermocouple measurements. Attached encoders
provide binary readouts to the scanner. 100 channels
are available for dynamic temperature measurements by the

Beckman 210 system.

Model Attitude: Shaft position encoders driven by the
model positioning servo systems furnish binary readings

of pitch and roll.

3c AN[C This acquisition system is used primarily for heat
%XF transfer data. The Beckman 210 is a vcry reliable system.
(heat The Fitgc amplifiers are chopper-stabilizcd and employ input

transfer) filters. These ampl:fiers are exceptionally stable over
long periods of time.

3f AEDC Data are initially recorded in a magnetic core storage
WEF - 50" unit. After the tunnel run is completed, the data are

Hotshot - 2 transferred from the core to punched paper tape. Thl core
capacity is 1092 words. Work is presently under way to

increase the number of channels to 50, the scar, rate to

17 ke. the word size to 12 bits binary, and the core
storage capacity to 4,000 words.

Either the ERA 1102 computer or the IRM 7070 computer

can be used for final data reduction.

4a ASP - 98-channel strain gage recording system also available
Wright which records on IBM 523 Summary Punch. Use is dictated by
Fld. availability of appropriate strain gage pressure trans-

Supersonic ducers to meet specific test requirements. General-purpose
98-channel transducer-pneumatic system ii fabrication and
80% complete.

5 Astro, Primary aim of system %as to reduce data reduction time
Marquardt while maintaining high accuracy and quality of data.
Corp. System has been used for several hundred test programs

for the past 7 years. System is in operation about 40
hours per week.
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No. Fac lIlty

6 Ballistics High system accuracy and flexibility with moderate speed
Research of raw data acquisition. On-line reduced data has not been
Lab. considered due to ready a~ailahility of high performance

computers within the BRL. Raw data acquisition system has
been in us2 servicing SSAT-l and SSWT-3 for 7 years for an
average of approximately 20 hours per week. SSIT-4 has been
brought into the system during this year and utilizes the
complete arrangement of data acquisition except that 7
individual channel Electro-Instruments Model 400 X-Y plotters
are used in place of the Hanson-Gorrill-Brian 6-channel
plotters used in SSWT-1 and SSWT-3. A uepalat,. ta
acquisition system designed expressly for SSWT-4 by

Dynametrics is partially installed at this date. When
completed. SS'kT-4 will be dropped off the older Hanson-
Gorrill-Brian raw data acquisition system.

"Za Boeing 1. Force Balance Calibration
Transonic The recording and processing of force balance calibration

data is now automated. The loading of the weights remains a
7b Boeing manual procedure, but is performed according to a rigorous

Supersonic loading schedule.

7c 1;oeing These calibrations are automated by using a special
Hpersonic six-channel data recording systemr. It is specifically

designed for this purpose and is so successful that there
7d Boeing is no manual handling of the data from the time it is

Hot Shot generated until the constants have been computed and returned
from the Boeing IBM 7090 in a stanudardized listLing. The
weight loading program has 330 coded conditions which produce
330 punched cards each hith the 6 outputs fron the balance.
Processing on the IBM 7090 uses 32K core positions and
consumes 1 minutes of machine time. The output from
this program is m, IBMY listing of 20 pages of data. Three
pages are required for the constants from each component of
the balance. Two additional pages are for summary. The
constants evaluated by the program are the first order,
second order, and cross-product terms, a total of 27 terms
for each component. Many balances exhibit some zero or
negligible interaction terms, but nevertheless all terms are
evaluated by this program.

2. hind Tunnel Data Processtnrig Steps

All of the raw wind tunnel data is ultimately put in
punched card form. In the Transonic, Supersonic, and

Hypersonic (force and pressure data) this is achieved by the
strip chart recorder systems directly, using standard or

modified (Supersonic Tunnel) 11A1 equipment. In the
Hypersonic and Htotshot, extensve use of oscillographs for
heat transfer and other multi-(hannel tests requires a
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7 Boeing productive means of encoding the data from the graphs into
(Cont'd.) IBM cards. This requirement is satisfied by a Benson-Lehner

Oscar oscillograph reader.

Once the data are in cards, they are corrected to
eliminate errors, merged with the program deck, and submitted

to a satellite station for the 7090. This satellite station
is an IBM 1401 whose function is to transfer the data
contained on cards to magnetic tape. Greater utilization
of the 7090 results from using magnetic tape as its input.
Prncessing then onccrc on th- P)90. After the assswc tae)
is generated by the 7090, the tape is submitted to the 1401
for high speed listing of the data.

The final data listings are given to a group of girls whose

job is to plot the data in report quality format.

The wind tunnels are utilizing 1.63K of the 7090's
available time or 17.11 hours. In addition, 58.60 hours
are being spent on electronic accounting machines such as
collators, punches, and tabulators. TIe total bill is about
$6,012/month. These typical figures are for the month of
June, 1962.

3. Pressure Data

Pressure data is obtained in the Transonic, Supersonic.
and Hypersonic by commutating with commercial Scanivalves.
They, are very suitable for Boeing's particular application.
Scanivalve Company is now producing a modification of a
Boeing valve design in wicrn the valve bodies can be added
up to about ten per drive !nit. Their application is very
flexible and the configuration can obviously be optimized
to suit the interior of the model.

8a Caltech - High system accuracy attained by utilizing an all-digital
JPL system with individual amplifiers and digitizers on each
(old) channel and commutation by stepping switches at high signal

level. System has been used for several hundred test
programs covering millions of component-data-points over

the past 5 years. System is in operation about 40 hours
per week. Superseded by new integratnd high speed system
in mid-1963.

8b Caltech - System described in Section 5.2 of this report.
JPL
(new)

9 Chance Can read 384 channels of pressure data for internal
Vought Scanival,e system in 2 seconds. Carefu] attention to
Corp. shielding low-level signals and noise cancellation by runnir.;
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9 Chance twisted-quaded pairs plus single point ground resulted in
Vought very low noise levels. The gain may be varied to yield
Corp. ± 1000 counts for ± 1 millivolt, thus getting maximum
(Cont'd.) accuracy for 3 digit data. This system was a sort of

'prototype' for the Beckman 210 system, which appears to
be an excellent system for wind tunnels. With about 2.,000
vacuum tubes, the CV system has about 12 kW of heaL to

dissipate. Later systems using more transistorn ,ee much
better. Time-snaring the system is awkward due to changes
required in filters, gain-setting, etc.

10a Cornell The acquisition equipment covered is used for the 8-foot
Transonic transonic tunnel only. All the computing equipment is

available to the three facilities.

Acquisition equipment is in use approximately 80 hours
per week. The comiputer system, used jointly, is in
operation for an average of 100 hours per weck.

All equipment covered has been in continuous service for
several years and found to be very accurate and dependable.

Shock tunnel data acquisition system CEC 502 oscilloscopes
and sort of prototype Beatty Land cameras. 32 channels.
Low-level pre-amplifiers CAL design. Variable notch filters
and low pass filters (600-1500 cjs) CAL design.

lOb Cornell New facility, initial contracts testing starting November,

W.S. 1962. Facility can also be used without tunnel systems for
Hvpersonic High Heat Flux Testing of materials. Presently using CEC

123 and 124 direct writing oscillographic systpm for data
acquisition. Development of digital system in work which
will eventually tie-in with the computing and presentation
systems described for the CAL Transonic Tunnel.

12 Douglas 16 channel system can be used as a 32 or 48 channel system
Santa by using one or two tunnel setup consoles. Readout time

Monica per data point then becomes 1.6 or 2.4 seconds. 160 pressuics
can be read out by data system in 8 seconds using pressure
scanner.

13b GD-Convair Due to low absolute pressures encountered at hi.,h Mach
High Speed numbers, with the consequent pneumatic response problems,

the system employs individual, local, pressure transducers
for each orifice to be monitored. Up to 125 such channels
may be read in 1.2 seconds. Fewer channels - in multiples

of 25 - may be read in proportionately less time. The use
of individual transducers permits flexible (individual)
filtering if required. Elapsed time between readings of
adjacent channels, within a group of 25, is 2.5 milliseconds.
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13b GD-Convair By the use of scheduled preventive maintenance, excellent
High Speed reliability has been obtained. The system is in use approxi-
(Cant'd.) mately 80 hours per week with power maintained continuously

on temperature sensitive componeni-s.

14a Grumman System designed for immediate access to high accuracy raw
Subsonic data with provisions through punched perer tape for futo,:.tic

data reduction at main plant. The above system, for strain
gage outputs, augments the wind tunnel mechanical balance which
gives six-component force data output on IBM punched cards.
Data output from the mechanical balance is processed by the
central computing center on IBM 7090 equipment, and final
corrected data are plotted on Electronic Associates Model
3033-lA-2 data plotter.

14b Grumman OscillograLh recording system using GAEC strain gage
Supersonic balance unit and Pace Thermocouple Control units. Telephone

switchboard type interchangeability for putting data inputs
on galvos. Automatic data reduction of oscillograms
available at main plant.

14c Grumman Special system for recording many pressures rapidly with
Pressure high accuracy. Data presentation in digital form on
System Flexowriters as well as 5-hole punched paper tape for data

reduction at main plant.

15 Lockheed Future plans include the following modifications to enable
California utilization of the data processing system for additional

facilities (hypersonic wind tunnel, propulsion tunnel, and
test cells).

1. Increase number of low-level amplifiers and high-speed
commutators to 40.

2. Provide a remote centrol console and display for the
data gathering system.

3. Add tape search capability to recording equipment.

4. Add separate calibration data gathering system.

5. Provide 'gapless tape' recording capability.

6. Add 8000 character core storage to computer.

7. Provisions for simultaneous utilization of the data
gathering equipment by two different test facilities,
dividing the 40 amplifiers between them as needed.

8. Provisions for time sharing of the data gathering equip-
ment by up to seven separate test facilities, twenty
low-level channels to each, selection by low-level
stepping switches.
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16 Mass. Inst. The system has been used extensively over the past
Technology 5 years. It is still in us2 during 8-10 test programs each

year. At the present time there are no plans to replace
this with a more up-to-date installation.

'7a McDonnell 1, The Intshnt tunnel uses -ciln!ora-h and manucl data
PSWT reduction methods. Future plans for the Hotshot tunnel

contemplate magnetic tape recording of Hotshot data
with low-speed playback capabilities so that the system
for the Polysonic tunnel may be used for digitizing
and the subsequent data processing procedures. The
additional Hotshot equipment required has not yet been
purchased.

2. The Microsadic is an all transistorized system. Greater
reliability than similar systems using vacuum tubes is
attained. System is in use about 80 hours per week.

17b 'IcDonnell Effective August 1963. McDonnell's Hypervelocity Impulse
HIT Tunnel will record data on a 60-channel high speed FIV loop

tape recorder. The tape will be played back at reduced speed,
digitized, transmitted over land lines to the company's
IBM 7090 computer for processing. Final data will be
transmitted by wire back to local Engineering Laboratory
Data Center where it will be tabulated and plotted in final
form - approximately 45 minutes after tunnel is fired.

The HIT analog data will be digitized on the Microsadic
unit in the PSWT or alternatively, at a new (April, 1963)
Central Data Station for the McDonnell Engineering
Laboratories.

18a NAE-Canada This system consists of 10 digitized 0.25-second Brown
High Speed recorders Azar type with 10 K input impedance. Full-scale

ranges of 2, 5, 10, and 20 my. are available. The digital
output from the self-balancing potentiometers is recorded
in parallel by an IBM 523 punch. Model attitude is also
digitized and recorded on the punched cards.

18b NAE-Canada This system has 27 input channels, six of which are
Low Speed occupied by the force balance components, two by thc model

position in pitch and yaw, and one each by the dynamic
pressure, temperature and modal propeller motor r.p.m.

The remaining 17 are used for digitized self-balancing
potentiometer readings.

The punched tape output is converted to punched cards by
an IBM 047. and the cards are manually transferred to the
1620 computer.
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l8b NAE-Canada An automatic programmable model attitude drive system is
Low Speed being designed.
(Cont'd.)

A data system similar in concept to the 18a has been
designed for the 15 foot vertical wind tunnel. This data
system will utilize the IBM 1620 computer.

19b NASA - Data tape recorded in IBM 704 or 7090 format. Amplifier
Ames gains: 1, 4, 10, 40, 400 mV input for f.s. (5V) output.

3.5 HWT Amplifier outputs (+10 hi level channels) commutated (solid
state) to single (Packard Bell) ADC. Max. system accuracy
approximately ± I _V.

Another identical system (except 50 amplifiers installed)
is used by the Ames 12" Hypersonic Helium Tunnel.

20a NASA- 1. At present, there is one real-time data processing
Lagley system in use at the Langley Research Center. It is
Unitary used in conjunction with the static testing of force

models in the two test sections of the Unitary Plan
wind tunnels. Witn this system, strain gage balance and
other related transducer outputs are converted to
decimal numbers using shaft encoders operated by null-
balance servos. The outputs of these converters are
scanned sequentially, converted to binary coded decimal

form and transmitted (serial by character) over telephone
lines co the Data Reduction Center. A punched paper
tape is used at the Data Reduction Center to record the
incoming data and to serve as a buffer between the tunnel
readout equipment and an IRM 1620 computer. Data for
each test condition are read into the computer, converted
to fival coefficients, scaled and transmitted back to

the test facility for presentation on a flexowriter and
11" x 17" plotters. The system has been operating since
June. 1962 with the use rate being governed by the force
tests run at the Unitary tunnels.

2. A number of the Langley Wind Tunnels use punched card
readout equipment to record strain gage and pressure
data from static tests. In these cases, the decimal
outputs from the servo-driven shaft encoders are fed to
tabulators and summary punches located at the wind tunnel.
The cards are hand carried to the Data Reduction Center
for processing in the IBM 7070 computer. Processed
results can be plotted using general purpose card apd
tape input plotting equipment. Assuming the computer
prograrmLng is completed prior to the start of the testing,
results can be available within mu hour iollowing the
completion of a run.
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20b NASA - 1. Tnirteen test sites have been integrated into a Central
Langley Data Recording System, and work is underway to connect
Central six additional sites. Three Beckman 210 Digital Recorders
Data are located in the Data Reduction Center and are used to

record data from all the test sites connected into the
system.

2. One of these recorders can handle 220 analog channels
and 20 digital channels. The other two recorders are
each capable of recording 100 analog and 20 digital
channels. A multi-range low-level amplifier is used for
each analog channel to provide a full scale output of
± 5 volts for full scale inputs ranging from ± 6.25
millivolts to : 100 millivolts. A programmable electronic
scanner switches the amplifier output voltages to an
analog-to-digital converter at the rate of 2400 measure-
ments per second. The output of the converter and the
twenty digital channels are recorded on magnetic tape in
a format for the IBM 7070 computer at the rate of twenty
120 channel franies per second. Recording is accomplished
at this speed in a continuous mlde, or a single frame can
be recorded in 1/20 second under push button or other
programmed control.

3. One novel operating feature of the recorders permits a
single frame recording of the amplifier attenuator
settings in the same tape format as the data. Although
the attenuators are set manually according to the
requirements of the data to be recorded, the automatic
recording of these settings eliminates the human logging
error and makes these constants available to the computer
in the input tape containing the data.

4. Tapes containing the recorded data are carried to the
machine room for processing on the IBM 7070 computer.
General purpose programs have been developed to convert
the input tapes to physical quantities (temperatures,
pressures, strains, displacements. etc.) so that the
normal elapsed time is about 24 hours. Since the
processing time is 20 minutes per reel of tape, this time
can be reduced to an hour when required,

5. Double shielded, multiple twisted pair telephone cables
are used to carry the millivolt level signals from the
test site transducers to the recorders. The maximum
cable length now used is one-half mile. A patchboard
switching network in the Central Recording roor allows
data from any of the test sites to be recorded on any one
of the three recorders.
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20b NASA - 6. A direct wire telephone communication system. allows
Langley the engineer at the test site to request recording
Central service and to cal in the desired amplifier range
Data settings. The test site-recorder connection, range

(Cont'd.) setting, and recorder pre-run checkout can be accomplished
on fifteen minutes notice. After the system is set up,
control is passed to the operator at the test site who

initiates the starting and stopping of the recording.

7. The number of test measurements recorded yaries with the
operating schedule of the test sites. At present it
averages about one and one-half million measurements
per month.

8. System calibrated in absolute millivolts against a
secondary standard giving counts.'mV. Calibration

checked daily. Amplifiers have selectable full scale
ranges: zero to 6.25. 12.5, 25, 50, or 100 mY.

21 NASA - Other facilities utilize the computer and associated data
Marshall reduction equipment. A hypersonic shock tunnel under con-

struction has not been included.

22 Naval Ord. Raw data recorded for off-line reduction on IRI 7090. Analog
Lab. computer (NOL design) used on-line tor computation of force and

moment coefficients and recording on Moseley XY' plotters. On-
line display of raw data by bargraph CRO. Raw iata tape can

be read and displayed (off-line) on Electronic Associates
pltting system as check prior to IBM computation.

23 NAA - The digital recording system utilizes stepping switches

Columbus to switch input amplifiers in banks of 20 inputs. Each
bank of 20 input channels is then commutated by a high-speed
electronic scanner at a high signal level. A high-speed

electronic analog-to-digital converter then translates the

commutated high level analog signals present on any se)ected
channel to an equivalent aigital value. The digital number
for each channel is stored )n a magnetic core storage unit
until all channels selected have been digitized. When this

information has been completely stored, the memory is read
and transferred to magnetic tape in a format directly
compatible with the IBM 709 computer.

24 NAA - Data flow from acquisition to presentation during normal
Tri-Sonic tunnel operation is as folloss:

Model and tunnel operating parameters are continuously
sampled and recorded on magnetic tape in binary digital
form during tunnel blow oown. On completion of tunnel
blow, the recorded tape is mountea on the ccmputer play-

back tape deck for computer programmed tape search, read,
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24 NAA - reduction, and card punch oxi ra- data io decimal form, and
Tri-Sonic computed coefficients fer tabulating on aa TRM 407 tabula-
(Cont' d.) tor and punching of prot cards for plotting on a dinit,i2

plotter. The sec,.tor is capable of rotation through i-

pre-d, ,.rmined angle of attaIk range and at cuntrollcd
pitch rates from nominally 0 to 50 /sec. In addition, a
pitch and pause mode (,f automatic sector pos~tý,ning is,
avatiable, consisting oif ten- pie-selected angles fnr
pausing with n pause time varying from 0.5 to 5 seconds.

25 Northrop The data system is i:. 'vendor/procurement stage at this
Norair time. Approach is to obtain an expandable design, permitting

recording from any one of three test areas. On-line

computer will be added late 1963. ,Ma(imnm scan rates up to
1 kcr per t:.ta channel are realized. No change ovei from
onp test area to another is required. System will continuously
scain data from all three winu tunnels. Recording oe demand

of local controls. System uses individual tape units for
each tunnel.

27 Republic The wind tunnel data acquisition system sequentially
samples the output of 100 low--lcvel transducers located in
any one of the three wind tunnels, converts these samples
to digital ccde. and records this data on magnetic tape for

use with the IBM 7090 computer.

28 Sandia The wind tunnel data is reduced by Sandia's data reduction
ab group. They have a great deal of associated equipment such

as plotters, telereaders, analog computers, etc. The tunnel
data reduction is a very small percentage of their work load.
All equipment mentioned is used in wind tunnel data reduction..

29a United This system was custom designed and built specifically for
Subsonic the purpose of recording data from a helicopter rotor test

rig. Multi-bladed rotors 9 feet in diameter are tested
at rotational sjaeds up to 1800 rpm in the 18-ft test

section. Recorded data include the output of the 6 strain
gage load cells of the 5-component balance, blade strain

gages, rig rpm.o and 3 outputs of blade motions from rotary
transducers. The sysiem also records tunnel test conditions
automatically, and records 23 digits of manual parameter
board input, It is capable of recording from 9,000 to
15,000 pieces of data per spcond on 1-inch magnetic tape,
dependin3 on the numbei of channels being sampled. The duta
are transmitted over coaxial cables to an off-line IBM 727
tape unit located 600 feet away in the UAC computing laboratory.
Tliis tape becomes the input to either of two IRM 7090 computers
which are available for use by all divisions of UAC.
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29a united The system required a great deal of shakedown and
Subsonic debugging - an effort which extended over a period of about
(Cont'd.) one year. It is presently operating in the range of 90 to

95% up-time.

Z9b United Analog-to-digital conversion is via mechanical shaft
Transonic position encoder.

Computer will produce cards with reduced data. Reduced
data plotted automatically on Nioseley XY plotter.

5.2 New JPL System

5. 2.1 SYstem Orgon tzuion

5. 2.1.1 General

A computer-controlled data processing system has been developed by ASTRODATA, Inc.28

to control automatically the priority, the selection and sequencing of data from the
wind tunnels at the Jet Propulsion Laboratory. This sucrion briefly describes the
organization and design of the system. The decision was made to utilize a time-
shared system with a general-purpose digital computer used to set up the priority of
data servicing. The computer also sets up the data channels to be acquired and the
syster's sampling rate. In addition, the digital comp,ter is capable of averaging
selected channels or doing other data correlation calculations on-line. The system at
present is designed to receive data from three test areas. At the test aroas, the
signals are received, conditioned and transmitted in analog form to a central location.
At the central location, the low-level analog signals from the test sites are brought
to ar. analog-input patchboard. From this patchboard, the desired signals are selected,
amplified, digitized, placed into proper format under computer control and recorded
00 magnetic tape. Figure 10 shows the basic system arrangement.

5. 2. .2 Data Acquisition Sub-System

A Data Acquisition Sub-System is provided at each test area. The test area sub-
systems in turn communicate, through the Central Data Unit, with the system's on-line
digital computer. More test area sub-systems can he readily added at future testing
sites, or the number Lf channels can be increased at an existing site. Included in
the sub-systems at each test area are:

thermocouple reference junction boxes

strain gage termination boxes

strain gage conditioning modules
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strain gage monitor display panel

data word display unit

computer output punch.

Tile test area sub-systems are basically identical in design an(d construction. Figure 11

shows a block diagram4 of a test area sub-system.

5.2. 1.3 (entrl Data .'n* t

The central data unit of the automatic integrated data syst ?f receives, at fls

input patchboard, low-level analhg signals from the test area sob-systems. Bly means

of tile patchboard, cihanels are selected to be multiplexed andjor amplified, converted

to digital torm and routed to the on-line digital computer. Included in the central

data unit are:

input patchboard

calibration sub-system (voltage substitution)

low-level multiplexer

differential amplifiers

hig3h-level multiplexer

analug-to-digktal convwrter

digital display unit control

digital data registers

tiri.e-word goeloat or

acquisit ion (,: rl

UUII:)UILe" i1' Ili o "r 1.

Figure 12 shows the routing of input signals througn the central data unit.

5.2.1.4 Sy"stem Control

Control panels are provided at each wind tunnel, at the set-up area, and at the

central data unit. Figure 13 shows the iind tunnel control panel. The conLluo

panels at the other locations are similar. The operator gains the attention of the

computer by setting up his request number and momentarily pressing the 'request

execute' button. The computer then, assigns a priority to the request. The 'awaiting

service' indicator for the requesting area is then lit. The 'request' display

indicates the priority sequence for the various sites. The requesting operator then

sets up the initial point number for his test. This number is automatically up-dated

one count for each scan of his data. The operator also sets up the identification

code and run number for tho test. This digital data is recorded at the start of the

data frame. From the control panel the operator can select any channel for digital

display. This feature facilitates the set-op and cneck-out of tho instrumentation for

a test. When the computer is servicing a particutar site only the data from that sitc
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can be selected for display. At the central data unit, alarm limits can be set up

for twelve specific inputs. When an alarm limit is reached, its alarm indicator lamp
is illuminated on each control panel. If the alarm is not of interest at a particular
site, the alarm indication can be inhibited. The control features of the system permit
the following modes of operation:

(a) Interlocks to prevent interference between test areas within the complex.

'b) Programmable priority of recording requests.

(c) Controlled sequencing and programming of channels.

(d) Ability to make a pre-run and post-run calibration check on the transducers
and the system, using calibration resistors or 2eference voltages.

(e) Continuous recording of any or all channels, on magnetic tape, at high speed.

(f) A single channel displayed at test area while the system scans, independent of
recording.

(g) Periodic single-scan recording of any or all channels, at high speed.

(h) Averaging of selected channels.

(i) Transmission ,f selected data to computer output punches in test area.

'j) *onitor-alarm 12 selectable strain-gage channels at each wind tunnel.

5.-.2 Vaolor Components

5.2.2.1 TheMmocouple Beference Junction Boxes

The system has the capabilities of measuring as many as 150 temperature signals

from thermocouples from each of the wind tunnel sites and :j temperature signals
from thermocouples at the set-up location. Constant-temperature reference junction

boxes are used. The boxes maintain a temperature of 150OF ± 1o10op over an ambient
temperature range of from -30 0 F to rl20-F. Temperature variations between junctions

in the box are held to within ±l/XC0 F. Each thermocouple reference-junction box
accommodates 50 thermocouples. Each reference-junction box handles the following

types of thermocouples:

(a) iroii-constantan

(b) copper-constantan

(c) chromel-constantan

(d) chromel-alumel.

A special shielded, thermocouple reference-junction box is used to minimize "eakage
resistance and capacitance between reference junctions and between junctions and
ground at the reference box. This leakage, if present, causes common-mode-voltage

errors. Figure 14 shows how the common-mode signals produce a differential error
signal t the guarded reference-junction box is not used. In conventional referencc-
junction boxes, the leakage resistance to ground is approximately 500 megohms and the

unguarded capacitance is normally in excess of 100 picofarad (26 X 106 ohms at S0 css).
The following example show sacot,.pilationof errors using anunguarded reference-junction
box.
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1. Assume a coppLr -constantan thermocouple with 618 leadwire located 100 feet
from the refereýoce-junction box.

100' copper = 0.58 ohms

100' constantan i6.53 ohms

difference 15.95 ohms/100 feet.

2. Further let us assume a common-mode voltage of 10 volts (.ams) at 60 cycle.

10a,'2
Error - x 16 = 8.7 LY.

26 ý 106 - 16

Increasing the leadwire run will proportionally increase the error.

5.2,2..2 Signal ConditLnLng .1oules

The test area sub-systems supply the necessary signal conditioning equipment to
excite bridge-type transducers, adjust their excitation voltage, balance any residual
signal from the transducer and permit the calibration of these transducers. in this
system, a removable, plug-in, 'universal' etched circuit card is provided for each
transducer. On this board are mounted the necessary balance, span and calibration
resistors and potentiometers tor the transducer. Figure 15 shows the configuration
of a 'universal' conditioning card. By the addition or deletion of bridge-completion
resistors, the cards can be converted to accommodate any of the following inputs:
potentiometers; one arm-bridges, or resistive temperature devices; two arm-bridges;
four arm-bridges, current or voltage sources. A monitoring jack is provided on each
signal conditioning card to facilitate calibration. Calibration relays are provided
on each conditioning card. A switch on each card enables the calibration to place a
40`' 0 r a -80%T shunt across an arm of the transducer. The excitation voltpge is then
adjusted so that the output of the transducer is W80ý (or -807) of full scale. Under
system control, the relays are simultaneously operated to enter and record calibration
data in the automatic calibration rode of operation.

5.2. 2.3 Input Patchboard

A patchboard is provided at the input to the central data unit. High-quality
analog signal cables inter-connect the test area sub-systes to this central data
unit patchboard. The patchboard functions as a 'switch' , enabling the test operator
to select the inputs that are to be recorded from each of the test areas. The
patchboard further enables the operator to select the signals that are to be monitored
for alarm indication. To minimize errors resulting from unguarded capacitance,
shielded, telephone-type (ring-tip-sleeve) Jacks and plugs are used at the patchboard.
Figure 16 shows how unguarded capacitance at the patchboard and a common-mode voltage
between channels can result in a differential error signal. The t-lephone-type jacks
and plugs are gold plated to minimize thermal errors.

5.2.2./i Calibration Sub-,ystem

Included in the system is a means of automatically providing a voltage calibration
through the low-level multiplexer, and/or amplifiers, and ADt'. A f \,-pint automatic
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calibration system is provided (0%. r8T,. 0%. -8(r,0. 0%). At the start of each run
or test, the staircase calibration signal is logged for all input channels. The
calibration switches are automatically stepped together. The amplitier gain bwitch
automatically selects the proper value of the plus and minus 805, calibration signal.
This method prevents overdriving and saturation of the amplifier. This would happen
if, for example, the 40-millivolt calibration signal were erroneously applied to an
wmplifier the range of which was ±5 millivolts. (Refer to Figure 17.) Calibration
can be commanded locally at the test sites or remotely from the central data unit or
from the computer. A five-point staircase calibration run is made on the strain gage
conditioning cards simultaneously to the voltage calibration of the thermocouple
channels. As previously described, shunt calibration-resistors are provided for each
strain rage transducer. The use of shunt calibration for bridge-type transducers
calibrates the bridge, its power supply and the system. The voltage substitution
method calibrates only the system. From the calibration records, the computer can

readily correct for any system offsets or non-linearities.

'.-.2.5 Stran Gage Channel Amplifiers

7hirty-six ASTRODATA Model TDA-880 differential amplifiers are provided on an
amplifier-per-channel basis for the high accuracy strain gage channels. This type of
amplifier provides guod accuracy, linearity, and stability and has the advantage of

offering excellent common-mode rejection over a wide range of common-mode voltage
frequencies and over a wide range of transducer source resistance unbalances. Each
strain-gage amplifier used in this system is provided vith two outputs; one is routed
to the high-level multiplexer, the other is routed to the input patchboard, where it
is used in conjunction with the strain gage monitors, The Model TDA-880 differential
hmplifier has an accuracy of 0.02% of full scale. Included in the amplifier are four
filters. Each filter has two real poles and provides a roll-off of 12 dB per octave.
The desired filter is selected by means of a front panel switch Filter cut-off
frequencies of 2.5. 5. 20, and lon c's are provided. The lTA-880 amplifier has a
chopper input section in which the input voltage is chopped and coupled, through a
transformer, to an amplifier, At the output of the amplifier, a transformer couples
the signal to two demodulator circuits. One demodulator circuit provides positive
feedback to the input of the amplifier to achieve a potentiometric input circuit. The
other demodulator delivers the output. Since there is no resistive connection between
the input circuit and output, the leakage resistance is in the order of thousands of
megohms. Figure 18a shows the basic arrangement of this amplifier. The effective
capacitive coupling of the input and output circuits is kept as low as possible by the
use of a guard shield. This guard shield is grounded at the transducer.

5.2.2.6 Low-Level Multiplexer

A 200-channel low-level multiplexer is provided at the central data unit.
Assignment of input signals to multiplexer channels is made at the input patchboard.
The multiplexer is a solid-state, high-speed, precision electronic time-division
commutatoi that sequentially connects a number of low-level inputs to a common output
bus- It has inherent high transfer accuracy and low noise-level, with inputs in the
millivolts region, even under rigorous conditions of vibration and temperature. The
low-level multiplexer switch used in this system features extremely low offset, is
guarded, and also contains a shunt switch to inhibit crosstalk. The most useful
advantage of the multiplexer is its ability to perform high-speed data-gathering
without the need of a signal conditioning amplifier for each input. The net result
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is a significant increase in system reliability as well as a saving in space and
cost. The organization of the low-level multiplexer is shown in Figure 19. Primary
low-level switching consists of ten groups of two parallel multiplexer switches
feeding into an input amplifier. Ten sets of 20 switches are thus used to commutate
all 200 channels. Each set of switches has its own amplifier. The use of mualtiple
amplifiers permits a variety of gain settings to be used, thus providing the required
sensitivity on all channels. Under computer control, groups of 20 channels are
selected by the computer for processing. Thus, ten such groups of 20 low-level-
multiplexed channels each are available.

5.?.2.7 Multtplexer Amplifiers

Ten ASTRODATA Model TDA-885 potentiometric, chopper-stabilized input amplifiers are
used with the 2C0-chunnel multiplexer. In tnis amplifier the input and output connections
are completely isolated from each other. Input-output isolation is achieved by the use
of an output isolator as shown in Figure 19b. The TDA-885 amplifier requires the use
of a floating, guarded power supply. After amplification to the full output level, the
isolator chops the waveform and couples it, through two transformers, to a demodulator.
Here it is filtered and delivered to the load. By operating the isolator at a high
level, at 35 kilocycles (typical), transistor choppers can be used. This improves the

frequency response of the overall amplifier to approximately 5 kc at the 3-dB point.
At the same time, the potentiometric input circuit is retained to achieve a high input
resistance. Excellent common-mode rejection is also achieved. One important advantare
of this circuit is that overload protection can be applied to the input amplifier
without having to include the isolator in the overload protection feedback circuit.
A second advantage is that the output circuit can be floated from both input and
chassis or power ground so that the output currents of several amplifiers do not have
to return through a common ground path.

5.2.2.8 Strain Gage Vont tor ing Sub-,ystem

The strain gage monitoring sub-system included at the central data unit compares
the output from twelve strain gage amplifiers to a voltage derived from a decimally-set
multi-turn otentiometer. The outputs from the strain gage amplifiers are returned to
the input patchboard. Here, any twelve outputs are selected for monitoring. (Utilizing
the outputs from the differential amplifiers of the strain gage enables the use of a

single-ended monitor sub-system. A floating monitor sub-system would be required if

it were necessary to monitor directly the output of the strain gage condittoning cards.)

The amplified output of the signal of the selected strain gage channel (±5 volts full

scale for all ranges) is compared to the signal from a digitally-set multi-turi,

potentiometer, as shown in Figure 20. Should the input signal exceed the limit

setting on the potentiometer an alarm is indicated. Indiv)dual alarm contacts and
lights are provided for each channel at each wind tunnel.

5.2.2.9 lligh-Level Multiplexer

A transistor multiplexer, similar to the low-level multiplexer, is used as the

high-level multiplexer switch. Only single-conductor switching is needed at the

high-level multiplexer as all data is referenced to system ground. These switches

are used to connect the outputs of the differential input signal amplifiers tc the

analog-to-digital converter.
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5.2. 2. 10 .4nalog-to-Digital Converter

A single analog-to-digital converter is used in the central data unit. The ADC is
a high-speed, bi-polar (ones complement) analog-to-digital converter. Full scale is
=4096. The conversion rate is 10,000 measurements per second. The ADC, by a method
of successive approAimations, determines the digital weight of the analog input
voltage. The result is read as 13 bits of binary data. Negative numbers are shown
as 'ones complement'. A current proportional to the input signal is applied to the
summing junction of the comparator amplifier. To provide offset binary or 'ones
complement' coding, a current equivalent to the weight of and of opposite polarity to
the most significant binary bit, is also applied to the summing Junction. Operation
if; ams follows: The most significant bit in the register is turned on. The digital-to-
analog converter, controlled by the register, app]ies to the comparator summing
juncti-n a curr:nt proportional to the weight of that bit. The output of the
comparator amplifier is tested (or 'strobed' ). If the test current is greater than
the input currents, the bit is rejected. If the input currents are greater, the bit
is a(cc-Pted. Similarly, the next-most-significant bit is tested and accepted or
•,rcjoed. This process of testing and accepting or rejection continues until the least

sý, nificant bit has been tested. At this time an 'end of conversion' pulse is
generated and the ADC is ready to accept new information.

5.-2. 2.11 Deciral Data Displav

A display system is provided to enable any analog channel to be presented in
digital form at any of the sites. Each test site is equipped with a three-decade

thumbwheel display-channel selector, as indicated in Figure 21. The channel number
address of the channel selected for display is transmitted from the test site to the
central data unit via digital transmission lines. In the central data unit display
control unit, the selected address is compared to the address of the channel that is
currently undergoing analog-to-digital conversion. When coincidence is detected,
indicating that the desired channel is undergoing conversion, the display control unit
will cause the digitized output from the ADC to be transferred, via a logical gating
structure, to a binary-to-decimal converter (BIDEC). The BIDEC converts the
digitized data to 'three-decade BCD and SIGN' format. The BCD output from the RIDEC
is loaded into a storage register associated with the requesting test site. The BCD
representation of the measured value is t.rpnsmitted to the test site via 13 parallel
digital transmission lines. At the test site, these lines are terminated in lamp
drivers which, in turn, provide a three-decade-and-sign decimal display. A control
is provided at each test site to establish the interval at which the test site will
request up-dating of the decimal data display. In this manner, the test site operator
may adjust the display time in the range from a nominal 100 milliseconds to a nominal
one second. An important feature of this arrangement is that only a single measurement
standard exists within the system. All calibration and adjustment measurements are
made with the same analog-to-digital converter that is employed during recording runs.

5.2.2.12 Digital Input RegLst,-rs

Six 36-Vit words may be entered into the system at each test site. Under computer
control, this information is gated into the registers at the central data unit.
Digital input information may be provided by contact closures. An 'on' or 'I' bit
may he represented by -6 volts and ase 'off' or '0' bit may be represented by 0 volts.
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5.2.42.13 Digital Gates

These gates are solid-state switches. These switches connect the digital computer
in the central data unit, under computer control, to the output of the ADC. the

digital registers, and various code words.

5. 2.3 Operation

5.2.3.1 Computer Control

Control of the system is from an on-line digital computer. The primary function
of the central data unit is to maintain and supervise communication between a selected
sub-system and the general purpose digital computer at the central facility. The
c-r.tral data unit provides the necessary data routing as well as the required voltage

interface adapters between the intersite digital transmission lines and the computer's
input/output interface. A comprehensive control scheme is provided wherein the stored
program within the general purpose computer exercises complete control over the data
acquisition system. Provisions are made whereby an off-line sub-system may be
operated independently of the computer, under manual control, for calibration and
checkout purposes.

Input data originating from the data acquisition sub-system is directed to the
computer interface control unit. This control unit, in turn, communicates with
magnetic core storage within the computer via one of its high-speed input/output
channels. Control pulses from the computer to the data acquisition sub-system are
initiated via input/output transfer instructions. The various input/output transfer
pulse-pair lines are directed from the computer to the site selector, where voltage
interfacing is accomplished and the control pulses from the computer are routed to the
selected wind-tunnel site. Edited data from 12 selected channels may be directed from
the computer, through the input/output register, to a high-speed paper-tape perforator

at the wind tunnel site via the site selector. The control of this data-change is
accomplished via regular 'load input/output register' instruction and 'input/output
transfer' instruction sequences. The input/output transmission techniques utilized
within the computer is a 'bus' system wherein data is applied to 18 parallel buses
that are common to all input.output devices. After the data is stable, a unique
control pulse strobes the information from the buses into the selected input/output
device. The system utilizes this standard input/output exchange technique for

transfer of information from the computer to the paper tape perfora:,or. as well as to
the transfer of control operands from the computer to the data syFeem, in order to

establish input channel selection, sampling rate and mode control. Figure 22 shows
the transfer paths of information from the test sites and central data unit to the
computer.

The computer provides:

(1) Programmable priority of data acquisition assignments.

(2) Automatic execution (commazld) of the highest priority request.

(3) Completion of one request before assigning a new request (except the end-of-
logging request).
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(4) Reouest for:

(a) Run change

(b) Logging of data. It is possible to select for logging, any or all of ten
groups of 20 multiplexed thermocouple channels for any or all of four
groups of 10 strain gage channels.

(c) End of logging.

Through computer programming, the following logging modes are available:

(1) Quasi-steady state.

(a) One to 20 samples per channel, selected for arithmetic averaging by
computer.

(b) One to 10 samples per second per channel.

(c) Twelve programmable channels transmitted to the computer output punch
in the test output area.

(2) Continuous.

The basic sampling ra.e of the system is computer-selected at 2000 to
5000 samples per se'.ond. Logging is terminated by a stop request to
the computer.

(3) Periodic.

The selectable scan rate is 100. 50, 20, 10, 1, and 0.1 scans per second.
(The channels are selectable in groups of 10 or 20 channels.)

(4) External Timing.

(a) Timing determined by an external source for sub-commutating.

(b) Ability to select up to three channels in the scan cycle to enter a sub-
system scan, wherein the system stops on the channel and receives a
succession of signals from a single source.

(5) Logging signal

A voltage-level-type signal is made tvailable at the test area to
designate that logging is in process.

5.2.3.2 System Self-Checker

An automatic system-checker is included in each test ares subsystem. With this
feature, the system can be automatically checked, assuring the operators that it is
working within its specified accuracy. Figure 23 shows the arrangement of the
automatic system-checker. An input relay is provided to switch the system's inputs
from their data source to a calibration signal source. The relay in the 'system check'
mode applies a known vojtage to the input. The system is then used to measure and
digitize the calibration signal. The digital value of this signal is checked at the
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output of the analog-to-digital converter to verify that the signal has indeed been
digitized correctly. A tolerance switch is provided in the check unit to set the
maximum allowable deviation or tolerance permitted between the calibration signal
and the digital output; i.e. ±1 bit, ±2 bit, etc. The system is then operated and
the digital readings from the system are compared to the calibration value. If the
digital reading exceeds or is less than the expected reading and the tolerance, an
output error pulse is generated. The detection of an error will halt the system,
enabling an investigation to be made to determine the cause of the error. Lamps
associated with the multiplexer and the system's programming enable the source of
trouole to be rapidly pin-pointed.

. , 3.3 Sunmnrv

Near-limitless acquisition control options are available to the system user. These
control features employ straight-forward computer programming techniques. Consequently,
later modifications or system expansion may be conveniently accommodated. Photographs
of the system installation at JPL are presented in Figures 24 to 26.

5.2.' Coc~rdtfa t tIce

Effective automatic data processing is highly dependent upon good coordination among
the various organizational elements involved. The idea that because a system is
automated there is little need for coordination is an illusion. The casual coordination

which might have sufficed for manual data reduction produces confusion and inefficiency
when applied to automatic processing methods. In fact, the more automatic the data
handling becomes, the more extensive the coordination must become. Reduction problems
and the usual assortment of details must be resolved as far in advance as possible.
Proper coordination does not cease after initial planning, but continues for the

duration of the test program with representatives from the test and data processing
organizations meeting regularly to discuss program progress. The instrumentation
and test project engineers should be present during the quick-look phase of the data
processing: the testing engineer for making selections of parameters scheduled for
computer processing, the instrumentation engineers for supplying information concerning
the transducers and acquisition system. The instrumentation engineer can also be of
special assistance to the data processing group by relaying information regarding
acquisition difficulties such as oscillator drift, excessive noise, etc. If
acquisition difficulties have been experienced and the reduction group is not
infr;rmed, considerable time might be wasted in the futile search for malfunctioning
reduction equipment.

A project group composed of members from the participating function sections has
been formed for the operation of the JPL wind tunnel data system. The responsibilities
for the function organizations are unaltered, that is, they are still responsible
for maintaining professional competence, salary administration, training, promotions,
and the complaints of the assigned personnel. The core of the project group (hereafter
referred to as the data system team or team) is composed of an instrumentation
engineer, data system engineer, and a system programmer. In addition, representatives
from the Facility Operations and Test Projects Groups ale assigned. The chief of the
Aerodynamic Facilities Section heads the team. This position is more than titular.
Since responsibility is not direct to the team head in all cases, he must direct the
team through mutual cooperation and consent. When conflict exists which cannot be
resolved by mutual consent, it is passed on to the appropriate function organization
supervisor for solution.
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Instead of tightly -defined areas of responsibilities, areas of principal
interests are defined and the promotion of team effort is urged to accomplish better
total performance. This concept is illustrated in Figure 27. The areas of principal
interest for the instrumentation engineer, data systems engineer, and systems program

engineer are as follows:

Instrumentation Engineer

Operation

Determine measurement requirements.

Select the transducer and signal conditioning equipment required.

Set up and check out the measurement system.

Main tenance

Maintain sensors.

Maintain conditioning equipment in the input areas.

Maintain standards.

Quality Control

Provide standards and secondary standards.

Perform accuracy checks.

Instrumentation Development

Analyze wind tunnel instrumentation performance and requirements.

Survey state-of-the-art for instrumentation improvements.

Adapt standard items for specific use.

Develop special devices.

Data System Engineer

Operation

Check out hardware system for correct operation prior to system being
released for use.

Verify and isolate area of fault if one is suspected.

Maintain equipment operating log.

Design

Analyze system performance and operation.

Plan and supervise all system equipment modification.

Survey state-of-the-art for system improvement.
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Maintenance

Maintain all system equipment other than the sensors and conditioning
equipment located in the input areas.

Maintain failure records and corrective measures record.

System Program Engineer

Software

Provide basic system operation software.

Provide computer and computer/data-system diagnostic and system performance
analysis routines.

Provide 'standard' data processing routines

for use within basic data system (PDP)

other computers as required
service routines to insure data.

Formulate and submit 'special' data processing problems to central data
program analysis group.

Problem and System Analysis

Analysis of computing requirements of each test project in conjunction

with test projects representative.

Develop overall data processing plan where multi-computer computing is

required.

Operations

Schedule operation of PDP
program check out

off- and on-line operation.

Maintain log of operation performance.

Coordination of data processing on other machines.

Data Processing Development

Survey state-of-the-art for processing improvements.

Maintain cognizance of central processing equipment and procedures.

5. 2. 5 Performance

The delivered system was required to pass a performance test (Section 4.2(b) of

Specification, Appendix B). This acceptance test was designed to prove that te

system met specifications when used under actual testing conditions. Simulated
inputs which duplicated the electrical characteristics of the actual measuring sensors
were used and the tests conducted after final installation of the system at .TPL. Only

static tests could be performed with sufficient accuracy to show sy. tem end-to-end

performance. The linearity of the amplifiers and ADC were chccked on a component

basis, and shown to be linear to within ±0.02%. The simulated inputs consisted of
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50 ohm and 350 ohm two-arm and four-arm bridges and grounded center tap resistors
of 43/,30, 3/30. and 3/3 Ohms.

The worst-case results are presented in Tables XVIII cnd XIX. In all cases full
scale was set at 4000 counts (quanta). The results are presented in counts (quanta)
so 0. 1% of full scale equals 40 counts. The system specifications from Tables VII to
IX in per cent are presented in quanta in Tables XVIII and XIX for comparison purposes
Ten thousand samples were recorded for each condition and the compuzer was programmed
to provide histograms of the results. Two representative histogroms are shown in
Figures 28 and 29.

The syý;tem has been demonstrated to meet or exceed the speAifications and intent of
the procurement.
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TABLE I1

Error Evaluation

Error %

Error urce T'e Force Pressure 'Fecp. Trans-Lent
• HT

Aerodynamic uncertainty and
similarity

(not included in totals below) S 1.00 2.00 1.00 6.00

Flow Conditions R 0.1 I 0.10 0.10 0. 10

Transducer

Mechanical Quality S 0.25 0.25 0.20 0.30

Calibration Quality S 0.05 0.05 0.10 0.10

Amplifier R 0.01 0.01 0.02 0.02

Electronic Noise F 0.02 0.02 0.02 0.10

Mechanical Noise R 0.Io 0.10 ---

Scanner R 0.01 0.01 0.01 0.01

AOC R 0.01 0.01 0.01 0.01

Technique S 0.05 0.05 0.05 0.50

Systematic Error 0.35 0.35 0.35 0.90

Random Error 0.25 0.25 0.16 0.24

RMS Random Error 0.14 0.14 0.11 0.14

Probable Error 0.49 0.49 0.46 1.04

Maximum Possible Error 0.60 0.60 0.51 1.14

"S represents systematic errors; R represents random errors.
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TABLE IV

Digital Inputs

Run Information No. of Digits

Prologue 1

Tunnel 1

Type of data I

Test no. 4

Run 4

Program no. 1 I

Matrix no. Computer I

Configuration Contrel 1

Tare no. J
Display 1

Logging 1

Angle of attack Model I

Angle of roll Attitude I

Angle of yaw (When constant 1

Axial location for a run) [ I

Spares 15

Point Information

Tunnel (same as 'Run Inform.') 1

Type of point 1

Run no. (same as 'Run Inform.') 4

Point no. 4

Mach no. 4

Spares 10

Total ditigal input 60
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TABLE V

Cost Comparison

A __ _ __ C D

____-O ption (2) Option (2) Option (1)

Direct Material
Purchased Parts 45,000 145,000 260.000

Subcontract Parts 105,000
Other

2 Engineering Labor
Hours 2,800 26,000 5,000

$ 14.000 26,000 27:000
Burden 7
Burden $
Sub Total

3 Manufact. Labor
Hours 5, 400 5,300 5,000

$ 15,000 16,000 12,000
Burden ,
Burden $
Sub Total

4 Customer Service

5 Miscellaneous

6 General and Admin. 7,

General and Admin. $

7 Profit n .
Profit $

8 Proprietary Items 128,000

TOTAL (Per Proposal) 375.800 373,900 364,200 386,400

ADJUSTED TOTAL 375. 000 390, 000 375,000 410,000
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TARLE VI

Cost Adjustment
Equipment Included in Proposal

T.C. Ref. Junctions 
7 x 50 4 50 7 -<

S.G. Power Supplies 52 I 52 52 50$.G. Bal. and Volt. Adjust 
2 523Digital Voltmeter 30 50 0

Filters 4x3 < 4 036 3Limit Monitors 
36 51 4 36Digltal Registers 0 12 24Decoders 0 18 0 0

SProgramming 0 0 03 0 HrIn340 
Hr. 100 Hr. 430 Hr. 80 Hr.

COST ADJUSZEN T

T.C. Ref. Junctions 
0 --

0S.G. Power Supplies ,770 0 000 0 0
S.G. Bal. and Volt. Adjust -2,400 

00 iDigital Voltmeter -8100/ 0
Filters 0 1 Co 0
Limit Monitors -3,300 3300Di'gital Registers -3301 3300 i 0Decoders . 7,000 0 7,000
P r o g ra m i ng 7 , 0 0 7 , 0 0 o O 67 ,000 0

0 3,000

360 K SYSTEXI

SINo. S.G. Power Supplies 
40 I 50No. S.G. Amplifiers 30 50

No. Filters 36 ! 24 36N it 
ALL ALL ALL

No. Limit Monitors 20Decoders 1 240
D ig it a l R eg i s te rs N O 1 O NO N
Decoders NO NO No NONO[ NO NO No I
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TABLE VII

Strain-Gage Channels
Short Term (8-hr) Accuracy (3o)

Full Filter Cut-Off Frequency (c,1 s)ScalIe ! Company

(mV) 2.5 5 -'.100

A (2) 0.19 0.2 0.3 1 042

B (2) 0.106 0.108 0.118 0.167
2.5 C (1) 0.2 0.21 0.23 0.27

D 0.450 0.450 0.450 0.450
Specification 0.11 0.11 0.15 0.2

A 0.11 0.11 0.20 0.23
B 0.083 0.085 0.088 0.122

5 C 0.15 0.15 0.165 0.19
D 0.318 0.318 0.31& 0. 318
Specification 0.10 0.10 0.13 (1.2

A 0.08 0.08 0.08 0.13
R 0.072 0.074 0.07 0.091

10 C 0.12 0.125 0.133 0.15
0 0.224 0.224 0.224 0.224
Specification 0.10 0.10 0.11 0. 15

A 0.08 0.08 0.08 0.11

B O.069 0.069 0.070 1 0.078
30 C 0.11 j 0.11 0.11 0.13

D 0.142 0.142 0.142 0.112
Specification 0.10 0.10 0.10 0.12

A 0.08 0.08 0.08 0.i0
B 0.067 0.068 0.069 .0.075

50 C 0.10 0.10 0.107 0.12
D 0.120 0.120 0.120 0.120

Specification 0.10 0.10 0.10 0.10
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TABLE VIII

Strain-Gage Channels
Repeatability

Full FLIter Cut-Off Frequency (c.s)
Scale Company-

(my) 2.5 5 20 100

A (2) 0.08 0.09 0.11 I 0.430.084
B (2) 0.046 0.043 0.058 0. 117

2.5 C (1) 0.17 0.18 0.21 0.245
D 0.426 0.426 0.426 0.426
Specification 0.05 0.06 1 008 I 0.16

0.033 0.04 0. 16 1
A 0.06 0.07 1 0.09 0.26

B 0.033 0.035 0.038 0.072

C 0.12 0.13 0.14 00165
D 0.305 0.305 0.305 0.305

Specification 0.05 0.05 0.06 0.10

01

A 0.06 0.06 0.07 0.12

B 0.027 0.029 0.03 0.046
10 C 0.10 0.10 0.11 0.125

D I 0.217 0.217 0.217 0.217

Specification 0.05 0.05 0.05 0.07

A 0.06 1 0.06 0.07 0.10
B 0.021 0.027 0.028 0.036
C 0.08 0.08 0.085 0.10
D 0.132 0. 132 0.132 0. 132
Speci fiQat ion O. 05 0.05 O. 05 0.05

A 0, 06 0. 06 0. 065 0. 09

B 0.026 0.027 0.028 0.034
50 C 0.07 0.98 0.08 0.09

D 0.107 0.107 0.107 0.107
Specification 0.05 0.05 0.05 0.05
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TABLE IX

Thermocouple Channels

Full -- Repeatability
Scale Copany Short Term _

(Ac) curacy Low No i se Standard

A (2) 0.57 0.56
B 0.363 0. 163 0.223

5 C (1) & (2) 0,46 "-0.24

D 0.208 -- 0.168

Specification 0.30 0.20 0.30

A 0.3 -- 0.29
B 0.209 0.089 0.130

10 I C 0.27 -- 0.16
D 0.152 -- 0.124

Specification 0.15 0.12 0.15

A 0.16 -- 0.16
B 0.138 0.058 0.078

20 C 0.175 -- 0.12

D 0.113 -- 0.093

Specification 0.10 0.06 0.10

A 0.09 -- 0.09

0.095 0.039 0.06
50 C 0.12 -- 0.10

0 .081 -- 0.071

Specification 0.10 .. 05 O.05

0.5LO 0
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TABLE X

System Characteristics

ACB C() D

Sampling Rate (System) 2 kc 5 to 2 kc 5 kc 2.5 kc

Hi-Level Mult. and ADC Rate 10 kc 10 kc 10 kc 2.5 kc

Scan length ContclP PDP PDP Manual PDP

Scan iate Control Manual PDP PDP PDP

S.G. Block Length 1 or Seq. 10 Sequential'

T.C. Block Length I1 or Seq. 20 Sequential 1

Calibration Control PDP PDP Manual Manual

Limit Monitor Type Analog Analog Digital Analog

S.G. Ground Trans. Trans. Trans. System

T.C. Ground Trans. Trans. Trans. System

T.C. Ref. Junct. Shield Blocking 50 10 50 50

T.C. Ground Blocking 1 1 10-30 150

Single Channel Display

Source ADC ADC ADC DVM

Minimum Rate (cis) 0 8.4 21 10

External Timing Mode

Maximum Sampling Rate 100 100 100 2.5 kc
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TABLE XI

Proposal Evaluation Summary

_ A(2) B(2) C(I D __

Acarc b d e1 f ý.J c d e~fý , 6Jc d e f~ 1, b d1

Reliaoility 7

Accuracy 1

Flexibility 4

Ease of Setup 2

Future Growth I

Computer
Utilization 

41 
79

Totals 455 578 49642
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TABLE XIV

Wind Tunnel Data System Proposal
Evaluation Summary

PO1INTS

A B C (1) D

700 Technical Design (A)
(Proposal Evaluation) 455 578 496 422

150 Technical Capabilities
(Grasp of Engrng. Problems) 105 132 117 85

300 Ability to Produce
(Capability, etc.) 180 242 250 207

100 [ Program Management 68 84 90 71

1250 TOTAL 808 1036 953 785

Standing 3 2

Cost (Adjusted) (B) 375,000 390.000 375,000 410,000

Standing 1 34V
A 375

Value Rating x - '78.8 96.2 86.0 6b.7
B 578 I

Final Standing 3j 2 4
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TABLE XI

Cooperating Facilities
Included in Data System Survey

Code No. Facility and Address Contact

la, b The Aeronautical Research Institute of Sweden Knut Fristedt
Bromma 11, Sweden

2 Aeronautical Research Laboratory E.G. Johnson, Chief, ARF
Wright-Patterson Air Force Base, Ohio Fluid Dynamics Facilities Br.

3a AEDC, Propulsion ýind Tunnel R.W. Hensel. Chief
Tullahoma, Tennessee PWT

3b,c,d, AEDC, Von Karman Gas Dynamics Facility J. Lukasiewicz, Chief
e, f Tullahoma, Tennessee VKF

4a,b Aeronautical Systems Division ASTEA/D. Zonars
Wright-Patterson Air Force Base, Ohio Aerodynamics Division

5 Astro/Marquardt Corporation R.C. Miller
16555 Saticoy, Van Nuys, California Test Facilities Section

6 Ballistic Research Laboratories C.C. Bush, Chief, Operations
Aberdeen Proving Ground, Maryland Section. SWT Branch

7a,b.c, Boeing Company, Aero-Space Division J.H. Russell (58-82)
d P.O. Box 3707, Seattle 24. Washington Chief Wind Tunnel Engineer

8a, b j Caltech Jet Propulsion Laboratory R.E. Covey, Chief
4800 Oak Grove Drive, Pasadena, California Aerodynamic Facilities

9 Chance Vought Corporation R.C. McWherter, Chief
P.O. Box 5907, Dallas 22, Texas Wind Tunnel Laboraturies

10a,b Cornell Aeronautical Laboratory, Inc. J.F. Martin, Asst. Head
P.O. Box 235, Buffalo 21. New York Applied Hypersonic Res. Dept.

11 David Taylor Model Basin S. DeLos Santos, Head
Aerodynamics Laboratory, Washington 7, D.C. Gas Dynamics Division

12 Douglas Aircraft Co., Aerophysics Laboratory J.F.L. Aldrich, Br. Chief
3000 Ocean Park Blvd., Santa Monica, Calif. Aerophysics Laboratory

13a, b General Dynamics/Convair W.T. MacCarthy. Chief
I P.O. Box 1950, San Diego. California Aerodynamics Laboratories

14a, bc Grumman Aircraft Engineering Corp. W. Gander, Head
Bethpage, Long Island, New York Aoro Test Operations

15a Lockheed-California Company G. Sim, Dept. Mgr.
P.O. Box 551. Burbank, California Wind Tunnels

15b Lockheed Missiles and Space Company D. Bershader, Sr. Scientist
3251 Hanover St., Palo Alto, California Physical Sciences Lab.
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TABLE XV (Cont'd.)

Code Vo. Facility and Address Contact
Massachusetts Institute of Technology [ W.P. Byrne

NSF, 560 Memorial Drive, Cambridge 39, Mass.] Aerophysics Laboratory

17a, b McDonnell Aircraft Corp. F.M. Keyes, Grp. Mgr.
P.O. Box 516, St. Louis 66, Missouri Polysonic Wind Tunnel

18a,b National Aeronautical Establishment K. Orlik-Ruckemann. Head,
Montreal Road, Ottawa, Ontario, Canada Unsteady Aerodynamics Lab.

19ab NASA Ames Research C3nter S.J. DeFrance,
5Moffett Field, California Director

20a,b NASA Langley Research Center W.D. Erickson
Langley Station, Hampton. Virginia Aerophysics Division

21 NASA Marshall Space Flight Center J. Heaman
Huntsville, Alabama Wind Tunnels

22 Naval Ordnance Laboratory S. Hastings
White Oak, Silver Spring, Maryland

23 North American Aviation, Inc. M.E. Stevens. Chief
Columbus, Ohio Aerodynamics Laboratory

24 North American Aviation, Inc., L.A. Division W. Daniels, Jr.. Chief
International Airport, Los Angeles 45, Calif. Aero-Thermo Laboratory

25 Northrop Corporation, Norair Division P.F. Jensen, Chief
1001 E. Broadway. Hawthorne, California Research Labs. 3740/64

26 Ohio State University J.D. Lee,
Aerodynamics Laboratory, Columbus 10, Ohio Director

27 Republic Aviation Corporation A. Cravero, Asst. to Chief,
Farmingdale, Long Island, New York Hyper-Aerodynamics

28a,b Sandia Corporation R.C. Maydew, Supv.
Sandia Base, Albuquerque, New Mexico Experimental Aerodynamics

29a.b United Aircraft Corporation G.D. Dickie, Jr., Head
Research Laboratories, East Hartford 8. Test Facilities

Conn.
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TABLE XVIII

Actual Systcýa Performance

Strain (age Channels

1. Common mode reJection:

Greater than 106 to 1 at 100 cos
(not measurable with balanced inputs)

2. Cross talk:

Less than 0.01w
(not measurable for 50 mY d.c. or 100 rV peak tc, peak a. c
at 60 cis cross talk voltage)

3. Accuracy.

(a) Short term (8 hours)

ERROR (QUkNTA) (3--)

! ter- V1-otf! Frequency !'r 's)

Full Scale "• l7

_ I _"_•_ _
(d ie. [Sp ec. e C Se,. IVea. Sp ec. 14-is. -J7rc.7

2.5 4.,4 1 4.4.3 6.0] 11 12.0
5 4.0 1 4.0 , 2 5.2 -8. c

10 4,0 i -. 1,1 1 4.4 -6.0
30 4.0 1 El fl

50 4.0 4.0 . i.0

50 - 1.

(b) Long tero ( aauys)

ERROR (QUANTAýl3•1I
Full Sca'e ]

(n.,) [ Meaured y.eciI tea I

2.5 10 12[ 110
10 3 i 6

30 2 4
50 2

(c) Repeatability (1 hour)

ERROPR (QG•LNTAI3M7)

Ftlter Cut-off Frequency (c s)

Full Scoe.I ",t--~ j eai. Sp cC.{Mcas~ I~nc *ec. p V'

5 1 2 2 1 4.0

30 1 2 1 I 2.. 2
30 _ _ L 1 __ _ _ U_ __L i
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TABLE XIX

Actual System Performance
Thbrmocoup!e Channels

1. Commv:ý mode rojection:

Greater than 1C6 to I at 100 cis
(oct meautirable witih 30 (, unbalance)

2. Cr ýsb- talk:

Less thia: n.01%
(not measurable for 50 mV d.c. or 10O mV peak to peak a. c.
at 60 c/s cross-talk vclrage)

3. Accuracy:

(a) Short term (8 hours)

Error (Quarzta) (a';)
Full Scarl

.if easurefd Spcct f ied

5 4 15. 2
10 2 2.8
20 1 P
50 1 4

(b) Long teim ( days)

Frrer (Quanta) (_2)
bol, Scale

(Mv) elsured S pecrift ed

4 20

10 2 12S20 2 8

50 8

(c) Repeatability (1 hour)

Fxror (Quanta)(3u)

Ful. Scale -------- Ik
rV) .Veas. Spec. .Iieas. Spec.|

55 8 8 1

10 3 4.8 3 12
20 1 2 2 4
590 2 8
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PERCENT ERROR IN DYNAMIC PRESSURE

FOR ONE PERCENT ERROR IN THE
MEASURED PRESSURE

1-

0.4 •Kp

02 I I

0.1 2 L I j __ L
4 6 8 10 12 D

M

F'ig. I Percent error in dy'namic pressure for one percent error in the measured pressure
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Fig. 2 Percent of error in dynamic pressur- for one percent e-itji in the capacity of

the transducer (P = constant)
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Per Cent of Systems Surveyed

Feoture Claiming Automation
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1. Data Recording I.-
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8. Complete System Integration
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12. Matrix Inversion EZ J
13. Surface Deflections

14. Computer Control

Fig.9 Degree of automation
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Fig.13 Control panel at wind tunnel sites
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Fig. 15 Univorsal signal conditioning moduies
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Typical Results for I Hr Tests of Strain Gage Channels
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Typical Results for Common Mode Tests
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Fig. 29 Acceptance test histogram
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APPENDIX A

Derivation of Figure 1

To find the uncertainty in q for a given uncertainty in pt as affected by the
uncertainty in Mach number write

eq •

q ___M_

Iýp ? Pt IPt ,M \P t M

- -- PM, where y is the ratio of the specific heats

2

Pt = + -- M22

y - 1 \ 2 /

then

Cl + 2

t L' M�2

Pt 2

To find the uncertainty in q for a given uncertainty in p as affected by the
uncertainty in Mach number write

Býq dq

ap p j

S 2 tM + -M

22 /

= 
Y3 + -- M2)TM t [Z ~ M2 ' 7M 2 / J
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(7
P t= I + 2 'M

2y- 1

-M - Pt7M 1 + 2 M

then

•q - M

-~ - -
Cp ^Y

-_M 2

p 2

To find the uncertainty in q for a given uncertainty in pt' as affected by the
uncertainty in Mach number write

q M

PM 2-- pM2

2

- = PM

P7 I.YM -Y+1I,

? 2Y + 1 4 2
1 2(2 -M2 M2

m PmL[ ]/ 1) +[2
, +)(27M 2 

-++)2

2(y - 1) M

)M( 2 / M - y+1/]

P t ' +? , 1) • M • 2 m --2 ( 2 M • - Y • + 1 )] -
/M, -/M)M
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APPENDIX B

Design Specification Wind-Tunne1-Facility Data System

1. SCOPE

1.1 Scope

This specification covers the design reQairements and functions for a Data System
for the wind tunnel complex, capable of acquiring digital data from all tunnel
activities and processing data for standard type test.

1.2 Functional description

The Data System shall be capable of:

(a) Logging of data from three testing sites, the 20-inch tunnel. 21-inch tunnel,
and set-up area in Building 67.

(b) Displaying in the testing area sufficient data to control the testing.

(c) Processing the quasi-steady state data to final coefficients.

(d) Logging data in a form acceptable to the IBM 7090 computer for further
processing.

(e) Providing punched paper tape acceptable to the present raw and final data
display system.

2. APPLICABLE DOCUMENTS

2.1 The following documents form a part of this specification:

SPECIFICATIONS

Jet Propulsion Laboratory

20014 General Specification. Soldering Process

20016 General Specification. Workmanship
Requirements for Electronic Equipment

20061 JPL Preferred Parts List, Reliable Electronic
Components.

DRAWINGS

Jet Propulsion Laboratory

6-9133 188 Data System Space Allocation.
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3. REQUIREMENTS

3.1 Precedence

In case of conflict between the requirements of -his specification and any referenced
document herein, the following requirements shall govern. Anry conflict shall promptly
be referred in writing to the JPL cognizant engineer and the JPL procurement division
for interpretation and clarification.

3.2 Request for deviation

Any change from the reouirements of this specification, or applicable documents
listed herein shall be considered a design change or deviation. Request for deviation
shall be submitted in writing to JPL for consideration and consent.

3. 3 Materials, parts and processes

Materials, parts and processes used in the design, fabrication, and assembly of the
items covered by this specification shall conform to the applicable documents specified
herein. The contractor's selection shall ensure the highest uniform quality and
condition of items; such selection shall be subject to the approval of JPL.

3.3.1 Interchangeability

All parts having the same part number shall be directly and completely interchange-
able, with respect to installation and function.

3.4 Design

3.4.1 Design approvul

The contractor shall submit final design drawings, sketches, schematics, etc., for
the JPL cognizant engineer' s approval, prior to fabrication; any design approval or
purported consent by JPL personnel shall in no way waive or release the contractor
from any performance requirements, specifications, or characteristics as set forth in
this specification.

3.4.0 General

The Data System shall consist of the following units:

(a) Data acquisition subsystem.

(i) Digital input data (per test site).

Run-point word

Code word

Six 36-bit channels.

(ii) Analog input data.

Strain gage channels

Thermocouple channels.
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(iii) Signal patching, conditioning, and monitoring equipment.

(iv) Data acquisition subsystem control.

(b) Data processing subsystem.

(i) Computer system (government furnished - JPL) DEC PDP-1. Basic machine
with control console typewriter I1O and paper tape I,0 and following
optional equipment:

(a) Automatic multiply and divide, Type 10.

(b) 8096 word memory, Type 15 memory switching.

(r) Mwgnetic tape control unit, Type 52.

(d) Three magnetic tape handlers, Type 50. (Potter 602 II, 15-kc, IRM
compatible).

(e) High speed input-output channel, Type 23.

(f) Sixteen-channel sequence break system, Type 20.

(ii) JPL-supplied software:

(a) Modified 'frap' symbolic assembly program.

(6) Executive control program.

(c) Program debugging aids.

(iii) Contractor-supplied software. Contractor-supplied software is to be
submitted in symbolic form compatible with JPL-supplied frap assembly
program.

(a) Data acquisition subsystem control routine.

(1) Acquisition mode and rate.

(2) Sampling and recording control.

(LA Data systom input logging routine(s).

(c) Data system output logging routinp(s).

(d) Data system calibration routine.

(e) Data system performance evaluation routine(s).

(iv) Computer system integration equipment.

(a) Input assembly register(s).

(6) Request register(s).

(c) Data acquisition subsystem control register(s).

(d) Output paper tape punches (one per testing site).

(c) Equipment areas.

(i) Input area (one per testing site).

(a) Input junction boxes.

(b) Thermocouple reference boxes.

(c) Signal conditionin units.
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(ii) Test control area (one per testing site).

(a) Run-point word, code word, request switches.

(b) Single channel select switch and display.

(c) Alarm display.

(d) Status lights.

(iii) Test output area (one per testing site).

(a) Computer output punch.

(W) Raw data display system (government furnished-JPL),

(iv) Common area.

(a) Computer and magnetic tape handlers.

(b) Amplifiers.

(c) Multiplexer.

(d) Limit-alarm units.

(e) Performance analyzer.

(f) Calibration voltage source.

3.1.3 Design objectives

The system shall be designed for optimum operation in accordance with the following
priority list.

(a) Reliabdiity. Reliability is of prime importance and can be achieved only by
careful and thorough analysis, design, development, fabrication and testing.
A minimum down time during scheduled tunnel operating time is desired.

(b) Accuracy.

(c) Flexibility. The nature of wind tunnel testing is such that an accurate
forecast of future data system needs is not possible. Therefore the ability
to tailor the system to changing needs is highly desirable.

(i) Additional testing sites.

(ii) Scan sequence and length.

(iii) Sampling rate.

(iv) Channel capacity.

3.5 Operational characteristics

3.5.1 Requests are made dLrectly to the cormuter

(a) Programmable priority.

(b) Automatic execution of highest priority request.
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(c) Completion of request before inspection for next request except for end
logging request.

(d) Requests.

(i) Run change. New run number and constant code.

(ii) Log data. Eight separate requests required (defined in computer program).

(iii) End logging.

3.5.2 Data scan format

The data scan format shall be under computer control with the strain gage channels
addressable in blocks of ten and the thermocouple channels addressable in blocks of
twenty. The digital channels of the site being serviced will be interlaced with the
first block of analog channels recorded.

(a) fun-poLnt word. Five digit number set by hand switches. The first three
digits are for run number and can be set from 000 to 399. The last two digits
are for point number which shall increase automatically by one count at the
beginning of every logging request,

(W) (ode uwrd. Six digits set manually by operator at test control area and scanned
on run change reouest.

3.5.3 Logging modes

(a) Quasi-steady state.

(i) One to sixteen samples per channel (in increments of the power of two)
for arithmetic averaging by computer.

(ii) One to 10 samples per second per channel.

(iii) Twelve programmable channels transmitted to the computer output punch

in the test output area.

(b) Continuous. Basic rate of 2000 samples per second. A maximum rate of 5000
samples per second available. Sampling rate shall be under computer control.
Logging terminated by stop request.

(c) Periodic. The scan rate shall be under computer control and variable from
100 to 0.1 scans per second.

(d) External timing. Upon receipt of the external timing pulse, the acquisition
subsystem shall reset to a computer-selected logging scan format and the system
log one scan. Upon completion of the logging the acquisition subsystem resets
to the monitor scan format. Upon completion of a computer defined number of
scans, the external timing "ode log request is completed.

(e) Logging signal. A voltage level type signal for external tunnel control is
required during logging.
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3.5.4 Single channel display system

Any analog channel may be selected for display in digital form at the test control
area. The set-up area select and display system shall be duplicated in the common
area. The digital display shall be four-digit decimal nid the cquivalen't of the hinjary
coded output of the systems analog-to-digital converter.

3.5.5 Monitor-alarm system

Twelve adjustable bipolar analog limit alarm units shall be available for the
continuous mtonitoring of manually selected strain-gage channels. An alarm (lamp)
shall be indicated at a selected site (20 or 21 inch tunnels) when the voltage exccede
a preset range.

3.5.r S.ýstc-a calibration

A calibration method shall be provided whic! is under computer control so that an
automatic calibration of the system can be performed.

3.5.7 System status displays

%hen a request is made at a site, the request number is displayed at the other
sites until the request is completed, at which time the indicator is turned off. At
indicator at each site shall indicate when and which site is lagging data.

3.6 Performance characteristics

3.6.1 Digital input channels

(a) Six channels required for each test site, each consisting of 36 bits.

(b) The channels shall be capable of accepting inputs consisting of contact closures
and logical levels of 0 and -6 volts.

(c) The digital channels shall be composcd of logic elewneits capable of bUU kc
operation.

3.6.2 Analog inputs

fa) Strain gage channels (including power supplies).

(i) Amount and location of equipment.

Conditioning Black and WiringTest Site Amplifiers Uni ts Capact ty

t

20-inch tunnel 0 14 20
21-inch tunnel 0 14 I 20

Set-up area 0 8 12

Common area 25 0 { 40
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(ii) Full scale input ranges available. :2.5. -±5. ±10, ±30, and +50 mV.

NOTE: Channels shall be in blocks of up to ten.

(iii) isolat ton. t'rovision shall be made for isolated inputs on all channels
(guard shielded type with 3-wire switching), allowing each channel its
own ground reference.

(iv) Filters. Lowpass filtk-rs, cut-off frequencis (2 dt down) with at least
12 dB/ocL. cutof for 2 5, 5, 20, and 100 c.'s.

(v) Rejection. Common-mode rejection shall be greater than: 106:1.

(vi) Cross talk. Cross talk beiween channels shall be less than 0.01 percent.

(vii) Accuracy. Analog input voltage to final digital value (including power
suppl ies).

(a) Short tcrn. 8 hours, after a half-hour warm-up.

Error (•- F-(M,,)

Filter cutoff freq,,enc, (cs)

Full Scale Voltage 2.. 20 I

-2.5 mV 0.11 0.11 0.15 0.3

+5 mV 0.10 0.10 0.13 0.2
±10 mV 0.10 0.10 0.11 0.15

±30 mV 0.10 0.10 0.10 0.12

:50 mV 0.10 0.10 0.10 0.10

(b) Long term. One week (continuous).

Full Scale Voltage Error (F.S) (I-)

-2.5 mV 0.3

:5 rnV 0.2

10 mV 0.15

±30 mV 0. 10

±50 mV 0. 10
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(c) hepeatabitity (1 hour).

Error (l FS)(3v)

otg Fter cutoff frequency (c,'s)

Full Scale Voltage - 2.5 5 20 100

±2.5 mV 0.05 0.06 0.08 0.16

.5 mV 0.05 0.05 0.06 0. 10

10 mv 0.05 0.05 0.05 0.07

±30 mV 0.05 0.05 0.05 0.05

*-50 mV 0.05 0.05 0.05 0.05

(viii) Power supplItes. Voltage shall be variable from 1 to 12 volts with
sufficient capacity and regulation for 50, 120 and 350-ohm 2- and 4-arm
bridges.

(ix) Calibration and balance equipment. Each strain-gage bridge shall be
manually balanced and manually scaled by monitoring the gage output
and adjusting the excitation voltage when a known resistance is
inserted in parallel with various legs of the bridges. The parameter
equivalent value of the known resistor shall be the same (± 0.021')
fo: all test sites, i.e., the equivalent value of a resistor as
determined by a primary calibration in the set-up area shall be the
sane waen used in a tunnel area. Jacks shall be provided on each
cnannel to converiently monitor the gage output signal and the strain
gage excitaticn voltage.

(b) Thermocouple channels (including reference junctions and calibration voltages).

(i) Amount and locat!on of equipment.

7est Site Reference Wiring

I Junction Boxes Capucity

20-inch tunnel 2 150

21-inch tunnel 2 150

Set-up area 1 50

Common area 0 200

(ii) Full scale input range ±5, ±10, ±20, and ±50 mV. Channels may he in
blocks of up to 20.

(iii) Provisions shall be made for isolated inputs on all channels (guard
shielded type with 3-wire switching) allowing each channel its own
ground reference.
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(iv) Common-mode rejection. Shall be greater than 106:1.

(v) Cross talk cetween channels. Shall be less than 0.01 percent.

(vi) Accuracy. Analog input voltage to final digital value and including
reference junction and calibration voltages.

(a) Short terms. 8 hours, after a half hour warm-up.

Full Scale Voltage Erro" (7 ES) (3o)

+5 mV 0.38

+10 mV 0.22

±20 mV 0.15

±50 mV 0. 10

(b) Long term. One week (continuous).

Full Scale Voltage Error (• FS)(3c0)

±5 mV 0.5

±10 mV 0.3

120 mV 0.2

±*50 mV 0.2

(c) Repeatability (l hour).

Frror (% FS)(3u)

Skc 5 kc

Fall Scale Voltage , Sanpling Bate Sampling Rate

±5 mV 0.20 0.30

+10 mV 0.12 0.15

±20 mV 0.06 0.10

±50 mV 0.05 0.07

(vii) Reference junctions. Copper-constantan and/or chromel-alumel and/or
chromel-constantan and/or iron-constantan and/or copper-copper
controlled at a constant known temperature between 32 0 F and 200 0 F.

(viii) Calibration equipment for the thermccouple channels shall be provided
(zero voltage reference as well as a signal of approximately 80 percent
of full scale of the scale used).
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(c) Signal patching, conditioning and monitoring of strain-gage channels.

(i) Termination box (near test area).

(a) The box shall be of a type with a hinged cover, recessed connection
panel and large bushings in the bottom for external wiring entry
(from transducers).

(b) The box shall contain:

Test site Channels Cable length

20 4 20 (?)

21 14 20 (?)

Set-up 12 10 (?)

(c) Input terminals (USECO or equivalent) for soldering; mounted on hi-
temp insulation panel: six wires plus shield.

(d) The channels shall be numbered I through 14 and the terminals

identified:

Si

S2

CsP

CSS

(ii) Termination box (at input area). The termination box shall contain the
following:

(a) Test Site Channels

20-inch 6

21-inch 6

Set-up 0

(b) Pin connectors: six wires plus shield.

(c) The channels shall be numbered 15 through 20 and the pins identified

with the same coding used for the strain-gage terminals.

(d) The box shall be of a type similar to the Hoffman oil tight push
button enclosures 12 PBX (6 spares).

*1i
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(iii) Thermocouple channels.

(a) Thermocouple reference junctions shall be located in input area,

(b) Approved quick-connect terminals shall be provided.

(c) Junction wiring.

L• COPPER 
I

SfI

SCHROMEL COPPERI

F•-ONS TA NTAN •COPP E RI••

__REF TEMP ENVRQN - - EQUIP GROUND

EXT HOUSING -

(d) Blocks of 50 channels required. These units shall be portable
from site to site.

(e) Twisted. individually shielded and jacketed thermocouple wire will
be used by JPL.

(f) A method of patching from the reference junction output to the strain-
gage channel input is required.

(iv) Digital registers. A convenient means of patching signals into the
digital registers at the test input area is required.

(v) Monitoring. A convenient means of patching into the system, monitoring
the signal output, and making operational adjbstments of bridge balanc3
and excitation voltage is required. A convenient means of selecting
any channel for display, in digital form, is required in the test control
area. The analog channel patch panel in the common area shall have
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sufficient spares for future wiring in of 54 additional input channels
and the wiring in a 54-pair cable from the JPL Central Recording
Station. (The CRS cable will be used to transmit high frequency -aalog
signals to CRS for recording).

3.7 Construction and physical requirements

3.7.1 General

(a) Service-proven components, subsystems and methods shall be used throughout
the entire system whenever possible.

(b) Modular plug-in, solid state circuits shall be used throughout the entire
system whenever possible, and shall adhere to JPL Specification 20061 where
applicable.

(c) All equipment shall be constructed and mounted to permit accessibility to any
and all coatponent parts for ease of maintenance and replacement.

(d) All construction and fabrication shall be of the highest quality according to
electr-,-ic industry standards.

(e) All terminals, plugs, and circuit wiring shall be numbered or identified in
some unique manner, both on the equipment and on the drawings, for ease of
identification and location.

(f) All units of the system shall fit through a standard size door, 3 feet by
6 feet 8 inches.

3.7.2 Operating envirorment

Room ambient temperature will be from 65 to 90F'; humidity shall be 10 to 90 percent.
No special cooling equipment will be provided by JPL.

3.7.3 Power source

Both 115 volt and 230, 60 cycle a.c. power lines shall be available. The voltage
tolerance is 115 ±l0 volts and 230 ±20 volts for a frequency tolerance of 60 ±3
cycles per second. Power failures shall cause the sysitem to fail safely, i.e., power
surges caused by loss of or restoration of power, either deliberate or uncontrolled,
shall not cause any abnormal operation or overloading. The contractor shall state
the amount of ac power required, and circuit breaker equipment required.

37.4 Space allocation

The space allocation shall be:

Area Equivalent floor area

Test Input 5' x I-,

Test Control 3' x 5' (table top mounted desired)

Test Output 10' x 10'

Computer 1716" x 16'7" and 17'6" x 12'7"

Common Equipment
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3.7.5 Cable runs

Lengths indicated on JPL Drawing 6-9133 188.

3.8 Self test

The system shall include a performance analyzer. The performance analyzer shall
operate independently of the computer. The self test shall consist of the
introduction of known voltages, the digitized output compared to limits set up on a
tolerance switch, and when the tolerance is exceeded the system stops on that channel.
A jack shall be available for an external (JPL-supplied) counter to count the number
of errors. Manual patching of voltages is satisfactory for the strain gage channels.

3.9 Documentation

The following documentation, in reproducible form, shall be furnished with the
Data system:

One complete set of schematics covering all equipment furnished.

One complete set of wiring diagrams, layouts, and sketches of all terminal
equipment patch panels with corresponding color codes and designations used.

One complete set of interface drawings showing terminations and routes taken,

showing approximate lengths of runs, etc.

One set of operational procedures.

One set of control panel layouts.

3.10 Workmanship

The Data System shall ref]ect in an industrial seuse the highest qua 1 .ity crafts-
manship and, where applicable, shall adhere to JPL Specifications 20014 and 20016.

4. QUALITY ASSURANCE PROVISIONS

4.1 Contractor inspection

The contractor shall be responsible for performing all necessary quality control
inspections to ensure compliance with all th• product and material requirements
specified herein.

4.1.1 Visual inspection

A visual inspection shall be performed cn lnO percent of production of all
materials, components, hardware, assemblies, etc., prior to, during, and after
fabrication, for each item produced. A mutually agreed upon method of inspection
marking shall be used, if applicable.

4.1.2 Electrical inspection

Electrical inspection shall be 100 percent of production, prior to, during, and
after fabrication.
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4.2 Performance testing

The contractor shall provide JPL with sufficient signed and dated documentation
(test data an' reports) to verify that the completed equipment meets all of the
performance requirements of this specification under the environmental conditions
specified, prior to and upon delivery.

(a) The contractor shall conduct a system demonstration test at his facility in
accordance with written procedures approved in advance by JPL personnel.
These tests shall demonstrate the performance of the system in all of its
operating modes.

(b) The contractor shall condact an over-all system checkout and demonstration
test upon completion of the installation of the system at JPL. These tests
shall show full compliance with this specification.

4.3 Quality control

The contractor shall ensure to the satisfaction of JPL that he has available, and
utilizes correctly, gaging. measuring and test equipment of the required accuracy
and calibration, and that the instruments are of the proper type and range to make
measurements of the required accuracy. The contractor shall have available a set of
master gages, standards, and appropriate instruments to conduct regularly scheduled
calibrations of his inspection and test equipment. Records of such calibration- shall
be maintained, dated and signed by 'he contractor and made available for JPL review
and inspection.

4.4 Rejection and resubmittal

Delivered equipment that fails to meet all the requirements of this specification
shall be rejected and returned to the contractor. Prior to resubmittal, tne
contractor shall furnish the JPL procurement d"vision and the JPL cognizant engineer
full particulars, in writing, regarding the cause, and action taken to correct the
defects.

5. PREPARATION FOR DELIVERY

Not applicable.

6. ENGINFERING NOTES

1. Teletype punches BRPE-110 are to be used for the test output area punches.

2. The system shall be scaled so that ±4000 is full scale.
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