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Preface

This preface, as well as all footnotes and annexes, is included for information purposes and is not part of
ISA-37.16.01-2002.

This document has been prepared as part of the service of ISAL The Instrumentation, Systems, and
Automation Society[] toward a goal of uniformity in the field of instrumentation. To be of real value, this
document should not be static but should be subject to periodic review. Toward this end, the Society
welcomes all comments and criticisms and asks that they be addressed to the Secretary, Standards and
Practices Board; ISA; 67 Alexander Drive; P. O. Box 12277; Research Triangle Park, NC 27709;
Telephone (919) 549-8411; Fax (919) 549-8288; E-mail: standards@isa.org.

The ISA Standards and Practices Department is aware of the growing need for attention to the metric
system of units in general, and the International System of Units (SI) in particular, in the preparation of
instrumentation standards. The Department is further aware of the benefits to USA users of ISA
standards of incorporating suitable references to the Sl (and the metric system) in their business and
professional dealings with other countries. Toward this end, this Department will endeavor to introduce
Sl-acceptable metric units in all new and revised standards, recommended practices, and technical
reports to the greatest extent possible. Standard for Use of the International System of Units (Sl): The
Modern Metric System, published by the American Society for Testing & Materials as IEEE/ASTM Sl 10-
97, and future revisions, will be the reference guide for definitions, symbols, abbreviations, and
conversion factors.

It is the policy of ISA to encourage and welcome the participation of all concerned individuals and
interests in the development of ISA standards, recommended practices, and technical reports.
Participation in the ISA standards-making process by an individual in no way constitutes endorsement by
the employer of that individual, of ISA, or of any of the standards, recommended practices, and technical
reports that ISA develops.

CAUTION — ISA ADHERES TO THE POLICY OF THE AMERICAN NATIONAL STANDARDS
INSTITUTE WITH REGARD TO PATENTS. IF ISA IS INFORMED OF AN EXISTING PATENT THAT IS
REQUIRED FOR USE OF THE DOCUMENT, IT WILL REQUIRE THE OWNER OF THE PATENT TO
EITHER GRANT A ROYALTY-FREE LICENSE FOR USE OF THE PATENT BY USERS COMPLYING
WITH THE DOCUMENT OR A LICENSE ON REASONABLE TERMS AND CONDITIONS THAT ARE
FREE FROM UNFAIR DISCRIMINATION.

EVEN IF ISA IS UNAWARE OF ANY PATENT COVERING THIS DOCUMENT, THE USER IS
CAUTIONED THAT IMPLEMENTATION OF THE DOCUMENT MAY REQUIRE USE OF TECHNIQUES,
PROCESSES, OR MATERIALS COVERED BY PATENT RIGHTS. ISA TAKES NO POSITION ON THE
EXISTENCE OR VALIDITY OF ANY PATENT RIGHTS THAT MAY BE INVOLVED IN IMPLEMENTING
THE DOCUMENT. ISA IS NOT RESPONSIBLE FOR IDENTIFYING ALL PATENTS THAT MAY
REQUIRE A LICENSE BEFORE IMPLEMENTATION OF THE DOCUMENT OR FOR INVESTIGATING
THE VALIDITY OR SCOPE OF ANY PATENTS BROUGHT TO ITS ATTENTION. THE USER SHOULD
CAREFULLY INVESTIGATE RELEVANT PATENTS BEFORE USING THE DOCUMENT FOR THE
USER’S INTENDED APPLICATION.

HOWEVER, ISA ASKS THAT ANYONE REVIEWING THIS DOCUMENT WHO IS AWARE OF ANY
PATENTS THAT MAY IMPACT IMPLEMENTATION OF THE DOCUMENT NOTIFY THE ISA
STANDARDS AND PRACTICES DEPARTMENT OF THE PATENT AND ITS OWNER.

ADDITIONALLY, THE USE OF THIS DOCUMENT MAY INVOLVE HAZARDOUS MATERIALS,
OPERATIONS OR EQUIPMENT. THE DOCUMENT CANNOT ANTICIPATE ALL POSSIBLE
APPLICATIONS OR ADDRESS ALL POSSIBLE SAFETY ISSUES ASSOCIATED WITH USE IN
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HAZARDOUS CONDITIONS. THE USER OF THIS DOCUMENT MUST EXERCISE SOUND
PROFESSIONAL JUDGMENT CONCERNING ITS USE AND APPLICABILITY UNDER THE USER’S
PARTICULAR CIRCUMSTANCES. THE USER MUST ALSO CONSIDER THE APPLICABILITY OF
ANY GOVERNMENTAL REGULATORY LIMITATIONS AND ESTABLISHED SAFETY AND HEALTH
PRACTICES BEFORE IMPLEMENTING THIS DOCUMENT.

THE USER OF THIS DOCUMENT SHOULD BE AWARE THAT THIS DOCUMENT MAY BE IMPACTED
BY ELECTRONIC SECURITY ISSUES. THE COMMITTEE HAS NOT YET ADDRESSED THE
POTENTIAL ISSUES IN THIS VERSION.

The following people served as members of ISA Subcommittee SP37.16:

NAME COMPANY

L. Whitby, Chairman DeVry Institute of Technology

J. Weiss, Managing Director KEMA Consulting

J. Branom Branom Instruments Company
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R. Staus Pennsylvania State University
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P. Walter TCU Endevco Corporation
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Acknowledgments from the current ISA SP37.16 Subcommittee

This document has a long history. Originally published by the American Society of Mechanical Engineers

as A Guide for the Dynamic Calibration of Pressure Transducers, this document been an ANSI Standard

since 1972. The theory, including the physics and mathematics of dynamic calibration, is timeless, but the
further development of technology has caused changes in some of the methods described in the original

document.

In 1996, the ASME handed the document over to the ISA. ISA’'s SP37.16 Subcommittee on Pressure
Transducers began editing the document in 1997, in order to update the methods and references while
leaving the timeless aspects alone. The result is ISA-37.16.01-2002, A Guide for the Dynamic
Calibration of Pressure Transducers.

The following SP37.16 Subcommittee members are recognized because of the major involvement they
had with the current revision of this document, and more importantly because of the role they might serve
as reference sources in any future updates: Patrick Walter, Jim Lally, and Bob Goodemote. However, this
does not lessen the contributions of the entire committee in this effort.

As stated in the original abstract: "While not intended as a step-by-step procedure, this document does
contain specific examples and suggested methods for the determination of items of interest in the
calibration of dynamic pressure transducers."

It is quite likely that in a very short period of time, another subcommittee will edit this document to reflect
current technologies and techniques available.

Lawrence Whitby
SP 37.16 Subcommittee Chair
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Introduction

The state of art of dynamic pressure calibration and pressure sensor technology has significantly
advanced since the original publication of this document in 1972 (Reference 56). The ASME standard
documents early attempts to develop dynamic pressure calibration methods, some of which never
evolved further into successful technology. Most of the calibration devices described in this document
were uniquely engineered at individual laboratories to meet their specific measurement needs. However,
today, some of these devices have evolved into commercially available products.

The need to measure "nonsteady" dynamic pressure became very important after WW-II during the rapid
development of jet aircraft and aerospace technology. Investigations of turbulence associated with
launch, shock waves upon re-entry, sonic boom, rocket combustion stability, air blast (References 67,
68), and the dynamics involved with weapons testing were significant measurement challenges.
Investigations in these and other areas have necessitated faithful measurement of pressure variations at
frequencies from near zero to the neighborhood of 10° Hertz (Hz). The degree of accuracy with which
these measurements must be made varies widely throughout the technical community, as does the use
made of information derived from such measurements. Often there are other complicating factors, such
as severe environmental effects, which must be considered, if meaningful information is to be obtained.
When considering the measurement problem, the investigator must first determine the dynamic
characteristics of the pressure transducer. It is toward the satisfaction of this basic requirement that this
document is directed.

Dynamic pressure calibration at the time this document was originally authored was difficult because of
the limitation of dynamic pressure calibration sources available. Dynamic calibrators were simply not
commercially available. Since then, substantial improvement has been made in the state-of-the-art of
both dynamic pressure calibrators and high-frequency pressure transducers to meet many current
measurement requirements for amplitude, frequency, and accuracy. Most of the dynamic calibrators
available today incorporating fast-acting valves yield dynamic pressure amplitudes that are independently
established. Others use a pressure transducer as a "transfer” standard that the transducer being
calibrated is compared against (References 56, 57).

Although the user’s requirement for information concerning a transducer’s response characteristics has
been as varied as the test methods used to obtain the data, current commercial calibrators and digital
data acquisition systems have helped to obtain more accurate information. Unfortunately there have been
many instances where worthwhile data have gone unused because of the manner in which they were
presented. Test reports lacking adequately defined terms, test conditions, or other supporting information
convey little more than misunderstanding to the reader.

The intent of this document is to provide documentation for current techniques and to identify possible
pitfalls associated with the dynamic calibration of pressure transducers. The results of providing such a
document to the technical community will be a better understanding of the basic problems as well as
more effective communication between workers in the field.

This document is not a step-by-step procedure that can be followed without fail to the absolute truth in
pressure measurements. Neither is it an attempt to discuss in detail all of the factors that affect the
accuracy of pressure measurements, e.g., environmental effects, signal transmission, or recording
techniques. References to applicable documents concerning such problems are contained herein, and
Reference 74 deals specifically with the measurement/data acquisition/data utilization process. This
document concentrates on the factors that directly affect dynamic response, such as adapters and
mechanical attachments physically a part of, or relatively inseparable from the transducer, and electronic
equipment that, in practical use, is required for the operation of the transducer. The description of
equipment and techniques appearing in this document will be limited to their use as directly related to
dynamic pressure calibration.
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The clauses of this document are divided into three groups. The first, consisting of Clauses 4, 5, and 6,
discusses the significant transducer properties, dynamic pressure sources available, and the use of
sources to determine the desired transducer properties. The second group, consisting of Clauses 7 and
8, deals with the problems of transducer installation and the immediate electronic signal conditioning
necessary to obtain a satisfactory output signal. The final group, consisting of Clauses 9 and 10, indicates
data-recording methods and recommends procedures for reporting test results.

Although this document focuses primarily on pressure levels above acoustic, it is worth noting that ¥ inch
precision condenser microphones, in compliance with IEC 61094-1 (Reference 78), also have been
successfully used for dynamic pressure measurements on jet aircraft, rocket engines, and other
aerospace applications. For dynamic calibration, the open-circuit sensitivity and the frequency response
are normally obtained by a precision acoustical calibration system (Reference 51) using a pistohphone
(Reference 52) for the open-circuit sensitivity, and the electrostatic-actuator method for the frequency
response. An acoustical calibrator (Reference 53) meeting the requirements of IEC 942 (1988) Class 1
may also be used to calibrate the open-circuit sensitivity.

This document is inconsistent in the use of the word calibration in reference to dynamic testing of
pressure transducers. It should be understood that calibration as used in this document and others
(Reference 1) means a test during which known values of measurand are applied to a transducer, and
corresponding output readings are recorded. The degree of accuracy associated with these dynamic tests
is generally lower, and the manner in which the results are used is generally less rigorous than in the
conventional and more easily controllable field of static pressure calibration.

In preparing this Guide in 1972, the original ANSI B88 Subcommittee on Pressure had considered the
various testing and reporting techniques before recommending specific practices. This present document
represents the first step in the accomplishment of the Subcommittee’s assignment, which was to develop
or approve standards for the dynamic calibration of pressure transducers in order to improve the quality of
dynamic calibrations.
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1 Scope

ISA-37.16.01-2002

This standard covers dynamic pressure transducers, which are, primarily “those” used in measurements.

2 Purpose

This standard establishes guidelines for the preferred techniques and practices in the calibration of

dynamic pressure transducers.

3 Table of symbols

a gas speed of sound RC time constant of R-C circuit
A, outlet orifice area tg settling time
Ae maximum exit area At shock-wave transit time
A; inlet orifice area t, rise time, transducer
A, amplification factor temperature
c damping % chamber volume
d diameter \Y, voltage or volume
f frequency AV peak incremental voltage
k spring constant Y, peak voltage for any cycle
K steady-state sensitivity Vv average voltage
I piston position A peak-output voltage
L length of cylindrical passage \A shock-wave velocity
m mass O modulation factor
Mg shock wave Mach number y ratio of specific heats of constant
N number of oscillations pressure and volume
OUT(s) transfer function n constant
IN(s)
p pressure 4 damping ratio
Ps stagnation pressure of supply gas A wavelength
Pa absolute pressure T rise time, input
AP pressure change « frequency in radians per second
Po equilibrium pressure Wy ringing frequency
P average chamber pressure W, natural frequency
wy resonant frequency

4  Transducer properties

The transducer properties or characteristics of interest to a user will depend to a large extent on the
application involved. This clause defines and discusses some of the properties most often required.
These properties sometimes can be described in terms of the “transient” response of the device to a step
input, or in terms of its “steady-state” response to sine-wave excitation, or both.

In defining transducer properties related to dynamic response, the transducer's transfer function provides
valuable information. The transfer function is the ratio of output to input (expressed in the frequency
domain), and forms the basis for the frequency response parameters. Once the transfer function is
known, the input vs. time for any output can be determined. These topics have been treated by those
working in the fields of servomechanisms and network theory, where it is often necessary to describe
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system behavior in both transient and steady-state terms. This approach, using the transfer-function
concept, has much to offer in the consideration of dynamic calibration of pressure transducers.

Because of the limitations of periodic pressure generators, responses to aperiodic pressure generators
must be depended upon to provide much of the needed information on transducers. Measurements of
frequency response using sine-wave pressure inputs are easily defined and understood, whereas the
necessity to convert from the time to the frequency domain makes analysis with aperiodic inputs more
difficult.

Description of pressure transducer dynamic properties is usually based on representation of the
transducer as a linear second-order system with a single degree of freedom, e.g., a simple spring mass
system with damping. Some transducers may be found to be more complex than such a simple system,
and their analysis is correspondingly more difficult. A detailed analysis of a simple single mass and single
spring system follows.

4.1 Underdamped second-order systems

The typical mass-spring mechanical system, which provides the first resonance of a transducer, is
described by a linear second-order differential equation:

AN

e ke

m
ft)

d?x ¢ dx  kx _ f(t)
— 4+ 4 =7

Eqg. 4.1
(Ea ) dt?2 mdt m m

where c indicates the damping, k the spring constant, m the mass, and f(t) the forcing function (provided
by the pressure generator). The use of the Laplace Transform allows the formation of the transfer function
from Equation 4.1.

OUT(s) _ Kw?

(Eq. 4.2)
IN(S)  s?+2Cw,s+w?

where OUT(s) is the Laplace Transform of the output,
IN(s) is the Laplace Transform of the input,

K is the steady-state sensitivity,
. . . / k
W, is the natural frequency of the system in radians per second = ,[— .
m
S is the complex variable = j (21f) where f is frequency
4 is the damping ratio (ratio of actual damping to critical damping)
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The natural frequency is the frequency of free (not forced) oscillations of the sensing element of a
transducer without damping (c = 0). In practical terms it is the measured frequency at which the
transducer has a 90° phase shift.

The response of an underdamped second-order system is treated in numerous texts. (See References 2,
3, 4, and 5.) The amplitude and phase response vs. frequency is shown in Figure 1 and Figure 2, and the
time response to a step input is shown in Figure 3.

The model described by Equation 4.2 assumes that the transducer can respond to static pressures
(jw=0) with sensitivity K. Often transducer systems along with their associated electronics do not
respond to static pressures, and in this case, the model can be modified by incorporating the equivalent
of a high-pass RC stage with the transfer function. For example, a piezoelectric transducer with a
dominant mechanical resonance can be approximated by the transfer function

OUT(s) _ Kw? s
INS)  s?+2fw,s+w? S+1/RC

(Eq. 4.3)

Now when s = 0, the response is zero.

Equations 4.2 and 4.3 are written in terms of the variable s and describe the system behavior in the
frequency domain. When the input function is specified, the inverse Laplace Transform can be used to
derive an equation yielding the time domain function. If we apply a pressure step of height A to the
transducer described by Equation 4.2, the time response of the output voltage will be

O Tyt H O
O ﬁﬁz [1-72
(Eq. 4.4) e®)=A %_;2 eVt ﬁsing‘vdt + arctan%
1-¢
H

where w,= w, ,/1-7? -

Equation 4.4 is plotted for various  in Figure 3, and yields the time response of the system to a specified
input.

Information on transducer sensors and physical principles can be found in References 2 and 6-12.
Information supporting the preceding analysis can be found in Reference 63.

The above model will next be applied to the description of properties of dynamic pressure transducers.
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Figure 1 — Amplitude response for an ideal second-order system
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