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H2O
This is a Water Molecule, two parts Hydrogen and one part Oxygen.
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Thunder Scientific
45 Years
Thunder's 45th Anniversary (1966-2011)
45 years of excellence in producing quality humidity measurement instruments.


Click here to visit Thunder’s website.
» www.thunderscientific.com

About Thunder

Humidity Calibration Equipment and Service...

Thunder Scientific is the leading manufacturer of NIST
traceable humidity calibration equipment for humidity sensors,
hygrothermographs and dewpoint hygrometers. Thunder Scientific
can calibrate and certify, through the use of fundamentally based
two-pressure and two-temperature humidity generator standards,
originally established by NIST, virtually any type of humidity
sensor or dewpoint measuring equipment over the frostpoint/
dewpoint range of -95 °C to +65 °C. Utilizing the speed and
reliability of today's computers, the humidity generation process
has been automated, increasing overall accuracy and repeatability
while reducing uncertainties due to human error or misinterpretation

of data. Toward the goal of increased accuracy, the computer

now controls all aspects of the humidity generation, freeing the
operator from the burden of continuous and tedious humidity
calculations and corrections. The staff at Thunder Scientific has
experience with a wide variety of different humidity and dewpoint
sensing probe configurations enabling a quick turn around for
your instrument. It will be returned with a detailed Certificate of
Calibration, which conforms to ISO/IEC17025:2005 and relevant
requirements of ANSI/NCSL Z540-1-1994; Part 1. Thunder now
offers NVLAP accredited calibrations, the National Voluntary
Laboratory Accreditation Program has assigned a Laboratory Code
of 200582-0 to Thunder. See the NVLAP accreditation page.

A complete instrument calibration test procedure can be included

upon request. Thunder Scientific's staff is always available for

|

site audit or examination per your specific requirements. Please i
facturing Plant

visit Thunders web-site at www.thunderscientific.com for new Manu

equipment news and information.
Click here to E-mail a Support Representative.

Contact Thunder: » support@thunderscientific.com

Thunder Scientific Corporation d ) .
623 Wyoming Blvd. SE Click here to E-mail a Sales Representative.

Toll Free: (800) 872-7728
Tel: (505) 265-8701
Fax: (505) 266-6203
Web: www.thunderscientific.com
E-mail: sales@thunderscientific.com




Humidity Generation and Calibration Equipment

THUNDER SCIENTIFIC
CORPORATION The Humidity Source

YN Schedule

Contract GS-24F-0053N

GSA Contract Information:

Thunder Scientific Corporation has a United States General Services contract available for
Federal Agencies.

Thunder's contract information:

Contract Number: GS-24F-0053N

Contractor: Thunder Scientific Corporation

Address: 623 Wyoming Blvd. SE
Albuquerque, NM 87123-3198

Phone: (505) 265-8701

E-mail: jeff@thunderscientific.com

Web Address: http://www.thunderscientific.com

Expiration Date: April 2, 2018
SINs: 602 32

Schedule Number: 66

The General Services Administration, (GSA Advantage) web site can be found at
http://www.gsaadvantage.gov/.

Please contact, Thunder Scientific Corporation sales department if you have questions
concerning our GSA Advantage products. You can reach us toll free at 800-872-7728 or via
e-mail at sales@thunderscientific.com.
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Thunder Humidity Generators

Model 1200
Mini Two-Pressure Humidity Generator

Model 2500 Model 3900
Mobile Two-Pressure Humidity Generator Two-Pressure Two-Temperature
Low Humidity Generator

Model 4500 Model 9000
Automated Low Humidity Generator Automated Humidity Generator




Thunder Scientific
Corporation

Humidity Generation,
Calibration and Measurement

Model 1200

Mini “Two-Pressure”
Humidity Generator




Model 1200

Mini “Two-Pressure” Humidity Generator

FEATURES

® +0.5 % RH Uncertainty'

® Traceable to NIST

¢ Based on NIST Proven Two-Pressure Principle

¢ Generate: RH, DP, FP, PPM, Multipoint Profiles

¢ Computerized Internal Transducer Calibration

¢ Computes System Uncertainties in Real Time

* Automatically Applies Enhancement Factors

® No Refrigerants - Thermoelectric Cooling/Heating
® Only 4 square feet of floor space (20” x 30”)

® Touch-screen Control

® USB and Ethernet Interface

DESCRIPTION

The Model 1200 Mini Humidity Generator produces
accurate humidity values using the fundamental, NIST
proven, “two-pressure” principle. The 1200 will
automatically supply relative humidity, dew point, frost
point, and other calculated values for instrument calibration
and evaluation as well as precision environmental testing.
This system automatically generates multipoint profiles
as well as manually entered humidity levels, while
continuously storing and printing system data.

Virtually all functions of the 1200 humidity generator are
computer controlled. All desired humidities, temperatures,
and time intervals may be programmed. Visual indications
of system status are displayed in real time on the computer
screen. The automated features of the 1200 allow the
generation of known humidity levels completely unattended.
This frees the operating technician from the task of
monitoring and adjusting.

PRINCIPLE OF OPERATION

The “two-pressure” humidity generation process involves
saturating air or nitrogen with water vapor at a known
temperature and pressure. The saturated high-pressure air
flows from the saturator, through a pressure reducing valve,
where the air is isothermally reduced to test pressure at test
temperature.

Humidity generation by the 1200 does not depend upon
measuring the amount of water vapor in the air, but rather is
dependent on the measurements of temperature and pressure
alone. System precision is determined by temperature and
pressure measurement accuracy, and on the constancy of
the measurements throughout. When setpoint equilibration
has been reached the indications of saturation temperature,
saturation pressure, test temperature, and test pressure, are
used in the determination of all hygrometric parameters.
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Elemental Schematic of the 1200 generator

COMPUTER/CONTROL SYSTEM

The Computer/Control System performs all control
functions required for humidity generation, as well as
displaying, printing, and storing system parameters in real
time. The computer/controller is made up of several main
components, each with individual yet cooperative functions.
The Computer/Control System utilizes a Windows based
computer system that is used to read transducers and
temperature sensors; supply digital outputs for control of
temperatures, pressures, and mass flow; and control relay
outputs for control of system power, heaters, heat pump and
circulation pump.
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I File Mode Run Profile Graph Units  Reports  Utilities  Window
Set Point Actual +-

%RH @PcTc | 2000 | 2002 | 24 %

Saturation Pressure| 5245 | 5241 | .06 psiA

Chamber Pressure | 12.07 | .06 psia

Saturation Temp | 2300 | 23.01 |0.05 °c

Chamber Temp | 23.04 | 0.05 °c
Mass FlowRate | 5.00 | 5.000 L/min
Generating & 1/9/2006 10:39:55 AM

Embedded 1200 ControLog® run screen.

Temperature Control: Ultra stable temperatures are
attained through solid-state thermoelectric cooling and
heating of a circulating fluid that jackets the test chamber
and associated humidity generation components. Chamber
and saturation temperatures are governed by this medium
which is computer controlled at any value between 10 °C
and 60 °C using PID (proportional-integral-derivative)
algorithms.

Pressure And Flow Control: Pressure control and mass
flow control are accomplished through computer actuation of
electromechanical valve assemblies. Saturation pressure and
mass flow are measured continuously and controlled using
PID algorithms similar to those employed in temperature
control.

Calibration: Proper calibration of the temperature
sensors and pressure transducer ultimately determines the
accuracy of the generator. The system employs an integral
programmatic calibration scheme allowing the sensors
and transducers to be calibrated while they are electrically
connected to the humidity generator. Coefficients for each
transducer are calculated by the computer and stored to
memory.

TEST CHAMBER

The testchamber accommodates various solid-state sensors,
data loggers, chilled mirror hygrometers, and material
samples for environmental testing. The 1200 humidity
generating system incorporates a 300 series stainless steel
fluid jacketed test chamber, with internal dimensions of 6” x
6”x6” (152 mmx 152 mm x 152 mm). Access is available
through a 1.625” (41.3 mm) diameter port on the right side
for probes, cables, sample tubes, etc.

APPLICATIONS FOR USE

Virtually any humidity and temperature may be generated
within the operational limits of the generator. The output
or recording of the device under test may then be compared
with the generator’s data for analysis.

Chilled Mirror Hygrometers: Install the actual chilled
mirror head into the chamber or insert a sample tube through
the test port and draw a sample through the chilled mirror
head and you can: verify mirror temperature measurement
accuracy (calibration) when the hygrometer is in thermal
equilibrium with its environment; perform operational
checks of the heat-pump and optical components before and
after mirror cleaning and balancing; determine whether the
hygrometer is controlling the mirror deposit in the liquid phase
or ice phase when operating at dew and frost points below
0 °C; determine if the hygrometer is correctly calculating
other humidity parameters; determine the hygrometer’s
repeatability, stability, and drift characteristics.

Humidity Sensors and Data Loggers: Insert your
humidity probes through the chamber access port or install
the data logger into the chamber and you can: determine
humidity calibration accuracy and/or characterize humidity
sensitivity by subjecting the humidity sensor to a variety
of humidity levels; perform operational checks such as the
sensing systems capability to correctly calculate and display
other humidity parameters; determine the repeatability,
stability, hysteresis, and drift characteristics of various
humidity sensing systems.

Environmental Testing: The 1200 can serve as a test bed for
evaluation and R&D of humidity sensors, humidity sensing
systems, and humidity sensitive products, e.g., polymers,
composites, film, magnetic medium, pharmaceuticals, soil
hydrology, consumables, electronics, optics, etc.



Model 1200

Mini “Two-Pressure” Humidity Generator

Relative Humidity Range: ................c.ccooiiiniiiinininiicccceceecec 10 to 95%
Relative Humidity Resolution: ...............c..cccocoiiiiiiiiiiicecceee 0.05%
Relative Humidity Uncertainty @ PcTe: '......oooooiiiiieee e +0.5%
Frost Point Temperature Range: .............cccccoccoooiiiiiiiiinieneeeee, —18t0 0 °C
Dew Point Temperature Range: ................coccoooiiiiiiiiinieneeeeee e —20t0 50 °C
DeW Point ACCUTACY:.......oiuiiiiiieieiee et +0.1 °C
Chamber Temperature Range: ................ccccoocoiiiiiiiniinieeeceee e, 10 to 60 °C
Chamber Temperature Measurement Resolution: ..., 0.02 °C
Chamber Temperature Control Stability: ... +0.04 °C
Chamber Temperature Uniformity: 2...............ccoooverieiinieinieineeeeeeeeeeees 0.1°C
Chamber Temperature Measurement Uncertainty: '....................cocoevnnen. +0.05 °C
Chamber Temperature Cooling Rate: ................................ 4 Minutes Per °C Average
Chamber Temperature Heating Rate: ............................. 2 Minutes Per °C Average
Saturation Pressure Range: .................cccoooiiiiiiiiiiiniinee Ambient to 152 psiA
Saturation Pressure Uncertainty: '..................ccccooiininiinininne +0.08% of FS psiA
Saturation Pressure Resolution: ... 0.02 psiA
Test Chamber Pressure Range: ..o Ambient
Test Chamber Pressure Resolution: ...................c.cocoiiiiiiiie 0.02 psiA
Test Chamber Pressure Uncertainty: !..............ccocooovveinieinieennne. +0.08% of FS psiA
GaS TYPE: .o Air or Nitrogen
Gas Pressure Rating (MAWP): ... 175 psiG
Gas Flow Rate Range: .............cccooooiiiiiiiiieec e 2to 10 L/m
Gas Flow Rate Resolution: ...........c..c..cccooiviniiiiiniiiinncceccneeene 0.01 L/m
Gas Flow Rate Uncertainty: ' ..ot +1.0 L/m
Test Chamber Dimensions: .................... 6”x6”7x6” (152 mmx 152 mm x 152 mm)
Access Port: .......cooooviiiii e 1.625” (41.3 mm) located on right side
Physical Dimensions: ...24.10” W x 14.10” D x 11.85” H (61 cm x 35.8 cm x 30.1 cm)
Dry Weight (Generator Only): ..........cccooiiiiiiiiiniiieeeceeee 56 1bs. (25.40 Kg)
Wet Weight (Generator Only): ...........cooooeiiiiiiiiiiniieee e 65 1bs. (29.48 Kg)
Utility Cart Dimensions: 30.6” W x 20.0” D x 33.0” H (77.7 cm x 50.8 cm x 83.8 cm)
Utility Cart Weight: .............cooooiii e 84 Ibs. (38.10Kg)
Electrical POWer: ..........cccooooviiiiiiiiiee e 100/240 V, ~6/3 A, 50/60 Hz
Gas Supply (External): ...........ccccoovveviiiieiiiieieceeeceee s 155-175 psiG @ 0.5 scfm
Operating TemMPerature: .............cccocveevieeiiienieeieerieeteeiee e esiee e esaeeeae e 15t0 30 °C
Storage TeMPErature: ............cccoocveviiieriiieiiieiieeeenee et eee et see e seeeaeenenes 0to 50 °C
Humidity: ....ooooeiiiiiiecee e 5 to 95% RH Non-condensing

! Represents an expanded uncertainty using a coverage factor, k=2, at an approximate level of confidence of 95%.

2 When operated within +10 °C of ambient temperature.
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For More Information or to Place an Order Contact:

Thunder Scientific®

623 Wyoming Blvd. SE # Albuquerque, New Mexico 87123-3198
Ordering: 800.872.7728 & Tel: 505.265.8701 # FAX: 505.266.6203

www.thunderscientific.com
0514-1200



THUNDER SCIENTIFIC
CORPORATION The Humidity Source

Model ACS-1200

Oil-less Compressed Air System

A Fully Enclosed Compressed Air Supply
with Dryer & Sound Muffling Cabinet

FEATURES

* 175 psiG Qil-Less Air Supply

* Dry Air To <-30 °C Ambient Pressure Dew Point
* Sound level <70 db

* Vibration Isolated Compressor

* Membrane Air Dryer

* 10’ Air Hose Extension

* On/Off Fuse Switch

* 8’ Removable AC Power Cord

* Indoor Use Only

* Dimensions L 24” x W 14” x H 11.73”

¢ Cabinet Weight Approximately 40 Lbs.

DESCRIPTION

The ACS-1200 is designed to be used as the air supply for
a Model 1200 Humidity Generator. This is a fully enclosed
compressed air supply incorporating a membrane style air dryer
in a sound muffling cabinet. This system is ideal for in-lab use
because of the low sound level at less than 70 decibels.

THUNDER SCIENTIFIC

623 Wyoming Blvd. SE ¢ Albuquerque, New Mexico 87123-3198
0610-ACS-1200 Ordering: 800.872.7728 « Tel: 505.265.8701 « FAX: 505.266.6203
www.thunderscientific.com

Humidity Calibration and
Measurement Instruments

SPECIFICATIONS

The ACS-1200 is an oil-less air compressor that can produce a
pressure of 175 psi, atamaximum ambient air temperature of 30°C,
continuously for up to 5,000 hours before a minor maintenance
service kit is required.

VOLTAGE INPUT OPTIONS

The ACS-1200 system is available in ether 100-115/220-240V
50/60Hz and 7.5/5A depending on your needs.
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ORDERING INFORMATION

When ordering an ACS-1200 air compressor system you will also
receive a ten foot air hose extension and an eight foot removable
AC power cord. If you already have a Model 1200 Humidity
Generator and you only need to order the ACS-1200, specify this
part number when ordering. If you need to order a compressor
only, specify part number GASTUNIV.




Thunder Scientific
Corporation

Humidity Generation,
Calibration and Measurement

Model 2500

Benchtop / Mobile “Two-Pressure”
Humidity Generator




Model 2500 Benchtop / Mobile

“Two-Pressure” Humidity Generator

FEATURES

® +0.5 %RH Uncertainty'

® Traceable to NIST

® Self Contained and Mobile

* Automated Control of User Setpoints

® 2500 ControLog® Automation Software

* HumiCalc" with Uncertainty Software

¢ Computerized Internal Transducer Calibration
® Low Noise Air Compressor with Air Dryer

® RS-232C Serial Interface

DESCRIPTION

The Model 2500 Benchtop Humidity Generator is a self
contained system capable of producing atmospheres of
known humidities using the fundamental, NIST proven,
“two-pressure” principle. This system is capable of
continuously supplying accurately known humidity values
for instrument calibration, evaluation, and verification, as
well as for environmental testing.

Simply apply power and the 2500 will power-up ready to
generate. Humidity setpoint values are input by the operator
from the front panel keypad and are limited only by the range
of the 2500 humidity generator.

Relative humidities are calculated from the measurements
of pressure and temperature with the formula:

fo e. P
%RHz_s._S._C. 100
fC eC I:>S

To generate a known humidity, the computer controls the
pressure ratio P /P _utilizing the enhancement factor ratio
J/f. and the effective degree of saturation e /e . Humidity
produced s solely dependent on the measurement of pressures
and temperatures and does not rely on any other device
(such as a dew point hygrometer, psychrometer, or humidity
sensor) for the measurement of water vapor content. Precision
humidity generation is determined by the accuracy of the
pressure measurements and on the accuracy and uniformity
of temperature throughout the generating system.

PRINCIPLE OF OPERATION

The Model 2500 Benchtop Humidity Generator operates
using an on board multifunction CPU in conjunction with
other peripheral cards to perform calculation and control
functions. The embedded computer control system allows
the 2500 to generate known humidity levels unattended,
freeing the operating technician from the task of system
monitoring and adjustment. A computer and/or printer may
be connected via the bidirectional RS-232C interface ports
allowing remote setpoint control and continuous acquisition
of system data.

Humidity and temperature setpoint values are input by the
operator from the front panel keypad while visual indications
of system status are displayed in real time on the liquid
crystal display.

cetPrt Actua CHHE
%RH @ Pc 26,85 208.05
#*%RH @ PcTc 26.08 28.988 CHNG
SATUR  psi 61.48 &1.40 UNIT
CHMER  psi 12.17
EDIT
SATUR C 23.08 23.90 ACAL
CHMER C 23.95
FLOW 1im 26,68 1

RUN
08/05/08 11335015 E eI F

Control Display

All control and measurement parameters critical to the
operation of the humidity generator are displayed on this
screen. Each parameterinthe leftmostcolumnisidentified with
abrief'title and corresponding units. The generator operates



in a variety of user selectable pressure, temperature,
and flow units. Some of these are °C, °F, psi, "Hg, Tor,
mbar, kPa, I/m, I/h, cfm and cth. Humidity is calculated
and displayed in percent relative humidity (%RH). The
asterisk in the left most column indicates the active
humidity control parameter. The “SetPnt” column lists
control setpoints and the “Actual” column lists all of the
measured data and calculated parameters of the generator.

Temperature Control: The system utilizes a fluid jacketed
test chamber for extremely stable temperature control.
Temperature setpoint control is attained by controlling the
temperature of the circulating fluid medium that jackets the
testchamberand associated humidity generation components.
Chamber and saturation temperatures are governed by this
medium and are digitally controlled by the computer at any
value between 0 °C and 70 °C using PID (proportional-
integral-derivative) algorithms.

Pressure And Flow Control: Pressure control and mass
flow control are accomplished through computer actuation of
electromechanical valve assemblies. Pressure and flow are
measured continuously and controlled using PID algorithms
similar to those employed in temperature control.
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Elemental Schematic of the 2500 generator

Calibration: The 2500 humidity generator employs an
integral programmatic calibration scheme allowing the
temperature and pressure transducers to be calibrated while
they are electrically connected to the humidity generator.

#Satur  Tmp 1128
#Frsat  Tmp 1165
#Expan  Tmp 1173
#Chamb  Tmp 1155

Refer Tmp 1257

Calibration Display

LOW MID
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Coefficients for each transducer are calculated by the
computer and stored in the system’s nonvolatile memory
until the next calibration is performed.

2500 HUMIDITY GENERATOR

The liquid crystal display has many different user
features, like the liquid level readout. =

APPLICATIONS

The fluid jacketed test chamber can accommodate humidity
sensors, hygrothermographs, chilled mirror hygrometers, and
various material samples for environmental testing.

Virtually any humidity and temperature point may be
generated, for any length of time, within the operational
limits of the generator. The output of the device under test
may then be compared with the generator’s printed data
for analysis.

Humidity Sensors And Chart Recorders: Insert humidity
probes through the two inch port in the side of the chamber
or place hygrothermographs into the chamber and you can:
determine humidity calibration accuracy and characterize
humidity sensitivity by subjecting the sensing system to
a variety of humidity levels; perform operational checks
such as the sensing systems capability to correctly calculate
and display other humidity parameters; determine the
repeatability, stability, hysteresis, and drift characteristics
of various humidity sensing systems.

Chilled Mirror Hygrometers: Install the actual chilled
mirror head into the chamber or insert a sample tube through
the test port and draw a sample through the chilled mirror
head and you can: verify mirror temperature measurement
accuracy (calibration) when the hygrometer is in thermal
equilibrium with its environment; perform operational
checks of the heat pump and optical components before and
after mirror cleaning and balancing; determine whether the
hygrometeris controlling the mirror deposit in the liquid phase
or ice phase when operating at dew and frost points below
0°C; determine if the hygrometer is correctly calculating
other humidity parameters; determine the hygrometer’s
repeatability, stability, and drift characteristics.

Environmental Testing: The 2500 can serve as atest bed for
evaluation and R&D of humidity sensors, humidity sensing
systems, and humidity sensitive products, e.g., polymers,
composites, film, magnetic medium, blood gas analysis,
pharmaceuticals, soil hydrology, consumables, electronics,
optics, etc. Depending on the temperature and humidity
being generated, the 2500 may operate continuously from
hours to months. With continuous generation of a nominal
50 %RH at 21°C, the reservoir will last about two weeks
between refills.



Model 2500 Benchtop / Mobile

“Two-Pressure” Humidity Generator

TABLE A
SPECIFICATIONS Physical Dimensions
Relative Humidity Range: ..............occcoooiiiiiniiniiiieecee, 10 to 95% Model H D
Relative Humidity Resolution: .................cccocoooviiiniiniiinienes 0.02% ode - W - -
Relative Humidity Uncertainty @ P Tz ' ..., +0.5% 2500 19.00 33.00 20.00
° (483 mm) | (838 mm) | (508 mm)
Chamber Temperature Range: ................cocoevviviiiniinnennn. 0to 70 °C
Chamber Temperature Range: (Optional) ..................... -10 to +70 °C 2500ST 22.00 36.00 23.00
Chamber Temperature Resolution: ...................coocevviinninnenn. 0.02 °C (39 mm) | O14 mm) | (584 mm)
Chamber Temperature Uniformity: 2.................ccococoeveeennn. +0.1 °C Not including feet, handle, or other protrusions.
Chamber Temperature Uncertainty: '..................cccoceenenen. +0.06 °C
Chamber Pressure Range: ...............cccccoovvevveieniincieneeeeenen, Ambient
Gas Flow Rate Range: ..............cccoccooveiieieniecce, - 5 to.20 I/m TABLE B
Gas Type: ........... s Air or Nltroggn Overall Dimensions With Cart
Gas Pressure Rating (MAWP): ..., 175 psiG
Heating/Cooling Rate: ..................cc........ 2.5 Minutes Per °C Average Model H w D
Chamber Window: ... 6" x 6" (152 mm x 152 mm) 5500 53.00” 40.00” 23.00”
Physical Dimensions: ............cccccoocieiiiiiiieniiiiiienieceeeeeee, Table A (135m) | (1.02m) | (584 mm)
Physical Dimensions With Cart: ..................ccccooveviniinnnnnnn. Table B 56.00” 43.00” 26.00”
Chamber Dimensions: ...............ccocccoerninnnnicnnicnecnece, Table C 25008T (1.42m) | (1.09 mm) | (660 mm)
ACCeSS POTt: ..o Table D
UTILITIES
Electrical Power: ..........c.cccooooeeveeeeieenn, 100/120 V~, 15 A, 50/60 Hz TABLE C
(Optional) ..........coeovevieiiiieieeecee s 200/240 V~, 8 A, 50/60 Hz Chamber Dimensions
Air COmpressor: .............cceeveeeerveeeenneennn. 100/120 V~, 5 A, 50/60 Hz
(OPHONAL) —.oooooooooooeoeeoeeeeeeeeeeeeeee 200/240 V~, 2.5 A, 50/60 Hz Model H W D
Air Supply (External): .......................... Clean Oil Free Instrument Air 2500 12.00” 12.00” 10.00”
............................................................................. @ 175 psiG & 20 slpm (305 mm) | (305 mm) | (254 mm)
15.00” 15.00” 12.00”
ENVIRONMENTAL 2300ST | 381 mm) | (381 mm) | (305 mm)
Operating Temperature: ................coccoooievenienenieneniene 15t030°C
Storage Temperature: ..............ccocceiieienieienieneeeneeee 0to 50 °C
Humidity: ... 5 to 95% RH Non-condensing

TABLE D

Access Port Dimensions

Option | # Ports | Port Diameter | Location
Standard 1 1.9” (48 mm) Right Side
2 1.9” (48 mm) Right Side
-TPA =
1 1/4” Swagelok Right Side
-MPD 6 1.17 (28 mm) In Door
-QPW 4 1.1” (28 mm) Window Door

Other custom options are available.

! Represents an expanded uncertainty using a coverage factor, k=2, at an approximate level of confidence of 95%.

2 When operated at temperatures within 10 °C of room ambient temperature.

For More Information or to Place an Order Contact:

- - - ®
Thunder Scientific
c € 623 Wyoming Blvd. SE # Albuquerque, New Mexico 87123-3198
Ordering: 800.872.7728 ¥ Tel: 505.265.8701 & FAX: 505.266.6203

www.thunderscientific.com
0314-2500



THUNDER SCIENTIFIC
CORPORRATION The Humidity Source

Model ACS2520
Oil-less Compressed Air System %
Measurement Instruments

A Fully Enclosed Compressed Air Supply
with Dryer & Sound Muffling Cabinet

DESCRIPTION

The ACS2520 is used with a Model 2500 and fits on the bottom
shelf ofthe 2500 mobile cart. This is a fully enclosed compressed
air supply with an air dryer and sound muffling cabinet. This
system is ideal for in lab use because the sound level is less than
70 decibels. The Model ACS2520 has a hose hold down on top
for ease of storage of the extension air hose.

SPECIFICATIONS

The ACS2520 has two 1/2 HP oil-less air supplies and can run
with a continuous pressure of 175 psi at a maximum ambient air
temperature of 40 °C. This system can run at a continuous duty
of up to 15,000 hours before a minor maintenance service kit is
required.

VOLTAGE INPUT OPTIONS

FEATURES You can receive .the ACS2520 system in ether 115V or 230V at
50/60Hz depending on your needs.

* Two 175 psiG Oil-Less Air Supplies

. A0 © c . PHYSICAL — (=l T
* Dry Air To <-40 °C Ambient Pressure Dew Point L - =
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* Sound level <70 db
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* Vibration Isolated Compressors

* Membrane Air Dryer ‘

12.932"
(328 mm)

e Particulate-Filter &) . = ®

* Pressure Regulator and Air Gauge PR JRRST T e Al |

(457 mm) (732 mm)
¢ 25’ Extension Air Hose

ORDERING INFORMATION

When ordering a new air compressor system, part number
ACS2520, you will receive an extension air hose, a removable

* On/Off Circuit Breaker Switch
* 10’ Removable AC Power Cord

* Indoor Use Only AC power cord and the enclosure with two air compressors. Here
T— are the part numbers for ordering the ACS2520 air compressor
* Dimensions L. 29” x W 18” x H 13” system. Use this part number for the 115 volt system, ACS2520-
115. If you need to order a high voltage air system, specify this

* Cabinet Weight Approximately 100 Lbs. part number, ACS2520-230 for the 230 volt system.

THUNDER SCIENTIFIC®

623 Wyoming Blvd. SE « Albuquerque, New Mexico 87123-3198
0514-ACS2520 Ordering: 800.872.7728 « Tel: 505.265.8701 « FAX: 505.266.6203

www.thunderscientific.com




Thunder Scientific
Corporation

Humidity Generation,
Calibration and Measurement

Model 3900

“Two-Pressure Two-Temperature”
Low Humidity Generator




Model 3900

Low Humidity Generator

FEATURES

® Traceable to NIST

® Two-Pressure Two-Temperature Principle

® Push Button (Keypad) Control

* Automated Control of User Setpoints

® Automatically Applies Enhancement Factors
¢ Computerized Internal Transducer Calibration
® RS-232C Serial Interface

® Only Nine Square Feet of Floor Space

® Timed/Formatted Output to Printer

® Battery Backed-up Real Time Clock

® Backlit Liquid Crystal Display

DESCRIPTION

The Model 3900 Low Humidity Generator is an extremely
accurate means of producing known humidity values
for calibrating and verifying humidity instrumentation.
Based on the combined, NIST proven, fundamental “two-
pressure” and “two-temperature” principles, this system
will automatically supply a continuous humidified gas
stream, within the frost/dew point range of -95.0 °C to
10.0 °C, for days or even weeks unattended.

Simply apply power to the system, and the 3900 will
powerup ready to purge and/or generate. Humidity setpoint
values are input by the operator from the front panel keypad
and are limited only by the operational range of the 3900
humidity generator.

PRINCIPLE OF OPERATION

The “two-pressure two-temperature” generation process
involves saturating a continuous stream of air or nitrogen
with water vapor at a known temperature and pressure.
The saturated high pressure air then passes through an
expansion valve where it expands to a lower pressure. The
3900 generates a particular humidity by first selecting a
suitable saturation temperature, T . It then determines the
saturation pressure, P, required to establish the correct
saturation vapor pressure. The precision of the system is
determined by the accuracy of the temperature and pressure
measurements and on the constancy of them throughout.
When setpoint equilibration has been reached, the

indication of saturation temperature, saturation pressure,
test temperature, and test pressure may be used in the
determination of all hygrometric parameters. Furthermore,
because the humidity generated is based solely on the
fundamental principles of temperature and pressure, no
humidity sensing is used to measure or control the amount
of water vapor produced by this system.

The 3900 operates using an on-board multifunction CPU in
conjunctionwithotherperipheral cardstoperformcalculation
and control functions. The embedded computer control
system allows the 3900 to generate known humidity levels
completely unattended with visual indications of system
status displayed in real time on the Liquid Crystal Display.
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Control Display

This frees the operating technician from the task of system
monitoring and adjustment. A computer and/or printer
may be connected via the bi-directional RS-232C interface
ports allowing remote setpoint control and continuous
system data retrieval.



Temperature Control: Temperature setpoint control is
attained by controlling the temperature of a circulating
fluid medium that jackets the saturator of the generator. The
saturation temperature is governed by the temperature of
this medium, which is digitally controlled by the computer
at any value between -80 °C and 12 °C through the use of
PID (proportional-integral-derivative) algorithms.

Pressure and Flow Control: Pressure control and mass
flow rate control are accomplished through computer
actuation of electromechanical valve assemblies. Saturation
pressure and mass flow are measured continuously and
controlled using PID algorithms similar to those employed
in temperature control.

Two-Pressure Two-Temperature Generator: Regulated
compressed air or nitrogen is directed through the saturator,
which is a fluid encapsulated heat exchanger containing
several planes of pure ice or water. The saturator is
maintained at the required saturation temperature and
saturation pressure. As the gas thermally equilibrates,
it becomes saturated with water vapor. The saturation
temperature (T) and saturation pressure (P ) are measured
at the point of final saturation. The saturation pressure is
then reduced to test pressure (P ) and the conditioned gas is
admitted to the unitunder test (UUT) at the desired humidity
conditions. The final pressure (P) and temperature (T, of
the gas is measured within or just after the UUT. The
UUT is then exhausted to atmosphere or to a back pressure
regulator to achieve pressure control.
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Elemental Schematic of the 3900 generator

Calibration: Proper calibration of the temperature and
pressure transducers ultimately determines the accuracy
of the generator. This system employs an integral
programmatic calibration scheme allowing the transducers
to be calibrated while they are electrically connected to the
humidity generator.
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Calibration Display

This approach helps eliminate systemic errors that might be
induced by removing the transducers from the generator. All
calibration is performed mathematically by the computer so
manual adjustments are not needed. Coefficients for each
transducer are calculated by the computer and stored in the
system’s nonvolatile memory until the next calibration is
performed.

3900 LOW HUMIDITY GENERATOR

The main panel has easy access to the keypad, function
keys, and test temperature and test pressure connectors.

Virtually any humidity may be generated, for any length
of time, within the operational limits of the generator. The
output of the unit under test may then be compared with the
generator’s printed data for analysis.

Chilled Mirror Hygrometers: Connect the generator
output to your chilled mirror hygrometer and you
can: verify mirror temperature measurement accuracy
(calibration) when the hygrometer is in thermal equilibrium
with its environment; perform operational checks of the
heatpump and optical components, before and after mirror
cleaning and balancing; determine whether the hygrometer
is controlling the mirror deposit in the liquid phase or ice
phase when operating at dew and frost points below 0 °C;
determine if the hygrometer is correctly calculating other
humidity parameters; determine hygrometer repeatability,
stability, and drift characteristics.

Humidity Sensors and Electrolytic Hygrometers:
Connect the generator output to your Electrolytic
Hygrometer, sampling system, special fixtures, or sensors
and you can: determine humidity calibration accuracy
and/or characterize humidity sensitivity by subjecting the
humidity sensor to a variety of humidity levels; perform
operational checks such as the sensing systems capability to
correctly calculate and display other humidity parameters;
determine repeatability, stability, hysteresis, and drift
characteristics of various humidity sensing systems.

Environmental Testing: The 3900 can serve as a test bed
for evaluation and R&D of humidity sensors, humidity
sensing systems, and humidity sensitive products,
e.g., polymers, composites, film, magnetic medium,
pharmaceuticals, soil hydrology, consumables, electronics,
optics, etc.



Model 3900

Low Humidity Generator

Frost Point Uncertainty: ' .................ocooviiiiiiiiiieeieeeeeeeee (-70to 10 °C) +0.1 °C
..................................................................................................................... (<-70°C)£0.2 °C
Frost Point / Dew Point Range: .............cc.cccooiiviiiiiiniieiecccee e —-95to+10°C
Frost Point Resolution:................ccocooiiiiiiiiiiiiicccecee e 0.01 °C
Parts Per Million Range: ..............ccoccooviiiiiiiiiniice e 0.05 to 12000 PPMv
Relative Humidity Range: ............cccccoooiiiiiiiiiiniiice e 0.0002 to 50%
Saturation Pressure Range: ...............cccocooiiiiiiiiieiiieieeeeee e Ambient to 300 psiA
Saturation Pressure Uncertainty (10-50 psiA): '..........ccoovoiiiiiiiiieieieeeeeeeen, +0.05
Saturation Pressure Uncertainty (50-300 psiA): '........c.ooooviiiiiiiiiiieieeee e, +0.30
Saturation Pressure Resolution (10-100 psiA): .....cccooiiiiiiiiiiiieieeeee e 0.01
Saturation Pressure Resolution (100-300 PSiA): .......cccooiiiiiiiiieiieiieeeeceee e 0.1
Saturation Temperature Range: ..............ccoccooviiiiiiiiiniiiicee e, —80to +15°C
Saturation Temperature Uncertainty: '.................ccoooviiiiiiieieiecceee +0.08 °C
Saturation Temperature Resolution: ................ccccooiiiniiiiiiiioi e 0.01 °C
Saturation Temperature Heating/Cooling Rate: ...................... 2 Minutes Per °C Average
Gas Flow Rate Range: ...........ccoooiiiiiiiiiiee e 0.1 to 5 slpm
Gas Flow Rate Resolution: ...............coocooiiiiiiiiiiiieccce e 0.02 slpm
GAS TYPE: oottt ettt ereenes Air or Nitrogen
Gas Pressure Rating (MAWP): ..o 350 psiG
TeSt POTt: ..o e 1/4 Inch Swagelok® Tube Fitting
Physical Dimensions: ................c.......... 23”7 x30” x 37.5” (584 mm x 762 mm x 953 mm)
Electrical POWEY: ........ocoooviiiiiiiiiiieceee et 200/240 V~, 10 A, 50/60 Hz
Gas Supply (External): ...........ccccoooiiiiiiiiiiieeeeee 350 psiG, 5 I/m, with ambient
..................................................................................................... pressure frost point <-80 °C
FIOOK SPACE: ..ottt aeeaeas 9 ft? (0.6 m?)
Operating TemPerature: ..............ccoocvieriiiiieiieeeee e 15t030°C
Storage TemMPerature: ...........ccooooieviiiiiiiiiiieiie ettt see st esaesaeeee 0to50°C
Humidity: ......oooooiiiiiieie e 5 to 95% RH Non-condensing

! Represents an expanded uncertainty using a coverage factor, k=2, at an approximate level of confidence of 95%.

For More Information or to Place an Order Contact:

623 Wyoming Blvd. SE # Albuquerque, New Mexico 87123-3198
Ordering: 800.872.7728 & Tel: 505.265.8701 # FAX: 505.266.6203

Thunder Scientific
C€

www.thunderscientific.com
0610-3900
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Model 4500

Automated Low Humidity Generator

FEATURES

® Traceable to NIST

® +0.1 °C Frost Point Uncertainty'

® Two-Pressure Two-Temperature Principle

¢ ControLog® Automation Software

¢ Computerized Internal Transducer Calibration
® Automatically Applies Enhancement Factors

® Computes System Uncertainties in Real Time

DESCRIPTION

TheModel4500automatedlowhumiditygeneratingsystem
isbasedonthe fundamental, NIST proven, “twotemperature”
and “two pressure” principles. This system is capable of
continuously supplying extremely accurate humidity values
for instrument calibration and evaluation. When used within
the specified frost/dew point range of -95 °C to 10 °C, this
system will automatically generate multipoint profiles as
well as manually entered setpoints for days or even weeks.

Virtually all functions of the 4500 humidity generator
are controlled automatically. All desired humidities,
temperatures, test pressures, and time intervals may be
programmed. Visual indications of system status are
displayed in real time on the computer monitor.

Simply apply power to the system, and the computer will
load the controller with power-up and generation routines.
A menu of options will appear, manual or automated control
is selected, humidity and temperature setpoints are entered,
or a profile is selected and generation begins. Humidity
and temperature setpoints and profiles are limited only by
the physical response time and range of the 4500 humidity
generator.

Automated features of the 4500 allow the generator to
perform humidity and temperature profiles completely
unattended, while continuously recording and printing
system data. This frees the operating technician from
the task of system monitoring and adjustment. Upon
completion of a profile, the system will adjust to a pre-
selected humidity value and await a new instrument load
or shutdown.

PRINCIPLE OF OPERATION

The “two-temperature two-pressure” humidity generation
process involves saturating air or some other gas, such a
nitrogen, with water vapor at a known temperature and
pressure. The saturated high pressure gas flows from the
saturator, through a pressure reducing valve where the gas
pressure is reduced to test pressure, at the desired humidity
and temperature conditions.
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Elemental Schematic of the 4500 generator

Humidity generation by the 4500 does not depend upon
measuring the amount of water vapor in the gas, but rather
is dependent on the measurements of temperature and
pressure alone. The precision of the system is determined by
the accuracy of the temperature and pressure measurements
and on the constancy of them throughout. When setpoint
equilibration has been reached, the indication of saturation
temperature, saturation pressure, test temperature, and test
pressure may be used in the determination of all hygrometric
parameters.



The Computer/Control System performs all control
functions required for humidity generation, as well as
displaying, printing, and storing system parameters in real
time. The computer/controller is made up of several main
components, each with individual yet cooperative functions.
The Computer/Control System utilizes a Windows based
computer system that communicates with an HP3852A
data acquisition/control system. The system consists
of an integrating 5-1/2 digit volt/ohmmeter employing:
multiplexed inputs to read transducers and PRT’s; digital
outputs for control of temperatures, pressures, and mass
flow; and relay outputs for control of system power, heaters,
compressors and circulation pumps.

Temperature Control: Temperature setpoint control
is attained by controlling the temperatures of the two
independent circulating fluid mediums that jacket the
saturator and test chamber of the generator. The saturation
and chamber temperatures are governed by the temperature
of the circulating fluids, which are digitally controlled by
the computer through the use of PID (proportional-integral-
derivative) algorithms. Each fluid medium is heated
by time proportioning an immersion heater in the fluid
circulation path. Cooling, while also time proportioned,
is accomplished by injecting refrigerant into a heat
exchanging evaporator located in the fluid circulation path.
Using PID algorithms for temperature control allows the
fluid temperature to be maintained at the desired saturation
temperature with a stability to within approximately 0.02°C
over the operating range.

Pressure and Flow Control: Pressure control and mass
flow control are accomplished through computer actuation
of electromechanical valve assemblies. Saturation
pressure, chamber pressure, and mass flow are measured
continuously and controlled using PID algorithms similar
to those employed in temperature control.

Calibration: Proper calibration of the temperature and
pressure transducers ultimately determines the accuracy of
the generator. The 4500 employs an integral programmatic
calibration scheme allowing the transducers to be calibrated
while they are electrically connected to the humidity
generator. Coefficients for each transducer are calculated
by the computer and stored in memory.

The Model 4500 low humidity generating system
incorporates a test chamber that is surrounded by a fluid
jacket on five sides. The fluid provides temperature
conditioning, as well as thermal stability to the test space.
Chamber temperature is tunable from -10 °C to 85 °C.

Interior chamber dimensions are 8”x8”x8”. Test chamber
pressure range is ambient to 30 psiA. User access for
sensors, cables, and tubing is available through two 1.25”
diameter ports. Removal of the chamber cover allows a full
eight inch by eight inch access to the test space.

The test chamber can accommodate various solid state
sensors, chilled mirror hygrometers, and various material
samples for environmental testing. Virtually any humidity,
test temperature, and test pressure, for any length of time,
may be generated within the operational limits of the
generator. The output or recording of the device under test
may then be compared with the generator’s printed data
for analysis.

Humidity Sensors and Electrolytic Hygrometers: Insert
your humidity probes through a test port in the chamber
or connect the Electrolytic Hygrometer to a test port and
you can: determine humidity calibration accuracy and/
or characterize humidity sensitivity by subjecting the
humidity sensor to a variety of humidity levels; perform
operational checks such as the sensing systems capability to
correctly calculate and display other humidity parameters;
determine the repeatability, stability, hysteresis, and drift
characteristics of various humidity sensing systems.

Chilled Mirror Hygrometers: Install the actual chilled
mirror head into the chamber or connect a sample tube to
the test port and feed a sample through the chilled mirror
head and you can: verify mirror temperature measurement
accuracy (calibration) when the hygrometer is in thermal
equilibrium with its environment; perform operational
checks of the heatpump and optical components before and
after mirror cleaning and balancing; determine whether the
hygrometer is controlling the mirror deposit in the liquid
phase or ice phase when operating dew or frost points below
0 °C; determine if the hygrometer is correctly calculating
other humidity parameters; determine hygrometer’s
repeatability, stability, and drift characteristics.

Environmental Testing: The 4500 can serve as a test bed
forevaluationandR&D ofhumiditysensors,humiditysensing
systems, and humidity sensitive products, e.g., polymers,
composites, film, magnetic medium, pharmaceuticals,
soil hydrology, consumables, electronics, optics, etc.



Model 4500

Automated Low Humidity Generator

Frost Point Uncertainty: ' ...............c..ccoooeiiiiieeeieeeeeeeee (-80to 10 °C) 0.1 °C
............................................................................................................... (<-80°C)+0.2 °C
Frost Point / Dew Point Range: ...............cccoocooiiiiiiiiiniiniiieneeie e -95to +10 °C
Frost Point Resolution: ................coocoiiiiiiiiiiieee e 0.001 °C
Parts Per Million Range: ................cccoeeiiviiiinieniieiecie e 0.04 to 12000 PPMv
Saturation Pressure Range: ................cccoccooviiiiiiiniiiiiieiiececeeee e 15 to 300 psiA
Saturation Pressure Uncertainty (10-45 psiA): '...........ccocooiiiiiiiiiiiicen, +0.0045
Saturation Pressure Uncertainty (30-300 psiA): '...........ccoooioivieiiiieieeee, +0.030
Saturation Pressure Resolution (10-45 psiA): .......ccccoeviiiiiiiiienieciee e, 0.001
Saturation Pressure Resolution (30-300 psiA): ......cccooovieiiieiiiiiiiieeceeeene 0.01
Saturation Temperature Range: .............cccoccooviiniiiiiiiiiienece e —80 to +10 °C
Saturation Temperature Uncertainty: ' ...................ccooeiiiiiiiiieeceeeee, +0.05 °C
Saturation Temperature Resolution: .................ccccoooiiiiiniiiniiniieee, 0.001 °C
Saturation Temperature Heating/Cooling Rate: ................ 2 Minutes Per °C Average
Chamber Pressure Range: .............cccocceeviiiiiieninnciieneeic e Ambient to 30 psiA
Chamber Pressure Uncertainty: .................c.ccooovviiiiiiiicieeeceee +0.003 psiA
Chamber Pressure Resolution: ...............c.coccooviiiiiniieniinieeeec e 0.001 psiA
Chamber Temperature Range: .............c.cccoocoeviiiiiienieniie e -10to 85 °C
Chamber Temperature Range: (Optional) 2.............ccccvevveieieieieieenn, -80 to +20 °C
Chamber Temperature Uncertainty: ' .................c.ooovviiiiiieiiieeceeeeee, +0.05 °C
Chamber Temperature Resolution: .................cccocoeviiiiiiiniieniecceeceee 0.001 °C
Chamber Fluid Heating/Cooling Rate: ....................ccc.e.... 2 Minutes Per °C Average
Chamber Dimensions: ................ccccce..... 8”7 x 87 x 8”7 (203 mm x 203 mm x 203 mm)
Generation Gas Flow Rate Range: ...............ccccooooveviiniiinieniecee e 0.5to 5 slpm
Physical Dimensions: ..............cccccceevveennn. 40”x36”x 717 (1.02mx 0.91 mx 1.8 m)
Electrical POWEr: ........cccooooiviiiiiiieeee e 220/240 V~, 15 A, 50/60 Hz
Gas Supply (External): ... 350 psiG, 5 I/m, with ambient
.............................................................................................. pressure frost point <-80 °C
Cooling Water: ............coccooeviieiiieeeeeeeeeee 1 gpm (4 I/m) Maximum @ 21 °C
Operating Temperature: .............ccccooceovieriininiineneeee e 15t0 30 °C
Storage TemMPerature: .............cocoeoiiiiiiiiiiniiiiecee ettt 0to 50 °C
Humidity: ..o 5 to 95% RH Non-condensing

! Represents an expanded uncertainty using a coverage factor, k=2, at an approximate level of confidence of 95%.

2 -LT, Low Temperature Option.

For More Information or to Place an Order Contact:

Thunder Scientific

623 Wyoming Blvd. SE # Albuquerque, New Mexico 87123-3198
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Model 9000

Automated “Two-Pressure” Humidity Generator

® Traceable to NIST
® +£0.3% RH Uncertainty'
® High Flow Capability

® Based on NIST Proven “Two-Pressure” Principle

® Generate: RH, DP, FP, PPM, Multipoint Profiles
¢ Computerized Internal Transducer Calibration
¢ Computes System Uncertainties in Real Time

® Automatically Applies Enhancement Factors

¢ ControLog® Automation Software

The Model 9000 Humidity Generator produces extremely
accurate humidity values using the fundamental, NIST proven,
“two-pressure” principle. The 9000 will automatically supply
relative humidity, dew point, frost point, ppm, or other
calculated values for instrument calibration and evaluation
as well as precision environmental testing. This system
will automatically generate multipoint profiles as well as
manually entered humidity levels, while continuously storing
and printing system data.

Virtually all functions of the 9000 humidity generator are
computer controlled. All desired humidities, temperatures,
test pressures, and time intervals may be programmed.
Visual indications of system status are displayed in real
time on the computer monitor. The automated features of
the 9000 allow the generation of known humidity levels
completely unattended for hours or even days. This frees
the operating technician from the task of system monitoring
and adjustment.

The “two-pressure” humidity generation process involves
saturating air or nitrogen with water vapor at a known
temperature and pressure. The saturated high pressure air
flows from the saturator, through a pressure reducing valve,
where the air is isothermally reduced to test pressure at test
temperature. Humidity generation by the 9000 does not
depend upon measuring the amount of water vapor in the air,
but rather is dependent on the measurements of temperature
and pressure alone. System precision is determined by
temperature and pressure measurement accuracy, and on

the constancy of the measurements throughout. When
setpoint equilibration has been reached, the indication of
saturation temperature, saturation pressure, test temperature,
and test pressure, may be used in the determination of all
hygrometric parameters.
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Elemental Schematic of the 9000 generator

The Computer/Control System performs all control
functions required for humidity generation, as well as
displaying, printing, and storing system parameters in real
time. The computer/controller is made up of several main
components, each with individual yet cooperative functions.
The Computer/Control System utilizes a Windows based
computer system that communicates with an HP3852A
data acquisition/control system. The system consists
of an integrating 5-1/2 digit volt/ohmmeter employing:
multiplexed inputs to read transducers and PRT’s; digital
outputs for control of temperatures, pressures, and mass
flow; relay outputs for control of system power, heaters,
compressor and circulation pump.
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9000 Controlog™ default startup screen.

Temperature Controlled Bath: The 9000 humidity
generating system incorporates a computer controlled
temperature bath. Bath temperature is digitally controlled
by the computer at any value between 0 °C and 70 °C using
PID (proportional-integral-derivative) algorithms. The test
chamber, saturators, heat exchangers, and connecting tubing
are immersed in approximately 20 gallons of distilled water
that is circulated at the rate of 50 gallons per minute by a
magnetically coupled centrifugal pump. Fastfluid circulation
provides the temperature conditioning of these components,
resulting in long term bath stability and uniformity. This
allows a very stable humidity to be generated.

Pressure And Flow Control: Pressure control and mass
flow control are accomplished through computer actuation
of'electromechanical valve assemblies. Saturation pressure,
chamber pressure, and mass flow are measured continuously
and controlled using PID algorithms similar to those
employed in temperature control.

Calibration: Proper calibration of the temperature and
pressure transducers ultimately determines the accuracy of
the generator. The 9000 employs an integral programmatic
calibration scheme allowing the transducers to be calibrated
while they are electrically connected to the humidity
generator. Coefficients for each transducer are calculated
by the computer and stored to memory.

The 9000 humidity generating system incorporates a
completely immersed test chamber, with internal dimensions
of 12" x 12" x 12". Test chamber pressure range is ambient
to 20 PSIA. The main chamber cover is removable utilizing
quick release hold downs. Removal of the chamber cover
allows a full 12 inch by 12 inch access to the test space.
Access is also available through two 3.65" diameter ports
in the chamber cover or two 1.125" inside diameter port
cover adapters.

i

The test chamber can accommodate various solid state
sensors, chilled mirror hygrometers, psychrometers,
hygrothermographs, and material samples for environmental
testing. Virtually any humidity and temperature may be
generated, for any length of time, within the operational
limits of the generator. The output or recording of the device
under test may then be compared with the generator’s printed
data for analysis.

Chilled Mirror Hygrometers: Install the actual chilled
mirror head into the chamber or insert a sample tube through
the test port and draw a sample through the chilled mirror
head and you can: verify mirror temperature measurement
accuracy (calibration) when the hygrometer is in thermal
equilibrium with its environment; perform operational
checks of the heatpump and optical components before and
after mirror cleaning and balancing; determine whether the
hygrometer is controlling the mirror deposit in the liquid phase
or ice phase when operating at dew and frost points below
0°C; determineifthe hygrometer is correctly calculating other
humidity parameters; determine hygrometer’s repeatability,
stability, and drift characteristics.

Humidity Sensors And Chart Recorders: Insert your
humidity probes through a test port in the chamber or
install the hygrothermograph into the chamber and you can:
determine humidity calibration accuracy and/or characterize
humidity sensitivity by subjecting the humidity sensor to
a variety of humidity levels; perform operational checks
such as the sensing systems capability to correctly calculate
and display other humidity parameters; determine the
repeatability, stability, hysteresis, and drift characteristics
of various humidity sensing systems.

Environmental Testing: The 9000 can serve as atest bed for
evaluation and R&D of humidity sensors, humidity sensing
systems, and humidity sensitive products, e.g., polymers,
composites, film, magnetic medium, pharmaceuticals, soil
hydrology, consumables, electronics, optics, etc.



Model 9000

Automated “Two-Pressure” Humidity Generator A
15.0 (381 mm)
Relative Humidity Range: .............cccocooiiininininiiicccccceeeeee 5 to 99% oo ] (4710%@
Relative Humidity Resolution: ...............cc.cocoiniiinininiicccceee, 0.01% (17 m)
Relative Humidity Uncertainty:'? ..............cccooooiiirininieiieeceeeeceeeeee e +0.3% e -
Frost Point Temperature Range: .............c...c.ccooooiiiiiiiiiieee -32t0 0 °C
Dew Point Temperature Range: ................ccccoooiiiiiiiiniinie e, -35 to 69.7 °C
Parts Per Million By Volume Range: ..., 300 to 440000 PPMv
Bath Temperature Range: .................cocooiiiiiiiiiie e 0 to 70 °C
Bath Temperature Measurement Resolution: ................................... 0.005 °C - LEFTVIEW
Bath Temperature Control Stability: ................ccoccooiiiiiii +0.02 °C | 60.0 (1.5 m) |
Bath Temperature Uniformity: ..., 0.04 °C
Bath Temperature Measurement Uncertainty:' ..., +0.038 °C } \:” ‘ H ‘
Bath Temperature Heating/Cooling Rate: ..................... 1.5 Minutes Per °C Average
GaS TYPE: e Air or Nitrogen
Gas Pressure Rating (MAWP): ... 300 psiG
Gas Flow Rate Range: ................coocoiiiiiiiiiiiieeee 5 to 150 slpm
Gas Flow Rate Resolution: ................c.coooiiiiiiiiieeceee e 0.1 slpm
Gas Flow Rate Uncertainty:' ..............cccoooiiiiiiiiiiiiieeeeeeeeeeeee e +3 slpm
Saturation Pressure - Low Range: ... Ambient to 45 psiA
Saturation Pressure Uncertainty - Low Range:! .................ccccocoeennene. +0.0045 psiA
Saturation Pressure Resolution - Low Range: ..o, 0.001 psiA 0 FRONT VIEW 0
Saturation Pressure - High Range: ... 45 to 300 psiA 360 (091 m)—»]
Saturation Pressure Uncertainty - High Range:! ...................ccooeviinnnnnn. +0.03 psiA
Saturation Pressure Resolution - High Range: ... 0.01 psiA
Saturation To Chamber Temp Intercomparison Uncertainty:'? ................. 0.038 °C
Test Chamber Pressure Range: ..., Ambient to 20 psiA o E
Test Chamber Pressure Resolution: ... 0.001 psiA (686 mm) _
Test Chamber Pressure Uncertainty:! ............cccocoveininieiniecinieenenen, +0.0023 psiA
Test Chamber Dimensions: ............... 12" x 12" x 12" (305 mm x 305 mm x 305 mm)
Physical Dimensions: ..................cccoocee 60" x36"x 71" (1.5 mx 0.91 mx 1.8 m) P
RIGHT VIEW

Electrical Power: ........................ 200/230 V~, 20 A, 3 O, 50/6'0 Hz, 4 Wire | Represents an expanded uncertainty usingacoverage
Gas SUPPLY: oo 350 psiG @ 5 scfm factor, k=2, at an approximate level of confidence
Cooling Water: ............cccoooeviniienene. 2 gpm (8 I/m) Maximum @ 21°C of 95%.

2 Allowing for necessary corrections of temperature

and pressure over the relative humidity range of 5%
Operating TempPerature: .................cccocoevevevevereeeeeeeeereeeneneeenennns 15 to 30 °C ;0119122/:’ﬂa(:vi:2ﬁetzr?g%ri:)urleosofrscl’;1m? W(}:“tl‘; 1&:2’;;;
Storage Temperature: .................cccooiiiiiiiiic 0to 50 °C as the carrier gas.
Humidity: .......coooooiieiiie e, 5 to 95% RH Non-condensing

3 Saturation to Chamber Temperature Intercomparison
Accuracy is defined as the maximum temperature
difference existing between the saturation temperature
and chamber temperature measurements when
intercompared in a homogeneous medium.

I
For More Information or to Place an Order Contact:

Thunder Scientific
623 Wyoming Blvd. SE # Albuquerque, New Mexico 87123-3198
Ordering: 800.872.7728 ¥ Tel: 505.265.8701 & FAX: 505.266.6203

www.thunderscientific.com
0610-9000



THUNDER SCIENTIFIC
CORPORATION

NV&A v ACCREDITED HUMIDITY
@ CALIBRATION SERVICES
NVLAP Lab Code 200582-0 PER ISO/IEC 17025:2005

Thunder Scientific maintains calibration systems
capable of producing known humidity values
using the combined fundamental “two-pressure”
and “two-temperature” principle. These systems
are capable of continuously supplying accurately
known humidity, temperature, and pressure
values for instrument calibration and special tests.

Humidity Parameter Range Uncertainty
Relative Humidity 0% to 99% 0.3% of reading

-90 to -70 °C +0.2 °C
Dew / Frost Point -70 to -20 °C 0.1 °C
-20 to 70 °C +0.05 °C

0.1 to 3.0 ppm 4.0% of value

Volume ratio, V (ppm) 3.0 to 200 ppm 2.0% of value

200 to 400000 ppm 0.1% of value




Humidity Generation and Calibration Equipment ®
THUNDER SCIENTIFIC NV&&@
CORPORATION The Humidity Source

NVLAP Lab Code 200582-0

Click here to view our T T i Click here to view our
Certificate of Accreditation [T L () Scope of Accreditation
(PDF' 27 KB). -t-'-ﬂ.—dﬂ.u-rﬂ.'.h-:.lull.l';.' 17309 Jui (PDF. 65 KB)'
T
Cert > Scope >

Thunder Scientific Corporation is pleased to announce that for the effective dates July 01, 2012 through June 30,
2013, Thunder Scientifics’ calibration laboratory received renewed accreditation (Laboratory Code 200582-0) from
the National Voluntary Laboratory Accreditation Program (NVLAP), administered by the National Institute of
Standards and Technology.

Thunder Scientific is now NVLAP Accredited for On-Site Calibrations

Thunder Scientific has added to its scope of accreditation, on-site calibration of all series 2500 humidity generators.
Holding true to Thunder Scientifics’ commitment to quality, all on-site calibrations are compliant to ISO/IEC
17025:2005 and ANSI/NCSL Z540-1-1994, Part 1 requirements.

Thunder's Calibration Laboratory field support staff will travel to your location with traceable standards for dew-point
inter-comparison, pressure calibration and temperature calibration of your Model 2500 generator. Our field support
staff will inspect and conduct all required maintenance on your humidity generator. Calibration reports include the
NVLAP logo and laboratory code, “As Found” data, “As Left” data, and a concise statement of the method used.

Thunder's accredited on-site humidity uncertainties are the lowest commercially available. Our turn-around times
are excellent and prices are very competitive.

NVLAP accreditation criteria are established in accordance with the U.S. Code of Federal Regulations (CFR, Title
15, Part 285), NVLAP Procedures and General Requirements, and encompass the requirements of ISO/IEC 17025.
Accreditation is granted following successful completion of a process which includes submission of an application
and payment of fees by the laboratory, an on-site assessment, resolution of any nonconformities identified during
the on-site assessment, participation in proficiency testing, and technical evaluation. The accreditation is formalized
through issuance of a Certificate of Accreditation and Scope of Accreditation and publicized by announcement in
various government and private media.

NVLAP provides an unbiased third-party evaluation and recognition of performance, as well as expert technical
guidance to upgrade laboratory performance. NVLAP accreditation signifies that a laboratory has demonstrated
that it operates in accordance with NVLAP management and technical requirements pertaining to quality systems;
personnel; accommodation and environment; test and calibration methods; equipment; measurement traceability;
sampling; handling of test and calibration items; and test and calibration reports.

More information about the NVLAP program can be found at http://ts.nist.gov/standards/accreditation/.

Please contact: Thunder Scientific Corporation sales department if you have questions or would like to arrange for
a NVLAP accredited calibration. You can reach us toll free at 800-872-7728 or via e-mail at
sales@thunderscientific.com
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Certificate of Accreditation to ISO/IEC 17025:2005

NVLAP LAB CODE: 200582-0

Thunder Scientific Corporation
Albuquerque, NM

is accredited by the National Voluntary Laboratory Accreditation Program for specific services,
listed on the Scope of Accreditation, for:

CALIBRATION LABORATORIES

This laboratory is accredited in accordance with the recognized International Standard ISO/IEC 17025:2005.
This accreditation demonstrates technical competence for a defined scope and the operation of a laboratory quality
management system (refer to joint ISO-ILAC-IAF Communique dated January 2009).

fo 2 AALD

2014-07-01 through 2015-06-30

Effective dates For the National Institute of Standards and Technology

NVLAP-01C (REV. 2009-01-28)




NV&@ Y National Voluntary
Laboratory Accreditation Program

CALIBRATION LABORATORIES

NVLAP LAB CODE 200582-0

SCOPE OF ACCREDITATION TO ISO/IEC 17025:2005

Thunder Scientific Corporation
623 Wyoming Blvd SE
Albuquerque, NM 87123-3198
Mr. Jarred Crouse
Phone: 505-265-8701 Fax: 505-266-6203
E-mail: jcrouse@thunderscientific.com
URL.: http://www.thunderscientific.com

Parameter(s) of Accreditation
Thermodynamic

This laboratory is compliant to ANSI/NCSL Z540-1-1994;
Part 1. (NVLAP Code: 20/A01)

CALIBRATION AND MEASUREMENT CAPABILITIES (CMC) Notes12

Measured Parameter or

Device Calibrated Range Uncertainty (k=2) Not3.5 Remarks
THERMODYNAMIC
HUMIDITY (20/T02)
Humidity Generation
Field calibrations available Noe 4
Relative Humidity 0% RH1t099 % RH 0.3% Over a Dry Bulb
temperature range of -10 °C
to 70 °C
Frost Point Temperature -90.0°Cto-70.0 °C 0.2°C
Dew/Frost Point
Temperature -70.0°Cto0-20.0 °C 0.1°C
-20.0°Ct0 70.0 °C 0.05°C
Humidity Measurement
Frost Point Temperature -90.0°Cto-70.0 °C 0.2°C
Dew/Frost Point
Temperature -70.0°Ct070.0 °C 0.1°C
PRESSURE (20/T05)
Pressure 0 psi to 600 psi 0.005 % Ruska 2465 Piston Pressure
Gage
RESISTANCE THERMOMETRY (20/T07)
Platinum Resistance
Thermometers -80 °C to 85 °C 0.003 °C Hart 1575/5680
END

2014-07-01 through 2015-06-30
Effective dates

Page 1 of 2

fike 2 AULD

For the National Institute of Standards and Technology

NVLAP-02S (REV. 2011-08-16)




NV&@ Y National Voluntary
Laboratory Accreditation Program

CALIBRATION LABORATORIES NVLAP LAB CODE 200582-0

Notes

Note 1: A Calibration and Measurement Capability (CMC) is a description of the best result of a calibration or measurement (result
with the smallest uncertainty of measurement) that is available to the laboratory’s customers under normal conditions, when
performing more or less routine calibrations of nearly ideal measurement standards or instruments. The CMC is described in the
laboratory’s scope of accreditation by: the measurement parameter/device being calibrated, the measurement range, the uncertainty
associated with that range (see note 3), and remarks on additional parameters, if applicable.

Note 2: Calibration and Measurement Capabilities are traceable to the national measurement standards of the U.S. or to the national
measurement standards of other countries and are thus traceable to the internationally accepted representation of the appropriate Sl
(Systéme International) unit.

Note 3: The uncertainty associated with a measurement in a CMC is an expanded uncertainty using a coverage factor, k = 2, with a
level of confidence of approximately 95 %. Units for the measurand and its uncertainty are to match. Exceptions to this occur when
marketplace practice employs mixed units, such as when the artifact to be measured is labeled in non-SI units and the uncertainty is
given in Sl units (Example: 5 Ib weight with uncertainty given in mg).
Note 3a: The uncertainty of a specific calibration by the laboratory may be greater than the uncertainty in the CMC due to the
condition and behavior of the customer's device and specific circumstances of the calibration. The uncertainties quoted do not
include possible effects on the calibrated device of transportation, long term stability, or intended use.
Note 3b: As the CMC represents the best measurement results achievable under normal conditions, the accredited calibration
laboratory shall not report smaller uncertainty of measurement than that given in a CMC for calibrations or measurements
covered by that CMC.
Note 3c: As described in Note 1, CMCs cover calibrations and measurements that are available to the laboratory’s customers
under normal conditions. However, the laboratory may have the capability to offer special tests, employing special conditions,
which yield calibration or measurement results with lower uncertainties. Such special tests are not covered by the CMCs and are
outside the laboratory’s scope of accreditation. In this case, NVLAP requirements for the labeling, on calibration reports, of
results outside the laboratory’s scope of accreditation apply. These requirements are set out in Annex A.L1.h. of NIST Handbook
150, Procedures and General Requirements.

Note 4: Uncertainties associated with field service calibration may be greater as they incorporate on-site environmental contributions,
transportation effects, or other factors that affect the measurements. Field service capability is only for Thunder Scientific 2500 series
units.

Note 5: Values listed with percent (%) are percent of reading or generated value unless otherwise noted.

Note 6: NVLAP accreditation is the formal recognition of specific calibration capabilities. Neither NVLAP nor NIST guarantee the
accuracy of individual calibrations made by accredited laboratories.

Note 7: See NIST Handbook 150 for further explanation of these notes.

2014-07-01 through 2015-06-30 v .

Effective dates For the National Institute of Standards and Technology

Page 2 of 2 NVLAP-02S (REV. 2011-08-16)




Thunder Software

2500 ControLog® 3900 ControLog®
Automation and Control Software Automation and Control Software

© ©
@ "Powered by HumiCalc with Uncertainty" Q "Powered by HumiCalc with Uncertainty"
Humidity Generation and Calibration Equipment Humidity Generation and Calibration Equipment

-

THUNDER SCIENTIFIC THUNDER SCIENTIFIC
CORPORATIOGN The Humidity Source CORPORATION The Humidity Source
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HumiCalc® with Uncertainty HumiCalc®
Humidity Conversion Software Humidity Conversion Software
HumiCalc
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2000, and =P
Copyright '©1933-2006 T hunder
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THUNDER SCIENTIFIC
CORPORATION

2500 ControLog Software

FEATURES

« Powerful Graphing Capability Creates a Visual Picture of the Data

» Auto Profiling Feature Automates Humidity Generation

» Data Stored in a Familiar Spreadsheet Type Layout

» Customizable ASCII Interface Support for RS-232, GPIB and Analog Devices
* Uncertainty Calculated in Real-Time by HumiCalc with Uncertainty

Automation Software for the Model 2500 Humidity Generator

" pr—

7
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Time

“Poweg, by, HumiCale i, Unce iaiaNg

623 Wyoming Blvd. SE Albuquerque, NM 87123-3198
Copyright © 2010 - 2012, All Rights Reserved

0612-25CL www.thunderscientific.com




THUNDER SCIENTIFIC
CORPORATION

3900 ControLog Software

FEATURES

« Powerful Graphing Capability Creates a Visual Picture of the Data

« Auto Profiling Feature Automates Humidity Generation

» Data Stored in a Familiar Spreadsheet Type Layout

» Customizable ASCII Interface Support for RS-232, GPIB and Analog Devices
« Uncertainty Calculated in Real-Time by HumiCalc with Uncertainty

Automation Software for the Model 3900 Low Humidity Generator
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Time
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“Power by, HumICale Wil\Unceaing

623 Wyoming Blvd. SE Albuquerque, NM 87123-3198
Copyright © 2009 - 2012, All Rights Reserved

0612-39CL www.thunderscientific.com
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HumiCalc®

Humidity Conversion Software

The Ultimate in Complex Humidity Conversions
Made for Windows 98, NT, 2000 and XP.**

."LS HumiCalc | _ =]
| File Edit Config/Unitz Help
— Confi
Temp Scale IITS-SD 2 Caniier Gas |Dry air 7| Mode |Nu|ma| =l
Equilibrium I]velllce - Enhancement Factor [+ Knnw|zRH vl
r Known Values r Calculated Values
ZRH Specific Humidity 1.544776E-03
%RH Frost Point(-10.42104 Abszolute Humidity 1.851388
Test q = 5
Temperature Dew Point [11.63515 Diy Air Density 136632
Test 107325 PPH¥ 486.541 Muoist Air Density 198.484
Pressure _ )
PPMw 547166 Saturation Temp

Grains/lb |10.83016
Enthalpy (2513373
SVYP@Tt (2503453

Saturation Pressure

Wet Bulb Temp 8437721

|
T

bk aINii

/ Calculate

 Units

Mizing Ratio [V] 2.486841E-03

ezl C | SYP@Td [2603411 Mixing Ratio (w]  [1 5471RBE 03

RuE==E Pa = SYP@Ts % by Volume . 2480672

Vapuf Pressure lﬁ F@TLPt [1.004014 % by Weight | 1544776

aonpwand  Jom™3 =] | | FeTdpe [Tooios VaporMoleFraction [2480572E 10

Enthalpyp Jg & F@Ts. Ps DrvAitMoleFraction |0.9975193
FEATURES

* Highly Accurate Formulas that Replace Charts and
Tables

* Automatically Applies Enhancement Factors and
Temperature/Pressure Corrections

¢ User Selectable Units of Temperature, Pressure,
Vapor Pressure, Density, and Enthalpy

* Formatted Output to Disk

DESCRIPTION

HumiCalc® software is the first of its kind to make simple work
of complex humidity conversions. No more charts! No more
tables! No more guess work! With its high accuracy formulas,
HumiCalc® gives you the right answer every time. View
data on screen or output to disk. With the multiple calculation
feature, you can automatically convert an entire range of data,
with selectable end points and step sizes. And you can even
send the calculated data to a spreadsheet compatible datafile
for import into your favorite spreadsheet or graphing program.
A typical calculation requires only a temperature, a pressure,
and one known humidity parameter. From this minimal input,
HumiCalc® computes all the final humidity values for you.

Humidity Calibration and
Measurement Instruments

CALCULATION RANGE

Relative Humidity:........cooovevevieiennnns. ~0.0001 to 100.00 %RH
Frost Point:......... ST T TRT00E. -99.991t0 0.01 °C
D ew P oIt e . S . -50.00 to 100.0 °C
Temperatuire e SuNuN I . -99.99 to 200.0 °C*
Pressures:Eai. . T Tk TGN i Near 0 to 5000 psia*

* Vapor Pressure and enhancement factor formulas for pressures
greater than 1500 psia and temperatures greater than 100 °C are
based on extrapolated data.

SPECIFICATIONS

HumiCalc® for Windows requires Microsoft Windows 98, NT,
2000 and XP.

OUTPUT OPTIONS

Input one known humidity parameter, temperature and
pressure, then HumiCale® computes all other humidity values
including:

* %RH

* Specific Humidity
* Absolute Humidity
* Frost Point

* Moist Air Density

* Partial Dry Air Density
* Vapor Pressures

* Grains per Pound

* PPMw » Mixing Ratio by Volume
* PPMv » Mixing Ratio by Weight
* Enthalpy * Percent by Volume

* Mole Fraction of Dry Air
* Mole Fraction of Vapor
» Wet Bulb Temperature

* Percent by Weight
* Enhancement Factors

[

ORDERING INFORMATION

VISA® & MasterCard® Accepted.

=<

**Windows 98, NT, 2000 and XP are Trademarks of Microsoft Inc.

THUNDER SCIENTIFIC

623 Wyoming Blvd. SE ¢ Albuquerque, New Mexico 87123-3198

0610-HC

Ordering: 800.872.7728 « Tel: 505.265.8701 « FAX: 505.266.6203

www.thunderscientific.com




THUNDER SCIENTIFIC

CORPORATION

HumiCalc’

withUncertainty

The Ultimate in Complex Humidity Conversions
now includes the ability to Calculate Uncertainty.
Made for Windows 2000, XP, Vista and 7.**

=) HumiCalc with Uncertainty

JoEs

File  Options  Help

Configuration

Carier Gas | Diy i [¥]  Mode [TwoPreseue [~]

Equibrium Over | Ice Apply Enhancement Factors Known | 3atualion Pressure [~

Calculated Values [Expanded U with 95 45% Confidence]
%RH 94 85362657

Known Values (Standard u)

Satuation 155
Pressure

0.018743443
21.34535535
1148 366436
1170.913392

403725 [+ Specific Humidity +0.0001 [»]
[v] #bsolute Humidity
+0.0367 [ Dry Al Dersity

+175.75 [» Moist Air Density

Satwation (257 +0.0484 v

Temperalure

Test 147
Pressure

Dew Poirt | 2411715236
PPy 30702.81514

+6.3335 v
6,397 [

Test 50 00273 (v | PPMw 19101.47694 | |+109.34 [v| Saturation Temperaturs |25.0 +0.0364 [v]
Temperature

Grains/lb | 133.7103386 | 20,7654 [w] Saturation Fressure 155 +0.0734 [v]

v

Enthalpy (7375783763 | 20,2841 [v ] ‘et Bulb Temperature | 24.35882473 | |+0.0303 [w]
Units SYP@TL (316990395 | +10.325 [v]| Mixing Riatio by Volume |0.030702815 || +0.0002 [+
Temperature _ SYP@Td | J006.83FN12 | 46.5974 [v]| Mixing Riatio by weight |0.019101477 | |+0.0001 [+]
Pressure SYP@Ts (316290395 | [26.6772 ] Percent by Volume 2970823255 | |+0.0165 v
Wapor Pressure F@TLPt  1.004109348 | 00002 (v Percent by weight 1.674344338 || £0.0105 [+

Density and Abs Humilly [o/m™3 [w] | F@TAPt 1004085686 |[42E.005 (] Vapor Mole Fractin  |0.029788233 | [20.0002 [
Erthalpy Jia _ F@TsPs 1004267281 | +0.0002 [v]| Dy &i Mole Fraction | D.9P0211767 || +0.0002 [+

* Highly Accurate Formulas that Replace Charts and
Tables

* Automatically Applies Enhancement Factors and
Temperature/Pressure Corrections

¢ User Selectable Units of Temperature, Pressure,
Vapor Pressure, Density, and Enthalpy

* Now includes the ability to Calculate Uncertainty
and As Found Error

DESCRIPTION

HumiCalc® software is the first of its kind to make simple
work of complex humidity conversions. No more charts! No
more tables! No more guess work! With its high accuracy
formulas, HumiCalc® gives you the right answer every time.
The new HumiCalc® with Uncertainty expands on the original
HumiCalc® with the ability to calculate complex humidity
uncertainties with ease.

UNCERTAINTY FUNCTIONALITY

HumiCale® with Uncertainty can make simple work of
Uncertainty budgets by giving you a calculator that performs all
your humidity uncertainty calculations automatically.

The Humidity Source

Humidity Calibration and
Measurement Instruments

NEW FEATURES

Each known item now contains an uncertainty field that you can
expand to enter individual uncertainty components.

Once the calculation is performed, the newly calculated values
are displayed along with the expanded uncertainty values at
the desired confidence level. Each calculated result can also be
expanded to see the individual components that made up the
final expanded uncertainty value.

SPECIFICATIONS

HumiCalc® with Uncertainty Minimum System Requirements

1GHz Intel® Pentium® or equivalent processor

256MB of RAM (512MB recommended for complex uncertainty
scenarios)

Minimum 800 x 600 screen resolution

Microsoft® Windows® Vista; Windows XP Professional, or
Home Edition with Service Pack 2; Microsoft Windows 2000
with Service Pack 4

Microsoft NET Framework version 2.0

Adobe® Acrobat® Reader

Microsoft Internet Explorer® 6.0 through 8.0

VALIDATION PACKAGE

HumiCalc® with Uncertainty Validation is a series of documents
used to confirm that the HumiCale® with Uncertainty application
complies with its requirements and specifications.

The validation contains around 1,800 pages of test cases
composed of detailed mathematical calculations for the core
conversion, derivative uncertainty and unit calculations.

This Validation Document can be purchased separately.
ORDERING INFORMATION

VISA® & MasterCard® Accepted.

=c

**Windows 2000, XP and Vista are Trademarks of Microsoft Inc.

THUNDER SCIENTIFIC

623 Wyoming Blvd. SE ¢ Albuquerque, New Mexico 87123-3198

0610-HCU

Ordering: 800.872.7728 « Tel: 505.265.8701 « FAX: 505.266.6203

www.thunderscientific.com




Thunder Reference Library

System Analysis Documents Humidity Definitions Document
Basic Humidity Definitions

Humidity Calibration Tutorial Solving Humidity Calibration Challenges
NCSL Presentation InToday’s Metrology Lab
NCSL Paper

TS-90 Formulations
for Vapor Pressure, Frostpoint, Temperature,
Dewpoint Temperature and Enhancement Factors
in the Range -100° to +100 °C
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Uncertainty Analysis
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Model 1200 Two-Pressure Humidity Generator




Uncertainty Analysis
of the
Thunder Scientific Model 1200 Two-Pressure Humidity Generator

1.0 Introduction

Described here is the generated humidity uncertainty analysis, following the Guidelines of NIST and
NCSL International ™® ", for a Model 1200 Humidity Generator that utilizes the NIST developed and
proven two-pressure humidity generation principle %, Generation of humidity in a system of this
type does not require direct measurements of the water vapor content of the gas. Rather, the generated
humidity is derived from the measurements of saturation and chamber pressures, and saturation and
chamber temperatures.

The measurement instrumentation used in both our in-house working standards and our manufactured
devices are obtained from companies which have demonstrated either NIST traceability or traceability
to other acceptable standards. In most cases we therefore use the specifications supplied by these
manufacturers as the starting point for our uncertainty statements. Over time, check calibrations against
a NIST traceable pressure gauge and NIST traceable standard resistance thermometer, as well as the
results of an on-going intercomparison program of both the individual components and of the outputs
of operating generators, have allowed the determination of the ranges of disagreement among the
various temperatures and pressures that enter into the final determination of the output uncertainties.
The average values of these disagreements represent the uncertainties from our in-house processes and
things like instrument drift over time, and these are coupled with the uncertainties given by the various
instrument manufacturers to give overall uncertainty statements.

This document lists the various uncertainty sources, their magnitudes, and their origins over the
operating range of the Model 1200 generator.

2.0 Defining Equations

NIST Technical Note 1297™ states that the uncertainty in a dependent variable, which depends only on
uncorrelated input variables, is

u?(y):ZuZ(xi)[%J o

Relative Humidity is defined as the amount of water vapor in a sample compared to the maximum
amount possible at the given sample’s temperature and pressure.

This can be expressed by the following formula

e(T,) f (Tp, P.)
%RH = .
e(T) f(Te.P.) 78

Where the f functions are enhancement factors, e is the saturation vapor pressure, 7s is the % efficiency
of saturation, T, Tp are the chamber and Dew/Frost point temperatures, and Pc is the chamber
pressure.

@
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The Dew/Frost point temperatures can be expressed by the following formulas

eW(TD)'f(roipc):f(T31Ps)'e(Ts)'% ®)

S

eI(TF)'f(TF'PC):f(TS1PS)'e(TS)'% @)

S

Where the f functions are enhancement factors, e,, is the saturation vapor pressure over water, e, is the
saturation vapor pressure over ice, Tp, Tg, Ts are the Dew point, Frost point and saturation
temperatures, and Pc and Ps are the chamber and saturation pressures. Note that the actual Dew/Frost
point temperature is defined implicitly and must be obtained through iterative solving.

Combining equation 1 with equations 3 and 4 we can express Relative Humidity in the terms of
saturation and chamber temperatures and saturation and chamber pressure only by the following
formula

worr ST B
e(Te)F(Tc.Pe) P

By incorporating the relationship in equation 2 into an uncertainty equation of the form of equation 5,
it can be shown that the total uncertainty in relative humidity is given by the expression

uﬂRH):u%&)[‘f?”j +u2crs)[aa%”j +u2(Pc)[%j +u%&>[%j +u2(775)[%) o

®)

Similarly incorporating the relationship in equation 2 into an uncertainty equation of the form of
equation 3 and 4, the uncertainties in dew point and frost point measurement are

o, Y o, Y o, Y T, Y
UA(T,) =U(TS) =2 | +UA(P) =2 | +U(Ry) =2 | +U’(rs) =2 ™)
(M) (Ts ){ T, ] (R) P (Fs) P, (775 ) o7
and
2 2 2 2
ol or, ol ol
UWA(T) =U?(To) == | +UP(P.) === | +UA(P)| === | +U?(rs) —— ®
(Te) (Ts ){ T, j (R) P () P, (775) o5
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3 Uncertainty Components

In the mathematical analysis of equation 6, 7 and 8, we’ll analyze the uncertainties due to each of the
above components separately and then combine the uncertainties to obtain the total expanded
uncertainty. We are therefore concerned with four basic categories of uncertainty, pressure,
temperature, saturator efficiency and the equations themselves. Each of these categories may also have
associated uncertainty components. In determining components of uncertainty, there are several things
to consider, such as measurement uncertainty, measurement hysteresis, and measurement resolution.

Listed below are the identified major uncertainty contributors and their components for the Model
1200 humidity generator.

e Uncertainty contribution from pressure (P and P.) which includes
= Measurement uncertainty
= Measurement resolution
= Measurement hysteresis

e Uncertainty contribution from temperature (T and T), which includes
= Measurement uncertainty
= Measurement resolution
= Self heating

e Uncertainty contribution from Equations (e(T) and f(T,P)), which includes
= Saturation Vapor Pressure Equation (e(T))
= Enhancement Factor Equation (f(T,P))

e Uncertainty contribution from percent efficiency of the saturator (7s)

3.1 Pressure Uncertainty Contribution

The pressure terms, P, or Ps, in a two-pressure humidity generator are major determining factors. The
Model 1200 humidity generator uses one pressure transducer to measures the chamber pressure and the
saturation pressure. Due to this design many pressure uncertainties are shared between the chamber
and saturation pressure. Any uncertainty contributed by this single transducer will simultaneously
affect both the chamber and saturation pressure readings.

The pressure uncertainty contribution in terms of relative humidity can be determined by the partial
numeric differential of the RH equation with respect to pressure, multiplied by the uncertainty of the
pressure component. The equation for this becomes

RH _o[e@)fTP+R-R) P 1, o
[component — : “Ifs |* Y [componerit
oP es(Te) f(Te,P) P+(F-F)
URH[componen]t = Pressure component uncertainty in terms of percent relative humidity.
UPicomponerg = PreSsure component uncertainty in terms of pressure.
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The pressure uncertainty contribution in terms of dew or frost point temperature can be determined by
the partial numeric differential of the iterative dew or frost point equation with respect to pressure,
multiplied by the uncertainty of the pressure component. The equations for these become

0 P
u-I-D[corrponen]t = a_P|:eW (TD) -f (TD ) P) =f (Ts ) P+ (Ps - Pc )) : e(TS )) : W} : up[corrponen]
s~ 'cC
(10)
T 0 F(T.,P)= f(T,,P+(P, —P P P
u F[componerit :E eI (TF) (TF’ ) = (TS’ +( S C))e(TS))W -u [componerit
s~ 'cC
(A1)
UTpcomponer = Pressure component uncertainty in terms of dew point temperature.
uTF[Componen]t = Pressure component uncertainty in terms of frost point temperature.
UP\corponery = Pressure component uncertainty in terms of pressure.

3.1.1 Pressure Measurement Uncertainty Component

Pressure Measurement uncertainty of Model 1200 humidity generator’s pressure transducer is specified
as 0.04% of the full scale. Based on a rectangular distribution, the uncertainty component of the
pressure measurement is then

= (155 psia (full scale) * 0.04%) / V3
+(0.062 psia) / V3 (DOF=infinite)

UP[measurement]

3.1.2 Pressure Resolution Uncertainty Component

The Model 1200 humidity generator uses an Analog to Digital device to translate the pressure
transducer’s voltage reading into a digital value. The Analog to Digital conversion process resolves
over the range of the pressure transducer. Based on a rectangular distribution of the half-interval of
resolution, the uncertainty component of pressure resolution is then

UPfresolution] = 155 psia (transducer range) / 215 * 0.5/N3
= +0.00473022460938 psia / V12 (DOF=infinite)

3.1.3 Pressure Hysteresis Uncertainty Component

Since the Model 1200 humidity generator incorporates only one pressure transducer in a time-shared
approach, the transducer is subject to some measurement hysteresis. For around 99.7% of the time, the
transducer monitors the saturation pressure. For less than 0.3% of the time (once every 30 minutes for
approximately 5 seconds), the transducer monitors the chamber pressure. By this criterion, it is only
the chamber pressure, which is affected by hysteresis and therefore only applied to the chamber
pressure component. To determine this uncertainty in terms of relative humidity we have to isolate
only the chamber pressure component. This can be determined by the partial numeric differential of
the RH equation with respect to only the chamber pressure, multiplied by the uncertainty of the
chamber pressure component. The equation for this becomes.
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o | es(T)f (T, R) R
uRH = S ! SZ._C.p |-UP
[componeri apc {es (Tc)f(Tcypc) Ps s C [componerit (12)

URH o ponee = Pressure component uncertainty in terms of relative humidity.

uPC[componen]t = Chamber Pressure component uncertainty in terms of pressure.

The pressure uncertainty contribution in terms of dew or frost point temperature can be determined by
the partial numeric differential of the iterative dew or frost point equation with respect to chamber

pressure, multiplied by the uncertainty of the chamber pressure component. The equations for these
become

0 R
UTD[cormonenl = E{ew (TD) - f (TD J PC) = f (TS ’ PS ) ’ e(TS )) ’ F(S::| ’ UPC [componenit (13

0 P
UTF[corrponen}: = ﬁ{el (TF ) - f (TF ' Pc) = f (Ts ) Ps) : e(Ts )) : FZ} : UPC [componerik (14

UTpcomponey = Pressure component uncertainty in terms of dew point temperature.
uTF[Comonen]t = Pressure component uncertainty in terms of frost point temperature.

UPicomponery = Pressure component uncertainty in terms of pressure.

The maximum amount of hysteresis specified for the Model 1200 humidity generator’s pressure

transducer is £0.04% of the measured difference between the saturation and chamber pressures, with a
rectangular distribution.

UPcphysteresis] = +{0.04% * (Ps-P¢) } psia / V3 (DOF=infinite)
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3.1.3 Pressure Uncertainty Contribution Summary

The standard uncertainties, uRH, components calculated using equation 9 and 12 from the associated
individual pressure components previously shown are summarized in the following table.

Note: The Model 1200 humidity generator is limited to a maximum dew point temperature of 50°C. Any value calculated above this limit is

grayed out of the following table.

Standard Pressure Uncertainty Components of RH (+%)
Saturation Pressure Range (psia), Chamber pressure = 14.7 psia 5 e c
o
155 20.0 30.0 40.0 50.0 75.0 100.0 150.0 83 =
o D =)
o O T
Saturation 94.9 %RH | 73.6 %RH | 49.1 %RH | 36.9 %RH | 29.6 %RH | 19.9 %RH | 14.9 %RH | 100 %RH | & T o
Temperature Description
S) Pc Hysteresis 0.00119 | 0.00611 | 0.01178 | 0.01464 | 0.01638 | 0.01875 | 0.02001 0.02139 | Infinity | Type B
oo P Measurement | 0.01192 | 0.04748 | 0.06106 | 0.05692 | 0.05094 | 0.03888 | 0.03111 0.02217 | Infinity | Type B
-
P Resolution 0.00045 | 0.00181 | 0.00233 | 0.00217 | 0.00194 | 0.00148 | 0.00119 | 0.00085 | Infinity | Type B
94.9 %RH | 73.6 %RH | 49.1 %RH | 36.9 %RH | 29.6 %RH | 19.9 %RH | 14.9 %RH | 10.0 %RH
S) Pc Hysteresis 0.00119 | 0.00611 | 0.01178 | 0.01463 | 0.01636 | 0.01872 | 0.01995 | 0.02129 | Infinity | Type B
EO P Measurement | 0.01192 | 0.04747 | 0.06101 0.05685 | 0.05086 | 0.03879 | 0.03100 | 0.02205 | Infinity | Type B
™
P Resolution 0.00045 | 0.00181 | 0.00233 | 0.00217 | 0.00194 | 0.00148 | 0.00118 | 0.00084 | Infinity | Type B
49.1 %RH | 36.9 %RH | 29.6 %RH | 19.9 %RH | 14.9 %RH | 10.0 %RH
S) Pc Hysteresis 0.01177 | 0.01463 | 0.01635 | 0.01869 | 0.01991 0.02121 | Infinity | Type B
co P Measurement 0.06094 | 0.05678 | 0.05078 | 0.03871 | 0.03092 | 0.02196 | Infinity | Type B
©
P Resolution 0.00232 | 0.00217 | 0.00194 | 0.00148 | 0.00118 | 0.00084 | Infinity | Type B
Table 1
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The standard uncertainties, uTp, components calculated using equation 10 and 13 from the associated
individual pressure components previously shown are summarized in the following table.

Note: The Model 1200 humidity generator is limited to a maximum dew point temperature of 50°C. Any value calculated above this limit is
grayed out of the following table.

Standard Pressure Uncertainty Components of Dew Point Temperature (£°C)

Saturation Pressure Range (psia), Chamber pressure = 14.7 psia

Y— c
o E 9
15.5 20.0 30.0 40.0 50.0 75.0 100.0 150.0 g8 g
i 53 3
Saturation o 9.2°CTd| 55°CTd| -0.2°C Td| -4.0°C Td| -6.9 °C Td|-12.0 °C Td|-15.5 °C Td|-20.2°C Td| A L o
Temperature | Description
O Pc Hysteresis 0.00019 | 0.00119 | 0.00329 | 0.00527 | 0.00718 | 0.01174 | 0.01612 | 0.02455 | Infinity | Type B
oo P Measurement | 0.00186 | 0.00928 | 0.01706 | 0.02049 | 0.02232 | 0.02435 | 0.02507 | 0.02545 | Infinity | Type B
—
P Resolution 0.00007 | 0.00035 | 0.00065 | 0.00078 | 0.00085 | 0.00093 | 0.00096 | 0.00097 | Infinity | Type B
34.0°CTd| 29.6 °C Td| 22.7°C Td| 18.1°C Td| 14.6°CTd| 8.6°CTd| 4.5°CTd| -1.1°CTd
O Pc Hysteresis 0.00022 | 0.00144 | 0.00395 | 0.00630 | 0.00856 | 0.01393 | 0.01906 | 0.02890 | Infinity | Type B
EO P Measurement | 0.00225 | 0.01119 | 0.02046 | 0.02448 | 0.02659 | 0.02886 | 0.02962 | 0.02994 | Infinity | Type B
(92]
P Resolution 0.00009 | 0.00043 | 0.00078 | 0.00093 | 0.00101 | 0.00110 | 0.00113 | 0.00114 | Infinity | Type B
45.4 °C Td| 40.0 °C Td| 35.9°C Td| 28.8 °C Td| 23.4°C Td| 17.5°C Td
O Pc Hysteresis 0.00467 | 0.00743 | 0.01006 | 0.01629 | 0.02222 | 0.03354 | Infinity | Type B
QO P Measurement 0.02419 | 0.02884 | 0.03124 | 0.03374 | 0.03452 | 0.03473 | Infinity | Type B
©
P Resolution 0.00092 | 0.00110 | 0.00119 | 0.00129 | 0.00132 | 0.00132 | Infinity | Type B
Table 2
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The standard uncertainties, uTg, components calculated using equation 11 and 14 from the associated
individual pressure components previously shown are summarized in the following table.

Note: Any frost point value that is theoretically not possible is grayed out of the following table.

Standard Pressure Uncertainty Components of Frost Point Temperature (£°C)

Saturation Pressure Range (psia), Chamber pressure = 14.7 psia 5 g s
155 20.0 30.0 40.0 50.0 75.0 100.0 150.0 33 §
o D
. o O =
Saturation o -0.1°C Tf| -3.6°CTf| -6.2°CTf|-10.7 °C Tf| -13.8°C Tf| -18.1°C Tf| & L o
Temperature | Description
O Pc Hysteresis 0.00290 | 0.00468 | 0.00641 | 0.01057 | 0.01460 | 0.02239 | Infinity | Type B
°O P Measurement 0.01505 | 0.01820 | 0.01992 | 0.02191 | 0.02269 | 0.02321 | Infinity | Type B
—
P Resolution 0.00057 | 0.00069 | 0.00076 | 0.00084 | 0.00087 | 0.00089 [ Infinity | Type B
-0.9°CTf
O Pc Hysteresis 0.02554 | Infinity | Type B
Eo P Measurement 0.02646 | Infinity | Type B
™
P Resolution 0.00101 | Infinity | Type B
O Pc Hysteresis Infinity | Type B
:3 P Measurement Infinity | Type B
©
P Resolution Infinity | Type B
Table 3

3.2 Temperature Uncertainty Contribution
The temperature terms, T, or T, in a two-pressure humidity generator are another major contributor of

uncertainty and are used mathematically to calculate saturation vapor pressures. The Model 1200
humidity generator uses two temperature probes to measures the chamber temperature and the
saturation temperature. Due to this design each temperature probe contributes its own uncertainty to
the over all system and will be addressed independent of one another.

3.2.1 Saturation Temperature Uncertainty Contribution

The saturation temperature uncertainty contribution in terms of relative humidity can be determined by
the partial numeric differential of the RH equation with respect to saturation temperature, multiplied by

the uncertainty of the saturation temperature component. The equation for this becomes

uRH

uRH

uTs

[componenit

[component

o | &) (M. F)) B

componerit — - -uT, componeri
eomenet T AT | eg (Te) f(Te, Pe) Ry 7% | Stoomeonent

= Sat Temperature component uncertainty in terms of pressure.

(15)

= Sat Temperature component uncertainty in terms of percent relative humidity.
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The saturation temperature uncertainty contribution in terms of dew or frost point temperature can be
determined by the partial numeric differential of the iterative dew or frost point equation with respect
to saturation temperature, multiplied by the uncertainty of the saturation temperature component. The
equations for these become

0 R

UTD[com;)onen] = aT {ew (TD) - f (TD ) PC) = f (TS ) PS ) : e(TS )) : F ’ uTS [componerit (16)

S S
T 0 F(T.,P.) = f(T,,P Fe |,

u F[componenk = aT e| (TF) . (TF ' C) = (TS 11 S ) ' e(TS )) ' ? -u S [componenit 1
S S

UTpcomponer = Pressure component uncertainty in terms of dew point temperature.

uTF[componen]t = Pressure component uncertainty in terms of frost point temperature

UTspeomponery = Pressure component uncertainty in terms of pressure.

3.2.1.1 Saturation Temperature Measurement Uncertainty Component

Temperature measurement uncertainty of Model 1200 humidity generator’s saturation temperature
probe is specified as 0.05 °C. Based on a rectangular distribution, the uncertainty component of
saturation temperature measurement is then

UT s{measurement) = %0.05 °C / V3 (DOF=infinite)

3.2.1.2 Saturation Temperature Resolution Uncertainty Component

The Model 1200 humidity generator uses a computer module to translate the saturation temperature
probe readings into digital values. The computer module has a specified resolution of 0.01°C. Based
on a rectangular distribution of the half-interval of resolution, the uncertainty component of saturation
temperature resolution is then

UTs [resolution) = 0.01°C * 0.5/\3
= £0.01°C /12 (DOF=infinite)

3.2.1.3 Saturation Temperature Self-Heating Uncertainty Component

The saturation temperature probe is installed in a thermo-well, affixed with heat sink compound, within
the fluid jacket at the outlet of the Model 1200’s saturator. This design is similar to a well-stirred fluid
bath and since the probe is not in air, the effects of self-heating associated with its measurement are
considered insignificant and will not be considered.
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3.2.2 Chamber Temperature Uncertainty Contribution

The chamber temperature uncertainty contribution in terms of relative humidity can be determined by
the partial numeric differential of the RH equation with respect to chamber temperature, multiplied by
the uncertainty of the chamber temperature component. The equation for this becomes

0 |es(Ts)f(Ts, %)) R
URH = 5257 281 SH._C .y |-uT,
e {esac)fac,&) O

(18)

uRH[Componen][ = Chamber Temperature component uncertainty in terms of percent relative humidity.
UT cjcomponeny = Chamber Temperature component uncertainty in terms of pressure.

Examining equations 3 and 4, dew and frost point equations, we see that the chamber temperature has
no component and therefore no uncertainty contribution to the generated dew or frost point
temperatures.

3.2.2.1 Chamber Temperature Measurement Uncertainty Component

Temperature measurement uncertainty of Model 1200 humidity generator’s chamber temperature probe
is specified as 0.05 °C. Based on a rectangular distribution, the uncertainty component of chamber
temperature measurement is then

UT c[measuremeng = *0.05 °C / N3 (DOF=infinite)

3.2.2.2 Chamber Temperature Resolution Uncertainty Component

The Model 1200 humidity generator uses a 16 Bit computer module to translate the chamber
temperature probe readings into digital values. The computer module has a specified resolution of
0.01°C. Based on a rectangular distribution of the half-interval of resolution, the uncertainty
component of chamber temperature resolution is then

UTc [resolution) = 0.01°C * 0.5/\3
= #0.01°C / V12 (DOF=infinite)

3.2.2.3 Chamber Temperature Self-Heating Uncertainty Component

Unlike the saturation temperature probe, the chamber temperature probe is used in air and there is the
possibility of some self-heating associated with this measurement that must be considered. The self-
heating, with temperature measurements in °C, is estimated to be 0.05% of reading. The equation for
the chamber temperature uncertainty of self-heating is then

UTc self-heating = * (0.05% * T ) / V3 (DOF=infinite)
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3.2.3 Temperature Uncertainty Contribution Summary
The standard uncertainties, uRH, components calculated using equation 15 and 18 from the associated

individual temperature components previously shown are summarized in the following table.

Note: The Model 1200 humidity generator is limited to a maximum dew point temperature of 50°C. Any value calculated above this limit is
grayed out of the following table.

Standard Temperature Uncertainty Components of RH (+%)

Saturation Pressure Range (psia), Chamber pressure = 14.7 psia

Y c
o

155 20.0 30.0 40.0 50.0 75.0 100.0 150.0 8 _% %

58 | 3

Saturation 94.9 %RH | 73.6 %RH | 49.1 %RH | 36.9 %RH | 29.6 %RH | 19.9 %RH | 14.9 %RH | 10.0 %RH | & iy o

Temperature Description
Ts Measurement | 0.18350 | 0.14233 | 0.09507 | 0.07144 | 0.05726 | 0.03836 | 0.02891 | 0.01946 | Infinity | Type B
O Tc Measurement | 0.18350 | 0.14236 | 0.09511 | 0.07149 | 0.05732 | 0.03842 | 0.02897 | 0.01953 | Infinity | Type B
°o Tc Self Heating 0.01835 | 0.01424 | 0.00951 | 0.00715 | 0.00573 | 0.00384 | 0.00290 | 0.00195 | Infinity | Type B
- Tc Resolution 0.03670 | 0.02847 | 0.01902 | 0.01430 | 0.01146 | 0.00768 | 0.00579 | 0.00391 | Infinity | Type B
Ts Resolution 0.01835 | 0.01423 | 0.00951 | 0.00714 | 0.00573 | 0.00384 | 0.00289 | 0.00195 | Infinity | Type B
94.9 %RH | 73.6 %RH | 49.1 %RH | 36.9 %RH | 29.6 %RH | 19.9 %RH | 14.9 %RH | 10.0 %RH
Ts Measurement | 0.15156 | 0.11755 | 0.07849 | 0.05896 | 0.04725 | 0.03162 | 0.02381 | 0.01600 | Infinity | Type B
O Tc Measurement | 0.15156 | 0.11756 | 0.07851 | 0.05899 | 0.04728 | 0.03166 | 0.02385 | 0.01605 | Infinity | Type B
Eo Tc Self Heating 0.05305 | 0.04114 | 0.02748 | 0.02065 | 0.01655 | 0.01108 | 0.00835 | 0.00562 | Infinity | Type B
™
Tc Resolution 0.03031 | 0.02351 | 0.01570 | 0.01180 | 0.00946 | 0.00633 | 0.00477 | 0.00321 | Infinity | Type B
Ts Resolution 0.01516 | 0.01175 | 0.00785 | 0.00590 | 0.00472 | 0.00316 | 0.00238 | 0.00160 | Infinity | Type B
49.1 %RH | 36.9 %RH | 29.6 %RH | 19.9 %RH | 14.9 %RH | 10.0 %RH
Ts Measurement 0.06574 | 0.04939 | 0.03957 | 0.02647 | 0.01992 | 0.01337 | Infinity | Type B
O Tc Measurement 0.06571 | 0.04936 | 0.03955 | 0.02647 | 0.01993 | 0.01339 | Infinity | Type B
ED Tc Self Heating 0.03943 | 0.02962 | 0.02373 | 0.01588 | 0.01196 | 0.00803 | Infinity | Type B
©
Tc Resolution 0.01314 | 0.00987 | 0.00791 | 0.00529 | 0.00399 | 0.00268 | Infinity | Type B
Ts Resolution 0.00657 | 0.00494 | 0.00396 | 0.00265 | 0.00199 | 0.00134 | Infinity | Type B
Table 4
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The standard uncertainties, uTp, components calculated using equation 16 from the associated
individual temperature components previously shown are summarized in the following table.

Note: The Model 1200 humidity generator is limited to a maximum dew point temperature of 50°C. Any value calculated above this limit is
grayed out of the following table.

Standard Temperature Uncertainty Components of Dew Point Temperature (x°C)

Saturation Pressure Range (psia), Chamber pressure = 14.7 psia
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Y= c
o E 9
15.5 20.0 30.0 40.0 50.0 75.0 100.0 150.0 33 g
i S8 5
Saturation o 9.2°CTd | 55°CTd |-0.2°C Td | -4.0°C Td | -6.9 °C Td |-12.0 °C Td|-15.5 °C Td|-20.2°C Td| 8 < i
Temperature Description
% Ts Measurement |  0.02869] 0.02784| 0.02658| 0.02574| 0.02511] 0.02404| 0.02332| 0.02236| Infinity | Type B
o
—
Ts Resolution 0.00287| 0.00278] 0.00266| 0.00257| 0.00251| 0.00240| 0.00233| 0.00224| Infinity | Type B
34.0°C Td|29.6°CTd|22.7°CTd |18.1°C Td | 146 °C Td| 8.6°CTd | 45°C Td |-1.1 °C Td
% Ts Measurement |  0.02867| 0.02772| 0.02632| 0.02540| 0.02471] 0.02354| 0.02277| 0.02173| Infinity | Type B
L0
(40]
Ts Resolution 0.00287| 0.00277| 0.00263| 0.00254| 0.00247| 0.00235 0.00228 0.00217| Infinity | Type B
45.4°C Td | 40.0 °C Td | 35.9 °C Td | 28.8 °C Td | 23.4 °C Td | 17.5 °C Td
% Ts Measurement 0.02607| 0.02506| 0.02433| 0.02307| 0.02223| 0.02114| Infinity | Type B
o
(o]
Ts Resolution 0.00261] 0.00251| 0.00243| 0.00231| 0.00222| 0.00211| Infinity | Type B
Table 5




The standard uncertainties, uTg, components calculated using equation 17 from the associated
individual temperature components previously shown are summarized in the following table.

Note: Any frost point value that is theoretically not possible is grayed out of the following table.

Standard Temperature Uncertainty Components of Frost Point Temperature (+°C)

Saturation Pressure Range (psia), Chamber pressure = 14.7 psia 5 £ S
15.5 20.0 30.0 40.0 50.0 75.0 100.0 150.0 82 "5
- QO
. o> O =
Saturation - -0.1°CTf | -3.6 °C Tf | -6.2°C Tf |-10.7 °C Tf|-13.8 °C Tf|-18.1 °C Tf| &L kT
Temperature Description
9 Ts Measurement 0.02345| 0.02286| 0.02241| 0.02164| 0.02111] 0.02039| Infinity | Type B
o
-
Ts Resolution 0.00235/ 0.00229] 0.00224| 0.00216/ 0.00211] 0.00204| Infinity | Type B
-0.9°CTf
O Ts Measurement 0.01921| Infinity | Type B
To)
™
Ts Resolution 0.00192] Infinity | Type B
9 Ts Measurement Infinity | Type B
3
Ts Resolution Infinity | Type B

Table 6

3.3 Equation Uncertainty Contribution

The equations used to calculate the saturation vapor pressure at a given temperature and its
enhancement factor at the same temperature and given pressure have published uncertainties as
determined by the author or authors of the equations. These equations are used throughout the Relative
Humidity, Dew point and Frost point equations and therefore contribute their own uncertainty to the
over all system.

3.3.1 Saturation Vapor Pressure Equation Uncertainty Component

The saturation vapor pressure is the partial pressure of the water vapor at a given temperature with
respect to ice or water. The saturation vapor pressure is dependent on temperature only and is
computed with the Wexler’s ™ saturation vapor pressure equation. Wexler “also list a table of
uncertainties at various temperatures for his saturation vapor pressure equation. These uncertainty
values are interpolated to determine the saturation vapor pressure equation uncertainty component for a
given temperature.

3.3.2 Enhancement Factor Equation Uncertainty Component

Enhancement factors are slight correction factors used to account for the non-ideal behavior of water
vapor when admixed with other gases. The enhancement factor is dependent on both temperature and
pressure and is computed with Greenspan’s ™ enhancement factor equation. Wexler and R.W. Hyland
[ Jist a table of uncertainties for various temperatures and pressures for the enhancement factor
equation. These uncertainty values are interpolated to determine the enhancement factors equation
uncertainty component for a given temperature and pressure.
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3.3.3 Equation Uncertainty Contribution Summary

The standard uncertainties, uRH, components calculated using the associated equation uncertainty
tables mentioned above are summarized in the following table.

Note: The Model 1200 humidity generator is limited to a maximum dew point temperature of 50°C. Any value calculated above this limit is
grayed out of the following table.

Standard Equation Uncertainty Components of RH (%)

Saturation Pressure Range (psia), Chamber pressure = 14.7 psia

Y= c
155 20.0 30.0 40.0 50.0 75.0 100.0 150.0 % % %
Saturation 94.9 %RH | 73.6 %RH | 49.1 %RH | 36.9 %RH | 29.6 %RH | 19.9 %RH | 14.9 %RH | 10.0 %RH § E S
Temperature | Description
SVP@Tt 0.00590 | 0.00457 | 0.00306 | 0.00230 | 0.00184 | 0.00123 | 0.00093 | 0.00063 | Infinity | Type B
9 SVP@Ts 0.00590 | 0.00457 | 0.00305 | 0.00228 | 0.00183 | 0.00122 | 0.00091 | 0.00061 | Infinity | Type B
8 F@Tt,Pt 0.00960 | 0.00745 | 0.00497 | 0.00374 | 0.00300 | 0.00201 | 0.00152 | 0.00102 | Infinity | Type B

F@Ts,Ps 0.01006 | 0.00980 | 0.00951 0.00938 | 0.00931 0.00921 0.00901 0.00889 | Infinity | Type B

94.9 %RH | 73.6 %RH | 49.1 %RH | 36.9 %RH | 29.6 %RH | 19.9 %RH | 14.9 %RH | 10.0 %RH

SVP@Tt 0.00795 | 0.00616 | 0.00412 | 0.00309 | 0.00248 | 0.00166 | 0.00125 | 0.00084 | Infinity | Type B
S) SVP@Ts 0.00794 | 0.00616 | 0.00411 0.00308 | 0.00246 | 0.00164 | 0.00123 | 0.00082 | Infinity | Type B
3 FQ@Tt,Pt 0.00722 | 0.00560 | 0.00374 | 0.00281 0.00225 | 0.00151 0.00114 | 0.00076 | Infinity | Type B
F@Ts,Ps 0.00764 | 0.00778 | 0.00795 | 0.00804 | 0.00810 | 0.00821 0.00838 | 0.00857 | Infinity | Type B
49.1 %RH | 36.9 %RH | 29.6 %RH | 19.9 %RH | 14.9 %RH | 10.0 %RH
SVP@Tt 0.00118 | 0.00088 | 0.00071 0.00047 | 0.00036 | 0.00024 | Infinity | Type B
9 SVP@Ts 0.00117 | 0.00088 | 0.00070 | 0.00047 | 0.00035 | 0.00023 | Infinity | Type B
8 FQ@Tt,Pt 0.00252 | 0.00189 | 0.00151 0.00101 0.00076 | 0.00051 | Infinity | Type B
F@Ts,Ps 0.00705 | 0.00752 | 0.00781 0.00819 | 0.00822 | 0.00827 | Infinity | Type B
Table 7
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The standard uncertainties, uTp, components calculated using the associated equation uncertainty
tables mentioned above are summarized in the following table.

Note: The Model 1200 humidity generator is limited to a maximum dew point temperature of 50°C. Any value calculated above this limit is
grayed out of the following table.

Standard Equation Uncertainty Components of Dew Point Temperature (x°C)

Saturation Pressure Range (psia), Chamber pressure = 14.7 psia 5 e S
155 20.0 30.0 40.0 50.0 75.0 100.0 150.0 % 8 }‘E
Saturation N 9.2°C 55°C | -02°C | -40°C | -69°C | -120°C | -155°C | -202°C | FF S
Temperature | Description Td Td Td Td Td Td Td Td
SVP@Ts 0.00092 | 0.00089 | 0.00085 | 0.00082 | 0.00080 | 0.00076 | 0.00074 | 0.00070 | Infinity | Type B
O SVP@Td 0.00087 | 0.00060 | 0.00022 | 0.00021 | 0.00021 | 0.00020 | 0.00019 | 0.00018 | Infinity | Type B
S F@Ts,Ps 0.00157 | 0.00192 | 0.00266 | 0.00338 | 0.00408 | 0.00577 | 0.00727 | 0.01021 | Infinity | Type B
F@Td,Pt 0.00150 | 0.00146 | 0.00140 | 0.00162 | 0.00178 | 0.00203 | 0.00218 | 0.00235 | Infinity | Type B
34.0°C 29.6 °C 22.7°C 18.1°C 14.6°C 8.6 °C 45°C -1.1°C
Td Td Td Td Td Td Td Td
SVP@Ts 0.00150 | 0.00145 | 0.00138 | 0.00133 | 0.00129 | 0.00122 | 0.00118 | 0.00112 | Infinity | Type B
% SVP@Td 0.00158 | 0.00190 | 0.00200 | 0.00159 | 0.00129 | 0.00082 | 0.00052 | 0.00022 | Infinity | Type B
3 F@Ts,Ps 0.00145 | 0.00184 | 0.00267 | 0.00346 | 0.00424 | 0.00612 | 0.00801 | 0.01165 | Infinity | Type B
F@Td,Pt 0.00128 | 0.00092 | 0.00144 | 0.00161 | 0.00156 | 0.00149 | 0.00145 | 0.00146 | Infinity | Type B
45.4°C 40.0°C 35.9°C 28.8°C 234°C 175°C
Td Td Td Td Td Td
SVP@Ts 0.00047 | 0.00045 | 0.00043 | 0.00041 | 0.00039 | 0.00037 | Infinity | Type B
© SVP@Td 0.00101 | 0.00112 | 0.00145 | 0.00196 | 0.00211 | 0.00153 | Infinity | Type B
8 F@Ts,Ps 0.00280 | 0.00382 | 0.00480 | 0.00714 | 0.00917 | 0.01308 | Infinity | Type B
F@Td,Pt 0.00144 | 0.00189 | 0.00146 | 0.00099 | 0.00135 | 0.00160 | Infinity | Type B
Table 8
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The standard uncertainties, uTg, components calculated using the associated equation uncertainty tables

mentioned above are summarized in the following table.

Note: Any frost point value that is theoretically not possible is grayed out of the following table.

Standard Equation Uncertainty Components of Frost Point Temperature (+°C)

3.4 Saturator Efficiency Uncertainty Contribution

All two-pressure humidity generators rely on the ability of the saturator to fully saturate the gas with
water vapor as it passes from inlet to outlet. The Model 1200 humidity generator incorporates a pre-

saturator device along with the saturator to assure the full saturation of the gas with water vapor. Why

this design helps assure 100% saturation of the gas, there may still be small amounts of uncertainty
with regards to saturator efficiency, but they are considered insignificant and will not be considered.
This analysis assumes 100% saturator efficiency.
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Saturation Pressure Range (psia), Chamber pressure = 14.7 psia 5 g S
15.5 20.0 30.0 40.0 50.0 75.0 100.0 150.0 % § ‘§
Saturation -0.1°C -36°C -62°C | -107°C| -138°C| -181°C| = E
Temperature | Description Tf Tf Tf Tf Tf Tf o w
SVP@Ts 0.00075 | 0.00073 | 0.00072 | 0.00069 | 0.00067 | 0.00064 | Infinity | Type B
% SVP@Td 0.00029 | 0.00247 | 0.00405 | 0.00660 | 0.00800 | 0.00978 | Infinity | Type B
S F@Ts,Ps 0.00235 | 0.00300 | 0.00364 | 0.00519 | 0.00658 | 0.00931 | Infinity | Type B
F@Td,Pt 0.00124 | 0.00141 | 0.00154 | 0.00175 | 0.00188 | 0.00204 | Infinity | Type B
-0.9°C
Tf
SVP@Ts 0.00099 | Infinity | Type B
% SVP@Td 0.00080 | Infinity | Type B
3 F@Ts,Ps 0.01030 | Infinity | Type B
F@Td,Pt 0.00128 | Infinity | Type B
SVP@Ts Infinity | Type B
% SVP@Td Infinity | Type B
3 F@Ts,Ps Infinity | Type B
F@Td,Pt Infinity | Type B
Table 9




4.0 Combined Standard and Expanded Uncertainty

The combined standard uncertainty is obtained by the statistical combination of the individual standard
uncertainty components of pressure, temperature, and equation in terms of relative humidity, dew point
or frost point.

Utilizing a confidence level of 95.45% and a coverage factor k=2, the expanded uncertainty, U, is
expressed by multiplying the combined standard uncertainty by the coverage factor as show in the
following formula

U=k*u (19)

Using equation 6 and 19, the following tables reflect the standard uncertainty components, uRH, the
combined standard uncertainty, u.RH, and the combined expanded uncertainty, URH, at various
temperatures and pressures.

Note: The Model 1200 humidity generator is limited to a maximum dew point temperature of 50°C. Any value calculated above this limit is
grayed out of the following tables.

Uncertainty Components of RH (%)

Saturation Pressure Range (psia), Chamber pressure = 14.7 psia

Y c
155 20.0 30.0 40.0 50.0 75.0 100.0 150.0 % é '§
Saturation o 94.9 %RH | 73.6 %RH | 49.1 %RH | 36.9 %RH | 29.6 %RH | 19.9 %RH | 14.9 %RH | 10.0 %RH § E E
Temperature Description
Ts Measurement 0.18350 | 0.14233 | 0.09507 | 0.07144 | 0.05726 | 0.03836 | 0.02891 | 0.01946 | Infinity | Type B
Tc Measurement 0.18350 | 0.14236 | 0.09511 | 0.07149 | 0.05732 | 0.03842 | 0.02897 | 0.01953 | Infinity | Type B
Tc Resolution 0.03670 | 0.02847 | 0.01902 | 0.01430 | 0.01146 | 0.00768 | 0.00579 | 0.00391 | Infinity | Type B
Tc Self Heating 0.01835 | 0.01424 | 0.00951 | 0.00715 | 0.00573 | 0.00384 | 0.00290 | 0.00195 | Infinity | Type B
Ts Resolution 0.01835 | 0.01423 | 0.00951 | 0.00714 | 0.00573 | 0.00384 | 0.00289 | 0.00195 | Infinity | Type B
oo P Measurement 0.01192 | 0.04748 | 0.06106 | 0.05692 | 0.05094 | 0.03888 | 0.03111 | 0.02217 | Infinity | Type B
8 F@Ts,Ps 0.01006 | 0.00980 | 0.00951 | 0.00938 | 0.00931 | 0.00921 | 0.00901 | 0.00889 | Infinity | Type B
FQ@Tt,Pt 0.00960 | 0.00745 | 0.00497 | 0.00374 | 0.00300 | 0.00201 | 0.00152 | 0.00102 | Infinity | Type B
SVP@Tt 0.00590 | 0.00457 | 0.00306 | 0.00230 | 0.00184 | 0.00123 | 0.00093 | 0.00063 | Infinity | Type B
SVP@Ts 0.00590 | 0.00457 | 0.00305 | 0.00228 | 0.00183 | 0.00122 | 0.00091 | 0.00061 | Infinity | Type B
Pc Hysteresis 0.00119 | 0.00611 | 0.01178 | 0.01464 | 0.01638 | 0.01875 | 0.02001 | 0.02139 | Infinity | Type B
P Resolution 0.00045 | 0.00181 | 0.00233 | 0.00217 | 0.00194 | 0.00148 | 0.00119 | 0.00085 | Infinity | Type B
Combined Standard Uncertainty| 0.26414 | 0.21031 | 0.15044 | 0.11871 | 0.09864 | 0.07067 | 0.05639 | 0.04258 [ Infinity

Expanded Uncertainty (k=2)| 0.52829 | 0.42061 | 0.30089 | 0.23742 | 0.19728 | 0.14133 | 0.11278 | 0.08517

Table 10
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Uncertainty Components of RH (%)

Saturation Pressure Range (psia), Chamber pressure = 14.7 psia 5 £ s
15.5 20.0 30.0 40.0 50.0 75.0 100.0 150.0 % 8 c_*g
Saturation o 94.9 %RH | 73.6 %RH | 49.1 %RH | 36.9 %RH | 29.6 %RH | 19.9 %RH | 14.9 %RH | 10.0 %RH §:‘: E
Temperature Description
Ts Measurement | 0.15156 | 0.11755 | 0.07849 | 0.05896 | 0.04725 | 0.03162 | 0.02381 | 0.01600 | Infinity | Type B
Tc Measurement | 0.15156 | 0.11756 | 0.07851 | 0.05899 | 0.04728 | 0.03166 | 0.02385 | 0.01605 | Infinity | Type B
Tc Self Heating 0.05305 | 0.04114 | 0.02748 | 0.02065 | 0.01655 | 0.01108 | 0.00835 | 0.00562 [ Infinity | Type B
Tc Resolution 0.03031 | 0.02351 | 0.01570 | 0.01180 | 0.00946 | 0.00633 | 0.00477 | 0.00321 [ Infinity | Type B
Ts Resolution 0.01516 | 0.01175 | 0.00785 | 0.00590 | 0.00472 | 0.00316 | 0.00238 | 0.00160 [ Infinity | Type B
o P Measurement 0.01192 | 0.04747 | 0.06101 | 0.05685 | 0.05086 | 0.03879 | 0.03100 | 0.02205 |[ Infinity | Type B
3 SVP@Tt 0.00795 | 0.00616 | 0.00412 | 0.00309 | 0.00248 | 0.00166 | 0.00125 | 0.00084 [ Infinity | Type B
SVP@Ts 0.00794 | 0.00616 | 0.00411 | 0.00308 | 0.00246 | 0.00164 | 0.00123 | 0.00082 [ Infinity | Type B
F@Ts,Ps 0.00764 | 0.00778 | 0.00795 | 0.00804 | 0.00810 | 0.00821 | 0.00838 | 0.00857 [ Infinity | Type B
F@Tt,Pt 0.00722 | 0.00560 | 0.00374 | 0.00281 | 0.00225 | 0.00151 | 0.00114 | 0.00076 [ Infinity | Type B
Pc Hysteresis 0.00119 | 0.00611 | 0.01178 | 0.01463 | 0.01636 | 0.01872 | 0.01995 | 0.02129 |[ Infinity | Type B
P Resolution 0.00045 | 0.00181 | 0.00233 | 0.00217 | 0.00194 | 0.00148 | 0.00118 | 0.00084 [ Infinity | Type B
Combined Standard Uncertainty| 0.22424 | 0.18023 | 0.13178 | 0.10536 | 0.08829 | 0.06409 | 0.05166 | 0.03967 | Infinity
Expanded Uncertainty (k=2)| 0.44848 | 0.36046 | 0.26357 | 0.21071 | 0.17657 | 0.12818 | 0.10333 | 0.07933
Table 11
Uncertainty Components of RH (%)
Saturation Pressure Range (psia), Chamber pressure = 14.7 psia 5 e g
15.5 20.0 30.0 40.0 50.0 75.0 100.0 150.0 % 8 g
Saturation o 49.1 %RH | 36.9 %RH | 29.6 %RH | 19.9 %RH | 14.9 %RH | 10.0 %RH §E 5
Temperature Description
Ts Measurement 0.06574 | 0.04939 | 0.03957 | 0.02647 | 0.01992 | 0.01337 | Infinity | Type B
Tc Measurement 0.06571 | 0.04936 | 0.03955 | 0.02647 | 0.01993 | 0.01339 | Infinity | Type B
Tc Self Heating 0.03943 | 0.02962 | 0.02373 | 0.01588 | 0.01196 | 0.00803 | Infinity | Type B
Tc Resolution 0.01314 | 0.00987 | 0.00791 | 0.00529 | 0.00399 | 0.00268 | Infinity | Type B
Ts Resolution 0.00657 | 0.00494 | 0.00396 | 0.00265 | 0.00199 | 0.00134 [ Infinity | Type B
Q P Measurement 0.06094 | 0.05678 | 0.05078 | 0.03871 | 0.03092 | 0.02196 | Infinity | Type B
3 F@Ts,Ps 0.00705 | 0.00752 | 0.00781 | 0.00819 | 0.00822 | 0.00827 | Infinity | Type B
F@Tt,Pt 0.00252 | 0.00189 | 0.00151 | 0.00101 | 0.00076 | 0.00051 [ Infinity | Type B
SVP@Tt 0.00118 | 0.00088 | 0.00071 | 0.00047 | 0.00036 | 0.00024 | Infinity | Type B
SVP@Ts 0.00117 | 0.00088 | 0.00070 | 0.00047 | 0.00035 | 0.00023 | Infinity | Type B
Pc Hysteresis 0.01177 | 0.01463 | 0.01635 | 0.01869 | 0.01991 | 0.02121 |[ Infinity | Type B
P Resolution 0.00232 | 0.00217 | 0.00194 | 0.00148 | 0.00118 | 0.00084 | Infinity | Type B
Combined Standard Uncertainty 0.11969 | 0.09684 | 0.08177 | 0.06006 | 0.04877 | 0.03786 | Infinity
Expanded Uncertainty (k=2) 0.23939 | 0.19369 | 0.16353 | 0.12012 | 0.09755 | 0.07571
Table 12
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Using equation 7 and 19, the following tables reflect the standard uncertainty components, uTp, the
combined standard uncertainty, u.Tp, and the combined expanded uncertainty, UTp, at various
temperatures and pressures.

Note: The Model 1200 humidity generator is limited to a maximum dew point temperature of 50°C. Any value calculated above this limit is
grayed out of the following tables.

Uncertainty Components of Dew Point Temperature (+°C)

Saturation Pressure Range (psia), Chamber pressure = 14.7 psia

Y— c
15.5 20.0 30.0 40.0 50.0 75.0 100.0 150.0 % % %
Saturation o 9.2°CTd | 55°CTd |-0.2°CTd | -4.0°C Td | -6.9 °C Td |-12.0 °C Td|-15.5 °C Td|-20.2 °C Td § £ E
Temperature Description
Ts Measurement | 0.02869 | 0.02784 | 0.02658 | 0.02574 | 0.02511 | 0.02404 | 0.02332 | 0.02236 | Infinity | Type B
Ts Resolution 0.00287 | 0.00278 | 0.00266 | 0.00257 | 0.00251 | 0.00240 | 0.00233 | 0.00224 [ Infinity | Type B
P Measurement | 0.00186 | 0.00928 | 0.01706 | 0.02049 | 0.02232 | 0.02435 | 0.02507 | 0.02545 | Infinity | Type B
1) F@Ts,Ps 0.00157 | 0.00192 | 0.00266 | 0.00338 | 0.00408 | 0.00577 | 0.00727 | 0.01021 [ Infinity | Type B
o F@Td,Pt 0.00150 | 0.00146 | 0.00140 | 0.00162 | 0.00178 | 0.00203 | 0.00218 | 0.00235 | Infinity | Type B
- SVP@Ts 0.00092 | 0.00089 | 0.00085 | 0.00082 | 0.00080 | 0.00076 | 0.00074 | 0.00070 |[ Infinity | Type B
SVP@Td 0.00087 | 0.00060 | 0.00022 | 0.00021 | 0.00021 | 0.00020 | 0.00019 | 0.00018 |[ Infinity | Type B
Pc Hysteresis 0.00019 | 0.00119 | 0.00329 | 0.00527 | 0.00718 | 0.01174 | 0.01612 | 0.02455 [ Infinity | Type B
P Resolution 0.00007 | 0.00035 | 0.00065 | 0.00078 | 0.00085 | 0.00093 | 0.00096 | 0.00097 [ Infinity | Type B
Combined Standard Uncertainty| 0.02900 | 0.02963 | 0.03203 | 0.03365 | 0.03476 | 0.03678 | 0.03869 | 0.04320 | Infinity
Expanded Uncertainty (k=2)| 0.05800 | 0.05925 | 0.06405 | 0.06729 | 0.06951 | 0.07357 | 0.07737 | 0.08641
Table 13
Uncertainty Components of Dew Point Temperature (+°C)
Saturation Pressure Range (psia), Chamber pressure = 14.7 psia 5 £ S
15.5 20.0 30.0 40.0 50.0 75.0 100.0 150.0 g g ‘_E
Saturation o 34.0°C Td|29.6 °C Td|22.7°C Td [18.1°C Td [14.6°C Td | 86°CTd | 45°CTd |-1.1°C Td E’ £ E
Temperature Description
Ts Measurement | 0.02867 | 0.02772 | 0.02632 | 0.02540 | 0.02471 | 0.02354 | 0.02277 | 0.02173 | Infinity | Type B
Ts Resolution 0.00287 | 0.00277 | 0.00263 | 0.00254 | 0.00247 | 0.00235 | 0.00228 | 0.00217 [ Infinity | Type B
P Measurement | 0.00225 | 0.01119 | 0.02046 | 0.02448 | 0.02659 | 0.02886 | 0.02962 | 0.02994 [ Infinity | Type B
1) F@Ts,Ps 0.00158 | 0.00190 | 0.00200 | 0.00159 | 0.00129 | 0.00082 | 0.00052 | 0.00022 [ Infinity | Type B
0 F@Td,Pt 0.00150 | 0.00145 | 0.00138 | 0.00133 | 0.00129 | 0.00122 | 0.00118 | 0.00112 [ Infinity | Type B
@ SVP@Ts 0.00145 | 0.00184 | 0.00267 | 0.00346 | 0.00424 | 0.00612 | 0.00801 | 0.01165 [ Infinity | Type B
SVP@Td 0.00128 | 0.00092 | 0.00144 | 0.00161 | 0.00156 | 0.00149 | 0.00145 | 0.00146 [ Infinity | Type B
Pc Hysteresis 0.00022 | 0.00144 | 0.00395 | 0.00630 | 0.00856 | 0.01393 | 0.01906 | 0.02890 [ Infinity | Type B
P Resolution 0.00009 | 0.00043 | 0.00078 | 0.00093 | 0.00101 | 0.00110 | 0.00113 | 0.00114 [ Infinity | Type B
Combined Standard Uncertainty| 0.02904 | 0.03023 | 0.03391 | 0.03620 | 0.03771 | 0.04037 | 0.04282 | 0.04847 | Infinity
Expanded Uncertainty (k=2)| 0.05809 | 0.06046 | 0.06781 | 0.07239 | 0.07542 | 0.08075 | 0.08564 | 0.09693
Table 14
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Uncertainty Components of Dew Point Temperature (+°C)

Saturation Pressure Range (psia), Chamber pressure = 14.7 psia 5 g S
155 20.0 30.0 40.0 50.0 75.0 100.0 150.0 % % g
Saturation o 45.4°CTd|40.0°C Td |35.9°C Td |28.8 °C Td | 234 °C Td [175°C Td| & i L%s
Temperature Description
Ts Measurement 0.02607 | 0.02506 | 0.02433 | 0.02307 | 0.02223 | 0.02114 | Infinity | Type B
Ts Resolution 0.00261 | 0.00251 | 0.00243 | 0.00231 | 0.00222 | 0.00211 | Infinity | Type B
P Measurement 0.02419 | 0.02884 | 0.03124 | 0.03374 | 0.03452 | 0.03473 | Infinity | Type B
O F@Ts,Ps 0.00280 | 0.00382 | 0.00480 | 0.00714 | 0.00917 | 0.01308 | Infinity | Type B
o F@Td,Pt 0.00144 | 0.00189 | 0.00146 | 0.00099 | 0.00135 | 0.00160 |[ Infinity | Type B
© SVP@Ts 0.00101 | 0.00112 | 0.00145 | 0.00196 | 0.00211 | 0.00153 | Infinity | Type B
SVP@Td 0.00047 | 0.00045 | 0.00043 | 0.00041 | 0.00039 | 0.00037 | Infinity | Type B
Pc Hysteresis 0.00467 | 0.00743 | 0.01006 | 0.01629 | 0.02222 | 0.03354 | Infinity | Type B
P Resolution 0.00092 | 0.00110 | 0.00119 | 0.00129 | 0.00132 | 0.00132 | Infinity | Type B
Combined Standard Uncertainty 0.03613 | 0.03927 | 0.04127 | 0.04471 | 0.04772 | 0.05441 | Infinity
Expanded Uncertainty (k=2) 0.07226 | 0.07854 | 0.08255 | 0.08942 | 0.09544 | 0.10882
Table 15
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Using equation 8 and 19, the following tables reflect the standard uncertainty components, uT, the

combined standard uncertainty, u.Tr, and the combined expanded uncertainty, UTg, at various

temperatures and pressures.

Note: Any frost point value that is theoretically not possible is grayed out of the following tables.

Uncertainty Components of Frost Point Temperature (+°C)

Saturation Pressure Range (psia), Chamber pressure = 14.7 psia 5 g S
15.5 20.0 30.0 40.0 50.0 75.0 100.0 150.0 % % g
Saturation o -0.1°C Tf | -3.6 °C Tf | -6.2 °C Tf |-10.7 °C Tf|-13.8 °C Tf|-18.1 °C Tf § i L%s
Temperature Description
P Measurement 0.01505| 0.01820| 0.01992| 0.02191| 0.02269| 0.02321| Infinity | Type B
Pc Hysteresis 0.00290| 0.00468| 0.00641| 0.01057| 0.01460 0.02239| Infinity | Type B
Ts Measurement 0.02345| 0.02286| 0.02241| 0.02164| 0.02111| 0.02039| Infinity | Type B
O SVP@Td 0.00029| 0.00247| 0.00405| 0.00660[ 0.00800| 0.00978| Infinity | Type B
o F@Ts,Ps 0.00235| 0.00300/ 0.00364| 0.00519| 0.00658| 0.00931] Infinity | Type B
- F@Td,Pt 0.00124| 0.00141| 0.00154| 0.00175| 0.00188| 0.00204| Infinity | Type B
Ts Resolution 0.00235| 0.00229| 0.00224| 0.00216| 0.00211| 0.00204| Infinity | Type B
P Resolution 0.00057| 0.00069| 0.00076| 0.00084| 0.00087| 0.00089| Infinity | Type B
SVP@Ts 0.00075| 0.00073| 0.00072] 0.00069| 0.00067| 0.00064] Infinity | Type B
Combined Standard Uncertainty 0.02826| 0.02998| 0.03128] 0.03376| 0.03592| 0.04060] Infinity
Expanded Uncertainty (k=2) 0.05652| 0.05997| 0.06256| 0.06751] 0.07183] 0.08119
Table 16
Uncertainty Components of Frost Point Temperature (+°C)
Saturation Pressure Range (psia), Chamber pressure = 14.7 psia 5 e g
15.5 20.0 30.0 40.0 50.0 75.0 100.0 150.0 g 8 §
Saturation o -0.9°C Tf §>E S
Temperature Description
P Measurement 0.02646 | Infinity | Type B
Pc Hysteresis 0.02554 | Infinity | Type B
Ts Measurement 0.01921 | Infinity | Type B
O F@Ts,Ps 0.01030 | Infinity | Type B
:"P) Ts Resolution 0.00192 | Infinity | Type B
F@Td,Pt 0.00128 | Infinity | Type B
P Resolution 0.00101 | Infinity | Type B
SVP@Ts 0.00099 | Infinity | Type B
SVP@Td 0.00080 | Infinity | Type B
Combined Standard Uncertainty 0.04284 | Infinity
Expanded Uncertainty (k=2) 0.08568
Table 17
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5.0 Summary
A summary of the final combined expanded uncertainty is summarized in the following tables.

Note: The Model 1200 humidity generator is limited to a maximum dew point temperature of 50°C. Any value calculated above this limit or
that is theoretically not possible, is grayed out of the following tables.

Expanded %RH Uncertainty (k=2)
Saturation Pressure Range (psia), Chamber pressure = 14.7 psia

155 20.0 30.0 40.0 50.0 75.0 100.0 | 150.0
Saturation |94.9 %RH |73.6 %RH |49.1 %RH |36.9 %RH | 29.6 %RH | 19.9 %RH | 14.9 %RH | 10.0 %RH
Temperature
10 °C +0.528 | +0.421 | +0.301 | +0.237 | #0.197 | +0.141 | #0.113 | +0.085
35°C +0.448 | +0.360 | +0.264 | +0.211 | #0.177 | +0.128 | +0.103 | +0.079
60 °C +0.239 | +0.194 | #0.164 | +0.120 | +0.098 | +0.076
Table 18
Expanded Dew Point Temperature Uncertainty (k=2)
Saturation Pressure Range (psia), Chamber pressure = 14.7 psia
155 20.0 30.0 40.0 50.0 75.0 100.0 | 150.0
Saturation 92°C | 55°C | -02°C | -40°C | -69°C | -12.0°C | -155°C | -20.2°C
Temperature Td Td Td Td Td Td Td Td
10 °C +0.058 | +0.059 | +0.064 | +0.067 | +0.070 | +0.074 | #0.077 | +0.086
340°C | 29.6°C | 227°C | 181°C | 146°C | 86°C | 45°C | -11°C
Td Td Td Td Td Td Td Td
35 °C +0.058 | +0.060 | +0.068 | +0.072 | +0.075 | +0.081 +0.086 +0.097
454°C | 40.0°C | 359°C | 28.8°C | 234°C | 175°C
Td Td Td Td Td Td
60 °C +0.072 | +0.079 | +0.083 | +0.089 | +0.095 | +0.109
Table 19
Expanded Frost Point Temperature Uncertainty (k=2)
Saturation Pressure Range (psia), Chamber pressure = 14.7 psia
15.5 20.0 30.0 40.0 50.0 75.0 100.0 | 150.0
Saturation -01°C| -36°C| -62°C| -107°C| -138°C | -18.1°C
Temperature Tf Tf Tf Tf Tf Tf
10 °C +0.057 | +0.060 | +0.063 +0.068 | +0.072 +0.081
-0.9°C
Tf
s5°c_ | | | | | | | £0.086
Table 20
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Chamber Temperature Uniformity Analysis
Of the
Thunder Scientific Model 1200 Two-Pressure Humidity Generator

1 Introduction

Described here is the Chamber Temperature Uniformity for a Model 1200 Humidity Generator.
Chamber temperature uniformity has a direct influence on relative humidity gradients within the
test chamber. In order to determine the chamber temperature uniformity, 10 thermometers of
equivalent type and nominal resistance where calibrated together over the temperature range 10 to
60 °C. The 10 thermometers were then strategically placed at various locations within the test
chamber, approximately 1/2 inch from each corner, one mounted rear center, and one mounted
bottom center.

2 Defining Equations
The maximum measurement deviation from the mean will be determined by noting the maximum

and minimum readings from the set of probes at the same point in time, then taking half the
difference of these values.

MaxDev = +0.5(MaxReading-MinReading) [1]

The uniformity will then be computed by RSS combination (root of the sum of the squares) of the
maximum deviation, MaxDev, and the estimated thermometer uncertainty, u(T).

uniformity> = MaxDev” + u*(T) [2]

3 Calibration of Thermometers

The 10 thermometers were calibrated at the same time, in the same bath, against the same
reference thermometer. Although they were calibrated in a well-stirred fluid bath, yet used in air,
self-heating is not considered a significant contributor since all probes are used in the same type
of environment. All should be subjected to similar self-heating effects that tend to cancel one
another when viewing differences between probes. The accuracy of the reference standard is also
considered insignificant, since the desired value here is relative probe difference, not individual
probe accuracy. The only concern in calibration of the thermometers is the relative accuracy of
each with respect to the group. With this in mind, the uncertainty of the probes, u(T), with
respect to each other after calibration is estimated to be

w(T) = £0.025 °C
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3.1 Measurement of Chamber Temperatures

The following data was gathered during the uniformity analysis conducted on Sep 2, 2003, using
a Model 1200, serial number 0308001. The generator was run at a fixed humidity of 50% RH,
and was allowed to stabilize for a minimum of two hours at each temperature listed. Note that the
maximum and minimum readings are indicated in bold type.

Probe | Location 10 °C nominal 25 °C ambient 60 °C nominal
1 Lower Left Rear 10.063 25.052 59.983
2 Lower Right Rear 10.056 25.056 60.000
3 Lower Left Front 10.059 25.052 59.998
4 Lower Right Front 10.047 25.043 59.992
5 Back Center 10.046 25.035 59.985
6 Upper Left Rear 10.057 25.050 59.994
7 Upper Right Rear 10.047 25.037 59.991
8 Upper Left Front 10.057 25.058 60.010
9 Upper Right Front 10.068 25.058 60.004
10 Bottom Center 10.067 25.059 60.008
Maximum Deviation (MaxDev) +0.011 +0.012 +0.014

4. Chamber Temperature Uniformity
As per equation 2, the uniformity at each of the 3 temperatures is computed as

Uniformity =sqrt(0.011% + 0.025%)
=£0.027 °C (at 10 °C)
=+0.028 °C (at 25 °C)
=+0.029 °C (at 60 °C)

This is within the stated uniformity specification of +0.10 °C.
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5. Calculation of Percent Relative Humidity Gradients

The Relative Humidity Gradients (uniformity) within the test chamber caused by the temperature
uniformity is calculated based on the 50%RH@Pc given the temperatures observed within the

chamber in section 3.1. This is mathematically calculated assuming a uniform Dew Point within
a chamber void of any heat-generating devices.

Note: When the 1200 generator is operated in %RH@PcTc mode the system will maintain the
desired %RH value at the chamber temperature probe. Any %RH uniformity would then

originate from the point of the chamber temperature probe.

Probe |Location 10 °C nominal 25 °C ambient | 60 °C nominal
1 Lower Left Rear 49.789 %RH 49.845 %RH 50.039 %RH
2 Lower Right Rear 49.813 %RH 49.833 %RH 50.000 %RH
3 Lower Left Front 49.803 %RH 49.845 %RH 50.005 %RH
4 Lower Right Front 49.843 %RH 49.872 %RH 50.019 %RH
5 Back Center 49.846 %RH 49.896 %RH 50.035 %RH
6 Upper Left Rear 49.809 %RH 49.851 %RH 50.014 %RH
7 Upper Right Rear 49.843 %RH 49.890 %RH 50.021 %RH
8 Upper Left Front 49.809 %RH 49.827 %RH 49.977 %RH
9 Upper Right Front 49.773 %RH 49.827 %RH 49.991 %RH
10 Bottom Center 49.776 %RH 49.824 %RH 49.981 %RH
Maximum Deviation (MaxDev) +0.037 %RH +0.036 %RH +0.031 %RH

5.1. Percent Relative Humidity Uncertainties Based on the Temperature Uncertainty

Calculating the percent relative humidity uncertainty at each temperature range based on the
uncertainty of the temperature probes in section 3 we obtain the following:

6. Chamber Percent Relative Humidity Uniformity

uRH(T) = +0.083 (at 10 °C)
uRH(T) = £0.074 (at 25 °C)
uRH(T) = +0.058 (at 60 °C)

As per equation 2, the uniformity at each of the 3 temperature ranges is computed as

uniformity =sqrt( 0.037% + 0.083%)

=+0.091%RH (at 10 °C)
=+0.082%RH (at 25 °C)
= +0.066%RH (at 60 °C)
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1.0 Introduction

Described here is the Relative Humidity Uncertainty Analysis, following the Guidelines of NIST
and NCSL International " ® "\, for a Model 2500 Humidity Generator that utilizes the NIST
developed and proven two-pressure humidity generation principle . Generation of humidity
in a system of this type does not require direct measurements of the water vapor content of the
gas. Rather, the generated humidity is derived from the measurements of saturation and chamber
pressures, and saturation and chamber temperatures.

The measurement instrumentation used in both our in-house working standards and our
manufactured devices are obtained from companies which have demonstrated either NIST
traceability or traceability to other acceptable standards. In most cases we therefore use the
specifications supplied by these manufacturers as the starting point for our uncertainty
statements. Over time, check calibrations against a NIST traceable pressure gauge and NIST
traceable standard resistance thermometer, as well as the results of an on-going intercomparison
program of both the individual components and of the outputs of operating generators, have
allowed the determination of the ranges of disagreement among the various temperatures and
pressures that enter into the final determination of the output uncertainties. The average values of
these disagreements represent the uncertainties from our in-house processes and things like
instrument drift over time, and these are coupled with the uncertainties given by the various
instrument manufacturers to give overall uncertainty statements.

This document lists the various uncertainty sources, their magnitudes, and their origins over the
operating range of the 2500 generator. Calculations of uncertainties associated with specific
generator outputs are done in detail.

2.0 Defining Equations

NIST Technical Note 1297!") states that the uncertainty in a dependent variable, which depends
only on uncorrelated input variables, is

uZ(y)=Zu2<xi>(%] n

Relative Humidity in a two-pressure humidity generator is determined from the measurements of
temperature and pressure only and is expressed by the formula "*!

es(T)F(Ms,Ps) P

%RH = s
es(Tc)f(Te,Pe) Py

2
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Whereas the dew point and frost point temperatures are defined implicitly by the following
relations and must be obtained through iterative solutions.

f(T.,P P
eW(TD)=eS(TS)‘%'P_C°US 3)

prfe s

f(T.,P P
e.ﬁp)=esﬁs)'%;))ﬁ—c'ﬂs 4)

Folc s

Where the f functions are enhancement factors, es is the saturation vapor pressure, €, is the
saturation vapor pressure over water, €, is the saturation vapor pressure over ice, 7 is the %
efficiency of saturation, Tp, Tg, Tc, Ts are the dew point, frost point, chamber and saturation
temperatures, and Pc and Ps are the chamber and saturation pressures.

By incorporating the relationship in equation 2 into an uncertainty equation of the form of
equation 1, it can be shown that the total uncertainty in relative humidity is given by the
expression

L R PSR

Similarly, the uncertainties in dew point and frost point measurement are

2 2 Ty 2 2 Ty 2 2 Ty 2 2 Mo 2
u"(Tp)=u (Ts)(aTs] e (PC)(ach " (PS)[aPs] " (nS)[anSJ v
and

2 2 & 2 2 % 2 2 E 2 2 E 2
w () =0 (Ts{aTsJ - (PC){apCJ o (PS)(aPSJ " ("S)(aﬂsj N

Clearly there are five inputs, which contribute uncertainty to the generation of relative humidity.
These are the uncertainties in the two pressures, two temperatures, and the efficiency of
saturation. There are four inputs, which contribute uncertainty to the generation of dew point and
frost point. These are the uncertainties in the two pressures, saturation temperature, and the
efficiency of saturation.

3.0 Uncertainty Components

In the mathematical analysis of equation 2, we’ll analyze the uncertainties due to each of the
above ratios separately, then combine the uncertainties to obtain the total expanded uncertainty.
We are therefore concerned with four specific categories of uncertainty, each of which may have
associated uncertainty components.

e uncertainty contribution from the pressure ratio term P./P;, which includes
measurement uncertainty
measurement hysteresis
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measurement resolution

e uncertainty contribution from the vapor pressure ratio term E/E., which includes
measurement uncertainty
saturation vs. chamber temperature intercomparison uncertainty
measurement resolution
chamber temperature self heating
chamber temperature uniformity

e uncertainty contribution from the enhancement factor ratio Fs/Fc

e uncertainty contribution from saturator efficiency

3.1 Uncertainty in the Pressure Ratio, Pc/Ps

The pressure ratio term, P./Py, in a two-pressure humidity generator is the major %RH
determining factor since both the Ey/E, and Fy/F, ratios are nearly equal to 1. Under those
conditions, RH = Pc/Ps * 100. To determine the affect a small change in pressure has on the
computed RH, the difference can be taken between the RH computed with the pressure
uncertainty included, and the RH computed without this uncertainty. This in effect is the partial
numeric differential of RH with respect to pressure, computed at that pressure. The equation for
this becomes

w(P) =={[(P£OP.)/(PxdPy) * F/F. * EJ/E. *100] — RH} (®)

where u(P) is designated as the uncertainty in relative humidity due to pressure

0P, = delta-chamber-pressure measurement, for which we will use one
standard deviation in chamber pressure measurement uncertainty.

OP; = delta-saturation-pressure measurement, for which we will use one
standard deviation in saturation pressure measurement uncertainty.

This equation may be simplified by substituting F/F. =1 and Ey/E. =1, as those two ratios will be
dealt with later. Also note, with these simplifying assumptions, that RH = P./P; * 100. Since the
focus here is on differences between the ideal and the delta-induced values, the simplifying
assumptions remain valid for the remainder of this uncertainty analysis. In quantifying
components, applying each of these substitutions results in

w(P) = £{(PEOP)/(P£0Py) - (P/Pg)} * 100 )

In the use of this formula, it may be necessary to apply values to only 0P, or 0P while
maintaining all others constant. Or it may be necessary to apply both simultaneously with
careful application of sign. The method chosen in each instance depends upon the component of
uncertainty being evaluated and related factors.

In determining components of uncertainty, there are several things to consider, such as
measurement uncertainty, measurement hysteresis, and measurement resolution.
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3.1.1 Measurement Uncertainty Components of Pressure

Measurement uncertainty components of pressure were analyzed from as found data of 10
separate Model 2500 humidity generators during their annual recalibrations. Each system was
tested at no fewer than 3 points over the range of the individual pressure transducers, resulting in
no fewer than 30 measurement results from which to compute statistical standard deviations.

For saturation pressures above 50 psia, one transducer measures the chamber pressure and a
separate transducer measures the saturation pressure. In this mode of operation, the standard
deviation from the desired mean values are:

Std dev = 0.039 psia for P<50 psia
Std dev = 0.089 psia for P>50 psia

The statistical standard deviations calculated from the calibration history also have an
uncertainty component from the Mensor PCS400 pressure standard used during the calibration
process. The uncertainty of the Mensor PCS400 pressure standard for the low and high-pressure
ranges are as follows:

uPC[Std] = 0.007 psia

uPgpgq) = 0.007 psia for P<50 psia
0.033 psia for P>50 psia

Therefore, the uncertainties in chamber and saturation pressure measurements, 0P, and 0Py, are

aP, = ((0.039)*+ (0.007)?) = 0.040 psia

oP, = ((0.039)> + (0.007)%) = 0.040 psia for P<50 psia
= ((0.089)* + (0.033) %) = 0.095 psia for P>50 psia

3.1.1.1 Measurement Uncertainty due to Pressure when Ps>50 psia

Sample calculations of the pressure uncertainty contributions would go as follows. First assume
conditions where the ambient (i.e., chamber) pressure is 14.7 psia. Since the chamber can
operate only at ambient pressure, then the chamber pressure is P.=14.7. The individual %RH
uncertainty contributions due to the pressure ratio term under these conditions are then written
and analyzed numerically for the high range saturation pressures as

u(Py) = £{(Pc+ AP)/(Py) - (P/Ps)} * 100

+{£0P./Ps} * 100 (10)
+{ £ 0.040/50} * 100

= 40.079 %RH (at P=50, %RH= Pc/Ps*100 = 29.40)

u(Py) = +{(P.)/(Ps £ OPy) - (P/Py)} * 100 (11)
= +{(14.7)/(50 + 0.095) — (14.7/50)} * 100

==+0.056 %RH (at Ps=50, %RH =29.40)

where u(P,.) is RH uncertainty due to uncertainty in chamber pressure P,
u(P;) is RH uncertainty due to uncertainty in saturation pressure P
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Note: In the above equations, only one value was varied at a time. Because of this and the fact
that the values will be squared before further use, the sign of the result is of no concern.

Now, performing the same calculations at a saturation pressure of 100 psia results in

u(P,) = +{ 0.040/100} * 100
= +0.040 %RH (at P.=100, %RH=14.70)

u(Py) = +£{(14.7)/(100 % 0.095) - (14.7/100)} * 100
= +0.014 %RH (at P.=100, %RH=14.70)

Performing the same calculations at a saturation pressure of 150 psia results in

u(P,) = +0.026 %RH (at P,=150, %RH=9.80)
u(P,) = +0.006 %RH (at P,=150, %RH=9.80)

Notice that as saturation pressure increases, %RH uncertainty decreases as expected.

3.1.1.2 Measurement Uncertainty due to Chamber Pressure when P ;<50 psia

For saturation pressures below 50 psia, a different measurement scheme is employed. Rather
than using two separate transducers for measuring chamber and saturation pressures, only one
transducer is used and it is time shared between the chamber and saturator. While this approach
reduces RH uncertainty, it complicates the analysis somewhat. Any measurement deviation in
this single transducer will simultaneously affect both the chamber and saturation pressure
readings. So when accounting for this uncertainty, it should be applied equally to both the
chamber and saturation pressures simultaneously, and both instances of it must contain the same
sign and magnitude. Computing uncertainty due to chamber pressure uncertainty then becomes

u(Pe) = £{(Pc + IP)/(Ps+ OP;) - (Pe/Pg)} * 100 (12)
Computing uncertainty due to chamber pressure measurement at various saturation pressures
between P=15.5 and 50 psia results in
u(P.) =+{(14.7 + 0.040)/(15.5 + 0.040) — (14.7/15.5)} * 100
=4 0.013 %RH (at P=15.5, %RH=94.84)

u(P,) = +{(14.7 + 0.040)/(20 + 0.040) — (14.7/20)} * 100
=+ 0.052 %RH (at P=20, %RH=73.50)

u(P,) =+{(14.7 + 0.040)/(30 + 0.040) — (14.7/30)} * 100
=+ 0.067 %RH (at P=30, %RH=49.00)

u(P,) = +{(14.7 + 0.040)/(40 + 0.040) — (14.7/40)} * 100
=+ 0.062 %RH (at P=40, %RH=36.75)

u(P,) = +{(14.7 + 0.040)/(50 + 0.040) — (14.7/50)} * 100
=+ 0.056 %RH (at P=50, %RH=29.4)
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3.1.1.3 Measurement Uncertainty due to Saturation Pressure with P,<50

The final component of pressure measurement uncertainty to account for when dealing with
saturation pressures below 50 psia is the uncertainty due to saturation pressure. The same
transducer is used for both the saturation and chamber pressure measurements, and some
uncertainty of this transducer has already been accounted for in the analysis due to chamber
pressure measurement uncertainty. Double counting of the uncertainty component associated
with the saturation pressure measurement can be avoided estimating its weighted value based on
the value of the reading. For instance, at 50 psia the entire uncertainty of =0.039 psia should
apply, but at lower pressures, the uncertainty in measurement should drop proportionately. The
uncertainty should therefore be accounted for as a function of reading rather than a straight sum.
This scaled uncertainty in pressure measurement is then estimated by

OP; =0.040/50 * P
=0.0008 * P, [for P<50 psia]

The associated uncertainty formula will then be
u(Py) =£{(P)/(Ps £ OPy) - (P/Pg)} * 100
=£{(P.)/(Ps £(0.0008*Py)) — (P./Py)} * 100 (13)

Computing uncertainty due to saturation pressure measurement at various saturation pressures
between P=15.5 and 50 psia (with Pc=14.7) results in

u(P,) =+0.075 %RH (at Ps=15.5, %RH =94.84)
u(P,) =+0.058 %RH (at Ps=20, %RH =73.50)
u(P,) =+0.039 %RH (at Ps=30, %RH =49.00)
u(P,) =+0.029 %RH (at Ps=40, %RH =36.75)
u(P,) =+0.023 %RH (at Ps=50, %RH =29.40)

3.1.2 Uncertainty due to Pressure Hysteresis

When the low range pressure transducer is time shared as it is for saturation pressures below 50
psia, the transducer is also subject to some measurement hysteresis. For more than 98% of the
time, the transducer monitors the saturation pressure (approximately 5 minutes). For less than
2% of the time (once every 5 minutes for approximately 5 seconds), the transducer monitors the
chamber pressure. By this criteria, it is only the chamber pressure which is affected by
hysteresis. Again the sign of the deviation is important since hysteresis will always tend to
increase the apparent measured value of the chamber pressure. The equation for uncertainty due
to hysteresis, u(H), is

u(H) = £{(P.+Hysteresis)/(Ps) - (P./Ps)}*100

The maximum amount of hysteresis is estimated as +0.1% of the measured difference between
the saturation and chamber pressures, with a rectangular distribution. The full interval is
believed to ride on only one side of the true value, rather than centered about its mean.
Therefore, the full interval, rather than half interval, is used in the following computations

Hysteresis = {0.1% * (P<-P)}/A3
= 0.00058 * (Ps-P.)

So the uncertainty component due to hysteresis is then computed as
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u(H) =+{(P. + 0.00058*(P,-P.))/(P;) — (P./Ps)} * 100 (14)
==+0.058(1-P/P;) or +0.00058(100-RH)

Computing uncertainty due to hysteresis at various saturation pressures between P.=15.5 and 50
psia (with P.=14.7) results in

u(H) = +0.003 %RH (at P.=15.5, %RH=94.84)
u(H) = +0.015 %RH (at P.=20, %RH=73.50)
u(H) = +0.030 %RH (at P.=30, %RH=49.00)
u(H) = +0.034 %RH (at P.=40, %RH=36.75)
u(H) = +0.041 %RH (at P.=50, %RH=29.40)

3.1.3 Uncertainty in Pressure Measurement Resolution

The Analog to Digital conversion process resolves 1 part in 25000 over the range of each of the
pressure transducers. Based on a rectangular distribution of the half-interval of resolution, the
uncertainty component of pressure resolution is then

resolution,, = (transducer range)/25000%0.5/\3
0.00058 psia for P<50
0.00174 psia for P>50

Since this uncertainty is specific to each and every individual measurement taken, it must be
considered separately for both the chamber and saturation pressure measurements, regardless of
which transducer is being utilized for the given operating conditions. The equations for
uncertainty due to chamber pressure measurement resolution, u(Rp.), and saturation pressure
measurement resolution, u(Rp;), are similar to equations 10 and 11 and are shown as

u(Rp;) = *{resolution,/Ps} * 100 (15)
u(Rps) =={(P.)/(Ps £ resolution,) - (P./Pg)} * 100 (16)

Computing the uncertainties due to pressure measurement resolution at chamber pressure of 14.7
psia, and over the saturation pressure range of 15.5 to 150 psia results in

u(Rp.) =+0.004 %RH (at P,=15.5, %RH=94.84)
u(Rp.) =£0.003 %RH (at P,=20, %RH=73.50)
u(Rpe) =%0.003 %RH (at P,=30, %RH=49.00)
u(Rp.) =£0.001 %RH (at P,=40, %RH=36.75)
u(Rp.) =%0.001 %RH (at P,=50, %RH=29.40)
u(Rpe) =£0.001 %RH (at P,=100, %RH=14.70)
u(Rp.) =%0.000 %RH (at P,=150, %RH=9.80)

u(Rps) ==+0.004 %RH (at P=15.5, %RH=94.84) [low range]
u(Rps) ==£0.002 %RH (at P:=20, %RH=73.50) [low range]
u(Rps) ==+0.001 %RH (at P=30, %RH=49.00) [low range]
u(Rps) ==+0.001 %RH (at P&=40, %RH=36.75) [low range]

Uncertainty Analysis of the Thunder Scientific Model 2500 “Two-Pressure” Humidity Generator Page 7 of 17
Copyright © 2006, Thunder Scientific Corporation. All Rights Reserved.
Document: TSC 2500 RHAnalysis.doc Rev A



u(Rps) ==£0.000 %RH (at P&=50, %RH=29.40) [low range]
u(Rps) ==+0.001 %RH (at P=50, %RH=29.40) [high range]
u(Rps) ==+0.000 %RH (at P:=100, %RH=14.70) [high range]
u(Rps) ==+0.000 %RH (at P=150, %RH=9.80) [high range]

3.1.4 Summary of Uncertainty in the Pressure Ratio P ./P;

The standard uncertainty, u.(P./P;), in the pressure ratio P./P; is determined from the associated
individual components previously shown.

u’(P/Py) = w(P.) + u*(Py) +u*(Rp.) + u’(Rypy) + u’(H) (17)

It is summarized in the following table.

Table 1: Standard Uncertainty Components of RH due to Pressure Ratio Pc/Ps

Standard Uncertainty Components of RH due to pressure at Various Saturation Pressures

High Range Pressure,
Low Range Pressure, Ps<50 Ps>50
Source Type| Term 15.5 20 30 40 50 50 100 150

measurement A u(P,) 0.013 | 0.052 | 0.067 | 0.062 | 0.056 | 0.079 | 0.040 | 0.026
measurement A u(Py) 0.075 | 0.058 | 0.039 | 0.029 | 0.023 | 0.056 | 0.014 | 0.006
resolution B u(Rp,) | 0.004 | 0.003 | 0.001 | 0.001 | 0.001 | 0.001 | 0.001 | 0.000
resolution B u(Rps) | 0.004 | 0.005 | 0.001 | 0.001 | 0.000 | 0.001 | 0.000 | 0.000
hysteresis B u(H) 0.003 | 0.015 | 0.03 | 0.034 | 0.041

combined u.(P/Py) | 0.076 | 0.080 | 0.083 | 0.076 | 0.073 | 0.097 | 0.042 | 0.027

3.2 Uncertainty in the Vapor Pressure Ratio, E(/E,

E, and E_ are Saturation Vapor Pressures computed at the saturation temperature and chamber
temperature respectively, using the equation of Wexler'*. In a perfectly ideal two-pressure
humidity generator, the saturation temperature and chamber temperature would be exactly the
same, resulting in an ideal E/E_ ratio of 1.00 exactly. A calculated E/E, ratio of 1.0 contributes
nothing to the calculation of %RH. However, in a real system, some slight differences do exist
between the saturation and chamber temperatures, providing the need for measurement of these
temperatures.

The uncertainty in RH due to temperature can be determined in a manner similar to that of
equation 8, with the underlying assumptions that Fy/F. =1, and P./P; *100 =RH. The formula for
computing the contribution due to temperature is

W(T) =={Pe/Ps *(Ejrs + ors))/(Efre 2 o1¢)) * F/F}*100 - RH
£ {(Errs £ o)/ (Bpre £ o1ep) -1} * RH (18)

where u(T) is designated as uncertainty in RH due to temperature
OT. = uncertainty in chamber temperature measurement
0T = uncertainty in saturation temperature measurement
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E[1s-o1s) = Saturation Vapor Pressure computed at the Saturation Temperature,
Ts, when perturbed by the possible temperature uncertainty, 0T

E(tc + o1¢] = Saturation Vapor Pressure computed at the Saturation Temperature,
T., when perturbed by the possible temperature uncertainty, 0T..

The individual uncertainty components which must be examined are measurement uncertainty,
uncertainty of vapor pressure equations, saturation vs. chamber temperature intercomparison
uncertainty, measurement resolution, and self heating.

3.2.1 Measurement Uncertainty Components of Temperature

Since the temperatures are always nearly equal, and are computed as a ratio of the corresponding
saturation vapor pressures, it can be easily seen that if there is no mismatch between the chamber
and saturation temperatures, then the ratio becomes 1.0 exactly and there is no uncertainty
contribution due to temperature. This could also be true even if the temperature measurement of
the two probes was actually incorrect or in error, provided the relative difference between them
was zero. So if both were in error, but indicated the same numeric value at the same equal
temperature, then again there would be no uncertainty contribution. Therefore, the contribution
of uncertainty to RH due to temperature measurement accuracy is considered insignificant.

The contribution of uncertainty to Dew Point due to temperature measurement accuracy is on the
other hand not insignificant. Since chamber temperature has no role in the Dew Point equation
only saturator temperature measurement accuracy has an affect. This affect will be covered in
the Intercomparison Uncertainty section.

3.2.2 Uncertainty of Vapor Pressure Equations

The equations used for computation of vapor pressure are those of Wexler'”. While there is
uncertainty associated with the use of these equations, vapor pressures are always computed in
ratio to one another with temperatures nearly equal to each another. Under these circumstances,
the individual vapor pressure values, while they may be in error, cause no significant uncertainty
when taken as a ratio. Therefore, the contribution due to uncertainty in the vapor pressure
equations is considered insignificant.

3.2.3 Saturation vs. Chamber Temperature Intercomparison Uncertainty

While the actual measurement accuracy of the two temperature probes is of little concern, the
ability of the chamber and saturation temperature probes to indicate the same measured value at
the same temperature is important, and is termed the intercomparison uncertainty.
Intercomparison uncertainty was analyzed from as found data of 11 separate Model 2500
humidity generators during their annual calibration. Each system was tested at no fewer than 3
points over the range of 0 to 70 °C, resulting in 47 intercomparison results (difference between
the indicated saturation temperature and indicated chamber temperature) from which to compute
statistical standard deviation. The standard deviation of the difference between the saturation
and chamber temperatures over the stated temperature range is

Std dev =0.00985 °C

For Dew Point the saturation temperature measurement uncertainty was analyzed from the same
as found data and was found to be slightly lower than the intercomparison standard deviation
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above. To aid in simplicity the larger intercomparison standard deviation is assumed and will be
applied to the saturation temperature.

Since it is the difference between the temperature probes that is of concern, not the actual
measurement accuracy, then the above number need only be applied to one of the temperatures
while maintaining the other constant. In this case, the saturation temperature is chosen as the one
to perturb, while maintaining the chamber temperature constant at the ideal value. The
perturbation amount which represents the intercomparison uncertainty is simply the standard
deviation, and is therefore

0T =0.00985 °C

The RH uncertainty due to temperature intercomparison, u(T;), is then written as

u(Ty) == {(E[rs +0.00985)/(E[1ep) - 1} * RH (19)

and may now be computed at several different saturation (or system) temperatures.

u(Ti) == {(Eo+0.00085)/(Eo ) -1} * RH
=4 {611.6495/611.1533 -1} *RH
=4 (0.00081 * RH (at T<=T=0 °C)

==+ {E3500085/E3s =1} * RH
=4 {5629.514/5626.447 -1} * RH
=+ 0.00055 * RH (at T&=T.=35 °C)

== {E70.00985/E70 — 1} *RH
=+ {31190.6/31177.31 -1} * RH
=+ 0.00043 * RH (at T&=T.=70 °C)

3.2.4 Uncertainty in Temperature Measurement Resolution

The analog to digital conversion process, which transforms probe resistance into digital values
resolves to 0.01 °C. Based on a rectangular distribution of the half-interval, the uncertainty
component of temperature resolution is then

resolution; = 0.01 * 0.5/\3
=0.0029

Since this uncertainty is specific to each and every individual measurement taken, it must be
considered separately for both the chamber and saturation temperature measurements. The
equations for uncertainty due to chamber temperature resolution, u(Rr.), and saturation
temperature resolution, u(Rry), are given as

u(RTC) ==z {(ETS/ET0+0.0029) 71} * RH (20)

U(Rrs) ==+ {(Ers+0.0020/Ere) =1} * RH (21)
The uncertainty components due to temperature resolution can now be computed at several
temperatures using the above equations.

u(Rr,) =+ 0.00024 * RH (at T=T.=0 °C)
u(Rye) =+ 0.00016 * RH (at T=T.-35 °C)
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u(Rye) =+ 0.00013 * RH (at T=T.=70 °C)

u(Ryy) == 0.00024 * RH (at T=T.=0 °C)
u(Ryy) == 0.00016 * RH (at T=T.=35 °C)
u(Ryy) == 0.00013 * RH (at T=T.=70 °C)

3.2.5 Uncertainty due to Self-Heating of Chamber Temperature Probe

The chamber temperature probe is generally calibrated and checked in a well-stirred fluid bath,
but used in air. There is the possibility of some self-heating associated with this measurement
then that must be considered. The self-heating, with temperature measurements in °C, is
estimated to be 0.05% of reading. The equation for the temperature uncertainty of self-heating is
then

Self-Heating = 0.05% * T, /N3
=0.00029 *T,

The equation for RH uncertainty due to self heating of the chamber temperature probe is then
expressed as

u(SH) ==+ {(Ery/E1.00020+1c) —1} * RH (22)

Again, computing this at several temperatures results in

u(SH) = = 0 (at T=T.=0 °C)
u(SH) = = 0.00055 * RH (at T,=T.=35 °C)
u(SH) =+ 0.00087 * RH (at T,=T.=70 °C)

3.2.6 Summary of Uncertainty in the Saturation Vapor Pressure Ratio EJ/E,

The standard uncertainty of RH due to temperature, u.(Ey/E.), in the saturation vapor pressure
ratio Ey/E, is determined form the individual components previously shown, and are combined
using the equation

u(EJ/E) =u’(T)) + u’(Rye) + v’(Ry) + u*(SH) (23)

Table 2: Standard Uncertainty Components of RH due to Vapor Pressure Ratio Es/Ec

Standard Uncertainty Components of RH due to Temperature at Various Temperatures

Temperature
Source Type Term 0°C 35 °C 70 °C
Ts-Tc intercomparison A u(Ti)/RH 0.00081 0.00055 0.00043

Ts resolution B u(RTs)/RH 0.00024 0.00016 0.00013
Tc resolution B u(RTc)/RH 0.00024 0.00016 0.00013
self heating B u(SH)/RH 0.00000 0.00055 0.00087
combined u(Es/Ec)/RH 0.00088 0.00081 0.00099
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33 Uncertainty in the Enhancement Factor Ratio F/F.

Enhancement factors are slight correction factors used to account for the non-ideal behavior of
water vapor when admixed with other gases. The enhancement factor is dependent on both
temperature and pressure and is computed with the equation of Greenspan™. In determining the
uncertainty due to the enhancement factor ratio, the individual uncertainty components that must
be evaluated are measurement uncertainty due to temperature and pressure, and uncertainty of
the enhancement factor equations.

3.3.1 Measurement Uncertainty due to Temperature and Pressure

The enhancement factor ratio, Fy/F., varies insignificantly with small perturbations in
temperature and pressure. Uncertainties calculated from the ratio of Fy/F, are at least an order of
magnitude less than the uncertainties computed from the terms P./P; and E/E.. Therefore,
measurement uncertainty due to temperature and pressure is considered negligible for this
evaluation.

3.3.2 Uncertainty of the Enhancement Factor Equation

The computational uncertainty of the enhancement factor ratio causes a corresponding
uncertainty in computed RH of £0.007% at 10%RH, reducing linearly toward an RH uncertainty
of 0 at 100%. An equation to define this systematic uncertainty in RH due to the enhancement
factor equation is written as

EqDiff = +[0.00008(100-RH)] (24)
Since this is determined to be a known, systematic, uncorrected error, the uncertainty in RH due
to the enhancement factor equation, u(F.), is then

u(Fy) = 0.00008(100-RH) (25)

3.3.3 Summary of Uncertainty in the Enhancement Factor Ratio

The standard uncertainty, u.(Fy/F.), in the enhancement factor ratio is dominated by the
uncertainty of the enhancement factor equation, and is therefore given as

u.(Fy/Fo) = 0.00008(100-RH) (26)

Table 3: Standard Uncertainty Components of RH due to Enhancement Factor

Standard Uncertainty Components of RH due to Enhancement Factor

High Range Pressure,
Ps>50

Source Type| Term | 155 | 20 30 40 50 50 100 | 150
94.84 | 73.50 | 49.00 | 36.75129.40 | 29.40 | 14.70 | 9.80
%RH | %RH [ %RH | %RH | %RH | %RH | %RH | %RH

Low Range Pressure, Ps<50

equation B u(F.;) ]0.0004{0.0021]0.004110.0051{0.0054{0.0056]0.0068/0.0074
combined u(Fy/F.) 10.0004(0.0021{0.0041{0.0051{0.0054/0.0056]0.0068]0.0074
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34 Uncertainty due to Saturator Efficiency

All two pressure humidity generators rely on the ability of the saturator to fully saturate the gas
with water vapor as it passes from inlet to outlet. This analysis assumes 100% saturator
efficiency.

4.0 Combined Standard Uncertainty

The combined standard uncertainty, u.(RH), is obtained by statistical combination of the
standard uncertainty components of pressure ratio, vapor pressure ratio, enhancement factor
ratio, and saturator efficiency. The combined uncertainty formula is then the sum of the
variances

u(RH) = u(P/P,) + u (EJ/E,) + ul(FJ/F.) (27)

The following tables reflect the standard uncertainty components and the combined standard
uncertainty at various temperatures and pressures.

Table 4: Combined Standard Uncertainty Components of RH at 0 °C

Combined Standard Uncertainty of RH due to Standard Uncertainty Components at 0 °C

High Range Pressure,
Low Range Pressure, Ps<50 Ps>50
15.5 20 30 40 50 50 100 150
94.84 | 73.50 | 49.00 | 36.75 | 29.40 | 29.40 | 14.70 | 9.80
Source Type| Term | %RH | %RH | %RH | %RH | %RH | %RH | %RH | %RH
pressure ratio AB | u(P./Py) | 0.076 | 0.080 | 0.083 | 0.076 | 0.073 | 0.097 | 0.042 | 0.027
vapor pressure ratio AB | u(EJ/E) | 0.083 | 0.065 | 0.043 | 0.032 | 0.026 | 0.026 | 0.013 | 0.009
enhancement factor ratio B | u/(Fy/F.) | 0.0004 | 0.0021 | 0.0041 | 0.0051 | 0.0054 | 0.0056 | 0.0068 | 0.0074
combined u(RH) | 0.113 | 0.103 | 0.094 | 0.083 | 0.078 | 0.101 | 0.044 | 0.029
Table 5: Combined Standard Uncertainty Components of RH at 35 °C
Combined Standard Uncertainty of RH due to Standard Uncertainty Components at 35 °C
High Range Pressure,
Low Range Pressure, Ps<50 Ps>50
15.5 20 30 40 50 50 100 150
94.84 | 73.50 | 49.00 | 36.75 | 29.40 | 29.40 | 14.70 | 9.80
Source Type| Term | %RH | %RH | %RH | %RH | %RH | %RH | %RH | %RH
pressure ratio AB | u(P./Py) | 0.076 | 0.080 | 0.083 | 0.076 | 0.073 | 0.097 | 0.042 | 0.027
vapor pressure ratio AB | u(EJ/E) | 0.077 | 0.060 | 0.040 | 0.030 | 0.024 | 0.024 | 0.012 | 0.008
enhancement factor ratio B | u/(Fy/F.) | 0.0004 | 0.0021 | 0.0041 | 0.0051 | 0.0054 | 0.0056 | 0.0068 | 0.0074
combined u(RH) | 0.108 | 0.100 | 0.092 | 0.082 | 0.077 | 0.100 | 0.044 | 0.029
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Table 6: Combined Standard Uncertainty Components of RH at 70 °C

Combined Standard Uncertainty of RH due to Standard Uncertainty Components at 70 °C

High Range Pressure,
Low Range Pressure, Ps<50 Ps>50

15.5 20 30 40 50 50 100 150

94.84 | 73.50 | 49.00 | 36.75 | 29.40 | 29.40 | 14.70 | 9.80

Source Type| Term | %RH | %RH | %RH | %RH | %RH | %RH | %RH | %RH

pressure ratio AB | u/(P/Py) | 0.076 | 0.080 | 0.083 | 0.076 | 0.073 | 0.097 | 0.042 | 0.027
vapor pressure ratio AB | uJ(EJE) | 0.094 | 0.073 | 0.049 | 0.036 | 0.029 | 0.029 | 0.015 | 0.010
enhancement factor ratio B | u(Fy/F.) | 0.0004 | 0.0021 | 0.0041 | 0.0051 | 0.0054 | 0.0056 | 0.0068 | 0.0074
combined u(RH) | 0.121 | 0.108 | 0.096 | 0.084 | 0.079 | 0.101 | 0.045 | 0.030

4.1 Combined Standard Dew Point Uncertainty

Given any %RH, saturation temperature, saturation pressure and chamber pressure a
corresponding dew point can be derived. The following tables show the combined Dew Point
uncertainty at various saturation temperatures and dew points, using the RH values and
uncertainties from the previous sections.

Table 7: Combined Standard Uncertainty Components of Dew Point at 0 °C

Combined Standard Uncertainty of Dew Point due to Standard Uncertainty Components at 0 °C

High Range Pressure,
Low Range Pressure, Ps<50 Ps>50

15.5 20 30 40 50 50 100 150
-0.64 | -3.69 | -8.40 | -11.64 | -14.10 | -14.10 | -23.82 | -25.29
Source Type | Term |°CDP |°CDP|°CDP|°CDP |°CDP |°CDP |°CDP | °CDP
pressure ratio AB | u/(P/Py | 0.011 | 0.015 | 0.022 | 0.026 | 0.030 | 0.040 | 0.032 | 0.030
vapor pressure AB | u(E) | 0012]0.011 |0.01T | 0.011 | 0.011 | 0.011 | 0.010 | 0.010
enhancement factor ratio B | u(F/Fy) | 0000 | 0.000 | 0.002 | 0.002 | 0.002 | 0.002 | 0.005 | 0.008
combined u(DP) | 0.016 | 0.019 | 0.024 | 0.028 | 0.031 | 0.041 | 0.034 | 0.033

Table 8: Combined Standard Uncertainty Components of Dew Point at 35 °C

Combined Standard Uncertainty of Dew Point due to Standard Uncertainty Com

ponents at 35 °C

High Range Pressure,
Low Range Pressure, Ps<50 Ps>50
15.5 20 30 40 50 50 100 150

34.05 | 29.55 | 22.69 | 18.04 | 14.54 | 14.54 |4.25°C| -1.40

Source Type | Term |°CDP|°CDP |°CDP|°CDP|°CDP|°CDP| DP |°CDP

pressure ratio AB | uy(P/Py) | 0.015 | 0.019 | 0.028 | 0.033 | 0.039 | 0.051 | 0.041 | 0.038
vapor pressure AB | u(E) | 0.0150.014 | 0.014 | 0.013 | 0.012 | 0.012 | 0.012 | 0.011
enhancement factor ratio B | uJ(Fy/Fy) | 0-000 | 0.001 | 0.002 | 0.002 | 0.002 | 0.003 | 0.006 | 0.010
combined u,(DP) | 0.021 | 0.024 | 0.031 | 0.036 | 0.041 | 0.053 | 0.043 | 0.040
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Table 9: Combined Standard Uncertainty Components of Dew Point at 70 °C

Combined Standard Uncertainty of Dew Point due to Standard Uncertainty Components at 70 °C
High Range Pressure,
Low Range Pressure, Ps<50 Ps>50
15.5 20 30 40 50 50 100 150

68.78 | 63.05 | 54.36 | 48.51 | 44.13 | 44.13 | 31.35 | 24.40

Source Type | Term |°CDP|°CDP|°CDP |°CDP |°CDP |°CDP|°CDP |°CDP

pressure ratio AB |u(P/Py) | 0.018 | 0.024 | 0.035 | 0.041 | 0.048 | 0.063 | 0.051 | 0.046
vapor pressure AB | uJEy) |0.023]0.022 | 0.020 | 0.019 | 0.019 | 0.019 | 0.018 | 0.017
enhancement factor ratio B | u(F/Fy) | 0000 | 0.001 | 0.002 | 0.003 | 0.003 | 0.003 | 0.008 | 0.013
combined u(DP) | 0.029 | 0.033 | 0.041 | 0.046 | 0.052 | 0.066 | 0.054 | 0.051

5.0 Expanded Uncertainty

Utilizing a coverage factor k=2, the expanded uncertainty, U, is expressed in the following table
at various temperatures and humidities, using the formula

All values expressed for expanded uncertainty, U, are %Relative Humidity (%RH).

U =k * u(RH)

Table 10: Expanded Uncertainty of RH

(28)

Expanded Uncertainty of RH with coverage factor k=2

Low Range Pressure, Ps<50

High Range Pressure, Ps>50

15.5 20 30 40 50 50 100 150

Saturation 94.84 73.50 49.00 36.75 29.40 29.40 14.70 9.80
Temperature %RH %RH %RH %RH %RH %RH %RH %RH
0°C +0.23 +0.21 +0.19 +0.17 +0.16 +0.20 +0.09 +0.06
35°C +0.22 +0.20 +0.18 +0.16 +0.15 +0.20 +0.09 +0.06

70 °C +0.24 +0.22 +0.19 +0.17 +0.16 +0.20 +0.09 +0.06
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5.1 Expanded Dew Point Uncertainty

Utilizing a coverage factor k=2, the expanded uncertainty, U, is expressed in the following table

at various temperatures and dew points, using the formula

U =k * u(DP) (29)
All values expressed for expanded uncertainty, U, are Dew Point (°C).
Table 11: Expanded Uncertainty of Dew Point
Expanded Uncertainty of DP/FP °C with coverage factor k=2
High Range Pressure,
Low Range Pressure, Ps<45 Ps>45

155 | 20 30 40 50 50 100 | 150
-0.64 | -3.69 | -8.40 |-11.64|-14.10|-14.10|-23.82 |-25.29
Saturation Temperature OC DP OC DP OC DP OC DP OC DP OC DP OC DP OC DP
0°C +0.03 | £0.04 | £0.05 | £0.06 | £0.06 | £0.08 | £0.07 | £0.07
34.05 | 29.55 | 22.69 | 18.04 | 14.54 | 14.54 | 4.25 | -1.40
°CDP |°CDP|°CDP |°CDP |°CDP |°C DP |°C DP | °C DP
35°C +0.04 | £0.05 | £0.06 | £0.07 | £0.08 | +0.11 | £0.09 | +0.08
68.78 | 63.05 | 54.36 | 48.51 | 44.13 | 44.13 | 31.35 | 24.40
°CDP|°CDP |°CDP |[°C DP|°CDP |°C DP | °C DP | °C DP
70 °C +0.06 | £0.07 | £0.08 | £0.09 | £0.10 | £0.13 | £0.11 | £0.10
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Chamber Temperature Uncertainty Analysis
of the
Thunder Scientific Model 2500 Two-Pressure Humidity Generator

Bob Hardy, Thunder Scientific Corporation,Albuquerque, NM, USA

1 Introduction

Described here is the Chamber Temperature Uncertainty Analysis, following NIST Guideline
1297, for aModel 2500 Humidity Generator. The chamber temperature is measured with a 10k
ohm thermistor, calibrated in-circuit against a reference thermometer in awell stirred fluid bath.

2 Defining Equation

The actual equation used to convert resistance of the thermistor to temperature is considered
insignificant to this analysis since the thermistor is calibrated in the system, as a system to align
the thermistor’ s indicated temperature readings with the reference thermometer. The exact
equations and mathematics used to achieve this alignment are not considered in this analysis.

3 Uncertainty Components

In the mathematical analysis of chamber temperature, there are several factorsto consider. Those
factors include measurement uncertainty, measurement resolution, self heating, and uncertainty of
the reference standard.

3.1 Measurement Uncertainty

For computation of chamber temperature uncertainty due to measurement uncertainty, analysis
was performed on as found data of 10 separate Model 2500 humidity generators during their
annual recdlibrations. This datais from customer owned units, returned to Thunder Scientific for
calibration, each with one year or more of service since the previous cdibration. Thisanalysis
typifies expected uncertainty after one year of in field use.

Each chamber temperature was tested against a reference thermometer at 3 points over the range
of 0to 70°C, resulting in 30 points from which to compute statistical standard deviation. The
standard deviation of the difference between the reference standard and chamber temperatures
over the stated temperature range is

Std dev =0.018°C

The uncertainty in chamber temperature due to measurement, u(M), is then the standard deviation
of the repeated measurements just stated.

u(M) =0.018°C

3.2 Uncertainty in Temperature Measurement Resolution

The analog to digital conversion process which transforms probe resistance into digital values
resolvesto 0.01°C. Based on arectangular distribution of the half-interval, the uncertainty
component of temperature resolution is then

u(R) = 0.01* 0.5/C8
= 0.0029
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3.3 Uncertainty dueto Self Heating of Chamber Temperature Probe

The chamber temperature probe is generally calibrated and checked in awell stirred fluid bath,
but used in air. Thereisthe possibility of some self heating associated with this measurement
then that must be considered. The self heating, with temperature measurementsin °C, is
estimated to be +0.05% of reading. Based on rectangular distribution of the interval, the equation
for the temperature uncertainty of self heating, u(SH), is then

u(SH) =0.05% * T, /CB
= 0.00029 * T,

3.4 Uncertainty of the Temperature Reference Standard

The reference thermometer has a manufacturer stated accuracy of +0.01°C. Assuming
rectangular distribution of the half interval, the uncertainty of the temperature reference standard,
U(Tye), isthen

U(Tr) = 0.01/C8
= 0.006°C

4 Combined Standard Uncertainty of Chamber Temperature

The standard uncertainty components and the resulting combined standard uncertainty of
chamber temperature, u(T,), are listed in the following table. The combined uncertainty was
computed as the square root of the sum of the variances with the equation

UZ(To) = u*(M) + U(R) + UA(SH) + U (T )

Standard Uncertainty Components of Chamber Temperature
Temperature
Source Type Term 0 | 35 | )

M easurement A u(M) 0.018
Resolution B u(R) 0.003
Self Heating B u(SH) 0000 | 0010 [ 0020
Reference B U(Tre) 0.006
combined U(To) 019 | .02 | .08
Chamber Temperature Uncertainty Analysis of the Thunder Scientific Model 2500 Two-Pressure Humidity Generator Page 20of3

Copyright ©1998, Thunder Scientific Corporation. All Rights Reserved.
Document: 2500TcUncertAnalysis.doc  Author: Bob Hardy



5. Expanded Uncertainty

Utilizing a coverage factor k=2, the expanded uncertainty, U, islisted in the following table at

various temperatures using the following formula.
U=k* u(T)

Expanded Uncertainty of Chamber Temperature with Coverage Factor k=2

. Temperature
Source Term Timelnterval 0 5 )
Chamber Temperature U One Y ear +0.038°C +0.044°C +0.056°C

Note that the expanded uncertainties shown represent expected uncertainties after one year of

use.

References:

1. Taylor, Barry N. and Kuyatt, Chris E., Guidelines for Evaluating and Expressing the Uncertainty of NIST
Measurement Results, NIST Technical Note 1297, 1994 Edition

2. Kuyatt, Chris, et a., Determining and Reporting Measurement Uncertainties, Recommended Practice RP-12,

National Conference of Standards Laboratories, April 1995
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Chamber Temperature Uniformity Analysis
Of the
Thunder Scientific Model 2500 Two-Pressure Humidity Generator

1 Introduction

Described here is the Chamber Temperature Uniformity for a Model 2500 Humidity Generator.
Chamber temperature uniformity has a direct influence on relative humidity gradients within the
test chamber. In order to determine the chamber temperature uniformity, 10 thermometers of
equivalent type and nominal resistance where calibrated together over the temperature range 15 to
35 °C. The thermometers were then strategically placed at various locations within the test
chamber, approximately 1 to 2 inches from each corner (8 probes total), and 2 inches left and
right of center (2 probes total).

2 Defining Equations
The maximum measurement deviation from the mean will be determined by noting the maximum

and minimum readings from the set of probes at the same point in time, then taking half the
difference of these values.

MaxDev = +0.5(MaxReading-MinReading) [1]

The uniformity will then be computed by RSS combination (root of the sum of the squares) of the
maximum deviation, MaxDev, and the estimated thermometer uncertainty, u(T).

uniformity> = MaxDev” + u*(T) [2]

3 Calibration of Thermometers

The 10 thermometers were calibrated at the same time, in the same bath, against the same
reference thermometer. Although they were calibrated in a well stirred fluid bath, yet used in air,
self heating is not considered a significant contributor since all probes are used in the same type
of environment. All should be subjected to similar self heating effects which tend to cancel one
another when viewing differences between probes. The accuracy of the reference standard is also
considered insignificant, since the desired value here is relative probe difference, not individual
probe accuracy. The only concern in calibration of the thermometers is the relative accuracy of
each with respect to the group. With this in mind, the uncertainty of the probes, u(T), with
respect to each other after calibration is estimated to be

w(T) = £0.025 °C
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3.1 Measurement of Chamber Temperatures

The following data was gathered during the uniformity analysis conducted on 4 Dec 1997, using a
Model 2500, serial number 9711116. The generator was run at a fixed humidity of 50% RH, and
was allowed to stabilize for a minimum of one hour at each temperature listed. Note that the
maximum and minimum readings are indicated in bold type.

Probe | Location 15 °C nominal 25 °C ambient 35 °C nominal
1 Lower Left Front 15.169 24.937 34.856
2 Lower Right Front 15.215 24.906 34.812
3 Lower Left Rear 15.333 24.938 34.710
4 Lower Right Rear 15.225 24916 34,787
5 Upper Left Front 15.150 24.935 34.868
6 Upper Right Front 15.164 24.897 34.853
7 Upper Left Rear 15.163 24.935 34.850
8 Upper Right Rear 15.156 24914 34.852
9 Left Center 15.171 24917 34.847
10 Right Center 15.169 24.894 34.829
Maximum Deviation (MaxDev) +0.0915 +0.022 +0.079

4. Chamber Temperature Uniformity
As per equation 2, the uniformity at each of the 3 temperatures is computed as

uniformity =sqr( 0.0915% + 0.025%)
=£0.095°C (at 15 °C)

= +0.033°C (at 25 °C)
= +0.083°C (at 35 °C)

This is within the stated accuracy specification of +0.10 °C when the chamber is operated within
+10 °C of ambient temperature.
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5. Calculation of Percent Relative Humidity Gradients

The Relative Humidity Gradients (uniformity) within the test chamber caused by the temperature
uniformity is calculated based on the 50%RH@Pc given the temperatures observed within the

chamber in section 3.1. This is mathematically calculated assuming a uniform Dew Point within
a chamber void of any heat-generating devices.

Note: When the 2500 generator is operated in %RH@PcTc mode the system will maintain the
desired %RH value at the chamber temperature probe. Any %RH uniformity would then

originate from the point of the chamber temperature probe.

Probe Location 15 °C nominal 25 °C ambient 35 °C nominal
1 Lower Left Front 49.459 %RH 50.188 %RH 50.400 %RH
2 Lower Right Front 49.313 %RH 50.281 %RH 50.523 %RH
3 Lower Left Rear 48.940 %RH 50.185 %RH 50.810 %RH
4 Lower Right Rear 49.281 %RH 50.251 %RH 50.594 %RH
5 Upper Left Front 49.520 %RH 50.194 %RH 50.367 %RH
6 Upper Right Front 49.475 %RH 50.308 %RH 50.409 %RH
7 Upper Left Rear 49.478 %RH 50.194 %RH 50.417 %RH
8 Upper Right Rear 49.500 %RH 50.257 %RH 50.412 %RH
9 Left Center 49.453 %RH 50.248 %RH 50.426 %RH
10 Right Center 49.459 %RH 50.317 %RH 50.476 %RH

Maximum Deviation (MaxDev)

+0.290 %RH

+0.066 %RH

+0.222 %RH

5.1. Percent Relative Humidity Uncertainties Based on the Temperature Uncertainty

Calculating the percent relative humidity uncertainty at each temperature range based on the
uncertainty of the temperature probes in section 3 we obtain the following:

uRH(T) = £0.079 (at 15 °C)
uRH(T) = £0.075 (at 25 °C)
uRH(T) = £0.069 (at 35 °C)

6. Chamber Percent Relative Humidity Uniformity
As per equation 2, the uniformity at each of the 3 temperature ranges is computed as

uniformity =sqr( 0.290* + 0.079%)
=+0.300%RH (at 15 °C)

==+0.100%RH (at 25 °C)
==+0.232%RH (at 35 °C)
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Dew/Frost Point Uncertainty Analysis of the
Model 3900
Two-Temperature, Two-Pressure Low Humidity Generator

Revision A
December 7, 2006

1 Introduction

Described here is the Dew Point and Frost Point Uncertainty Analysis, following NIST Guideline 1297",
for a Model 3900 Humidity Generator, manufactured by Thunder Scientific Corporation, that combines the
NIST developed and proven two-temperature and two-pressure humidity generation principles.>’
Generating gas of a known dew point or frost point temperature in a system of this type does not require
direct measurements of the water vapor content of the gas. Rather, the generated dew point and/or frost
point temperature is derived from the measurements of saturation temperature, saturation pressure, and the
pressure at the point of use, commonly referred to as either test pressure or chamber pressure. For the
purposes of this analysis, the terms ‘test pressure’ and ‘chamber pressure’ are synonymous with each other.

2 Defining Equations

2.1 Common Equations

The following equations of Hardy’ for saturation vapor pressure, enhancement factor, and temperature
(from saturation vapor pressure) are common and fundamental to most humidity calculations presented
here.

2.1.1 Saturation Vapor Pressure over Water, e

Saturation vapor pressure over water at a given ITS-90 temperature is defined by the formula ')

6 .
e= exp(z gT" 7 +g, lnT] (1)

i=0

where eis the saturation vapor pressure, in Pascals, over liquid water in the pure phase,
T is the temperature in Kelvin,
and  go=-2.8365744-10°
01 = -6.028076559-10°
0= 1.954263612:10"
0s =-2.737830188:107
gs= 1.6261698-107
gs= 7.0229056-107"°
gs = -1.8680009:107"
g7 = 2.7150305

2.1.2 Saturation Vapor Pressure over Ice, e

Saturation vapor pressure over ice at a given temperature is defined by the formula ')
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where

and

4
e= exp(z kT + K; lnT] )

i=0

eis the saturation vapor pressure, in Pascals, over ice in the pure phase
T is the temperature in Kelvin

ko = -5.8666426-10°

k = 2.232870244-10"

k,= 1.39387003-107

ks = -3.4262402:107

ky= 2.7040955-10®

ks= 6.7063522:10™"

2.1.3 Enhancement Factors

The ‘effective’ saturation vapor pressure over water or ice in the presence of other gases differs from the
ideal saturation vapor pressures given in equations 1 and 2. The effective saturation vapor pressure is
related to the ideal by

where

and

é=ef (€))

€is the ‘effective’ saturation vapor pressure
eis the ideal saturation vapor pressure (as given in equation 1 or 2)
f is the enhancement factor.

The enhancement factor, for an air-water vapor mixture, is determined at a given temperature and pressure

from the formula

(7]

3
with  a=Y aT' )
i=0
3 .
and fB= exp[Z b,T'j (©6)
i=0
where  f is the enhancement factor
e is the ideal saturation vapor pressure (as given in equation 1 or 2)
P is pressure in the same units as
T is temperature in Kelvin
and a,, by depend on temperature range and are given as
for water

223.151t0273.15 K (-50 to 0 °C)

273.15t0 373.15 K (0 to 100 °C)

ap=-5.5898101-107
a; = 6.7140389-10™
a, = -2.7492721-10°°
a;= 3.8268958-107

by =-8.1985393-10"
b, = 5.8230823-10"

ap=-1.6302041-10"
a;= 1.8071570-10°
a, = -6.7703064-10°
a;= 8.5813609-107

by =-5.9890467-10"
b, = 3.4378043-10"
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for ice

173.15 to 223.15 K (-100 to -50 °C)

b, =-1.6340527-10"
b;= 1.6725084-10°

ap=-7.4712663-107
a; = 9.5972907-10"
a, = -4.1935419-10°
a;= 6.2038841-107

by =-1.0385289-107
b, = 8.5753626-10"
b, =-2.8578612-107
by = 3.5499292-10°

b, =-7.7326396-10*
b; = 6.3405286:107

223.15 t0 273.15 K (-50 to 0 °C)

ap = -7.1044201-107
a, = 8.6786223-10™
a, = -3.5912529-10°
a;= 5.0194210-107

by =-8.2308868-10"
b; = 5.6519110-10™
b, =-1.5304505-10"
by = 1.5395086-10°

2.1.4 Temperature from Saturation Vapor Pressure

Equations 1 and 2 are easily solved for saturation vapor pressure over water or ice for a given saturation
temperature. However, if vapor pressure is known while temperature is the unknown desired quantity, the
solution immediately becomes complicated and must be solved by iteration. For ease of computation, the
following inverse equation is provided. This equation is generally used to find the dew point or frost point
temperature when the vapor pressure of a gas has been determined. When vapor pressure is known, use the
water coefficients to obtain dew point, and use the ice coefficients to obtain frost point.

2.2
221

T=2— @)

where T is the temperature in Kelvin
and e s the saturation vapor pressure in Pascals

with coefficients

for water for ice
co= 2.0798233-10° co= 2.1257969-10°
¢, =-2.0156028-10" ¢, =-1.0264612-10"

¢, = 4.6778925-107"
c; =-9.2288067-10°

d(): 1

d,; =-1.3319669-10"
d, = 5.6577518-10°
d;=-7.5172865-107

¢, = 1.4354796:10"!
C3 = 0
d(): 1
d, =-8.2871619-10
d, = 2.3540411-10°
dy;=-2.4363951-10"

Dew Point and Frost Point Determination
Definitions of Terms

Ts Saturation Temperature. The temperature at which the gas is fully saturated with water
vapor, and is most often made by a direct measurement of the temperature of the saturator
itself. Tsis in Kelvin, tsis in °C.

T. Chamber Temperature. The temperature of the gas in the test chamber, or in the device
under test, at the location of the humidity sensor. T is in Kelvin, t; is in °C.
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Ty

T

Pe

fs

Dew Point Temperature. The temperature to which a gas must be cooled in order to just
begin condensing in the form of liquid dew. While contrary to common sense, liquid
dew can form in a meta-stable state at temperatures below freezing (called super-cooled
dew). Thus, dew point temperatures below 0 °C are quite common and reproducible.
While dew point and frost point exhibit identical vapor pressures, dew point and frost
point temperatures are not the same, except at 0.01 °C which is the triple point of water.
Tqis in Kelvin, tqis in °C.

Frost Point Temperature. The temperature to which a gas must be cooled in order to just
begin condensing in the form of frost or ice. Frost point only exists at temperatures
below freezing (t <= 0.01 °C). While frost point and dew point exhibit identical vapor
pressures, frost point and dew point temperatures are not the same, except at 0.01 °C
which is the triple point of water. T is in Kelvin, t; is in °C.

Saturator Pressure. (As it applies to the humidity generators described in this document,
Saturation Pressure is synonymous with Saturator Pressure.) The total pressure in the
saturator, measured at the final point of saturation (generally the saturator outlet). This is
an absolute (not gauge) measurement. Psis in Pascals.

Chamber Pressure. The total pressure as measured in the test chamber, or at the device
under test, at the location of the humidity sensor. This is also referred to throughout this
document as Test Pressure. This is an absolute (not gauge) measurement. P is in
Pascals.

Saturation Vapor Pressure at the Saturation Temperature. The partial pressure of the
water vapor in the saturator, as determined by measurement of the saturation temperature.
Regardless of the total pressure of the saturator, €; is dependent on saturation temperature
only and further assumes that full saturation is actually being achieved. For temperatures
above freezing, & is computed as Saturation Vapor pressure over Water. For
temperatures below freezing, s is generally computed as Saturation Vapor Pressure over
Ice. esis expressed in Pascals.

Saturation Vapor Pressure at the Chamber Temperature. The maximum possible partial
pressure of water vapor that could exist in the test chamber, if the gas were fully saturated
with water vapor at the chamber temperature. Regardless of the total pressure of the
chamber, € is dependent on chamber temperature only. For temperatures above freezing,
€. is computed as Saturation Vapor pressure over Water. For temperatures below
freezing, € is generally computed as Saturation Vapor Pressure over Ice. However,
when using €, in the computation of %RH, but only when doing so in accordance with
the World Meteorogical Organization (WMO) adopted quidelines, & is to be computed
with respect to water for all temperature conditions, even those below freezing. € is
expressed in Pascals.

Saturation Vapor Pressure at the Dew/Frost Point Temperature (also known as Dew
Point Vapor Pressure, Frost Point Vapor Pressure, and partial water vapor pressure).
The partial pressure of the water vapor at the dew point temperature and computed with
respect to liquid water, or at the frost point temperature and computed with respect to ice.
Where frost point exists (at all temperatures below freezing), dew point vapor pressure
calculated a the dew point temperature with repect to liquid water and frost point vapor
pressure calculated at the frost point temperature with respect to ice are always equal and
synonymous terms. €q is expressed in Pascals.

Enhancement Factor at Saturation Temperature and Saturation Pressure. The
enhancement factor corrects for the slight non-ideal behavior of water vapor when
admixed with other gases. The effective saturation vapor pressure that results under
saturation at any given temperature and pressure condition is determined by computing
the product of the saturation vapor pressure and the enhancement factor.
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f. Enhancement Factor at Chamber Temperature and Chamber Pressure. The
enhancement factor corrects for the slight non-ideal behavior of water vapor when
admixed with other gases. The effective saturation vapor pressure that results under
saturation at any given temperature and pressure condition is determined by computing
the product of the saturation vapor pressure and the enhancement factor.

f¢ Enhancement Factor at Dew/Frost Point Temperature and Chamber Pressure. The
enhancement factor corrects for the slight non-ideal behavior of water vapor when
admixed with other gases. The effective dew/frost point vapor pressure that results under
saturation at any given temperature and pressure condition is determined by computing
the product of the dew/frost point vapor pressure and the enhancement factor.

Dew Point Temperature, Ty

Dew point temperature is the temperature to which a gas must be cooled in order to just begin condensing
water vapor in the form of dew. Dew point temperature in this system is obtained with the following
iterative steps.

A.

The vapor pressure € at the saturation temperature is calculated with equation 1 or equation 2. To
get e; from this equation, the saturation temperature Tgis used for T. When T¢> 0, equation 1 is
used. When T4 < 0, specific knowledge of the state of the water (whether liquid or ice) is needed.
While it is possible for the water in a saturator to remain liquid for a short time when below 0 °C,
liquid water in a saturator operating below 0 °C will eventually freeze into a state of ice. (A
saturator that has been operating at or below —5 °C for more than an hour is most often expected to
be operating in a state of ice.) Once frozen into ice, the water remains in that state as long as the
saturation temperature remains below 0 °C. When the saturator is operating in a state of ice,
equation 2 is required.

The enhancement factor fs at the saturation temperature and saturation pressure is calculated using
equation 4. To get fs from this equation, calculations are performed using e=¢e;, P=Pg and T=
Ts. Equation 4 must be used with the correct coefficients (relative to the correct temperature range
for water or ice) based upon saturation temperature T and specific knowledge of the state of the
water in the saturator.

An educated guess is made at the dew/frost point enhancement factor, fy. Setting f4=11isa
suitable first guess.

The dew/frost point vapor pressure €4 of the gas is computed with the two-pressure, two-
temperature relationship

e,—e.l: P
fd Ps

Dew point temperature Ty is calculated from dew/frost point vapor pressure €4 using equation 7
and the coefficients for water. To get Ty from this equation, calculations are performed using € =

€4.
The dew/frost point enhancement factor fq is calculated using equation 4 and the coefficients for

water of the appropriate range (based on the value of Ty). To get fy from this equation,
calculations are performed using e= ey, P =P, and T= T

®)

The dew point temperature, Ty, converges to the proper value by iterating steps D through F
several times as necessary.
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2.2.3 Frost Point Temperature, Ts
Frost point temperature is the temperature to which a gas must be cooled in order to just begin condensing
water vapor in the form of frost or ice. Frost point only exists at temperatures below freezing.

Note that generating a frost point does not require ice in the saturator, nor does generating a dew point temperature
require liquid water in the saturator. While the state of the saturator is required for proper application of the
equations and their calculations, the generator is ultimately controlling at some specified vapor pressure. Dew point
temperature and frost point temperature share the same vapor pressure and enhancement factor, but have different
numeric values of temperature. All vapor pressures that correspond to a dew point temperature at or below 0.01 °C
also have a corresponding frost point temperature. At a dew point temperature of 0.01 °C, frost point temperatureis
equal to dew point temperature. For all values below that, the two diverge from each other with dew point temperature
always lower in value than the corresponding frost point temperature. Dew point temperature and frost point
temperature, while different from each other in numeric value, are equally valid methods of expressing the same vapor
pressure.

Frost point is obtained with the following iterative steps.

A. The vapor pressure € at the saturation temperature is calculated with equation 1 or equation 2. To
get e, from this equation, the saturation temperature Tgis used for T. When T¢> 0, equation 1 is
used. When T4 < 0, specific knowledge of the state of the water (whether liquid or ice) is needed.
While it is possible for the water in a saturator to remain liquid for a short time when below 0 °C,
liquid water in a saturator operating below 0 °C will eventually freeze into a state of ice. (A
saturator that has been operating at or below —5 °C for more than an hour is most often expected to
be operating in a state of ice.) Once frozen into ice, the water remains in that state as long as the
saturation temperature remains below 0 °C. When the saturator is operating in a state of ice,
equation 2 is required.

B. The enhancement factor fs at the saturation temperature and saturation pressure is calculated using
equation 4. To get fs from this equation, calculations are performed using e=¢e;, P=Pg and T=
Ts. Equation 4 must be used with the correct coefficients (relative to the correct temperature range
for water or ice) based upon saturation temperature Tg and specific knowledge of the state of the
water in the saturator.

C. An educated guess is made at the dew/frost point enhancement factor, fy. Setting fq=11isa
suitable first guess.

D. The dew/frost point vapor pressure &4 of the gas is using equation 8.

E. Frost point temperature T is calculated from dew/frost point vapor pressure €4 using equation 7
and the coefficients for ice. To get T; from this equation, calculations are performed using € = €.

F. The dew/frost point enhancement factor fq is calculated using equation 4 and the coefficients for
ice of the appropriate range (based on the value of Ty). To get fq from this equation, calculations
are performed using e=¢€y, P=P;, and T=Ts.

G. The frost point temperature, Tt, converges to the proper value by iterating steps D through F
several times as necessary.
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3 Uncertainty

To analyze the overall expanded uncertainty in generated dew point and/or frost point temperature, the
uncertainties associated with temperatures and pressures must be determined, along with other possible
sources of uncertainty. These individual components of uncertainty must then be statistically combined to
form the Combined Uncertainty. The Expanded Uncertainty is then determined by multiplying the
Combined Uncertainty by a suitable coverage factor, k, based on the desired confidence level.

Due to the complexity associated with the computations, and the iterative requirement to reach a final
solution, algebraic methods involving partial derivatives of the underlying equations prove difficult.
Rather, a more straightforward approach will be taken that utilizes a table of sensitivity coefficients at
various temperature and pressure combinations. The table will identify the sensitivity of generated dew
and frost point temperature to uncertainty in the saturation temperature, saturation pressure, and test
pressure. Construction of the sensitivity tables will then allow straight forward determination of the
uncertainty in dew and frost point temperature due to:

e uncertainty in saturation pressure which includes
measurement uncertainty
measurement hysteresis
measurement resolution

e uncertainty in test pressure which includes
measurement uncertainty
measurement hysteresis
measurement resolution

e uncertainty in saturation temperature which includes
measurement uncertainty
measurement hysteresis
measurement resolution

e uncertainty contribution from saturator efficiency
e uncertainty in vapor pressure
e uncertainty in enhancement factors

e uncertainty contribution due to adsorption, desorption, and permeation

3.1 Creation of Sensitivity Coefficients at Various Saturation
Temperatures and Pressures

Due to the complexity in developing algebraic solutions, a numerical approach is taken to determine these
values. The calculation steps of sections 2.2.2 and 2.2.3 along with equations 1 through 8 are programmed
into a computer that determines dew point and frost point temperatures using variable inputs of saturation
temperature T, saturation pressure Ps, and test pressure P.. A sensitivity coefficient is determined by
calculating dew/frost point temperature at nominal values of saturation temperature, saturation pressure,
and chamber pressure. Next, one of these three input values is altered slightly and a new calculation
performed. The difference of the dew/frost point results divided by the deviation of the input value is used
as the sensitivity coefficient for that temperature, pressure combination.
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Table 1. Dew Point & Frost Point Sensitivity Coefficients

Humidity Generator Conditions Frost Point Sensitivity Coefficients Dew Point Sensitivity Coefficients
Nominal FP Ts Ps AFP/ATs AFP/APs AFP/APc ADP/ATs ADP/APs ADP/APc
[°C] [°C] [kPa] [°C/°C] [°C/kPa] [°C/kPa] [°C/°C] [°C/kPa] [°C/kPa]
95 -80 1668.93 0.844 0.003
] -79.05 2000 0.833 0.001 0.051
-80 597.029 0.897 0.009
-90 -75 1414.74 0.849 0.003
-73.04 2000 0.830 0.001 0.054
-80 101.325 1.000 0.060
80 -72.37 344.74 0.925 0.017
) -70 498.099 0.903 0.012
-60.91 2000 0.821 0.002 0.060
-70 101.325 1.000 0.066
-61.54 344.74 0.921 0.019
-70 -60 427.266 0.908 0.015
-50 1667.27 0.824 0.004
-48.66 2000 0.811 0.003 0.066
-60 101.325 1.000 0.073
-50.66 344.74 0.917 0.021
-60 -50 374.63 0.912 0.019
-40 1277.76 0.832 0.005
-36.28 2000 0.804 0.003 0.073
-50 101.325 1.000 0.080
-40 334.27 0.916 0.024
-50 -39.73 344.74 0.913 0.023
-30 1020.07 0.839 0.008
-23.76 2000 0.795 0.003 0.080
-40 101.325 1.000 0.087 1.057 0.092
-30 302.6 0.919 0.029 0.971 0.031
-40 -28.76 344.74 0.910 0.025 0.961 0.027
-20 839.95 0.846 0.010 0.894 0.011
-11.1 2000 0.786 0.004 0.087 0.830 0.004 0.092
-30 101.325 1.000 0.095 1.075 0.102
-20 277.21 0.922 0.034 0.990 0.037
30 -17.73 344.74 0.905 0.027 0.972 0.030
) -10 708.82 0.852 0.013 0.914 0.014
0 1723.92 0.787 0.005 0.845 0.006
1.96 2000 0.682 0.004 0.095 0.732 0.005 0.102
-20 101.325 1.000 0.103 1.092 0.113
-10 256.5 0.924 0.040 1.010 0.044
20 -6.66 344.74 0.901 0.030 0.984 0.033
0 610.31 0.857 0.017 0.936 0.018
10 1248.98 0.696 0.008 0.760 0.009
16.91 2000 0.657 0.005 0.103 0.718 0.005 0.112
-10 101.325 1.000 0.111 1.111 0.124
0 239.37 0.927 0.047 1.031 0.052
-10 5.08 344.74 0.785 0.032 0.873 0.036
10 484.44 0.755 0.023 0.839 0.026
17 770.59 0.714 0.014 0.111 0.793 0.016 0.124
0 101.325 1.000 0.136
0 10 204.24 0.922 0.067
17 323.42 0.873 0.042 0.136
10 10 101.325 1.000 0.148
17 160.19 0.946 0.094 0.148

Notice that in the table of sensitivity coefficients, nominal frost and dew point values are shown with a
variety of saturation temperature and pressure combinations. For each specific frost point or dew point

temperature listed, an attempt was made to include the maximum possible saturation pressure, minimum
saturation pressure, and a pressure equal to the switch-over point between the high and low range saturation

pressure transducer. In addition, the lowest and highest possible saturation temperature was also listed.
For all of the above calculations, a common test pressure (standard atmospheric pressure) is assumed.
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3.2 Uncertainty Contribution from Pressure

Determining the uncertainty in generated output based on saturation pressure and test pressure requires
knowledge of uncertainty in the pressure measurement, pressure hysteresis, and measurement resolution of
the saturator and test pressure transducers.

3.2.1 Pressure Measurement

This system utilizes three absolute pressure transducers. One is used for the test pressure measurement.
While it has a full scale of 0 to 345 kPa absolute, it is generally used only for the barometric pressure range.
For the purposes of this analysis, standard barometric pressure of 101.325 kPa is assumed. The other two
pressure transducers are of different ranges and are used for the measurement of saturation pressure. For
low saturation pressures (those below 345 kPa), the low range transducer is used. For higher saturation
pressure, where the uncertainty in saturation pressure is of a lesser concern, a higher range transducer is
used.

Pressure measurement uncertainty was analyzed from the data collected during annual calibration of the
pressure transducers. During calibration, each transducer was tested at no fewer than 3 points over its
specific range using a total system calibration approach. With this approach, the transducers remain
electrically connected to the system allowing the pressure transducer, the measuring electronics, and the
displayed data to be calibrated as a complete system rather than as individual components. Data gathered
during the calibration is system rather than component data. The combined data from several years of
calibration history were used in the computation of statistical standard deviations. For each of the pressure
transducers (which includes the measurement electronics and display), the standard deviation, op, from the
desired mean values were determined to be:

op = 0.069 kPa (0.01 psia) for P<345 kPa (<50 psia)
op = 0.276 kPa (0.04 psia) for P>345 kPa (>50 psia)

Using normal distribution, the pressure uncertainties normalized to one sigma are equivalent to the standard
deviation values given above for each of the transducers.

UPqmeag = 0.069 kPa (0.01 psia)

UPgmeag = 0.069 kPa (0.01 psia) for P<345 kPa (<50 psia)
= (.276 kPa (0.04 psia) for P>345 kPa (>50 psia)

The statistical standard deviations calculated from the calibration history also have an uncertainty

component from the Mensor PCS400 pressure standard used during the calibration process. The uncertainty
of the Mensor PCS400 pressure standard for the low and high-pressure ranges are as follows:

upc[std] = 0.046 kPa

UPggdq) = 0.046 kPa for P<345 kPa (<50 psia)
0.228 kPa for P>345 kPa (>50 psia)

3.2.2 Pressure Hysteresis

The system most often operates for hours, days, or weeks on end at one saturation pressure. When a
change in saturation pressure is made, the new condition is again maintained for hours, days, or weeks.
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The test pressure transducer generally monitors changes only in the barometric pressure. Since both the
saturator and test pressure measurements result in very slow moving, nearly steady state conditions,
hysteresis in pressure measurement is nearly imperceptible. However, the affect of any hysteresis must still
be considered in the overall analysis. Based on triangular distribution, hysteresis in pressure measurement
normalized to one sigma, is estimated to be

UPghysy = 0.035 /6 kPa (0.005/V6 psia)
= 0.014 kPa (0.002 psia)

UPghys) = 0.035 /N6 kPa (0.005/N6 psia) for P<345 kPa (50 psia)
= 0.014 kPa (0.002 psia) for P<345 kPa (50 psia)

= 0.172/\6 kPa (0.025/\6 psia) for P>345 kPa (50 psia)
= 0.070 kPa (0.010 psia) for P>345 kPa (50 psia)

3.2.3 Pressure Resolution

The analog to digital conversion process resolves 1 part in 25000 over the range of each of the pressure
transducers. The resolution is then computed as

resolution, = (Transducer Range)/25000
The resolution for each of the transducers is then

resolution,. = 345 kPa /25000
=0.014 kPa (0.002 psia)

resolution,s = 345 kPa / 25000
= (0.014 kPa for P<345 kPa (0.002 psia for P<50 psia)

=2068 kPa /25000
= (0.083 kPa for P>345 kPa (0.012 psia for P>50 psia)

Based on a rectangular distribution of the half-interval of resolution, the uncertainty of pressure due to
resolution normalized to one sigma is computed by multiplying the resolution by 0.5/v/3. The uncertainty
of pressure due to resolution is then

UP} ey = resolution, * 0.5/43

UPgreq = 0.004 kPa (0.0006 psia)

UPgreg = 0.004 kPa for P<345 kPa (0.0006 psia for P<50 psia)
= 0.024 kPa for P>345 kPa (0.0035 psia for P>50 psia)

3.2.4 Summary of Pressure Uncertainties

Pressure uncertainties of various types may be combined statistically using the following
(UP) = (UP(eag)” + (UP(sap)” + (UP[ys)’ + (UPreg)” ...

Uncertainty data in tables 2 through 4 are combined in that manner.
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Table 2. Test Pressure Uncertainty, uP

Source Type Uncertainty
[kPa]

UP (meag A 0.069

UP g B 0.046

UP (hyst B 0.014

UP req A 0.004

uP 0.084

Table 3. Saturation Pressure Uncertainty, uPs (for P.<345 kPa)

Source Type Uncertainty
[kPa]

UP g mea A 0.069

UP g B 0.046

UP gy B 0.014

UP greq A 0.004

uP 0.084

(P < 345 kPa)

Table 4. Saturation Pressure Uncertainty, uPs (for Ps>345 kPa)

Source Type Uncertainty
[kPa]

UP ¢meag A 0.276

UP g4 B 0.228

UP gy B 0.070

UP geq A 0.024

uP 0.366

(P4 > 345 kPa)

3.3 Uncertainty Contribution from Temperature

Determining the uncertainty in generated output based on saturation temperature requires knowledge of
uncertainty in the measurement, the resolution, and the self-heating of the saturation thermometer.

Saturation temperature is measured by a 1k ohm thermistor to measure the saturation temperature range of
—80 to +17 °C. Temperature measurement uncertainty was analyzed from the data collected during annual
calibration of the saturator temperature probe. During calibration, the saturation thermometer was tested at
no fewer than 3 points over its measurement range using a total system calibration approach. With this
approach, the thermometer remains electrically connected to the system allowing the temperature probe, the
measuring electronics, and the displayed data to be calibrated as a complete system rather than as
individual components. Data gathered during the calibration is system rather than component data. The
combined data from several years of calibration history were used in the computation of statistical standard
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deviations. The standard deviation of the saturation thermometer system, oy, from the desired mean
values were determined to be:

OT [meas] — 0.04 °C

Using normal distribution, the temperature measurement uncertainty normalized to one sigma is equivalent
to the standard deviation value given above for the saturation thermometer.

The statistical standard deviations calculated from the calibration history also have an uncertainty
component from the Hart 1560 Black Stack & 5626 PRT temperature standard used during the calibration
process. The uncertainty of the Hart 1560 Black Stack & 5626 PRT temperature standard is as follows:

UTs[std] = 0.006 °C

3.3.1 Temperature Resolution

The analog to digital conversion process which transforms the saturation thermometer resistance into
digital values resolves to 0.002 °C. Based on a rectangular distribution of the half-interval, the uncertainty
component of saturation temperature resolution is then

UTgreg = 0.01 * 0.5\3
=0.003

3.3.3 Self Heating

The saturation temperature probe is generally calibrated and checked in a well-stirred fluid bath. In use, it
is also immersed directly within a pumped fluid surrounding the saturator. Since the conditions of
calibration and use are very similar, both immersed within moving fluid, the self heating is considered
almost negligible. However, an estimate of uncertainty will be applied.

UTs[selfheating] = 0.005 °C

3.3.4 Thermal Lag

The saturator is of a stacked plate design, constructed completely of stainless steel, sealed and immersed in
a pumped fluid medium. Direction of the fluid flow is counter to that of the saturator gas stream.

The temperature of the pumped fluid medium is controlled to the desired saturation temperature and
measured by the saturation temperature probe. Given adequate time, the saturator outlet is assumed to
come into thermal equilibrium with the average temperature of the pumped fluid medium. However,
during times of temperature transition, the saturator plates will lag the temperature of the fluid by up to
several degrees. No attempt will be made here to predict the uncertainty associated with thermal lag.
However it will be assumed that adequate time is allowed for the saturator to regain thermal equilibrium
with the pump fluid medium prior to relying on the data from the generator. Lag times of 30 minutes to 1
hour are not considered uncommon. When approaching the final value, the rate of change is very slow and
become difficult to detect on the instrument under test. Therefore, an estimate of uncertainty will be
applied.

UTs[thermal lag] = 0.01 °C
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3.3.5 Thermal Gradients

Design of the saturator is that of a counter-flow design where the fluid medium flows in a direction
opposite that of the gas stream being saturated. Thermal gradients do exist within the saturator from inlet
to outlet. Controlling the direction of this gradient is important to proper saturation. The temperature of
the fluid is measured and controlled at the point it enters the saturator cavity, which is the same point that
the saturated gas stream exits the saturator due to the counter flow design. The temperature will be slightly
higher at the fluid exit point, which is also the gas entry point. Provided the saturator is of sufficient
thermal capacity and effective path length, complete thermal transfer between the gas flowing in one
direction and the fluid flowing in the opposite direction will ensure that the exiting gas has reached thermal
equilibrium with the entering fluid and is therefore at fluid temperature. An estimate of uncertainty will be
applied.

[1t is believed that the design of the saturator reduces any negative affects that a temperature gradient might otherwise cause if
uncontrolled or improperly directed. Furthermore, it is believed that this design actually improves the ability of the saturator to fully
saturate the gas stream with water vapor, thereby improving saturator efficiency.]

3.3.6 Temperature Control Stability

Temperature stability relates to the ability of the temperature control system to maintain a constant
temperature in the pumped fluid medium, and ultimately in the saturator itself. The saturator temperature
control system maintains the saturation temperature fluid at the setpoint with a standard deviation of 0.02
°C. Using normal distribution, the uncertainty in temperature relating to control stability normalized to one
sigma is equivalent to the standard deviation. It is given therefore as

UTS[StabiIity] = 0.02 °C

3.3.7 Summary of Temperature Uncertainties

Temperature uncertainties of various types may be combined statistically using the following
(UT)* = (UTmeag)” + (UTresotution))” + (UTjsay)” ..

Uncertainty data in table 5 is combined in that manner.

Table 5. Saturation Temperature Uncertainty, uT

Source Type Uncertainty [°C]

UT qomee A 0.040

UT greq A 0.003

UT ol B 0.006

UT g saif heating] B 0.005

UT inerma g B 0.010

UT g gradients) B 0.005

UT g control stability] B 0.020

uT 0.047
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3.4 Saturation Efficiency,

All two-pressure two-temperature humidity generators of single pass design rely on the ability of the
saturator to fully saturate the gas with water vapor as it passes from inlet to outlet. Based on the counter
flow design of the saturator (fully discussed in Thermal Gradients), it is assumed for all practical purposes
that the saturator efficiency is 100%. Even given that assumption, small differences in saturation within the
system can lead to uncertainty in the generated dew and frost point temperatures. This uncertainty is very
small and very difficult to isolate or even measure outright, making it difficult to accurately quantify its
value. Because of this, an instrument comparison was used to help identify this uncertainty. The premise of
the instrument comparison was a RH Systems 373 chilled mirror. Data gathered during instrument
comparison tests from several years of calibration history resulted in uncertainty of +/ - 0.0175 °C in the
dew or frost point value. When normalized to one sigma, and assuming a triangular distribution, the affect
of uncertainty in the small differences in saturation can be expressed as

uUSE = 0.017 °C /N6
= 0.007 °C

3.5 Vapor Pressure

Vapor pressure equations are given in equations 1 and 2 for water and ice respectively. There are
uncertainties assigned to the experimental data used as a basis for those equations. When calculating dew
or frost point temperature from the humidity generator, the vapor pressure equations are only used as a
means to transform data from saturation temperature to vapor pressure, then from vapor pressure back to
dew or frost point temperature. Since the vapor pressure equations are used simply as bi-directional
transfer functions, and round-trip transformation is always made, uncertainty in the data used to create
these functions is of little significance, especially when the saturation temperature and dew or frost
temperature are nearly equal. Under that circumstance, the dew and frost point vapor pressure is nearly
equal to the saturation vapor pressure. However, when the ratio of saturation temperature to dew or frost
temperature is high, the dew and frost point vapor pressure is lower than the saturation vapor pressure
(likewise, the dew or frost point temperature is lower than the saturation temperature). This results in the
possibility that the transformation function in one direction (temperature to saturation vapor pressure)
occurs on a different portion of the function’s curve than the inverse transformation (vapor pressure to dew
or frost point temperature). Due to slight variations of the original experimental data, the quality of fit of
the function to the data, and other factors, some allowance must be made for uncertainty associated with
use of the vapor pressure equations. Uncertainty in the vapor pressure data is estimated to be within 0.5%
of value. When the transfer functions are used to fully convert saturation vapor pressure into dew or frost
point temperature, the resulting uncertainty due to vapor pressure is not expected to exceed +/- 0.007 °C in
the dew or frost point value. When normalized to one sigma, and assuming a triangular distribution, the
affect of uncertainty in vapor pressure can be estimated as

uVp = 0.007 °C /N6
= 0.003°C

3.6 Enhancement Factor

Enhancement factors are slight correction factors used to account for the non-ideal behavior of water vapor
when admixed with other gases. The enhancement factor is dependent on both temperature and pressure
and is given in equation 4. In use, the enhancement factor is applied as a multiplier to the vapor pressure
resulting in the ‘effective vapor pressure’. For analytical purposes the enhancement factor can be
considered in a manner similar to the vapor pressure for determining the affect of uncertainty in the
enhancement factor data and formula. In the case of enhancement factor the pressure differences between
saturator and test pressure results in the possibility that the transformation function in one direction occurs
on a different portion of the function’s curve than the inverse transformation. The uncertainty in the
enhancement factor is estimated to be within 1.3% of value. When the transfer functions are used to fully
convert saturation temperature and saturation pressure into dew or frost point at test pressure, the resulting
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uncertainty due to enhancement factor is not expected to exceed +/ - 0.018 °C in the dew or frost point
value. When normalized to one sigma, and assuming a triangular distribution, the affect of uncertainty in
enhancement factor can be expressed as

0.018 °C /N6
0.006 °C

uEF

3.7 Permeation, Adsorption and Desorption

Permeation, adsorption and desorption refers to a continuous influx from or outgas to the humidity of the
surrounding e nvironment ( such as the air within th e laboratory) through s mall le aks or s emi-permeable
surfaces t hrough t he walls, fittings, valves, a nd d ead s paces within t he s ystem. Although s omewhat
difficult to accurately quantify, in strument ¢ omparison h as s hown t hat t hese p ermeation af fects s tart t o
become noticeable at frost p oint t emperatures b elow ap proximately —60 °C w ith the gr eatest ne gative
impact at t he | owest frost p oint v alues. I nthe case o fthis g enerator, p ermeation affectsaredueto
permeation of water vapor from the high ambient room conditions, through the tubing, fittings, or valves,
into the dry gas stream output of the generator. Permeation tends to increase the frost point temperature of
the generated gas stream. It is estimated that permeation tends to increase the concentration of water vapor
in the gas stream independent of saturation temperature, saturation pressure, and test pressure. H owever
the a ffect o f this p ermeation is most noticeable when r unning a t t he lo west frost p oints ( where t he
concentration of water vapor in the gas is also very low), and at low flow rates. By increasing the flow rate
of the generated gas, while assuming a constant permeation rate, the affect of that permeation is minimized.
Like wise, if the gas being generated is of higher concentration (i.e., warmer frost point), then the affect of
added water vapor from permeation is reduced. W hile the nominal frost point value being generated may
be very low, it is recommended that the highest flow rate possible be used for the low frost point conditions
to minimize the affect of permeation. This analysis assumes that the generator is run at the highest possible
flow rate. Even with the high flow rate, permeations impacts the generation of low frost point values. This
permeation uncertainty is a gain very small and very difficult to isolate and measure o utright, making it

difficult to accurately quantify. Because of this, the same instrument comparison described in section 3.4
was also used to identify the uncertainty caused by permeation. P ermeation leads more to an uncorrected
bias than to a random variation in output, resulting in an offset during the instrument comparison tests.

The follow table shows the estimated permeation uncertainty bias deduced by the instrument comparison
data.

Table 6. Permeation, absorption and desorption uncertainty bias, Upas

Nominal bias
[°C] [CC FP]
-95 0.14
-90 0.1

-80 0.05
-70 0.02
-60 0.003
-50 0

Because permeation leads more to an uncorrected bias than to a random variation in output it will be treated
slightly different in the analysis. Uncertainty associated with uncorrected bias will be algebraically added to
the expanded uncertainty rather than statistically included in combined uncertainty.
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4. Combined Standard Uncertainty

The combined standard uncertainty, Uy, is obtained by statistical combination of the individual uncertainty
components o fp ressure, t emperature, an d o thers, eac h multiplied b y t heir as sociated s ensitivity
coefficients. Statistical combination is performed in accordance with the following:

uc2 = ucl2 + Uc22 +...+ ucn2

where  Ug, U, .. Ue, are individual components of uncertainty each
multiplied by their respective sensitivity coefficients

The following tables reflect the standard uncertainty components and the combined standard uncertainty at
various frost and dew point temperatures at a variety of saturation pressures and temperatures.

Table 7. Combined Uncertainty at 10 °C Dew Point

Combined Uncertainty at 10°C Dew Point

Ts= 10.00 Ts= 17.00

Ps= 101.33 Ps= 160.19

Assigned Sens Std Sens Std

Source Name Uncertainty Coef Uncert Coef Uncert

Test Pressure uP 0.084 0.148 | 0.012 | 0.148 | 0.012

Sat Pressure <345 P 0.084 |0.148]0.012 ] 0.094 | 0.008
Sat Pressure >345 ° 0.366

Sat Temp uT 0.047 1.000 | 0.047 | 0.946 | 0.044

Vapor Pressure uvp 0.003 | 1.000 [ 0.003 | 1.000 [ 0.003

Enhancement Factor UEF 0.006 | 1.000 | 0.006 | 1.000 | 0.006

Saturation Effciency usE 0.007 | 1.000 [ 0.007 | 1.000 [ 0.007

combined U¢ 0.051 0.048

Table 8. Combined Uncertainty at 0 °C Dew Point

Combined Uncertainty at 0°C Dew Point
Ts= 0.00 Ts= 10.00 Ts= 17.00
Ps= 101.33 Ps= 204.24 Ps= 323.42
Assigned|  Sens Std Sens Std Sens Std
Source Name Uncertainty] Coef Uncert Coef Uncert Coef Uncert
Test Pressure UPC 0.084 0.136] 0.011 | 0.136 ] 0.011 ] 0.136 ] 0.011
Sat Pressure <345 uP 0.084 0.136 ] 0.011 | 0.067 | 0.006 | 0.042 | 0.004
Sat Pressure >345 ° 0.366
Sat Temp uTy 0.047 1.000 | 0.047 | 0.922 ] 0.043 | 0.873 | 0.041
Vapor Pressure uvp 0.003 1.000 | 0.003 | 1.000 | 0.003 | 1.000 | 0.003
Enhancement Factor UEF 0.006 1.000 | 0.006 | 1.000 | 0.006 | 1.000 | 0.006
Saturation Efficiency usSE 0.007 1.000 | 0.007 | 1.000 | 0.007 | 1.000 | 0.007
combined U. 0.051 0.046 0.044
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Table 9. Combined Uncertainty at -10 °C Frost Point

Combined Uncertainty at -10°C Frost Point
Ts= -10.00 Ts= 0.00 Ts= 5.08' Ts= 5.08 Ts= 10.00 Ts= 17.00
Ps= 101.33 Ps= 239.37 Ps= 344.74] Ps= 344.74 Ps= 484.44 Ps= 770.59
Assigned Sens Std Sens Std Sens Std Sens Std Sens Std Sens Std
Source Name Uncertainty Coef Uncert Coef Uncert Coef Uncert Coef Uncert Coef Uncert Coef Uncert
Test Pressure uP. 0.084 0.111]0.009]0.111]0.009 | 0.111 ] 0.009 J 0.111 ] 0.009 | 0.111 ] 0.009 | 0.111 | 0.009
Sat Pressure <345 P 0.084 [0.111]0.009 [ 0.047 [ 0.004 | 0.032 | 0.003
Sat Pressure >345 s 0.366 0.03210.012 | 0.023 | 0.008 | 0.014 | 0.005
Sat Temp uTs 0.047 | 1.000 ] 0.047 [ 0.927 [ 0.043] 0.785 [ 0.037 [ 0.785 [ 0.037] 0.755 [ 0.035 [ 0.714 ] 0.033
Vapor Pressure uvp 0.003 1.000 | 0.003 | 1.000 | 0.003 | 1.000 | 0.003 | 1.000 | 0.003 | 1.000 | 0.003 | 1.000 | 0.003
Enbancement Factor UEF 0.006 | 1.000 | 0.006 | 1.000 | 0.006 | 1.000 | 0.006 [ 1.000 | 0.006 | 1.000 | 0.006 | 1.000 | 0.006
Saturation Efficiency usE 0.007 | 1.000 [ 0.007 | 1.000 [ 0.007 | 1.000 ] 0.007 | 1-000 | 0.007 | 1.000 | 0.007 | 1.000 | 0.007
combined R 0.050 0.046 0.039 0.041 0.039 0.036
Table 10. Combined Uncertainty at -20 °C Frost Point
Combined Uncertainty at -20°C Frost Point
Ts= -20.00 Ts= -10.00] Ts= -6.60] Ts= -6.66 Ts= 0.00 Ts= 10.00 Ts= 16.91
Ps= 101.33 Ps= 256.50 Ps= 344.74 Ps= 344.74 Ps= 610.31 Ps= 1249.0 Ps= 2000.0
Assigned Sens Std Sens Std Sens Std Sens Std Sens Std Sens Std Sens Std
Source Name Uncertainty Coef Uncert Coef Uncert Coef Uncert Coef Uncert Coef Uncert Coef Uncert Coef Uncert
Test Pressure uP 0.084 0.103] 0.009 | 0.103 1 0.009 | 0.103 | 0.009 | 0.103 | 0.009 | 0.103 | 0.009 | 0.103 | 0.009 | 0.103 | 0.009
Sat Pressure <345 P 0.084 | 0.103]0.009 [ 0.040 | 0.003 | 0.030 | 0.003
Sat Pressure >345 s 0.366 0.030 | 0.011 [ 0.017 [ 0.006 [ 0.008 | 0.003 | 0.005 | 0.002
Sat Temp uT, 0.047 | 1.000]0.047 [ 0.924 | 0.043 | 0.901 [ 0.042 | 0.901 [ 0.042 | 0.857 [ 0.040 [ 0.696 | 0.033 ] 0.657] 0.031
Vapor Pressure uvp 0.003 1.000 | 0.003 | 1.000 | 0.003 | 1.000 | 0.003 | 1.000 | 0.003 | 1.000 | 0.003 | 1.000 | 0.003 | 1.000 | 0.003
Enhancement Factor uEF 0.006 | 1.000 | 0.006 | 1.000 | 0.006 | 1.000 | 0.006 | 1.000 | 0.006 | 1.000 | 0.006 | 1.000 | 0.006 | 1.000 0.006
Saturation Efficiency USE 0.007 [ 1.000 [ 0.007 | 1.000 | 0.007 | 1000 [ 0.007 | 1.000 | 0.007 | 1.000 | 0.007 | 1.000 | 0.007 | 1.000 | 0.007
combined U 0.049 0.045 0.044 0.046 0.043 0.035 0.034
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Table 11. Combined Uncertainty at -30 °C Frost Point

Combined Uncertainty at -30°C Frost Point

Ts= -30.00 Ts= -20.00] Ts= -17.73 Ts= -17.73 Ts= -10.00 Ts= 0.00 Ts= 1.96
Ps= 101.33] Ps= 27721] Ps=  34474] Ps= 34474 Ps= 70882 Ps= 17239 Ps=  2000.0
Assigned Sens Std Sens Std Sens Std Sens Std Sens Std Sens Std Sens Std
Source Name Uncertainty Coef Uncert Coef Uncert Coef Uncert Coef Uncert Coef Uncert Coef Uncert Coef Uncert
Test Pressure uP 0.084 0.095| 0.008 | 0.095 | 0.008 | 0.095 | 0.008 | 0.095 | 0.008 | 0.095 | 0.008 | 0.095 | 0.008 | 0.095 | 0.008
Sat Pressure <345 WP, 0.084 | 0.095] 0.008 [ 0.034 | 0.003 | 0.027 [ 0.002
Sat Pressure >345 0.366 0.027 ] 0.010 | 0.013 ] 0.005 | 0.005 | 0.002 | 0.004 | 0.002
Sat Temp uts 0.047 1.000 | 0.047 | 0.922 ] 0.043 | 0.905 | 0.042 ] 0.905 | 0.042 | 0.852 | 0.040 | 0.787 | 0.037 | 0.682 | 0.032
Vapor Pressure uvp 0.003 1.000 | 0.003 | 1.000 | 0.003 | 1.000 | 0.003 ] 1.000 [ 0.003 | 1.000 | 0.003 | 1.000 | 0.003 | 1.000 | 0.003
Enhancement Factor uEF 0.006 | 1.000 | 0.006 | 1.000 | 0.006 | 1.000 | 0.006 | 1.000 | 0.006 | 1.000 | 0.006 | 1.000 | 0.006 | 1.000 0.006
Saturation Efficiency USE 0.007 | 1.000 [ 0.007 | 1.000 [ 0.007 | 1.000 ] 0.007 | 1.000 | 0.007 | 1.000 | 0.007 | 1.000 | 0.007 | 1.000 | 0.007
combined Ug 0.049 0.045 0.044 0.045 0.042 0.039 0.034
Table 12. Combined Uncertainty at -40 °C Frost Point
Combined Uncertainty at -40°C Frost Point
Ts= -40.00 Ts= -30.00 Ts= -28.76 Ts= -28.76 Ts= -20.00 Ts= -11.10
Ps= 101.33 Ps= 302.60 Ps= 344.74) Ps= 344.74 Ps= 839.95 Ps= 2000.0
Assigned Sens Std Sens Std Sens Std Sens Std Sens Std Sens Std
Source Name Uncertainty Coef Uncert Coef Uncert Coef Uncert Coef Uncert Coef Uncert Coef Uncert
Test Pressure uP 0.084 0.087] 0.007 | 0.087 | 0.007 | 0.087 | 0.007 | 0.087 | 0.007 | 0.087 | 0.007 | 0.087 | 0.007
Sat Pressure <345 uP . 0.084 0.087 ] 0.007 | 0.029 | 0.002 | 0.025 | 0.002
Sat Pressure 345 0.366 0.025 [ 0.009 | 0.010 | 0.004 | 0.004 | 0.001
Sat Temp uT, 0.047 | 1.000 ] 0.047 [ 0.919 [ 0.043 ] 0.910 | 0.043 | 0.910 [ 0.043 | 0.846 | 0.040 | 0.786 [ 0.037
Vapor Pressure uvp 0.003 1.000 | 0.003 | 1.000 | 0.003 | 1.000 | 0.003 § 1.000 | 0.003 | 1.000 | 0.003 | 1.000 | 0.003
Enhancement Factor uEF 0.006 | 1.000 [ 0.006 | 1.000 [ 0.006 | 1.000 | 0.006 | 1.000 | 0.006 | 1.000 | 0.006 | 1.000 | 0.006
Saturaton Effciency usE 0.007 [ 1.000 [ 0.007 [ 1.000 [ 0.007 [ 1.000 [ 0.007 | 1.000 | 0.007 | 1.000 [ 0.007 | 1.000 | 0.007
combined U 0.049 0.045 0.044 0.045 0.042 0.039
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Table 13. Combined Uncertainty at -50 °C Frost Point

Combined Uncertainty at -50°C Frost Point

Ts= -50.00 Ts= -40.00 Ts= -39.73] Ts= -39.73 Ts= -30.00 Ts= -23.76
Ps= 101.33 Ps= 334.27 Ps= 344.74] Ps= 344.74 Ps= 1020.1 Ps= 2000.0
Assigned Sens Std Sens Std Sens Std Sens Std Sens Std Sens Std
Source Name Uncertainty Coef Uncert Coef Uncert Coef Uncert Coef Uncert Coef Uncert Coef Uncert
Test Pressure uP 0.084 0.080 ] 0.007 | 0.080 | 0.007 | 0.080 | 0.007 § 0.080 | 0.007 | 0.080 | 0.007 | 0.080 | 0.007
Sat Prossurc <345 WP, 0.084 [ 0.080 [ 0.007 [ 0.024 [ 0.002  0.023 | 0.002
Sat Pressure 5345 0.366 0.023 [ 0.008 | 0.008 | 0.003 | 0.003 | 0.001
Sat Temp uTg 0.047 1.000 | 0.047 | 0.916 | 0.043 ] 0.913 1 0.043 ] 0.913 | 0.043 | 0.839 ] 0.039 | 0.795 | 0.037
apor Pressure uvp 0.003 | 1.000 [ 0.003 | 1.000 | 0.003 | 1.000 | 0.003 | 1.000 | 0.003 | 1.000 [ 0.003 | 1.000 [ 0.003
Enhancement Factor uEF 0.006 | 1.000 [ 0.006 [ 1.000 [ 0.006 | 1.000 | 0.006 | 1.000 | 0.006 [ 1.000 | 0.006 | 1.000 0.006
Saturation Effciency usE 0.007 | 1.000 [ 0.007 [ 1.000 [ 0.007 | 1.000 ] 0.007 | 000 | 0.007 | 1.000 | 0.007 | 1.000 | 0.007
combined U 0.049 0.045 0.044 0.045 0.041 0.039
Table 14. Combined Uncertainty at -60 °C Frost Point
Combined Uncertainty at -60°C Frost Point
Ts= -60.00 Ts= -50.66) Ts= -50.66 Ts= -50.00 Ts= -40.00 Ts= -36.28
Ps= 101.33 Ps= 344.74] Ps= 344.74 Ps= 374.63 Ps= 1277.8 Ps= 2000.0
Assigned Sens Std Sens Std Sens Std Sens Std Sens Std Sens Std
Source Name Uncertainty Coef Uncert Coef Uncert Coef Uncert Coef Uncert Coef Uncert Coef Uncert
Test Pressure uP 0.084 0.073 ] 0.006 | 0.073 | 0.006 | 0.073 | 0.006 | 0.073 | 0.006 | 0.073 | 0.006 | 0.073 | 0.006
Sat Prossure <345 . 0.084 [ 0.073 ] 0.006 [ 0.021 [ 0.002
Sat Pressure >345 0.366 0.021 1 0.008 | 0.019 ]| 0.007 | 0.005 | 0.002 | 0.003 | 0.001
Sat Temp uTs 0.047 | 1.000 ] 0.047 [ 0.917 [ 0.043]0.917 [ 0.043 ] 0.912 0.043 | 0.832] 0.039 | 0.804 | 0.038
Vapor Pressure uvp 0.003 | 1.000 | 0.003 | 1.000 [ 0.003 ] 1.000 | 0.003 | 1.000 | 0.003 | 1.000 | 0.003 | 1.000 | 0.003
Enhancement Factor uEF 0.006 | 1.000 [ 0.006 | 1.000 [ 0.006 [ 1.000 | 0.006 | 1.000 | 0.006 | 1.000 | 0.006 | 1.000 | 0.006
Saturation Efficiency usE 0.007 [ 1.000 [ 0.007 [ 1.000 [ 0.007 | 1.000 [ 0.007 | 1.000 | 0.007 | 1.000 [ 0.007 | 1.000 ] 0.007
combined U¢ 0.049 0.045 0.045 0.045 0.041 0.039
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Table 15. Combined Uncertainty at -70 °C Frost Point

Combined Uncertainty at -70°C Frost Point

Ts= -70.00 Ts= -61.54] Ts= -61.54 Ts= -60.00 Ts= -50.00 Ts= -48.66
Ps= 101.33 Ps= 344.74] Ps= 344.74 Ps= 427.27 Ps= 1667.3 Ps= 2000.0
Assigned Sens Std Sens Std Sens Std Sens Std Sens Std Sens Std
Source Name Uncertainty Coef Uncert Coef Uncert Coef Uncert Coef Uncert Coef Uncert Coef Uncert
Test Pressure uP 0.084 0.066 | 0.006 | 0.066 | 0.006 | 0.066 | 0.006 | 0.066 | 0.006 | 0.066 | 0.006 | 0.066 | 0.006
Sat Pressure <345 uP 0.084 0.066 | 0.006 | 0.019 | 0.002
Sat Pressure >345 3 0.366 0.019 1 0.007 | 0.015 ] 0.006 | 0.004 | 0.001 | 0.003 | 0.001
Sat Temp uT 0.047 | 1.000 [ 0.047 [ 0.921 [ 0.043 ] 0.921 [ 0.043 | 0.908 | 0.043 | 0.824 [ 0.039 [ 0.811 [ 0.038
Vapor Pressure uvp 0.003 1.000 | 0.003 | 1.000 | 0.003 | 1.000 | 0.003 | 1.000 | 0.003 | 1.000 | 0.003 | 1.000 | 0.003
Enhancement Factor uEF 0.006 | 1.000 [ 0.006 | 1.000 [ 0.006 [ 1.000 | 0.006 | 1.000 | 0.006 | 1.000 | 0.006 | 1.000 | 0.006
Saturation Effciency usE 0.007 [ 1.000 [ 0.007 | 1.000 [ 0.007 | 1.000 | 0.007 | 1.000 [ 0.007 | 1.000 [ 0.007 | 1.000 [ 0.007
combined U 0.049 0.045 0.045 0.044 0.040 0.040
Table 16. Combined Uncertainty at -80 °C Frost Point
Combined Uncertainty at -80°C Frost Point
Ts= -80.00 Ts= -72.37] Ts= -72.37 Ts= -70.00 Ts= -60.91
Ps= 101.33 Ps= 344.74] Ps= 344.74 Ps= 498.10 Ps= 2000.0
Assigned Sens Std Sens Std Sens Std Sens Std Sens Std
Source Name Uncertainty Coef Uncert Coef Uncert Coef Uncert Coef Uncert Coef Uncert
Test Pressure uP . 0.084 0.060 | 0.005 | 0.060 | 0.005 ] 0.060 | 0.005 | 0.060 | 0.005 | 0.060 | 0.005
Sat Pressure <345 uP 0.084 0.060 | 0.005 ] 0.017 | 0.001
Sat Pressure >345 S 0.366 0.017 ] 0.006 | 0.012 | 0.004 | 0.002 | 0.001
Sat Temp uTy 0.047 1.000 | 0.047 | 0.925 | 0.043 | 0.925 ]| 0.043 | 0.903 | 0.042 | 0.821 | 0.038
Vapor Pressure uvp 0.003 | 1.000 [ 0.003 | 1.000 [ 0.003 ] 1.000 | 0.003 | 1.000 [ 0.003 | 1.000 | 0.003
Enhancement Factor UEF 0.006 1.000 | 0.006 | 1.000 | 0.006 | 1.000 | 0.006 | 1.000 | 0.006 | 1.000 | 0.006
Saturation Effciency usE 0.007 [ 1.000 [ 0.007 | 1.000 [ 0.007 ] 1.000 [ 0.007 | 1.000 | 0.007 [ 1.000 [ 0.007
combined U 0.048 0.045 0.045 0.044 0.040
Uncertainty Analysis of the Thunder Scientific Model 3900 “Two-Pressure Two-Temperature” Low Humidity Generator Page 20 of 26

Copyright © 2006, Thunder Scientific Corporation. All Rights Reserved.
Document: TSC 3900 DPAnalysis.doc Rev A




Table 17. Combined Uncertainty at -90 °C Frost Point

Combined Uncertainty at -90°C Frost Point

Ts= -80.00 Ts= -75.00 Ts= -73.04
Ps= 597.03 Ps= 1414.7 Ps= 2000.0
Assigned Sens Std Sens Std Sens Std
Source Name Uncertainty Coef | Uncert Coef | Uncert Coef | Uncert
Test Pressure uP 0.084 0.054 | 0.005 | 0.054 | 0.005 | 0.054 | 0.005
Sat Pressure <345 uP 0.084
Sat Pressure >345 s 0.366 0.009 1 0.003 | 0.003 | 0.001 | 0.001 | 0.000
Sat Temp uTg 0.047 0.897]1 0.042 | 0.849 | 0.040 | 0.830 | 0.039
Vapor Pressure uvp 0.003 1.000 | 0.003 | 1.000 | 0.003 | 1.000 | 0.003
Enhancement Factor UEF 0.006 1.000 | 0.006 | 1.000 | 0.006 | 1.000 | 0.006
Saturation Efficency uSE 0.007 | 1.000 | 0.007 | 1.000 | 0.007 | 1.000 | 0.007
combined Uc 0.044 0.041 0.040
Table 18. Combined Uncertainty at -95 °C Frost Point
Combined Uncertainty at -95°C Frost Point
Ts= -80.00 Ts= -79.05
Ps= 1668.9 Ps= 2000.0
Assigned Sens Std Sens Std
Source Name Uncertainty Coef Uncert Coef Uncert

Test Pressure uP 0.084 0.051] 0.004 | 0.051 | 0.004
Sat Pressure <345 uP 0.084
Sat Pressure >345 ° 0.366 [ 0.003 | 0.001 [ 0.001 | 0.000
Sat Temp uTg 0.047 0.844 1 0.040 | 0.833 | 0.039
Vapor Pressure uvp 0.003 1.000 | 0.003 | 1.000 | 0.003
Enhancement Factor UEF 0.006 1.000 | 0.006 | 1.000 | 0.006
Saturation Effciency usE 0.007 | 1.000 [ 0.007 [ 1.000 [ 0.007
combined U¢ 0.041 0.040
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5 Expanded Uncertainty

Utilizing a coverage factor k=2, the expanded uncertainty, U, is computed using the formula
U =(k*u,) + bias

Where k = the coverage factor (2 for 95% confidence level)
U. = uncertainties at specific saturation temperatures and saturation pressures. Ug
is obtained from the tables listed in section 4.
bias = any uncorrected bias associated with the nominal frost point or at a specific
saturation temperature and saturation pressure. Values of bias are obtained
from the table in section 3.7

Like the combined uncertainties listed in the tables of section 4, there are two separate calculations of
expanded uncertainty at the saturation pressure of 344.74 kPa for many of the nominal frost point values.
This saturation pressure is at the switch point between use of the low-pressure transducer and use of the
high-pressure transducer. At this saturation pressure, either transducer may be in use. If the low range
transducer is in use, the associated expanded uncertainty is lower. If the high range transducer has
switched in, then the expanded uncertainty will be larger in value. There is a step change (or more
precisely, a discontinuity) in the associated expanded uncertainty at this possible pressure switching point.

The expanded uncertainty values are listed in table 19. Expanded uncertainty values are shown in °C frost
point (°C dew point for nominal generated values above 0 °C).

Uncertainty Analysis of the Thunder Scientific Model 3900 “Two-Pressure Two-Temperature” Low Humidity Generator Page 22 of 26
Copyright © 2006, Thunder Scientific Corporation. All Rights Reserved.
Document: TSC 3900 DPAnalysis.doc Rev A



Table 19. Expanded Uncertainty ( k=2)

Nominal FP Ts Ps

[°C] [°C] [kPa] U
95 -80 1668.93] 0.22195841
} -79.05 2000] 0.22098739
-80 597.029] 0.18710805
-90 -75 1414.74] 0.18250425
-73.04 2000] 0.18074429
-80 101.325] 0.14735384
-72.37 344.74] 0.1400313
-80 -72.37 344.74] 0.14086376
-70 498.099] 0.13839375
-60.91 2000 0.13058154
-70 101.325] 0.1170872
-61.54 344.74] 0.10933371
70 -61.54 344.74] 0.11036138
-60 427.266] 0.1087497
-50 1667.27] 0.10050131
-48.66 2000]| 0.09937391
-60 101.325] 0.10035821
-50.66 344.74] 0.09213931
60 -50.66 344.74] 0.09337108
B -50 374.63] 0.09270654
-40 1277.76] 0.08448185
-36.28 2000]| 0.08185657
-50 101.325] 0.09766832
-40 334.27] 0.08916669
50 -39.73 344.74] 0.08897108
-39.73 344.74] 0.09046345
-30 1020.07] 0.08240079
-23.76 2000| 0.07826117
-40 101.325] 0.09802079
-30 302.6] 0.08970781
40 -28.76 344.74] 0.08883015
B -28.76 344.74] 0.0906215
-20 839.95] 0.08332251
-11.1 2000] 0.07767192
-30 101.325] 0.09842438
-20 277.21 0.0902515
-17.73 344.74] 0.08869417
-30 -17.73 344.74] 0.0908113
-10 708.82] 0.08429512
0 1723.92] 0.07809934
1.96 2000 0.06886193
-20 101.325] 0.09887788
-10 256.5] 0.09079135
-6.66 344.74] 0.08860088
-20 -6.66 344.74] 0.09110239
0 610.31] 0.08535581
10 1248.98] 0.07051384
16.91 2000 0.06704467
-10 101.325] 0.09939101
0 239.37] 0.09139796
10 5.08 344.74] 0.07863997
B 5.08 344.74] 0.08190908
10 484.44] 0.07758465
17 770.59] 0.07292033
0 101.325] 0.10109039
0 10 204.24] 0.09226586
17 323.42] 0.08747145
10 10 101.325] 0.10202521
17 160.19] 0.09550903

Notes:

1. 10 °C nominal frost point listed above is actually 10 °C dew point. Expanded uncertainties at this nominal dew point are

also listed in °C dew point.
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2. Largest uncertainty at each nominal frost/dew point is indicated above in italic print.

Graph 1: The following graph indicates the expanded uncertainties at various saturation pressures. Each
nominal frost/dew point value is shown separately.

Expanded Uncertainty as a function of Saturation Temperature
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Graph 2: The following graph indicates the expanded uncertainties at various saturation temperatures.
Each nominal frost/dew point value is shown separately.
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Note that at each frost/dew point value, there is only small variation in the uncertainty at the various
saturation temperature and saturation pressure combinations. In order to obtain uncertainty as a direct
function of frost/dew point temperature, independent of the saturation temperature and pressure
combinations, the maximum uncertainty value at each nominal frost/dew point value is chosen. The result
of using the maximum value of expanded uncertainty at each nominal frost/dew point is illustrated in the
following table.

Table 20. Maximum Expanded Uncertainty ( k=2)

Nominal FP
[°C] U
-95 0.222
-90 0.187
-80 0.147
-70 0.117
-60 0.100
-50 0.098
-40 0.098
-30 0.098
-20 0.099
-10 0.099
0 0.101
10 0.102

Graph 3: This graph, from the above table, depicts the maximum uncertainty at each of the nominal
frost/dew point temperatures.

Expanded Uncertainty as a function of Frost/Dew Point Temperature
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6 Summary

Expanded uncertainty of the low humidity generator in terms of dew point and frost point is relatively
constant between +10 and about —75 °C, varying only gradually over that entire range. For values below
approximately —75 °C, the affect of permeation tends to dominate the uncertainty.

It is also worth noting that the uncertainty at any given frost or dew point temperature is relatively constant
regardless of the specific combinations of saturation temperature and saturation pressure. This allows the
system to adequately generate frost or dew point temperatures without much regard for the specific
saturation temperature-pressure combination chosen.

References:

1. Taylor, Barry N. and Kuyatt, Chris E., Guidelines for Evaluating and Expressing the Uncertainty of
NIST Measurement Results, NIST Technical Note 1297, 1994 Edition

2. Wexler, A rnold a nd D aniels, R aymond, Pressure-Humidity Apparatus, J ournal o f R esearch o fthe
National Bureau of Standards, April 1952, Vol. 48, No. 4, 269-274.

3. Hasagawa, S.and Little,J .W., The NBS Two-Pressure Humidity Generator, Mark 2, J ournal o f
Research of the National Bureau of Standards — A. Physics and Chemistry, January-February 1977,
Vol. 81A, No. 1, 81-88

4. Wexler, Arnold, Vapor Pressure Formulations for Water in Range 0 to 100 °C. A Revision., Journal of
Research of the National Bureau of Standards - A. Physics and Chemistry, September-December 1976,
Vol. 80A, Nos. 5 and 6, 775-785, Equation 15.

5. Greenspan, L., Functional Equations for the Enhancement Factors for CO,-Free Moist Air, Journal of
Research of the National Bureau of Standards — A. Physics and Chemistry, January-February 1976,
Vol. 80A, No.1, 41-44

6. Kuyatt, Chris, et al., Determining and Reporting Measurement Uncertainties, Recommended Practice
RP-12, National Conference of Standards Laboratories, April 1995

7. Hardy, B ob, ITS90 Formulations for Vapor Pressure, Frostpoint Temperature, Dewpoint
Temperature, and Enhancement Factors in the range -100 to +100 °C, P roceedings o f't he T hird
International Symposium on Humidity and Moisture, Teddington, London, England, April 1998

Uncertainty Analysis of the Thunder Scientific Model 3900 “Two-Pressure Two-Temperature” Low Humidity Generator Page 26 of 26
Copyright © 2006, Thunder Scientific Corporation. All Rights Reserved.
Document: TSC 3900 DPAnalysis.doc Rev A



Basic Humidity Definitions

 lwm1alrlYal ! Iﬂllllﬂll‘\ |l e Y2310 Ya\REs




Basic Humidity Definitions

Speaker/Author
Bill Swartz

Thunder Scientific Corp

623 Wyoming SE
Albuquerque, NM 87123

phone: 505-265-8701
fax: 505-266-6203
e-mail: bill@thunderscientific.com

Abstract

This Workshop presents a tutorial on the different measures of humidity and their relationships
to each other. Air, or moist air as it is called, consists of water vapor and the remaining dry air.
The tutorial starts with the conceptually simplest measures of humidity involving masses and
volumes of water vapor, dry air, and moist air. Although simple conceptually, these measures are
impractical to implement. After introducing the Ideal Gas Law, saturation vapor pressure and
enhancement factors are presented. Then other measures of humidity are introduced involving
the moles of the components of moist air. Finally, the NIST two-temperature two-pressure
humidity generator is discussed.

Mixing Ratio by Weight
From Wexler'", in a given sample of moist air, the Mixing Ratio by Weight is

mass of water vapor

mass of dry air

The Mixing Ratio by Weight of a moist air sample does not change when either temperature or
pressure changes. The Mixing Ratio by Weight is related to the Mixing Ratio by Volume through
the Molecular Weights of water vapor and dry air.

mixing ratio by we1ght=M—V>< mixing ratio by volume
a

Specific Humidity

From Wexler(l), in a given sample of moist air, the Specific Humidity is
g p Y y



mass of water vapor

total mass of moist air

The Specific Humidity of a moist air sample does not change when either temperature or
pressure changes. In terms of Partial Pressures and Molecular Weights,

specific humidity

mass of water vapor

mass of water vapor + mass of dry air

Mv x moles of water vapor

Mv x moles of water vapor + Ma X moles of dry air
Mv X partial pressure of water vapor

Mv X partial pressure of water vapor + Ma X partial pressure of dry air
Mvxe
Mvxe+Max(P—e)

Percent by Weight

From Wexler'", the Percent by Weight of a given sample of moist air is the Specific Humidity
expressed as a percent,

mass of water vapor

———x100
total mass of moist air

The Percent by Weight of a moist air sample does not change when either temperature or
pressure changes. The Percent by Weight is related to the Percent by Volume through the
Molecular Weights of water vapor and dry air.

1 1= Ma 1 B
percent by weight Mv | percent by volume
Parts per Million by Weight

The Parts per Million by Weight of a given sample of moist air is the Mixing Ratio by Weight
expressed in parts per million,

mass of water vapor 6
x10

mass of dry air

The Parts per Million by Weight of a moist air sample does not change when either temperature
or pressure changes. The Parts per Million by Weight is related to the Parts per Million by
Volume through the Molecular Weights of water vapor and dry air.



parts per million by weight = % X parts per million by volume
a

Grains per Pound

In a given sample of moist air, the Grains per Pound is

arains/Ib = grains of water vapor

Ib of moist air

_ Ib of water vapor %7000

Ib of moist air

grains

The Grains per Pound of a moist air sample does not change when either temperature or pressure
changes. With the usual identification of weight and mass,

grains/Ib = specific humidity x 7000
Absolute Humidity, Vapor Concentration, Water Vapor Density

From Wexler'", Absolute Humidity, Vapor Concentration, and Water Vapor Density are all the
same. In a moist air sample, they all equal

mass of water vapor

volume of sample
Using the Ideal Gas Law, the Molecular Weight of water vapor, and Partial Pressures,

Mvxe
XT

absolute humidity =

where
Mv = molecular weight of water vapor
e = partial pressure of water vapor
R = Universal Gas Constant

T = Temperature in Kelvin
Dry Air Density

In a given sample of moist air, the Dry Air Density is

mass of dry air

volume of sample

Using the Ideal Gas Law, the Molecular Weight of dry air, and Partial Pressures,



dry air density = —Ma (P—e)
RXT
where
Ma = molecular weight of dry air
P = total pressure of sample
e = partial pressure of water vapor
R = Universal Gas Constant

T = Temperature in Kelvin
Moist Air Density

In a given sample of moist air, the Moist Air Density is

mass of moist air

volume of sample

Moist Air Density is the sum of Dry Air Density and Absolute Humidity.

absolute humidity + dry air density = moist air density

Saturation Vapor Pressure

vacuum ,

water

chamber at temperature T

Saturation Vapor Pressure is a function of temperature. Sonntag'® is one source of approximating
formulas. The function can best be described by a lab setup. Imagine a chamber whose
temperature T can be controlled. The chamber is partially filled with water. Initially, the



remaining space is a vacuum. The pressure P of the space over the water can be measured. At a
fixed temperature, water molecules will leave the water and enter the space above at a fixed rate.

As water molecules accumulate over the liquid water, the pressure there will increase, and
molecules will re-enter the liquid at an increasing rate. Finally, water molecules will be entering
and leaving the liquid at the same rate, giving equilibrium and a constant pressure P over the
water.

vapor at pressure P

| l
¥ |

water

chamber at temperature T

The equilibrium pressure P is the Saturation Vapor Pressure at temperature T.
es(T)=P

At temperatures above freezing, equilibrium is achieved over water. At temperatures below
freezing, equilibrium can be achieved either over water or over ice. This gives two functions,

ews(T) and ejs(T)

The two functions agree for values of T above freezing. They differ for values of T below
freezing.

Mole

A Mole is like a dozen or a gross, only much larger. From Wexler'”,

1 mole = 6.023x10%°



Molecular Weight

The Molecular Weight of a substance is the weight in grams of a mole of that substance. From
Wexler(l),

water vapor:  Mv =18.02 gm/mole
dry air:  Ma = 28.9645 gm/mole

Mole Fraction

From Wexler(l), the Mole Fraction of a component gas present in a mixture of gases is
p gasp g

moles of component gas

total moles of mixture
From Dalton's Law,

. artial pressure of component gas
mole fraction = P P P g

total pressure of mixture

Universal Gas Constant

The Universal Gas Constant is denoted R. From Wexler(l),

R = 831432 oules

mole x Kelvin

Ideal Gas Law

The Ideal Gas Law relates the pressure, volume, moles, and temperature of a sample of ideal gas.

PXV=nXxRXT
where

P = pressure (Pascals)
V =volume (m3)

n = moles

R = Universal Gas Constant ( Joules ]

molex Kelvin

T = temperature (Kelvin)



Dalton's Law

Dalton's Law states that the Ideal Gas Law applies to mixtures of ideal gases. Two ideal gases,
nl moles of the first gas and n2 moles of the second, both at the same temperature, must each
individually satisfy the Ideal Gas Law.

Py XV =ny XRXT
Py XxVy =np XRXT
If the two gases are combined to form a mixture of n moles, again at the same temperature, then
PXV =nxRXT
n=n;+ny
Since temperatures are all the same, the Mole Fraction of the first gas in the mixture must satisfy

. P xV
mole fraction = m_nxv
n PxV

If, in addition to the temperatures, all three pressures are the same, then

. n V-
mole fraction = —L = —L
n A/

If, in addition to the temperatures, all three volumes are the same, then

. n
mole fraction = — = —
n P

Similarly for the Mole Fraction of the second gas. Dalton's Law also applies to mixtures of more
than two gases.

Partial Pressures

The pressure P of a mixture of gases is the sum of the Partial Pressures of the component gases.
P=P1 +P2+P3 +---

Where Pi, the Partial Pressure of the ith component gas, is the pressure that would be measured if
the volume were occupied by only the ith component gas. This is a consequence Dalton's Law.

In a sample of moist air, the total pressure is denoted P, and the Partial Pressure of the water
vapor present is denoted e. Then the Partial Pressure of the dry air in the sample must be (P-e).



Enhanced Saturation Vapor Pressure

Enhanced Saturation Vapor Pressure, or Saturation Vapor Pressure of Moist Air, is a function of
both pressure and temperature. Like Saturation Vapor Pressure, it can best be described by a lab
setup. Imagine a chamber whose temperature T and pressure can be controlled. The chamber is
partially filled with water. The pressure of the space over the water can be measured. Initially,
the remaining space is filled with dry air at initial pressure Pi. At a fixed temperature, water
molecules will leave the water and enter the dry air above at a fixed rate.

dry air at pressure Pi

f
|

water

chamber at temperature T

moist air at pressure P

| f
¥ |

water

chamber at temperature T



As water molecules accumulate over the liquid water, the pressure there will increase, and
molecules will re-enter the liquid at an increasing rate. Finally, water molecules will be entering
and leaving the liquid at the same rate, giving equilibrium and a constant final pressure P over
the water.

The Enhanced Saturation Vapor Pressure (Saturation Vapor Pressure of Moist Air) at
temperature T and pressure P is the Partial Pressure due to the water vapor in the moist air.

e, (T,P)=P—P,

At temperatures above freezing, equilibrium is achieved over water. At temperatures below
freezing, equilibrium can be achieved either over water or over ice. This gives two functions, as
with Saturation Vapor Pressure,

ews (T,P) and eis(T,P)

The two functions agree for values of T above freezing. They differ for values of T below
freezing.

Enhancement Factor

The Enhancement Factor at temperature T and pressure P is the ratio of the Enhanced Saturation

Vapor Pressure to the Saturation Vapor Pressure. One source of approximating formulas is

Greenspan(3 ),

& (T.P)

)=

£(T,P)xeg(T)=¢, (T,P)

As with Enhanced Saturation Vapor Pressure and Saturation Vapor Pressure, there are really two
functions, one for equilibrium over water, the other for equilibrium over ice.

fw (T,P) and fj(T,P)
Dew Point
The Dew Point of a moist air sample is the temperature to which the sample must be cooled to

reach saturation with respect to liquid water. Using the Enhanced Saturation Vapor Pressure
function,



given

P = total pressure of moist air sample

e = partial pressure of water vapor in the sample
solve

e =eys (T, P)

for

T4 = dew point temperature

The Enhanced Saturation Vapor Pressure at the Dew Point temperature and pressure P is the
same as the Partial Pressure of the water vapor in the moist air sample at the current temperature
T and the same pressure P.

Frost Point

The Frost Point of a moist air sample is the temperature to which the sample must be cooled to
reach saturation with respect to ice. Using the Enhanced Saturation Vapor Pressure function,

given

P = total pressure of moist air sample

e = partial pressure of water vapor in the sample
solve

e=¢js (T, P)

for

T¢ = frost point temperature

The Enhanced Saturation Vapor Pressure at the Frost Point temperature and pressure P is the
same as the Partial Pressure of the water vapor in the moist air sample at the current temperature
T and the same pressure P.

Mixing Ratio by Volume

The Mixing Ratio by Volume of a moist air sample is really the Mixing Ratio by Moles.

mixing ratio by volume

moles of water vapor

moles of dry air

partial pressure of water vapor

partial pressure of dry air
e
P-e




Here P is the pressure of the moist air sample and e is the Partial Pressure of the water vapor
present in the sample. The Mixing Ratio by Volume of a moist air sample does not change when
either temperature or pressure changes. The Mixing Ratio by Volume is related to the Mixing
Ratio by Weight through the Molecular Weights of water vapor and dry air.

mixing ratio by weight = M—V X mixing ratio by volume
a

Dry Air Mole Fraction

The Dry Air Mole Fraction Wexler" in a moist air sample is

dry air mole fraction

moles of dry air

moles of moist air
partial pressure of dry air

total pressure of moist air
P-e
P

Here P is the pressure of the moist air sample and e is the Partial Pressure of the water vapor
present in the sample. The Dry Air Mole Fraction of a moist air sample does not change when
either temperature or pressure changes. Dry Air Mole Fraction and Vapor Mole Fraction are
related by

dry air mole fraction + vapor mole fraction =1
Vapor Mole Fraction

The Vapor Mole Fraction Wexler" in a moist air sample is

vapor mole fraction

moles of water vapor

moles of moist air
partial pressure of water vapor

total pressure of moist air

€

Here P is the pressure of the moist air sample and e is the Partial Pressure of the water vapor
present in the sample. The Vapor Mole Fraction of a moist air sample does not change when
either temperature or pressure changes. Vapor Mole Fraction and Dry Air Mole Fraction are
related by



dry air mole fraction + vapor mole fraction =1
Percent by Volume

Percent by Volume Wexler'" is really Percent by Moles. It is the Vapor Mole Fraction expressed
as a percent. In a moist air sample,

percent by volume

_ moles of water vapor %100

moles of moist air

_ partial pressure of water vapor <100

total pressure of moist air

= %100
P

= vapor mole fraction x100

Here P is the pressure of the moist air sample and e is the Partial Pressure of the water vapor
present in the sample. The Percent by Volume of a moist air sample does not change when either
temperature or pressure changes. The Percent by Volume is related to the Percent by Weight
through the Molecular Weights of water vapor and dry air.

M .
percent by volume = M—V X percent by weight
a

Parts Per Million by Volume

Parts Per Million by Volume is really Parts Per Million by Moles. It is the Mixing Ratio by
Volume expressed in parts per million. In a moist air sample,

parts per million by volume

_ moles of water vapor <1 06
moles of dry air

_ partial pressure of water vapor %10°
partial pressure of dry air

€
P-e

><106

= mixing ratio by volume X 108

Here P is the pressure of the moist air sample and e is the Partial Pressure of the water vapor
present in the sample. The Parts Per Million by Volume of a moist air sample does not change
when either temperature or pressure changes. The Parts per Million by Volume is related to the
Parts per Million by Weight through the Molecular Weights of water vapor and dry air.



parts per million by volume = % X parts per million by weight
A%

Relative Humidity

Relative Humidity is the ratio of the amount of water vapor in a sample to the maximum amount
possible at the same temperature and pressure. It is expressed as a percent. In a sample of moist
air at pressure P and temperature T, using the Enhanced Saturation Vapor Pressure,

relative humidity

partial pressure of water vapor %100

{enhanced saturation vapor pressure

- % %100

es (T,P)
Two-Pressure/Two-Temperature Humidity Generator

A Two-Pressure/Two-Temperature Humidity Generator has a chamber, the Test Chamber, in
which the humidity can be set to a predetermined value.

high pressure

ﬂ % flow valve

Saturation Chamber at
Temperature Ts and
Pressure Ps

ﬂ G expansion valve

Test Chamber at
Temperature Tt and
Pressure Pt

ﬂ i% exhaust valve

atmosphere

The pressures and temperatures in both chambers can be controlled. If the valve is not present at
the Test Chamber exhaust, then Test Pressure is atmospheric pressure. If the apparatus is such
that both temperatures are always the same, it is called a Two-Pressure Generator. If the
apparatus is such that both pressures are always the same, it is called a Two-Temperature



Generator. The air in the Saturation Chamber is saturated. That is, Partial Pressure of the water
vapor in the Saturation Chamber is

e (Ts,Ps)
The same moist air flows through both chambers, so the Vapor Mole Fractions must be the same.

es (Ts,Ps) e

Ps Pt

Where e is the Partial Pressure of the water vapor in the Test Chamber. If it is desired to achieve
a specified Relative Humidity in the Test Chamber at a given test temperature and pressure, then
the saturation temperature and pressure can be adjusted accordingly. Using the equation for
Relative Humidity to get rid of the variable e gives

0
eq (Ts,Ps)><E _ /oRH
Ps 100

xeg (Tt,Pt)
For a desired Relative Humidity, test temperature, and test pressure, suitable values of saturation

pressure and temperature must be found to satisfy this equation.
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Introduction/Abstract

Two-pressure humidity calibration technology has long been the recognized standard for on site
instrumentation calibration, test and verification. The goal of this paper is to provide a tool to
help you as a metrologist take advantage of the benefits of this technology so you will be able to
apply the information to your daily laboratory applications. This paper will cover the operation
and benefits of modern two-pressure humidity calibration systems, explain how you calibrate
them, provide some sample applications and a brief history of the technology.

The Importance of Reliable Humidity Calibration in Your Lab

Whatever your industry, your end product is only as good as the calibration it has received.
Therefore, the equipment used to calibrate or test the limits of your end product must be first, a
reliable, proven technology and, second, be presented in equipment that is easy to use and also
easy to validate for optimum operation parameters; preferably at your laboratory, in-house.

Whether you are calibrating transducers, tools for silicon wafer production, controlling comfort
levels in HVAC systems or are involved with the tight humidity management required in
manufacturing moisture sensitive products such as film, semiconductors, and pharmaceuticals,
you are stepping up your demand for increased reliability and accuracy in humidity
measurements. Today, calibration systems are required to both obtain and maintain a 4:1
accuracy ratio. To accomplish this, humidity and dew point hygrometers must be calibrated
against a source of humidity at a stable test temperature.

The most accurate and reliable method of continuous humidity generation in use today for the
range of ~5-98% RH is based on the *“two-pressure” principle originally developed by the
National Institute of Standards and Technology (NIST). The two-pressure principle is used in
the most accurate on-site calibration and verification systems. These are mobile and self-
contained, with an integral humidity generator that is capable of simulating a wide range of
temperature/humidity values with sufficient accuracy and consistency to maintain strict 4:1
calibration ratios. In a 10-year track record, this has been the only system of its kind that can
meet tight tolerance requirements. It is still the primary standard of choice for humidity
calibration.



Understanding How the Two-Pressure RH Generator Operates
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Figure 1. Operational flow schematic.

The best way to describe operation is by dissecting the actual operational technology of an
established system. We will use the Model 2500 two-pressure humidity generator for this
purpose. Model 2500 is a portable, self-contained, two-pressure humidity generator that uses
compressed air of up to 175 psia (1207) kPa) provided by either a portable oil-free air
compressor or other equal source and directed to a receiver. The air then passes through dual
regulators, achieving regulated pressure of ~ 150 psia (1034 kPa) and is directed to a flow
control valve. Although the humidity does not depend on flow rate, the flow control valve is
adjusted to set an airflow rate of 2-20 slpm through the system. The flow rate is monitored by a
flowmeter installed directly upstream of the flow control valve. Then the gas flows to a
presaturator.

The presaturator is a vertical cylinder partially filled with water that is maintained at a
temperature ~ 10-20 °C above the desired final saturation temperature. Air entering the
presaturator first flows through a coil of tubing immersed in the water, a configuration that forms
a heat exchanger. As the air passes through the immersed tubing, it is warmed to “at or near” the
presaturator temperature. Air exiting the tubing is deflected downward onto the water surface in
a manner that causes circular airflow within the presaturator. While passing through the
presaturator, the gas continues to warm to the presaturator temperature and becomes saturated
with water vapor to nearly 100% RH.

Next, the gas flows to the saturator, which is a fluid-encapsulated heat exchanger maintained at
the desired final saturation temperature. As the nearly 100% RH gas travels through the
saturator, it begins to cool, forcing it to the dew point or 100% saturation condition. The gas
continues to cool to the desired saturation temperature, causing moisture in excess of 100% to
condense out. Forcing condensation ensures 100% humidified gas. The saturation pressure Ps
and the saturation temperature Ts of the gas are measured at the point of final saturation before
the gas stream exits the saturator.

The gas then enters the expansion valve, where it is expanded to a lower pressure, which is the
test chamber pressure Pc. Because adiabatically expanding gas naturally cools, the valve is
heated to keep the gas above dew point while it expands to the lower pressure. If the gas or the
valve were allowed to cool to or below the dew point, condensation could occur at the valve and



alter the humidity content of the gas. The cooling effects of expansion, while mostly
counteracted by the heated valve, are fully compensated by flowing the gas through a small post-
expansion heat exchanger. This allows it to reestablish thermal equilibrium with the fluid
surrounding the chamber and saturator before it enters the test chamber. The final pressure Pc
and temperature T¢ of the gas are measured within the test chamber. The test chamber exhausts
to atmospheric or ambient pressure and so is very near ambient pressure.

A computer/controller embedded in the system controls the entire humidity generation process:
temperatures, pressures, and system flow rate. It also handles keypad input, parameter
measurements and calculations, data display, and external 1/0s to link to peripherals such as
additional computers or printers.

Temperature Control: Every humidity generating process requires precise temperature control
(setpoint) and good temperature stability. These are ensured by digital computer control of the
temperature of a circulating water/glycol mix that jackets the saturator and test chamber areas of
the generator. The saturation and chamber temperatures are governed by the temperature of this
medium. The computer will keep this at any value from 0 to 70° through the use of PID
(proportional — integral — derivative) algorithms.

The PID algorithm compares the measured temperature to the desired setpoint temperature to
calculate the temperature difference (proportional); the current rate at which the temperature is
changing (derivative); and the accumulation of the temperature difference over time (integral).
Each calculation is effectively multiplied by an associated weighing factor, and the three are then
added together to provide a numerical value. This value, termed the PID output, represents the
percentage of the total available heating or cooling capacity required at a given time. The value
is recalculated approximately once each second and is used to time-proportion heating and
cooling devices. In short, the PID output determines how long to apply power to a specific
heating element or how long to open a refrigeration or coolant solenoid during each one — second
interval.

The fluid medium is heated by time-proportioning an immersion heater in the fluid circulation
path. Cooling, while also time-proportioned, is accomplished by injecting a high-pressure liquid
refrigerant (R-134) from a closed compressor system into a heat-exchanging evaporator in the
fluid circulation path. Using PID algorithms for temperature control allows the fluid temperature
to be maintained at the desired saturation temperature with a stability to within ~ 0.02 °C over
the operating range.

The presaturator temperature is similarly controlled by time proportioning. Heating is done by
applying power to an immersion heater and is bucked merely by the ambient temperature of the
incoming air.

Pressure Control: A computer controlled electromechanical valve assembly controls the pressure
control of the saturator. Saturator pressure is measured at ~1 sps and is used as data in PID
algorithms similar to those employed in temperature control. The algorithms determine the
required valve position.



Conventional two-pressure generators incorporate three separate pressure transducers: one for
chamber pressure, one for lower saturator pressures and one for higher saturator pressures. The
problem with this approach is that at low saturator pressures, a dual-drift effect (offset drift
between the chamber and low-pressure saturator transducer) can cause significant errors in the
calculated RH.

The generator discussed here solves this problem by using only two transducers: one low-range
for chamber and lower saturator pressures, and one high-range transducer for higher saturator
pressures. The low- range transducer is time-shared between the chamber and the saturator when
it is operating at lower pressures. Time-sharing of the low-range transducer eliminates the dual
drift often seen when using separate chamber and low-range saturator pressure transducers.

Validating Your Calibration System

It goes without saying that the system you use to calibrate and test your product must, itself, be
in prime parameters. The easier it is to validate for optimum operation and calibrate to strict
specifications, if necessary, the more value is added to the equipment. If a system must be sent
outside for recalibration or a specialist must be brought in, it adds to your cost of ownership.

The ability to validate and recalibrate laboratory equipment in-house should be high on any
metrologist’s priority list. It is not cost effective to have equipment in your lab that you can’t
calibrate yourself.

Simple Calibration

Since proper calibration of the temperature and pressure transducers ultimately determines the
accuracy of a two-pressure humidity generator, a good portable system employs an integral
programmatic calibration scheme. Rather than removing transducers from the system and
sending them to a laboratory for calibration, you just take the entire system to your lab or bring
the appropriate pressure and temperature standards to the system. You calibrate the transducers
while they’re electrically connected to the humidity generator. This “in the system, as a system”
approach helps eliminate systemic errors that might be induced by other calibration methods.
Because all calibration is performed mathematically by the computer, manual adjustments are
not needed.

Calibration is performed on each transducer by the computer solution of the coefficients ZERO,
SPAN, and LIN to this simple quadratic formula:

Y =LIN « X2+ SPAN + X + ZERO (2)

Where:

X = raw count (or output) of the A/D converter while measuring the transducer.

Y = desired value (the standard or reference transducer reading) for the transducer being
measured.

The coefficients ZERO, SPAN and LIN are found by applying three separate, distinct, and stable
references to each transducer and then solving the resulting mathematical system of three
equations with three unknowns. Since all the measurements and calculations are performed



automatically by the embedded computer, you only need to provide the three known stable
references: one near the low end, one near the center, and one near the upper end of each
transducer’s intended range.

For a low-end temperature calibration point, you take the temperature bath to a low point, ensure
stability, and then enter the value indicated by a standard or reference thermometer. Repeat this
procedure at two additional points: near the middle and upper ends of the temperature range.

When the three reference points have been applied, the new coefficients for each probe are
displayed. The coefficients for each transducer are stored in the system’s nonvolatile memory
until the next calibration is performed.

You should run intercomparison validations on a regular basis. These tests must compare your
equipment against a chilled-mirror hygrometer, psychrometer or other known consistent
humidity-measuring device. Use a variety of humidity values and temperatures for this
validation, and keep current control charts on all the results to ensure they are within the
estimated uncertainty. Make sure this includes both normal trends and abnormalities because
this is the most accurate record you will have to indicate if temperature probes or pressure
transducers start to drift from their required calibration. Drifts will also warn you of other
operational faults, including water or heating problems in the presaturator or saturator. \Water
contamination, leaks in the gas path and numerous other issues will also show up clearly if you
have a basic tracking schedule established to easily pinpoint whenever points or out-of-spec
drifts occur. This should be part of your overall preventative statistical process control (SPC) to
catch abnormalities before they can cause problems.

Field Trials and Test Data

A relative humidity uncertainty analysis” was conducted on the Model 2500 portable, self-
contained, two-pressure humidity generator used for data in this presentation, following NIST
Guideline 1297. The relative humidity in a two-pressure humidity generator of this type is
determined from the measurements of temperature and pressure only using the following
formula:

RH = P¢ /Ps * Es [E; * Fs /Fc * 100 where P, = Chamber Pressure,
Ps = Saturation Pressure,
Es = Saturation Vapor Pressure at Saturation Temperature,
E. = Saturation Vapor Pressure at Chamber Temperature,
Fs = Enhancement Factor at Saturation Temperature and Pressure,
Fc = Enhancement Factor at Chamber Temperature and Pressure,
100 = nominal saturator efficiency.

The study was concerned with analysis of the above ratios separately and then combined, within
four specific categories of uncertainty: contribution from the pressure ratio term P. /Ps
contribution from the vapor pressure ratio term Es /E; contribution from the enhancement factor
ratio Fs /F., and contribution from saturator efficiency.



This analysis was conducted to validate the accuracy of performance using temperature and
pressure uncertainty calculations. These uncertainty calculations of the Model 2500 two-
pressure humidity generator served to establish that the system is within the manufacturer’s
stated specification and that traceability can be established with NIST. Full analytical details of
the study are available on the Thunder Scientific Corporation website.®

Application Examples

Portable two-pressure humidity generation calibration equipment is in heavy use in
pharmaceutical, aerospace and semiconductor applications. It’s also the number one system used
by sensor manufacturers. US Air Force, US Army and US Navy metrology or “PMEL”
laboratories use this type of equipment for humidity calibration standards. The technology is
also found in regular use in pharmaceutical production, semiconductor clean room monitoring
sensors, medical laboratories and in HVAC environmental controls. The range of applications is
extremely wide. The following are only a few examples:

Chart _Recorders: A test chamber can typically accommodate two standard size
hygrothermographs. Temperature/humidity data can be run at virtually any points desired and
for any length of time. Charts can then be compared with the printer output for analysis and
adjustment. Once adjusted, either the same points or others may be run again for verification.
Onsite calibration eliminates rough handling and exposure of the recorder to undesirable
temperature/humidity extremes. In addition, because temperature is variable (even while
maintaining constant RH), temperature sensitivity is easily determined.

Chilled Mirror Hygrometers: A humidity computer can be used to determine either the
saturation pressure or RH necessary to generate a specific dew or frost point. First, the generator
is run to allow most of the gas to exhaust to ambient through the chamber vent. A small sample
is drawn through the side port of the chamber, next through the chilled mirror head, and then
through an adjustable valve or flowmeter. Because the chamber naturally operates at a very
small positive pressure, flow rates of ~ 1 slpm through the chilled mirror head are easily
obtainable. Flow rate through the head may also be adjusted by partially restricting the chamber
exhaust.

The entire head can also placed in the chamber with the head exhausting to ambient. The slight
positive chamber pressure forces a small flow of gas through the head. Again, a flowmeter
should be used downstream, with flow adjustments made either with a valve or by partial
restriction of normal chamber exhaust.

Environmental Testing: A portable two-pressure humidity calibrator can serve as a test bed for
evaluation and R&D of humidity and/or temperature-sensitive products such as; plastics,
composites, film, tobacco, blood gas analysis, pharmaceuticals, soil hydrology, consumables,
electronics, and optics. Depending on the temperature and humidity being generated, the system
may operate continuously from hours to months; the only limiting factor is typically the 1-gallon
capacity of the internal distilled water reservoir used by the presaturator to humidify the air
stream. With continuous generation of a nominal 50% RH at 21 °C, the reservoir will last about
two weeks between refills. When generating dry cold gas, e.g., 10% RH at 0 °C, continuous
operation is possible for more than nine months.




Portable two-pressure humidity generation calibration equipment is also a valuable tool in
humidity sensor research and development, hygrometer calibration, certification, and humidity
sensor original calibration certification. This technology is also critical in special long-term
environmental exposure tests for weather related calibration of atmospheric and land-based
humidity sensor instrument packages and for large volume humidity sensor calibration
production.

History of Two-Pressure Humidity Calibration

Older methods of on-site verification were accomplished by either using a portable transfer
instrument or conducting full laboratory calibration. But, using a portable transfer instrument
that is first calibrated in the laboratory and then moved to the site for comparison only provides a
best ratio of comparison around 1:1. Although more accurate, full laboratory calibration using
humidity-generating equipment requires removing the instrument to be calibrated from its
installation, transporting it to the lab and then replacing it after it is fully calibrated, which can
cause a wide range of measurement errors.

Over the years, the National Bureau of Standards (now the National Institute of Standards and
Technology — NIST) worked to solve these problems by developing a two-pressure humidity
calibration technology that would eventually become the commercial device seen today in most
labs worldwide. The origin of the commercial device in use today was a device developed in
1948 by E.R. Weaver and R. Riley at the National Bureau of Standards that utilized pressure
rather than water vapor for the generation and control of humidity.

The Riley-Weaver two-pressure device utilized air or some other gas saturated with water vapor
at a high pressure and then expanded to a lower pressure while kept at a constant temperature.
The resulting relative humidity of the gas was the ratio of the lower pressure to the higher
pressure.

That method was improved upon by A. Wexler and R.D. Daniels, also at NBS, in 1951 with the
addition of temperature control. Using temperature control enabled Wexler and Daniels to
saturate a gas with water vapor at a given temperature and then raise the temperature to a higher
value, allowing the measurement of temperature and pressure to be used to determine the relative
humidity.

The combined two-pressure, two-temperature humidity generators in commercial production
today allow independent control of temperature and pressure. This device has been identified by
NCSL International as an intrinsic/derived standard since the value of relative humidity is a
mathematical relationship based on pressure and temperature.

The basic principle for the NIST Mark 2 humidity generator involves saturating a continuous
stream of air or some other gas with water vapor at a given pressure and temperature. The
saturated gas then flows through an expansion valve where it is expanded to a lower pressure.
The resulting RH of the gas is then determined by the formula:



fw(Ps,Ts) ew(Ts) Pc
%RH = . .

fw(Pc,Tc) ew(Tc) Ps

. 100 (1)

where:

fw = enhancement factor

ew = saturation vapor pressure
Ps = saturation pressure

Pc = chamber pressure

Ts = saturation temperature
Tc = chamber temperature

The RH generated by the two-pressure principle only depends on the pressure and temperature of
saturation and on the temperature after expansion. When these factors are measured and
controlled it permits precise control of the generated humidity. Also, because the humidity
generated is based solely on the fundamental principles of temperature and pressure, no humidity
sensors are needed to measure it.

NCSL International has published a Recommended Practice for Intrinsic/Derived Standards
(RISP-5) on the two-pressure, two-temperature humidity generator.

Conclusion

Increasingly stringent testing and calibration will be needed to meet the requirements of new
technologies being developed for a wide range of instrumentation and devices — some yet
unknown. As a metrologist, you must always stay one step ahead of these requirements for your
specific industry. Today, you can be assured that at least in the area of humidity calibration and
testing, the technology will allow you to keep pace with your accelerating industry requirements.

Two-pressure humidity generation technology is proven and traceable to NIST standards and the
portable equipment integrating the technology has been designed to meet the strict requirements
of all laboratory humidity calibration applications. Better yet, this equipment can be easily
validated and recalibrated in your lab without calling in your original outside vendor. When
calibration is done, you can be satisfied that your system will meet our toughest specification,
just as it did when it was first delivered it to your lab.

This translates into ultimate reliability: the capability of modern portable two-pressure humidity
generator/calibration systems to provide the highest standard for all laboratory calibrations on a
continuing basis.

1 - RISP-5 is available from NCSL International, 1800 30th Street, Suite 305B, Boulder, CO 80301-1026, tel 303-440-
3339, fax 303-440-3384. A full list of NCSLI Recommended Practices and other metrology training information is
available at www.ncslinternational.org.

2 - Relative Humidity Uncertainty analysis of the Thunder Scientific Model 2500 Two-Pressure Humidity Generator,
by Bob Hardy, Thunder Scientific Corporation, Albuquerque, NM, USA.

3 — Thunder Scientific Corporation website www.thunderscientific.com
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ITS90 FORMULATIONS FOR VAPOR PRESSURE, FROSTPOINT
TEMPERATURE, DEWPOINT TEMPERATURE, AND
ENHANCEMENT FACTORSIN THE RANGE -100 TO +100 C

Bob Hardy
Thunder Scientific Corporation, Albuquerque, NM, USA

Abstract: With the change in the temperature scale of 1TS-90, new temperature dependent
eguations were required which predict saturation vapor pressure over water and ice,
enhancement factor over water and ice, frostpoint temperature, and dewpoint temperature.
Internationally recognized formulas based on the previous temperature scale, viewed as self-
consistent data sets for vapor pressures and enhancement factors, were chosen as initial
defining equations. These formulas, coupled with those defining the temperature difference
between the two scales, were used to compute new data sets consistent with the temperature
scale of ITS90. These new data sets were then fitted to equations of the original form,
yielding new 1TS-90 compatible coefficients to the familiar vapor pressure and enhancement
factor equations. In addition, the resulting vapor pressure equations were used to produce a
set of inverse approximating equations to yield frostpoint and dewpoint temperatures when
the vapor pressure is known. The resulting coefficients, equations, and the conversion
methods that produced them are presented.

Keywords. ITS-90, saturation vapor pressure, enhancement factor, frostpoint, dewpoint

1 INTRODUCTION

Prior to establishment of the temperature scale of 1TS-90, humidity related quantities were
generally computed with respect to the IPTS-68 temperature scale, and continue to be in many
cases even well after the adoption of 1ITS-90. With a maximum deviation between IPTS-68
and ITS90 of only 26 mK over the range of —100 to +100°C, continued use of IPTS-68
equations does seem to have merit. For instance, when computing percent relative humidity
(%RH), it is computed from aratio of vapor pressures within relatively close proximity to one
another. So the end results, when computed on one temperature scale versus the other, are of
negligible difference. However, when the use of these ratios is not involved, and as humidity
generation and measurement techniques become inherently more precise, the need arises for
humidity parameters to be more closely matched to the new temperature scale.

While others have generated equations for vapor pressures and enhancements factorson ITS-
90, the intent here is not to contradict or negate these prior works. Rather, the purpose is to
augment those works with the addition of a consistent set of equations of the exact same form
as the IPTS-68 originals, with equivalent useable ranges and comparable accuracies to their
IPTS-68 counterparts. This process involved converting a series of 1TS-90 temperatures to
their IPTS-68 equivalents, computing vapor pressures and enhancement factors using existing
IPTS-68 equations, then pairing the results with the original 1TS-90 temperatures. The paired
data was curve fit to equations of the IPTS-68 form to generate the corresponding ITS-90
coefficients. In addition to determining these new coefficients, new formulas used to predict
frostpoint and dewpoint from vapor pressure were also generated.
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2 TEMPERATURE CONVERSION BETWEEN ITS-90 AND IPTS-68

The defining equation chosen for conversion of temperatures between the ITS-90 and IPTS
68 scales was that of Rusby® . Depicted here as equation 1, it covers the range of —189 to
+630°C, with a stated accuracy of approximately +1.5 mK below 0°C and +1 mK above 0°C.

8
te - tee = a b (to, / 630)’ 1)
i=1

where tg istemperaturein °C on the ITS-90 scale
and tgg istemperaturein °C on the IPTS-68 scale

with coefficients

b, = -0.148759
b, = -0.267408
bz = 1.080760
bs= 1.269056
bs = -4.089591
be = -1.871251
b, = 7.438081
bg = -3.536296

3 SATURATION VAPOR PRESSURE

While there have been several vapor pressure equations written over the years on the IPTS-68
temperature scale, those of Wexler®® have gained the largest international acceptance. In fact,
many of the other equations written have been limited range simplifications based on the data
from Wexler' s formulations. With the assumption that the Wexler equations are considered to
be self-consistent data sets on the IPTS-68 temperature scale, his equations were chosen as the
basis for conversion to ITS-90.

3.1  Saturation Vapor Pressure over Water

Wexler's® equation 15 (shown here as equation 2) was utilized as the defining formula for
saturation vapor pressure over water in the range of 0 to 100°C. Coupled with equation 1
above, 301 independent values of ITS90 vapor pressures were computed from -100 to
+200°C at 1 degree intervals. The data was then curve fit to Wexler's formula to generate
new coefficients consistent with the ITS90 scae. Since it is a common practice to
extrapolate Wexler's formula beyond his intended limits of 0 to 100°C, note that extrapolation
was aso used in the generation of this new data set. The ITS90 formulation will therefore
exhibit comparable results when used in the extrapolated regions below 0 and above 100°C.
Wexler's original formulation and coefficients, along with the new coefficients computed for
ITS90 are

6
Ine =8 gT"?+g,InT )
i=0

where e isthe saturation vapor pressure, in Pa, over water in the pure phase
and Tisthetemperaturein Kelvin
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with Wexler’' s coefficients and for the new ITS-90 scale

0o = -2.9912729x10° 0o = -2.8365744x10°
o1 = -6.0170128x10° 01 = -6.028076559x10°
0> = 1.887643854x10" o= 1.954263612x10"
gs = -2.8354721x102 gs = -2.737830188x10%
gs= 1.7838301x10° 0= 1.6261698x10°
Os = -8.4150417x10*° gs= 7.0229056x10™%°
gs = 4.4412543x107% gs = -1.8680009x10™*
g7 = 2.858487 g7 = 2.7150305

Curve fit of the above equation with 1TS-90 coefficients was performed using equal weighting
of each of the data points. However, when rounding the coefficients to the resolution shown,
dlight graphical adjustment of g, and g; was required to constrain the vapor pressure at the
triple point of water to 611.657 Pa while maintaining minimal error across the range. The
maximum deviation of vapor pressures between Wexler's formulation (with proper
adjustment of temperature to IPTS-68), and the ITS-90 formulation presented here, is within
0.05 ppm from —100 to 100°C. Since thisis more than 2 orders of magnitude below Wexler's
stated experimental uncertainties, his estimates of uncertainty remain applicable to this ITS
90 formulation.

3.2  Saturation Vapor Pressure over Ice

Wexler's® equation 54 (shown below as equation 3) was used as the defining formula for
saturation vapor pressure over ice in the range of —100 to 0°C. Coupled with equation 1 given
previoudy, 151 values of ITS-90 vapor pressures were computed from —149.99 to +0.01°C at
1 degree intervals. The data was then curve fit to Wexler's equation to generate new
coefficients consistent with the ITS-90 scale. Wexler's original formulation and coefficients,
along with the new coefficients computed for ITS-90 are

Ine, =a kT +kInT 3)

where e isthe saturation vapor pressure, in Pa, over ice in the pure phase
and Tisthetemperaturein Kelvin

with Wexler’'s coefficients and for the new ITS-90 scale
ko = -5.8653696x10° ko = -5.8666426x10°
ke = 2.224103300x10* ky= 2.232870244x10*
ko= 1.3749042x107? k.= 1.39387003x10%
ks = -3.4031775x10° ks = -3.4262402x10°
ks= 2.6967687x10® ks = 2.7040955x10®
ks= 6.918651x10* ks = 6.7063522x10*

Curve fit of this equation with ITS-90 coefficients was constrained at the triple point of water
by proportional over-weighting of that data point. After rounding of coefficients to the
resolution shown, some slight graphical adjustment of k; through ks was required to obtain a
flat error trend, while maintaining the vapor pressure relative to the triple point of water at
611.657 Pa. The maximum deviation of vapor pressures between Wexler's formulation (with
proper adjustment of temperature to IPTS-68), and the ITS-90 formulation presented here, is
within 0.3 ppm from —100 to 0.01°C. Since this is severa orders of magnitude below
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Wexler's originally stated estimates of uncertainty, his estimates remain applicable to this
ITS-90 formulation.

4 DEWPOINT AND FROSTPOINT FORMULAS

Equations 2 and 3 are easily solved for vapor pressures at any given temperature, namely the
dewpoint and frostpoint temperatures. However, if vapor pressure is known with temperature
as the unknown desired quantity, the solution immediately becomes complicated and must be
solved by iteration. For ease of computation, inverse equations have been developed to yield
temperature at a given vapor pressure.

4.1  Dewpoint Formula

Equation 2 with ITS-90 coefficients was used to create a table of 201 data points from —100 to
100°C, at 1 degreeintervals. The datawas equally weighted and fit to equation 4. Agreement
between this dewpoint formula and equation 2 with ITS-90 coefficients is better than 0.3 mK
over the range of —100 to 100°C.

Qoo

G(Ine)
L= Q)

d,(Ine)’

Qoo

where Tq is dewpoint temperature in Kelvin
and esisthe saturation vapor pressurein Pa

with coefficients

Co= 2.0798233x10°
ci= -2.0156028x10"
;= 4.6778925x10*
Cs= -9.2288067x10°
do = 1

dp= -1.3319669x10*
d,= 5.6577518x10°
ds= -7.5172865x10°

4.2  Frostpoint Formula
Equation 3 with ITS-90 coefficients was used to create a table of 161 data points from —150 to
10°C, at 1 degree intervals. The data was equally weighted and fit to equation 5. Agreement

between this dewpoint formula and equation 3 with ITS-90 coefficients is better than 0.1 mK
over the range of —150 to 0.01°C.

a c(ne)
T, =32 (5)

S
a d(ne)’
i=0
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5

where T; isfrostpoint temperature in Kelvin
and esisthe saturation vapor pressurein Pa

with coefficients

Co= 2.1257969x10°
c= -1.0264612x10
;= 1.4354796x10*
do = 1

dp= -8.2871619x10
d,= 2.3540411x10°
ds= -2.4363951x10°

ENHANCEMENT FACTORS

The effective saturation vapor pressure over water or ice in the presence of other gases differs
from the ideal saturation vapor pressures given in equations 2 and 3. The effective saturation
vapor pressure is related to the ideal by

e =ef (6)
where e, isthe ‘effective’ saturation vapor pressure

& istheideal saturation vapor pressure (as given in equation 2 or 3)
and fisthe enhancement factor.

Hyland* gave numeric values and an extensive equation for prediction of the enhancement
factor at various temperature and pressure conditions. Greenspan® utilized the data and
equations of Hyland to fit the enhancement factor to a more ssmplified equation, the form of
which is due to Goff and Gratch® given as

é ey &P ou
f =expéla?L- =<+bec—- 15 (7)
& & po ges 25
s
with a =g At (8)
i=0
s .
ad Inb=3 Bt (9)

where fisthe enhancement factor
& isthe ideal saturation vapor pressure (as given in equation 2 or 3)
P is pressure in the same units as e;
t istemperaturein °C
and A, B depend on temperature range and are given in the following sections.
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51 Enhancement Factors for Water, -50 to 100°C

Greenspan used two equations to obtain enhancement factors for water. One applies for
temperatures between —50 and 0°C, while the other is used from 0 to 100°C. Equations 8 and
9 with the appropriate |IPTS-68 coefficients for the temperature range, coupled with equation
1, were used to generate a and b data sets for each of the ranges at 1 degree increments. The
original coefficients, aong with those for ITS-90in °C and K, are listed below.

For Water 50 to 0°C

IPTS-68 [°C]

Ao= 3.62183x10™
A; = 2.60553x10°
A, = 3.86501x10”
As= 3.82449x10°
Bo = -1.07604x10"
B, = 6.39725x10°
B, = -2.63416x10™
Bs= 1.67254x10°

For Water 0 to 100°C

IPTS-68[°C]

Ao= 3.53624x10*
A, = 2.93228x10°
Ay = 2.61474x10°7
Az = 8.57538x10°
Bo = -1.07588x10"
B, = 6.32529x10°
B, = -2.53591x10™
Bs = 6.33784x10°

1TS-90 [°C]

Ao= 3.62183x10™
A, = 2.6061244x10°
A, = 3.8667770x10”
Az = 3.8268958x10°
Bo = -1.07604x10"
B, = 6.3987441x10?
B, = -2.6351566x10™
Bs = 1.6725084x10°

ITS-90 [°C]

Ao= 3.53624x10*
A, = 2.9328363x10°
A, = 2.6168979x10”
Az = 8.5813609x10°
Bo = -1.07588x10"
B, = 6.3268134x10?
B, = -2.5368934x10™
Bs = 6.3405286x10

ITS-90 [K]

Ao = -5.5898101x102
A; = 6.7140389x10*
A, = -2.7492721x10°
Az = 3.8268958x10°
Bo = -8.1985393x10"
B, = 5.8230823x10*
B, = -1.6340527x10°
Bs = 1.6725084x10°

ITS-90 [K]

Ao = -1.6302041x10"
A; = 1.8071570x10°
A, = -6.7703064x10°
Az = 8.5813609x10°
Bo = -5.9890467x10"
B, = 3.4378043x10*
B, = -7.7326396x10™
Bs = 6.3405286x10’

5.2 Enhancement Factorsfor Ice, -100 to 0°C

To obtain enhancement factors for ice in the range of —100 to 0°C, Greenspan provided 3
eguations. One was for the temperature range —100 to —-50°C, one was for the temperature
range 50 to 0°C, and the final one was somewhat less accurate than the other two but covers
the entire range of —100 to 0°C. Again, equations 8 and 9, coupled with equation 1 and the
appropriate IPTS-68 coefficients, were used to generate three sets of ITS-90 datafor a and b
at 1 degreeintervals. The original coefficients, along with those for ITS-90 in °C and K, are
listed below.

For Ice-100 to 0°C
IPTS-68 [°C]

IT °
A, = 3.64449x10™ ANy

IT K
A, = 3.64449x10™ N

Ao = -6.0190570x1072

A= 2.93631x10°
A, = 4.88635x10”
Az = 4.36543x10°
Bo = -1.07271x10"
B, = 7.61989x107
B, = -1.74771x10™
Bs= 2.46721x10°

A; = 2.9367585x10°
A, = 4.8874766x107
As= 4.3669918x10°
Bo = -1.07271x10"

B, = 7.6215115x10?
B, = -1.7490155x10™
Bs = 2.4668279x10°

A; = 7.3984060x10™
A, = -3.0897838x10°®
Az = 4.3669918x10°
Bo = -9.4868712x10*
B, = 7.2392075x10*
B, = -2.1963437x10°
Bs = 2.4668279x10°
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For Ice—-100 to -50°C

IPTS-68[°C]

Ao= 9.88896x10™
A= 5.74491x10°
A, = 8.90422x10°7
Az = 6.20355x10°
Bo = -1.04148x10"
B, = 9.11735x10?
B, = 5.14117x10°
Bs= 3.55087x10°

For lce-50to 0°C

IPTS-68[°C]

Ao= 3.61345x10*
A= 2.94650x10°
A, = 5.21676x10°”
As = 5.01622x10°
Bo = -1.07401x10"
B, = 7.36812x10°
B, = -2.68806x10™
Bs= 1.53964x10°

1TS-90 [°C]

Ao= 9.8830022x10™
A, = 5.7429701x10°
A, = 8.9023096x10’
Az = 6.2038841x10°
Bo = -1.0415113x10*
B, = 9.1177156x10?
B, = 5.1128274x10°
Bs = 3.5499292x10°

1TS-90 [°C]

Ao= 3.61345x10*
A, = 2.9471685x10°
A, = 5.2191167x10”
As = 5.0194210x10°
Bo = -1.07401x10"
B, = 7.3698447x10?
B, = -2.6890021x10™
Bs= 1.5395086x10°

1TS-90 [K]

Ao = -7.4712663x10%
A, = 9.5972907x10*
A, = -4.1935419x10°
Az = 6.2038841x10°
Bo = -1.0385289x10°
B, = 8.5783626x10"
B, = -2.8578612x10°
Bs = 3.5499292x10°

ITS-90 [K]

Ao = -7.1044201x10%
A, = 8.6786223x10™
A, = -3.5912529x10°
Az = 5.0194210x10°
Bo = -8.2308868x10"
B, = 5.6519110x10*
B, = -1.5304505x10°

Bs = 1.5395086x10°

5.2 Notes Regarding Enhancement Factors

Since the temperature dependency of enhancement factors is very small, little error would be
induced by the use of IPTS-68 enhancement factor formulas with 1TS-90 temperatures while
at low to moderate pressures. However at high pressure, near 2 MPa, the error of this
approach is negligible near 0°C, but approaches errors of 15 ppm at —-50 and +100°C, and
exceeds 50 ppm at —100°C. Although somewhat more significant, these induced errors are
still generally more than an order of magnitude lower than Hyland's original uncertainty
estimates. Use of the ITS-90 equations can reduce this systematically induced computation
error more than 2 orders of magnitude to within 0.2 ppm over the range —100 to -50°C, 0.05
ppm over the range -50 to 0°C, and within 0.1 ppm over the range 0 to 100°C. Since the use
of the ITS90 formulations prevent any significant additional contribution to the overall
computational error, Hyland's original estimates of uncertainty remain valid.

As an additional note, it is also important to understand that the IPTS-68 enhancement factor
formulas of Greenspan where derived using Wexler’s vapor pressure equation for water prior
to his 1976 revision, and Goff’s saturation vapor pressure equation for ice based on the
temperature scale of 1948. While these IPTS-68 enhancement factor equations apparently
remained valid without change up to 1990, even though there were newer equations for the
vapor pressures of both water and ice, no attempt was made here to account for these apparent
previous discrepancies. The equations presented here for ITS-90 are done so solely in an
effort to prevent further degradation of the enhancement formulas from 1990 forward. The
goa attempted and accomplished was only that an IPTS-68 enhancement factor computed
from an IPTS-68 temperature would yield the same numeric value as an ITS-90 enhancement
factor computed from an ITS-90 temperature, when the two temperatures are of the same
hotness.
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HUMIDITY CALIBRATION

For many hygrometers, the need for recalibration depends on the
accuracy required, the sensors stability, and the conditions to which
the sensor is subjected. Hygrometers should be calibrated
regularly by exposure to an atmosphere maintained at a known
humidity and temperature, or by comparison with a transfer
standard hygrometer. Complete calibration usually requires
observation of a series of temperatures and humidities. Methods
for producing known humidities include saturated salt solutions,
mechanical systems such as the divided flow, two-pressure two-
temperature and the two-pressure humidity generator. All these
systems rely on precise methods of temperature and pressure
control within a controlled environment to produce a known
humidity, usually with accuracies of 0.5 to 1.0%. The operating
range of the precision generator is typically 5% to 95% RH.
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Definitions

* Humidity
— The presence of water vapor in a gas. The word “humidity” is sometimes
used to express relative humidity only. Humidity refers to all expressions
J related to water vapor.
e Relative Humidity
— Describes the ability of air to moisten or dry materials and compares the
actual amount of water vapor present with the maximum amount of water
vapor the air could hold at that temperature. Example, saturated air at 50
°F (saturated means 100% relative humidity) would be quite dry if heated
to 100 °F (less than 19% relative humidity).
 Hygrometer
— An instrument for measuring humidity.
 Hygrometry
— The subject of humidity measurement.
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Humidity Instrument Calibration
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Thunder Calibration
Procedure

Humidity Calibration using the Model
2500 Two-Pressure Humidity
Generator
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Hygrometer Calilgration

Figure 1.1

A typical hand held hygrometer with humidity and temperature probe EdgeTech Model 650.
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Typical accuracy for this hygrometer is specified at
+1.0 % RH.

The calibration of the hand held hygrometer as
described and illustrated will be a simple 3 point
calibration at 20, 50, & 80% RH at a test temperature
of 23 °C.

It is always a good idea to review the operations
manual for the instrument you will be calibrating.
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For this calibration use the manifold accessory in the
test chamber of the 2500. The manifold will thread into
the chamber inlet port with a ¥ inch NPT male thread.
It is not necessary to seal or tighten the manifold tight.

The manifold accessory will reduce the calibration test
time.

Bundle the RH/Temp probe and the chamber temp
sensor from the 2500 together in the manifold as
illustrated. It is important that the RH/Temp probe from
the hygrometer is positioned with the 2500 chamber
temp sensor.

See figure 1.2 on next slide.
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Figure 1.2

Position the RH/Temp probe into the manifold fixture with the 2500 chamber temperature sensor.
Close the 2500 chamber door.
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Figure 1.3

Seal the access port with the white foam plug, the foam plug can be drilled or cut for the probe
cable.
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Figure 1.4

Change the set point on the 2500 control screen to 20% RH at PC/TC, change the chamber
temperature set point to 23 °C.
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Figure 1.5

Press RUN to start the 2500 and begin the calibration. As a rule of thumb we will allow the 2500
system and hand held hygrometer to warm up for 60 minutes before taking our first test point.
The test point interval will be 30 minutes after the initial warm up.
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. Figure 1.6
Thunder metrologists use a calibration worksheet to record data from the 2500 and the device

under test. Ambient test conditions in the lab are noted and dated on the work sheet. Data
collected from the 2500 will include the headings as listed in this example.
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Fle Mode Run Profile Graph Data

%RH@PcTc |20 0f B|
Saturati i
e T
Chamb: i
Pr:sns-lur: 12.030 +).075 | psia
Sefuraton [23000 |[23504 |[s060| T
Chamb: T
Mass F I
o .

Figure 1.7

ControLog® Automation software can be used in place of the manual set points as described in
the previous section. Click on the %RH Set point field of the Control Parameters window using
the keyboard enter a set point of 20 then click OK.
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Profile Graph Data
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Figure 1.8
Click on the Saturation Temp Set point field of the Control Parameters window, using the
keyboard enter a set point of 23 for a chamber temperature of 23 °C and then click OK.
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Figure 1.9

Select Generate from the Run menu and click. When Generate mode begins, all fields on the
Control Parameters window and the Calculated Humidity Values window begin to update, and
the Status Log shows the time that the Generate Mode was started.
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Figure 1.10

After 60 minutes we are ready to take a test point at 20% RH at 23 °C. Record the readings
from the 2500 and hand held hygrometer. Allow extra time if the DUT is still stabilizing at the test
point.
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ControLog® Automation screen in the graph mode shows a stable set point at 20% RH and 23 °C
chamber temperature.
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The displayed output values from the hand held hygrometer should be recorded for %RH and
Temperature.
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Figure 1.13

Change the set point on the 2500 to 50% RH at 23 °C, allow 30 minutes for the system to
stabilize at the new calibration point.
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Figure 1.14

Click on the %RH Set point field of the Control Parameters window, using the keyboard enter a
set point of 50 then click OK, allow 30 minutes for the system to stabilize at the new calibration
point.
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Figure 1.15
After 30 minutes we are ready to take a test point at 50% RH at 23 °C. Record the readings

from the 2500 and hand held hygrometer. Allow extra time if the DUT is still stabilizing at the test
point.
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ControLog® Automation screen in the graph mode shows a stable set point at 50% RH and 23 °C
chamber temperature.
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Figure 1.17

The displayed output values from the hand held hygrometer should be recorded for %RH and
Temperature, allow extra time if the DUT is still stabilizing.
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Change the set point on the 2500 to 80% RH at 23 °C, allow 30 minutes for the system to
stabilize at the new calibration point.
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Figure 1.19

Click on the %RH Set point field of the Control Parameters window, using the keyboard enter a
set point of 80 then click OK, allow 30 minutes for the system to stabilize at the new calibration
point.
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Figure 1.20

After 30 minutes we are ready to take a test point at 80% RH at 23 °C. Record the readings
from the 2500 and hand held hygrometer. Allow extra time if the DUT is still stabilizing at the test
point.
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ControLog® Automation screen in the graph mode shows a stable set point at 80% RH and 23 °C
chamber temperature.
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Figure 1.22

Record the final test point from the DUT display for %RH and Temperature.
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Press Stop on the 2500 keyboard or, Select Shutdown from
the Run menu, once the 2500 generator is shut down the
system will prompt you to save the system data, which was
acquired during this calibration.

The initial as found calibration is complete. The filter
element or screen that protects the humidity sensor element
should be cleaned and inspected as per the manufacturers
recommendation before calibration adjustment and testing
the as left calibration of the hand held hygrometer.

The as left calibration should be performed at the same test
temperature of 23 °C using the same 3 test points beginning
at 20% RH, test point interval will be 30 minutes.
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ChartRecorder Calibration

D

Figure 2.1

Calibration article (DUT) Humidity and temperature chart recorder, adjustable chart speed from
24 hour, 7 day or 30 day chart.

Before calibration install a fresh 24 hour chart if available, select 24 hour chart speed.
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Figure 2.2

Connect the RH/Temp probe to an extension cable if available to allow access to the test
chamber. Seal the opening with the white foam access plug. Connect power supply to the chart
recorder.

Humidity Generation and Calibration Equipment

(2
. X THUNDER SCIENTIFIC.
CRL) CORPORATION Th: by Souce

Figure 2.3

Position the RH/Temp probe into the manifold fixture with the 2500 chamber temperature sensor.
Close the 2500 chamber door.
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Figure 2.4

Adjust the chart recorder chart speed to 1 day or 24 hour chart speed if adjustable. Apply power
to the chart recorder.
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Figure 2.5

Review the ControLog® Manual if you are not familiar with this software.
Open ControLog® software; under the Profile menu select New Profile.
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2500 Data Auto Profile

Auto Profile - X

Contral Made HRH@EPT The profile is used as & road map during Auto

Profile operation. t defines which setpoint values
10 go to, at what rate to go from one setpoirt to
another, and howe long to stay st 8 specific
setpoint before moving to the next one

Paint |Generatur Mods ZRH&PcTe | Saturation Temperature ['C] | Mass Flow Rate [I/m] | Ramp Time Soak Time Aszsurance
| v

* Generate
Shutdown

Figure 2.6

Click once on the cell of any value needing a change. It is usually best to start at the upper
leftmost cell. For this automatic profile calibration we will use 20.0% RH as the first test point.
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* The test points selected will be 20%, 50% & 80%
returning to 20% RH, the test temperature has been
entered as 23.0 °C, a flow rate of 20 SLPM, you should
always run the 2500 at the maximum flow rate of 20
SLPM for best uniformity of the test chamber. The ramp
time entered is 0; we want the 2500 to reach the set point
as fast as possible. The soak time for the test point will be
2 hours or 120 minutes. This time can be reduced based
on the response time of the DUT. We have selected NO
for the assured soak conditions; the 2500 will stabilize as
close as possible to the test point as selected.

See figure 2.7 on next slide.
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Auto Profile * X

Contral Mode ZRHBPCTe The profile is used a5 & roadd map during Auto

Profile operation. it defines which setpaoint values
10 goto, st what rate to go from one setpoint to
anaother, and how long to stay at & specific
setpoint before moving to the next one
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3 Generate a0 23 20 0 minutes 2 haurs No
4 Generate 20 23 20 0 minutes 2 hours No
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Figure 2.7
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Figure 2.8

Select Save Profile under the Profile menu. The profile as designed can be reused or revised for
similar auto profile calibrations.
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Select the point from which you would like to start the profile.
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4 Generate 20 23
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Figure 2.9

Select Run Auto Profile under the Profile menu from the tool bar, the Auto Profile insert will be

displayed with an arrow indicating the first test point, click OK the 2500 will start at 20.0% RH at
a test temperature of 23 °C.
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Figure 2.10
The 2500 run screen will display the set points as programmed from ControLog® Auto Profile.
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Figure 2.11
The 2500 display screen after 90 minutes displays a stable reading at 20% RH at the test
temperature of 23 °C.
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The DUT RH/Temp recorder is shown with a displayed output of 20 at 20.0% RH, you should
monitor the calibration to be sure the displayed output agrees with the trace on the chart record.
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The DUT RH/Temp recorder is shown with the displayed output for temperature at test temp of
23 °C.
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Figure 2.14

The 2500 display screen is shown with the set point change to 50% RH after 2 hours.
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| Figure 2.15

The DUT RH/Temp recorder is shown with the displayed output of 49% at the 50.0 %RH set
point.
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After 8 hours of Auto profile calibration the ControLog® graph displays the 4 point profile from
20% RH to 80% RH with a final point at 20% RH. The ControLog graph confirms the stability
and time duration of the Auto profile. The file should be saved with appropriate serial number or
file name for the RH/Temp recorder.
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Figure 2.17

The RH/Temp chart record can be compared to the 2500 ControLog data for error and test stability, the
calibration as performed on this instrument was within the manufacturers tolerance. The chart record
as prepared should be scanned or photographed for file history on this instrument.
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Humidity & Temperature Data Logger Calibration Using ControLog
Automation Software

Figure 3.1

Calibration article (DUT) Humidity and Temperature Data Logger positioned in the chamber
using the shelf accessory. Locate the 2500 chamber temperature sensor with the RH/Temp
loggers. Close the 2500 chamber door.

> Humidity Generation and Calibration Equipment

5./ THUNDER SCIENTIFIC.
O®0) corporaTioN Humidity Source

@ 2500 ControLog

File Mode Run Graph  Data  Units
2500 Parameters

#RH@PcTe 20000

Saturation £1.002 | |12147 | |+0075| psia
Pressure

Chamber 12147 ||+0075] psia
Prezsure

Saturation 25.000 22.883 #0060, T
Temperature

Chamber 22395 ||+0080] T
Temperature

MassFlow 20000 |[15180 | Mm
Fate

Figure 3.2

Open ControLog® software; under the Profile menu select Open Profile.
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The profile test points will be 40% & 60% RH, the test
temperature has been entered as 23.0 °C, a flow rate of
20 SLPM, you should always run the 2500 at the
maximum flow rate of 20 SLPM for best uniformity of the
test chamber. The ramp time entered is 0; we want the
2500 to reach the set point as fast as possible. The soak
time for each test point will be 8 hours. This time can be
reduced based on the response time of the DUT. We
have selected NO for the assured soak conditions; the
2500 will stabilize as close as possible to the test point as
selected.

See figure 3.3 on next slide.
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2500 Data Auto Profile

Auto Profile: * X

Contral Mode %RHEPcTC The profile is used a3 & road map during Auto

Profile operstion. t defines which setpoint values
to o to, &t what rate to go from one setpoint to
another, and howe long to stay &t & specific
setpoint before moving to the next one.
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Figure 3.3
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Select the point from which you would like to start the profile.

Paint Generator Mode %RAH@EPCTC Saturation Temperature ['T]
1 = Generate 40 23
2 Generate [=11] 23
3 Shutdown

I |

| Dk | | Cancel |

Figure 3.4

Select Run Auto Profile under the Profile menu from the tool bar, the Auto Profile insert will be
displayed with an arrow indicating the first set point.
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Select the point from which you would like to start the profile.

Paint Generator Mode %RAH@EPCTC Saturation Temperature ['T]
1 = Generate 40 23
2 Generate [=11] 23
& Shutdown

11l |

| Ok | | Cancel |

Figure 3.5

Click OK the 2500 will start at the first test point of 40.0% RH at a test temperature of 23 °C.
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Figure 3.6
Note the set point of 40.0% RH at a test temperature of 23 °C.
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The 2500 run screen will display the set points as programmed from ControLog® Auto Profile.
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After 16 hours of Auto profile calibration the ControLog® graph
displays the 2 point profile from 40% RH to 60% RH. The
ControLog graph confirms the stability and time duration of the
Auto profile. The file should be saved with appropriate serial
number or file name for the RH/Temp loggers.

See figure 3.8 on next slide.
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Figure 3.9 shows the data collected from the Veriteq data logger program.

27

26

25

24

23
6/19/2006 6/19/2006 6/19/2006 6/20/2006 6/20/2006 6/20/2006
12:00:00 PM 4:00:00 PM 8:00:00 PM 12:00:00 AM 4:00:00 AM 8:00:00 AM

Figure 3.9
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Calibration Set-Up RH/Temp Transmitters

Figure 4.1

e Multiple sensors in the test chamber will sometimes exhibit self heating due to the imbedded
electronics in the transmitter housing. It is important to locate the chamber temp probe as close to
the RH/Temp probe as possible. Observe inter-comparison of temperature output between

sensors.
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Figure 4.2

e A manifold fixture is a simple solution to duct the in coming humidity test value over the probes
during calibration. The manifold solution will improve temperature uniformity between probes.
Locate the chamber temperature probe inside the manifold during calibration.
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Figure 4.3

e A similar manifold fixture can be used for calibration of small hand-held devices where the
humidity value is displayed on the device. Itis possible to open the door for brief periods for
adjustment of the device during calibration.
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What is Dew Point?

A dew-point hygrometer utilizes a temperature-controlled,
highly polished observable surface. In the instrument’s
simplest form, crushed ice is slowly added to a liquid in a
thin-walled silver container such as a mint julep cup. An
accurate mercury bulb thermometer is used to constantly stir
the liquid in the cup. When the first sign of condensation
(dew) is observed on the outside of the cup, the temperature
of the liquid in the cup is read as the dew-point temperature.
This method requires that the temperature of the outside
surface of the silver cup and the temperature of the liquid in
the cup be essentially the same. In actual practice, the
temperature of the liquid in the cup will be slightly lower than
the outside surface temperature of the cup.
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What is Dew Point?

_ Accurate mercury-bulb
Garnish thermometer Used to
with mint

Look for

first fog or a

stir and measure
condensation \

Instructions Ty

Slowly add ice, stir X
and observe }
temperature and

evidence of condensation.
Dew-point is

thermometer reading when
fog or condensation first
appears.

Dispose of contents

of cup in compliance

with all regulations.

,«—— Thin wall polished
silver mint julep cup

d::::“h Crushed ice and liquid
) (simple syrup and
Bourbon for best

heat transfer)
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Chilled Mirror Hygrometer
Calibration

In its most fundamental form, dew point
Is detected by cooling a reflective
condensation surface (mirror) until water
begins to condense, and by detecting
condensed fine water droplets optically
with an electro-optic detection system.
The signal is fed into an electronic feed
back control system to control the mirror
temperature, which maintains a certain
thickness of dew at all times.
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Schematic of conventional chilled mirror sensor.
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Dew Point Mirror & Hygro M4

B

Figure 5.1
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A typical dew point hygrometer with air temp sensor (AT) Series Hygro M4 is a
general purpose optical condensation hygrometer used for industrial and laboratory
applications.

Optical condensation hygrometry is a precise technique for determining the water
vapor content in gases by measuring dew or frost temperatures. Optical
condensation hygrometry works on the chilled-mirror principle. A metallic mirror
surface is cooled until it reaches a temperature at which condensation begins to form
on it. The dew layer is optically detected and the mirror is held at that temperature.
The mirror temperature, measured with a platinum resistance thermometer is an
accurate indicator of the dew or frost point.

Typical accuracy for this hygrometer is specified at £0.2 °C DP.

The calibration of the dew point hygrometer as described and illustrated, will be a 3
point sample calibration at 20, 50, & 80% RH at a test temperature of 25 °C.

Dew point values will be calculated using HumiCalc® Humidity Conversion software.
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HYGRC M4

OPERATORS MANUAL

Figure 5.2

It's always a good idea to review the operations manual for the instrument you will be calibrating.
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You will need a sample air pump as illustrated. The air pump is used for drawing a sample from

the Model 2500 test chamber and flowing this sample over the dew point mirror. It is important to
have adequate flow rate over the dew point mirror. A flow rate of less than 1 L/m is specified by

the manufacturer. To much flow over the mirror will cause instability and accuracy problems.

Please refer to Fig. 5.42 & 5.44 for an alternate method of providing metered flow over the dew
point mirror.
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Figure 5.4

Install the manifold accessory in the test chamber of the 2500. The manifold will thread into the chamber
inlet port with a ¥ inch NPT male thread. It's not necessary to seal or tighten the manifold tight.

The manifold accessory will reduce the calibration test time.
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Figure 5.5

Remove the 2500 foam access port plug and guide the air temp probe and sample tube into the test chamber.

The tubing used for the inlet and outlet from the sample air pump should be a clean ¥ inch Teflon tube. It is not
a good idea to use rubber or plastic tubing such as PVC because of the hygroscopic nature of the material.
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Figure 5.6

Bundle the sample tube, air temp probe and the chamber temp sensor from the 2500 together in
the manifold as illustrated. It is important that the air temp probe from the hygrometer is
positioned with the 2500 chamber temp sensor.
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The sample tube from the 2500 test chamber is connected to one side of the dew point mirror
using ¥4" Swagelok fitting. The outlet of the dew point mirror is connected to the air sample
pump. You will note the outlet of the pump has been fitted with a flow meter.
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Figure 5.8

Tighten the fittings as shown.
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Figure 5.9
The sample tube and air pump as illustrated are ready for calibration.

Connect the dew point mirror and air temp probe to the connections on the display.

Apply AC power to the sample air pump and dew point hygrometer.
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\ Figure 5.10
N
B

The flow meter connected to the outlet of the sample air pump is adjusted for a value less than 1
L/m. Itis important to have adequate flow rate over the dew point mirror. A flow rate of less than

1 L/m is specified by the manufacturer. To much flow over the mirror will cause instability and
accuracy problems.
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Figure 5.11

Apply AC power to the Model 2500 and air compressor accessory.
Change the set point on the 2500 control screen to 20% RH at PC/TC, change the chamber
temperature set point to 25 °C.
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Calculate Dewpoint

» Using HumiCalc® we will calculate the dew point for a
humidity set point of 20% RH. Hii

* Inthe Normal mode select %RH as the known value,
input the chamber test temperature of 25 °C, input the
test pressure as displayed on the 2500 screen Chamber
PSI.

» The calculated dew point for 20% RH as displayed in
the example is 0.54230 DP.

See figure 5.12 on next slide.
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Equiibrium Over lee 'I Apply Enhancement Factors  [V] Known [%RH -
Known Values (Standard u) Calculated Values (Expanded U with 95.45% Confidence)
%RH |200 20000 [+ Spechic Humdty 0004726951 | |29E-006 [+
“RH 2 0000 [3] t | Absohute Humidty 4635717301 | [=0.0078 [=]
Do 021 | (200247 (] Doy Ar Densty 976.0635041 ||=0.1249 []
%RH 20.0 5806932214 ||+0.1803 E]_
Dew Point 0.54230 =l
. Te o = =
HumiCalc 742 (00522 [] Wet Bub Temperatire (1176206322 | (200193 []
@ 20% RH . Pressure o 523 |[=56814 [w] Modng Ratio by Volume |0.007633364 | |+1E-005 [=]
Temperature [ ~| sweTd (6357217808 |[21.1372 [=] Metng Ratioby Weght |0.004743401 | 29€-006 [ ]
Pressure FeT [x] PecentbyVome (075761283 |=0.0014 [<]
Vapor Pressure Pa v| FenP  [1003617252 |[+1E006[w] Percentby Weight 0472695114 | +0.0003 [v]
Densty and Abs Humidey [g/m”™3 v| F@TdA (1003263186 |[+4E-007 [w] Vapor Mole Froction  |0.007576128 | =1E-005 [v]
Erthalpy (g - Taf [ [] Dy Air Moke Fraction  0.992423872 | +1E-005 [
Figure 5.12
Humidity and Ed
THUNDER SCIENTIFIL.
CORPORATION  Ths Humiciy Soures
PORATION
THUNDER SCIENTIFIC 0
Figure 5.13

Press RUN to start the 2500 and begin the calibration. If you are using ControLog® Automation
software click Run and select Generate. As a rule of thumb we will allow the 2500 system and

dew point hygrometer to warm up for 60 minutes before taking our first test point. The test point
interval will be 30 minutes after the initial warm up.
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Figure 5.14

Thunder metrologists use a calibration worksheet to record data from the 2500 and the device
under test. Ambient test conditions in the lab are noted and dated on the work sheet. Data
collected from the 2500 will include the headings as listed in this example.
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Figure 5.15

After 60 minutes we are ready to take a test point at 20% RH at 25 °C. Record the readings from
the 2500 and dew point hygrometer.
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The displayed output values from the
hygrometer are illustrated in sequence
Figs. 5.16 - 5.20.
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@ M- HyperTerminal E]@
.Eile Edit ﬁiew_" Call Transfer Help
O @ & 0B

DP C = 0.5047158 )

DP F = 32.90849

RH = 20.05744

TMP C = 24.96763

THP F = 76.942

Control

l

3 | (2]
Connected 2:57:06 Auto detect 1200 8-N-1 Figure 5.21

In addition to the manual readings the serial output from the hygrometer has been recorded

using a terminal program on a PC laptop. The displayed values offer higher resolution and
permanent record for the 20% RH test point.
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T Seale [IT590 | CamerGas [DyAr ¥ Mode [Noma ~|
Equilbium Over  |lce v|  Poply Enhancement Factors (7] Known | %AH -
Known Values (Standard u) Calculated Values (Expanded U with 95.45% Confidence)
%AH 200 £0000 [w] Spechic Humidty 0.004726951 | |+3E-006 =]
“RH =0 000 5] % |=] Absote Humidey 463571730 | £0.0078 [w)
Dew Point 0542305021 | |+0.0247 [] Dry Ar Density 976.0635041 | 01849 [
Temperature |25 04 10015 [v)

X nsty 9806992214 ||+0.1803 [w|

Pressre  [1221 00009 3] Dew Point | 0.54230 =i =l
Grains/b 3324580523 | |20.0601 [w] Ssturaton Fre [l

v =
Erthalpy ~ 37.25763742 | |:0.0522 [=] Wet Bub Temperature | 11.76206322 | :0.0193 [=]

Units SVPETt 3177487523 | 56814 [w] Meing Ratioby Volume |0.007633964 | +1E-005 (|

Temperature SVP@Td 6357217808 | /211372 [] Meang Ratio by Weight 0.004743401 | 23E-005 [
Pressure T [=] PercentbyVoume 075761283 | =0.0014 (]

Vapor Pressure (Pa v| F@MP (1003617252 |[+1E-006[v] PercentbyWeight 0472695114 |[20.0003 [+
Densty and Abs Humidy |g/m™3 v| F@TdR (1003263186 ||+4E-007[=] VaporMole Fracion  |0.007576128 | [+1E005 [+

[=] O A Moke Fraction 0952423872 | |+1E-005 [+ ] )
Figure 5.22

Using HumiCalc® the dew point value has been calculated at the 20% RH test point using the
measured values from the 2500.

Humidity Generation and Calibration Equipment

>
./ THUNDER SCIENTIFIC.

OR) CORPORATION 11 numeny seurcs

Profile

Run Graph Data Units

s Setpoint  Actual u

om= | %AH@PeTe ppo0  [[20001  [[=0.81 |

E‘:_; Saturaton |eos7s  ||e0674  ||=0.225 | ps

==

E: %ﬁf“:a”j‘”lm |25033  ||25.034  ||=0pe0 | T

| ‘
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:v::;- %RH@Pc i =

17 uRH@PeTe i

="~ Frost Point T j
Dew Foint T B Figure 5.23

*  The display screen from ControLog® Automation software is shown in Fig.
5.23, note the dew point value is displayed in the calculated humidity
parameters. Using ControLog® in conjunction with the serial output from the
hygrometer will save time recording and storing calibration data.
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Change the set point on the 2500 to 50% RH at 25 °C. When using ControLog® click on the humidity
set point and input the new set point of 50% RH. The set point stabilization time will be 30 minutes.

Record the readings from the 2500 and dew point hygrometer at 50% RH.
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The displayed output values from the
hygrometer are illustrated in
sequence Figs. 5.25 - 5.29.
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m - I-lype'r,'.l"enninal M
File Edit Wiew Call Transfer Help
b @& DB

DP C = 13.78205 o)

DP F = 056.80783

RH = 49.8476

TMP C = 24.96534

TP F = 76.93788

Control

8

<o | (2]
Connected 0:21:05 Auto detect 1200 8M-1 J Figure 5.30

In addition to the manual readings the serial output from the hygrometer has been recorded
using a terminal program on a PC laptop. The displayed values offer higher resolution and
permanent record for the 50% RH test point.
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T Scale [ITS90 v| ComerGes [Dyfr v| Mode [Nomal -
Equibrium Over | k8 w|  Apply Enhy Factors  [7] Hnown |ZRH '|
Known Values (Standard u) Calculated Values (Expanded U with 95.45% Confidence)

%RH 50.0 0000 [w| Spechic Humidty 0.011846373 | +2E-005 ]
“RH %0 0000 (=] ; [ Absohte Humdty 1155588583 | (20,0156 [
St 7e4s |[20.0275 [+] Dry Ar Densty 9672594921 |(+0.1973 [«]
788553779 ||£0.185 [w)

%RH 50.0 . !
: Dew Point 13.9147 =]
Tem =
17736 |[+0.0866 [w] Wet Bub Temperature 1759243171 | (20.0248 [
Pressure J
TODINLI1817 | (+5.6844 (] Medng Ratio by Volume |0.019263577 | +4E-005 [
Temperature [x v| sve@Td (1530080113 (228437 [+] Meing Ratio by Weight |0.011988392 | [+2E-005 [+
Pressure |psia x| swer [w] Percent by Volume 1890528018 | |+0.0034 [w]
Vapor Pressure [Pa v| F@MP  [1.003623515 ||21E-006 [w| Percent by Weight 1184637291 | +0.0021 [
Densty and Abs Humidly |g/m"3 »| F@TdP [1.003371544 ||+6E-007 =] Vapor Mole Fraction  |0.01890528 | |+3E-005 [~
Erthaioy (g v| FeTaf [=] Doy ArMole Fraction (098109472 | +36-005 [+

Figure 5.31

Using HumiCalc® the dew point value has been calculated at the 50% RH test point using the
measured values from the 2500.




Humidity and Ei

THUNDER SCIENTIFIC.
CORPORATION  The huniaity Sourcs

Run  Profile Data Units

Graph

[raviss Setpoint Actual u
T | RH@FcTc [so000 | (50010 |[:0.314 |
Famare
T
Loo7 Satumtion 24023 (24030 ||:0075 | psim
e Pressure
- .
= g
waree Sturstion  [p5033  |[25037  |[=0060 | C
et Temperature
bl
T gme <
Mass A I
22 o .
L]
. %RH@P e
“rl uwere .
e | HRH@PCTe 50.010 i
et Frost Point o
Dew Poirt . i
m Figure 5.32
PPMyv

e The display screen from ControLog® Automation software is shown in Fig. 5.32
note the dew point value is displayed in the calculated humidity parameters.
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Change the set point on the 2500 to 80% RH at 25 °C. When using ControLog® click on the

humidity set point and input the new set point of 80% RH. The set point stabilization time will be
30 minutes.

Record the readings from the 2500 and dew point hygrometer at 80% RH.
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The displayed output values from the
hygrometer are illustrated in sequence
Figs. 5.34 - 5.38.
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@ M4 - HyperTerminal g@
File Edit Wew Call Transfer Help
O @ & 0B
DP C = 21.2761 o)
DP F = 70.2972
RH = 79.97031
TMP C = 24.97166
THP F = 76.94926
Control
= vl
<o | m
Connected 2:31:53 Auto detect | 1200 8-MN-1 Figure 5.39

In addition to the manual readings the serial output from the hygrometer has been recorded
using a terminal program on a PC laptop. The displayed values offer higher resolution and
permanent record for the 80% RH test point.
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T Scale [IT590 v| ComerGes [Dyfr v] Mode [Nomal -
Equiibrium Over | Kc# w|  Apply Enhancement Factors V] Known |%AH v

Known Values (Standard u) Calculated Values (Expanded U with 95.45% Confidence)
%RH 800 0000 [v] Spechic Humdty 0.019067816 | |+36005 [+)
“RH %0 0000 (=] ; [ Absohte Humdty 1855334386 | |+00313 ]
St 7996063 |[20.0292 =] Dey Ar Densty 9544654568 | 0210 [+]
730188006 | 20189 [=)

%RH 80.0 : 9
- Dew Point 21.359 [+
Temp . =
p TE2M6 | |20.1227 x| Wet Bub Temperture | 2232667147 | 20.0283 =]
ressure DIEL 381817 |[25.604 [=] Meang Raio by Volume |0.031264475 | |=6E.005 [=]
Temperature [x v| svP@Td (2543764114 (245484 [+] Meing Ratio by Weight |0.019438465 | [+4E-005 [
Pressure |psia x| swrer [w] PercentbyVoume 3029783477 ||=0.0054 [w]
Vapor Pressure (Pa »| F@TA (1003619541 | |£1E-006 [w| Percent by Weight 1.906781641 | [£0.0035 [
=

Densty and Abs Humidty |g/m"3 »| F@TdP |1.003517483 | |=BE-007 =] VaporMole Fraction | 0.030297835 | +5E-005 =)
Enthalpy | x| FETaF (] Dry ArMole Fraction | 0.969702165 | +5E-005 [

Figure 5.40

Using HumiCalc® the dew point value has been calculated at the 80% RH test point using the
measured values from the 2500.
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e The display screen from ControLog® Automation software is shown in Fig. 5.41
note the dew point value is displayed in the calculated humidity parameters.

Dew Point
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* The initial as found calibration is complete. The dew point
mirror should be cleaned and inspected as per the
manufacturers recommendation before testing the as left
calibration of the dew point hygrometer.

* The as left calibration will be performed using the same
test points beginning at 20% RH, test point interval will be
30 minutes.
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Figure 5.42

An alternate test setup when the air sample pump is not available is shown in the following
illustrations.

See the next three figures.
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» A tee fitting with needle adjustment valve has been
assembled and threaded into the 2500 chamber inlet
port. The inlet of the tee fitting is open to the test
chamber. The sample tube is connected to the needle
valve at one end, the other end is connected to the dew
point mirror. The 2500 chamber temp sensor and

hygrometer temp probe have been taped to the bottom of
the test chamber.

See figure 5.43 on next page.
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Figure 5.43
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Figure 5.44

The outlet from the mirror is shown connected to the flow meter. It will be necessary to run the
2500 at the first test point and adjust the needle valve for proper flow rate through the dew point

mirror as shown in Fig. 5.43 Wait 5 minutes for the 2500 to stabilize at the set point before
attempting the flow rate adjustment.
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Questions?

Comments?
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High Dew Point Calibration

Calibration at dew points above ambient temperatures...

Figure 6.1
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Figure 6.2

Install the dew point sensor in the test chamber as shown in Fig. 6.2 in this example a shelf is
used to position the dew point sensor in-line with the access port.

The temperature probe from the test instrument DUT will be taped to the back wall of the test
chamber with the 2500 chamber temperature sensor.
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* Atee fitting is installed at the chamber inlet for connection
to the dew point sensor; note an open tube on the opposite
end of the tee fitting is used to direct the additional flow
into the test chamber. The outlet of the dew point sensor is
connected to clean ¥4” Teflon tubing, the sample line
should be sloped downward from the dew point sensor to
prevent condensation in the tubing from draining back to
the dew point sensor.

Refer back to figure 6.2
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Figure 6.3

The outlet tubing is connected to an adjustable valve and flow meter. Change the 2500 flow rate
to 10 L/m, adjust the valve to a flow rate of 1 L/m at the flow meter.
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Figure 6.4

Note the flow meter will be removed during the calibration due to the potential condensation at
the outlet tube.
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Figure 6.5

A condensate trap can be used to collect condensing moisture before the flow meter as shown
in Fig. 6.5
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o - |
Eile  Options Help
Configuration
Terpertre Scoe Comer s tode [Noma D)
E Over [kee v| Apply Enhancement Factos [¥] Known | Dew Port -
Known Values (Standard u) Calculated Values (Expanded U with 95.45% Confidence)
“RH 7620452415 | (03568 [ =] Specic Humidey (0042889579 |[=0.0002[+]
DewPort  [350 000 [o] | e Pont [x] sosoute tumaey  [39.1135406 _|[201733 7]
- ___ DewPort 350 20080 [w] Dry Ar Densty 8728901516 | |+03228 [+]
erperture 400 0015 [»]  ppy (720275397 234212 [] Moist Ar Densty 9120056322 | [+0.196 [=]
Pressre (122 00003 [w] PPMw (4811527 |[s21285 <] n Temg [+

Gins/b 313680689 | (+1.4899 [w] Saturtion Pressure =
Vet ] oy oot 0506 o] Wbt Terpwmare (57676005 | 200657 (o]
5

Unit SVP@T [7385299073 | (211813 [] Musng Ratioby Vome 007202734 ||+00003 [+]
T c >| sw@Td (5629215351 |[224.508 [w] Medng Ratio by Weight [0.044811527 |[0.0002 [+
Pressure PeT [=] PercentbyVokme (6718843114 |[2002%8 [=]
Vapor Prassure FEMA 1004209343 | 15006 [w] Percentby Weight 4288957345 200135 [+

Densty and Abs Humidty F@TdR 1003981689 |[=3E006 [v] Vapor Mole Fraction 0067128491 | (20,0002 [+ ]
Enthalpy sig =] ¢ [w] Ory Air Mole Fraction 0932811509 |20.0003 [+

The target test point for this calibration is +35 °C dew point, to accomplish this elevated dew
point it will be necessary to operate the test chamber at a test temperature of 40 °C.

Using HumiCalc® we can calculate the humidity set point at 40 °C test temperature to achieve
the desired dew point. Please view HumiCalc® example screen Fig. 6.6.

Figure 6.6
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File Options Help

Configuration

T Scale |ITS50 ¥| CamerGes |Deyhir ¥| Mode |Nomal
Exuilibvium Over lce »|  Apply Enhancement Factors  [¥] Known | Dew Port
Known Values (Standard u) Calculated Values (Expanded U with 95.45% Confidence)

%URH 7620458415 203583[;] Speciic Humidty 0.042889579

DewPont 350 0080 [= Rl
52 %RH 76.20 8728901516

Dew Point 35.0 B —— 912.0056922
1527 ||+21285 [w] Saturstion Temperaturs

Temperature [ 190 | aws  aesso] o
v " tmhapy 1955045401 :DS‘%IQ Wet Bub Temperature |35 76769903
Units SVP@T 7385299072 (211813 [w] Moing Ratio by Viskume |0.07202734
T c | sve@Td (5629215951 | /224908 [w] Medng Ratioby Weght 0.044811527 |
PETs [=] Percent by Volume 6718845114
Vapor Pressure Pa =] F@mR 1004209943 |[+1E-006[w] PercentbyWeight  |4.288957346
Densty and Abs Humidty E F@TAR 1003981689 | (235006 [v] Vapor Mole Fracton 0067188491
Enthalpy [ [=] Dry Air Mole Fraction | 0.932811509

Refer back
to figure 6.6

Select Normal Mode, the known value will be Dew Point DP, the test temperature needs to be
higher than the known dew point DP, enter 40 °C test temp, enter 35 °C for the known dew point
DP value. The %RH calculated is 76.20% RH.
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Begin the Calibration Test

* You should begin the calibration test at a lower %RH set
point until the test chamber temperature is within 2 degrees
of the desired set point of 40 °C, as an example start the
test at 20% RH until the test chamber actual displays 38 °C,
change the humidity set point to 76.20% RH and allow the
2500 to stabilize for a minimum of 30 minutes. Wait for the
DUT dew point indication to stabilize before recording the
calibration point.
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Figure 6.7

Input actual humidity, chamber temperature and chamber pressure, press calculate, HumiCalc®
will display the generated dew point as shown in Fig. 6.7. A normal test time duration of 2 hours
will be required to complete this test.
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Tempectire Scole (ITS90 =] CarrGos Mods (Noma
Equibdum Over  |lce w|  Apply Enhancement Factors [V Hnown | %RH -

Known Values (Standard u) Calculated Values (Expanded U with 95.45% Confidence)
%RH 7739 20000 [w] Spechic Humidty 0043323338 |[=7E-005 [ =
“RH T 000 [g] oot . E_ Absciute Humidty .n.m?ms :n.gssi[g
DunTuy 007898855 |(20.029 [w] Dey Ar Densty 8544914725 | |20.2305 [ |
0D 25 an 9036401815 || £0.1869 [
Test r.-. DewPoint . i
— =

Test 12.08 083118 |[:02333 [] Wet Bub Temperatwe 3571702025 | [0.0283 [
7Pr7reSSUre

TUPDUI_ 868776 | |+11656 [w] Mosng Ratio by Voume 00727898373 |/+00001 [+]

G >| svP@Td (5628501048 | 5.0235 [w] Meang Ratio by Weight |0.045285246 |[28E-005 [+

Pressure T [=] PercertbyVome (6785057261 | (20.0108 [=]
FE@RA 1004173033 | [+1E006 (] Percentby Weight 4332333733 | 200072 (¥

Densty and Abs Humidty |g/m”3 *| FE@Tdh :n.t_mssam +1E-006 [w| Vapor Mole Fraction  |0.067850573 | |=0.0001 '[.;]
F@Ta [#] Ory Air Mole Fraction  |0.932145427 ||+0.0001 [+]

Figure 6.8

Using HumiCalc® calculate the actual generated dew point using the values displayed on the
2500 screen Fig. 6.8.
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Figure 6.9

I- 1 -
DUT display at a humidity set point of 77.39 calculated dew point 34.998, test temperature of
39.71.
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« Using ControLog® Automation software under Mode in
the menu tool bar select Dew Point, change the test
temperature to 40 °C; change the dew point set point to
SiSadCr

» Select Generate under the Run menu and begin the
calibration test. You should begin the calibration test at
a lower dew point until the test chamber temperature is
within 2 degrees of the desired set point of 40 °C, as an
example start the test at 20 °C dew point until the test
chamber actual displays 38 °C, change the dew point
set point to 35 °C dew point and allow an additional 30
minutes for stabilization.

* A normal test time duration of 2 hours will be required to
complete this test.
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Using ControLog® Automation Software, view Fig. 6.14.
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Calibration Divided Flow Humidity Generator

Figure 7.1

Dew Point Standard

 As found calibration using a precision dew point standard with an accuracy of +0.1 °C DP.
» Dew point hygrometer sample tube installed in the humidity generator test chamber.
» Additional temperature measurement for as found temperature comparison.

* Record as found calibration at humidity test points from 10% RH to +90% RH.
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o 3 . ‘- & - '- : ifj Joi: Figure 7.2
e Calibrate the embedded RH/Temp probe in the Model 2500 humidity generator Calibrate as
per the manufacturers test points and procedure.

¢ Retest the Divided Flow Humidity Generator as left calibration after calibration adjustment of
the embedded RH/Temp control sensor.
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Questions?

Comments?
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Caution-Saturated salt solutions are extremely corrosive, and care should be
taken in their preparation and handling. There is also the possibility of corrosive
vapors in the atmospheres over the saturated salt solutions.
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easurement of Humidity has been prepared by th
Laboratory and the Institute of Measurement & Control, supported by the National
Measurement System Policy Unit of the Department of Trade and Industry.
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Beginner's Guide
- to Uncertainty of

Stephanie Bell

The aim of this Beginner's Guide is to introduce the subject of measurement uncertainty.
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This technical paper will give you a basic understanding of Calibration Point Selection.
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Thunder Sclentific® offers the industry's best solution to your humidity calibranon wortoad. The word's

leading manitacturer of NIST-proven, wo-pressure BUMKNTY calibation sysiems. Thunder has offered a full line of
Dumidity measurement equioment software, and JCCessones for over 45 years as of 2011
More than 1200 chients constitute 3 lestament 10 insistence on quality, accuracy, and cusiomer satisfaction. Cur
m clients repeesent the full spectrum of companies with close tolerance humidity caibration needs ke yours.
Hlﬂ::l‘ll'ﬂ : « National standards labs, including Sandia National Laborasonies and the Nabional Weather Service
8 * Apospace metrology labs run by companies ik Boeing, Lockheed, Norifrop Grumman, and Rayihean
+ Miltary PMEL for the U.S. Air Force, Army and Navy
F\le | « Pharmaceutical manutacturers, including Abboft Laboratonies, Merck, and EIl Lily
s cm + Indusinal manifactning companies such as Johnson Controls, GE Companies, Honeywel, Intel, Vassala
i’ and Fluke instrumes nits
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HUMICALC CONVERSION
EXAMPLES

This section provides you with a few examples
relating to the different features and configurations
of HumiCalc. By following along, you will become
familiar with how to use these features and
configurations. The examples shown here do not
constitute a comprehensive list of humidity
computations, but may be used as guidelines in
solving similar or related humidity problems.
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CONVERTING %RH TO A NEW PRESSURE
AND TEMPERATURE

~» Convert 50.0 %RH measured at 25.0 °C and 12.5 psia,
to the resulting Relative Humidity at 50.0 °C and 14.7
psia.

.. ’ lllllllllllllllllll Calibration Equipment
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» This type of operation requires a two-step process. First,
we will convert %RH at one pressure and temperature to
PPMv. We will then convert this PPMv to a %RH at a
new pressure and temperature. PPMv is used as the
intermediary variable to effectively hold the mixing ratio
of the gas, since once determined; it will not vary with
changes in pressure and/or temperature.

* RH-to-RH conversions of this type should always be
done through PPMv or another temperature and
pressure insensitive variable.
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Mode [Norma\

Known |Dew Foint

ded U with 95 45% Confidence)

Specific Humidity
Absolute Humidity

Diry Air Density

Moist Air Density

Saturation Temperature

Saturation Pressure
Wet Bulb Temperature

by

Midng Ratio lume

Mixing Fiatio by

-u
fin
a
i1
=3

File  Options  Help

Configuration

Temperature Scale Carier Gas [Df_'{Nr v]

Equilibrium Over D Apply Enhancement Factors

Water

Kmm\faluwtﬂi_l Calculated Values (E

Dew Poit Fosiport [ [ [=]
\ Dew Point _DDD El
| Tomperture PPy =
f Enthalpy l:l
| Pressure SVP@Ts ﬂ
| Vapor Pressure F@Tt.Pt E|
|[p— 2 -

Enthalpy Jg o) Fetses [ ]

Vapor Mole Fraction

I
nnny ||

Dry Air Mole Fraction

Set the Equilibrium to Ice
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File  Options Help

Configuration

Temperature Scale Camier Gas [Df_'{Nr '] Mode [Norma\ v]

Equilibrium Civer Apply Enhancement Factors Known “

Known Values (Standard u) Calculated Values (E ded U with 95.45% Coi Frost Point

wi [ ] S rpmi
W Dew Point Diry Air Deng E&S%‘?’d
|| Temperature PPy [=] Hoist Ar De Specific Humidy
Pressure PP lw E‘ Saturation Tgtr,:?\l;n?leiﬂdw
Grains/lb I:I Saturation Fw:ftgﬁ;qre:msgyeﬁure
f Enthalpy l:l Wet Bulb T¢ m::g g:: ax@ggﬁ

Units SVP@Tt l:l Mixing Ratig Exm a‘l\;‘,’é’;’gm}‘:

Pressure SVP@Ts [=]
| Vapor Pressure F@Tt.Pt @
.| Density and Abs Humidity F@&Td,Pt l:l apor Mole Fraction l:l

Enthalpy Jig b F&Ts,Ps l:l Dry Arr Mole Fraction l:l

Set the Known to %RH
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File  Options  Help
Configuration

Temperature Scale  |ITS-50 hd Carier Gas [Drer v] Mode [Norma\

Equilibrium Over Apply Enhancement Factors Known [4RH

5
:

I Known Values (Standard u) Calcul (E ded U with 95.45% Confidence)

%RH

w
@

peciic Humidity

i
[

Absolute Humidity

%RH Frost Point
|

7)
7)
I |
[ 1] I |
i =e=ctas PP v ﬂ Moist Air Density @
Pressure PPNw E‘ Saturation Temperature @
Grains/lb l:l Saturation Pressure l:l
f Enthalpy l:l Wet Bulb Temperature l:l
Units SVP@Tt l:l Midng Ratio by Volume l:l
Pressure fPa. ~] SVP@Ts ﬂ Percent b ﬂ
| Vapor Pressure F@Tt.Pt E| @
.| Density and Abs Humidity ITPP: F@&Td,Pt l:l apor Mole Fraction l:l
Enthalpy EE F@&Ts.Ps I:I Dy Air Mole Fraction I:I
ar
millibar

Set the Pressure Units to psia
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File  Options Help

Configuration

Temperature Scale Camier Gas [Drer '] Mode [Norma\
Equilibrium Over Apply Enhancement Factors Known [4RH
I Known Values (Standard u) Calcul
%RH

5
2
o

ded U wit

-

95 45% Confidence)
cific Humidity

w
@

D
Absolute Humidity

“RH Frost Point
,

Dew Point

Diry Air Density

Moist Air Density

Saturation Tempersture

Grains/b Saturation Pressure
f Enthalpy Wet Bulb Temperature
Units SVP@Tt Mixing Ratio by Volume
Temperature SVP@Td Mixing Ratio by Weig
I Pressure SVP@Ts Perc me
| Vapor Pressure F@Tt.Pt Percent by Weight
.| Density and Abs Humidity F@&Td,Pt apor Mole Fraction
Enthalpy Jig b F&Ts,Ps Dry Arr Mole Fraction

LT
L
I
kel L

Enter the Known Values




Humidity Generation and Calibration Equipment

/. THUNDER SCIENTIFIC.
‘ CORPORATION  The Humicity Source

File  Options  Help
Configuration

Temperature Scale Camier Gas [Drer '] Mode [Norrna\ v]

Equilibrium Over Apply Enhancement Factors Kown [%RH -
Known Values (Standard u) Calcul 1 Values (B ‘. 'Ulrilh95_45'X.Cnrﬁdem:e)

oo o | 555 ] oo
Temperature PPy 18804.88426 |[0.000 [w] Moist Ar Densiy 939.9859735

Pressure PPMw  [11699.28755 |[+0.000 [w] Saturstion
' Enthalpy 5491167859 |[=0.000 [=] Wet Bub Temperature

Units SVP@Tt [3163.30395 |[x0.000 [] Miing Ratio by Volume (0018804884 |[=0000 [+]
Tenperte svers 3T a0 gl im0 000 ]
Pressure i VP@Ts [=] Percent by Volume ~[1.845778763 ﬂ

@I

1.003673679 | [20.000 [ Percent by Weight 1.156399703

Vapor Pressure

Density and Abs Humidity

Enthalpy

Click the Calculate button
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File  Options Help
Configuration

Temperature Scale  |ITS-50 - Camier Gas | Dry Air - Mode [Norrna\ v]

Equilibrium Qver Apply Enhancement Factors Known |%RH ~|

%RH
Known Values (Standard u) Calcul 1 Values (E ded U with 95.45% Coi Frost Point
Point

Dew
WRH (500 [[:0000 [=] Spectic Ho

W o o = o |:| - Aoschte HL e

Enthalpy
fSVP@Td
Temperst
SmperEiurE (250 PPl 18304.88426 +0.000 ﬂ Moist Air Dig Speciic Humidity

Absolute Humidk
Fressure PP (1169928755 |20.000 [<]) Set A Densty

n T Dry Air Density

Maist Air D

Grains/1b 81 85501286 - Saturation A Woelt BuIL Te:msr;yemmre
Calculate fxing Rt

A V Enthalpy  |54.91167859 000 [=] Wet Bulb ¢ g Ratio by Volume

Mixing Ratio by Weight

Units 3169.90395 000 ixing Ratic Fercert by Volume
SVP@Tt [=]| Miding Ratic o o et
Temperature SVP@Td |1585.342381 11] 000 Mixing Ratic ¥apor Mole Fraction
- g Dy Air Mole Fraction
Fressure si SVP@Ts [=] Percent by Volume | 1845778769 [[=0000 =]

FETPt 1003673679 |[20.000 [ Percert by Weight 1156398703 | [z0.000 [<]

Vapor Pressure

|| Densiyand Abs Humidiy |g/m"3 F@TdPt [1003426514 Vapor Mole Fraction  |0.018457788
Enthalpy Jig v rerrs [ || [=] DyArMoleFraction  [0.881542212

e

Change the Configuration to have the known set to PPMv.

B ||
o,
K




Humidity Generation and Calibration Equipment

THUNDER SCIENTIFIC.

D

CORPORATION  The Humigity Source

File
Configuration

Temperature Scale  |ITS-50 -

Options  Help

Carier Gas [ Diry Air

7 7

Mode [Norrna\

Equilibrium Over Apply Enhancement Factors Known [PPMv -
I Known Values (Standard u) Calcul 1 Values (B ded U with 95.45% Confidence)
I “RH Specfic Humidty 0011563997
| rone FostPort [ | Aol Humicy
- bty (002208
T oo
| Temeertue I [[:000 [=] ppy,  [1as0esedze | |0000 [=] Moist Ar Densty 999.9859736 | [20000 [ ]
Pressure PPMw  [11699.28755 |[+0.000 [w] Saturstion =]
Calculate
f Erthalpy 5491167859 |[20.000 [=] Wet Bub Tempersture |17.59353712
Units SVP@Tt  |3169.903%5 Mixing Ratio by Volume |0.018804884
Temperature SVP@Td Modng Ratio by Weight [0.011635288
Pressure psia x| || svP@Ts [=] Percent by Volume 1.845778763
|| Vapor Pressure FETPt 1003673679 |[20.000 [ Percert by Weight 1.156339703
|| Densityand Abs Humidity FETd Pt Vapor Mole Fraction  |0.018457788
- e

Enter the new Temperature and Pressure values but leave the PPMv

Humidity Generation and Calibration Equipment

(2
... THUNDER SCIENTIFIC.
& ‘ CORPORATION  The Humicity Source

File
Configuration

Temperature Scale  |ITS-50 -

Options  Help

Camier Gas

Apply Enhancement Factors

[Dry.Nr '] Mode [Norrna\

Known [PPMv

Equilibrium Ower
Known Values (Standard u) Caleul
%RH
Dew Point
e PP
Grains/b
4 —_—
Units SVPE@Tt
Temperaturs SVP@Td
Pressure SVP@Ts
Vapor Pressure F@Tt.Pt
Density and Abs Humidiy FETdR
Enthalpy Jig & || F@Ts.Ps

1 Values (E ded U with 95.45% Confidence)

Spec
o ¢ ety

18304.88426 |[£0.000 [ ] Moist Air Densiy
1169928755 | [=0.000 [] Seturet
000 [] Wet Bulb Temperature

12352.74325 000 [ Mixing Ratio by Volume

i oty

26.5424607
0.018804884
0.011659288 ||+

ﬂ Percent by Volume 1.84577877
1005207713 |[20.000 [ Percent by Weight 1.156395703
Vapor Mole Fraction

Click the Calculate button
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File  Options  Help

Configuration
Temperature Scale Carier Gas [Dr)'Nr '] Mode [Norrna\ v]
Equilibrium Over Apply Enhancement Factors Known [PPMv -
|| Known Values (Standard u) Calculated Values (Expanded U with 95 45% Confidence)
I %RH [EEEREE | |+0.000 [+] Spectic Humidity 0011563997 |[20.000 [=]
I PPMy Tes0s882s |[20000 [z] 7 [=] Absolte Humidity 1254539876 | |+0000 [=]
| Dew Foint |16.33042605 ||:0.000 [+ Dry Ar Densty 1072.458361 | (<0000 [+]
| Temeemu (500 20000 [w] ppyy,  [1330488425 ||=0.000 [ Moist Ar Densty 1085.0053 | [=0.000 [=]
Pressure 1147 0000 [v] PPMw 11699.28755 |(x0.000 [+ sa Ter =
Grains/b  (81.89501288 |[:0.000 [w] Saturstic e (=]
f ' Enthalpy |80.55460895 ||:0.000 [ Wet Bulb Temperature 265424607 | |£0.000 |»]
Units SVP@Tt (1235274325 |[+0.000 [+ Miing Ratio by Volume |0.018304884 ||0000 [+]
Temperature SVP@Td |1863.428543 |[=0.000 [=] Muang Ratioby Weight |0.011699288 |[=0000 [=]
Pressure SVP@Ts [+] Percent by Volume 1.84577877 0000 [+
Vapor Pressure F@TPt  |1.005207713 |[=0.000 [=] Percent by Weight 1156395703 | 20000 [+]
Densty and Abs Huridty F@TdPt [1003329571 |[0000 [v] VaporMole Fraction  |0.018457788 |[:0000 [+]
Enthalpy Jig z| || FeTsp [=] Dry Ar Mole Fraction ~ |0.981542212 | |+0000 [=]
SR _ —______

Look at the calculated value for new %RH
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Dewpoint Control in a Two Pressure Generator

* Determine the Saturation Pressure needed in order to
generate air with a Dew Point of 5.0 °C in the chamber of
a Two Pressure Humidity Generator.

» Also determine the corresponding %RH.

* For this example we will use a Saturation Temperature
of 21.15 °C, a Test Pressure of 15.0 psia and a Test
Temperature of 21.11 °C.
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File  Options Help

Configuration
Temperature Scale  |ITS-50 hd Carier Gas [Drer v] Mode [Norma\
Equilibrium Civer m Apply Enhancement Factors Known [Dew Pairtt
Water
_l Calculated Values (E ded U with 95.45% Confidence)

%“RH

Known Values (St
Specific Humidity

Dew Poirt ~0.000 Frost Poirt Absolute Humidity
I

Dew Poirt  |{10.0

|| Temperature PPy
P PP Mw

Diry Air Density

=)
g
ekt kb ok

Moist Air Density

Saturation Tempersture

Grains/lb Saturation Pressure
f Enthalpy Wet Bulb Temperature
Units SVP@Tt Midng Ratio by Volume
Temperature SVP@Td Mixing Ratio by Weight
Pressure SVPETs Percent by Volume

| Vapor Pressure F@Tt.Pt Percent by Weight

|| Density and Abs Humidity |g/m"3 - F&Td.Pt

Vapor Mole Fraction

i
L

I
ek DL

Enthalpy Jig b F&Ts,Ps Dry Arr Mole Fraction

Set the Equilibrium to Ice
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File

Options
Configuration

Temperature Scale  |ITS-50 -

Help

Camier Gas

Apply Enhancement Factors

1 Values (E

Diry Air -

Mode W -

Normal |

Known

Two Pressure
Two Temperature

Eauibram Over

Known Values (Standard u) Calcul.
“%RH

Dew Point Frost Point
Dew Point

L PPMy

Pressure  (101325.0 PPl
Grains/lb

ey

Units SVP@Tt

Vapor Pressure F@Tt.Pt

Density and Abs Humidity F@Td Pt

Enthalpy Jig - F@Ts,Ps

ded U with 95 45% Confidence)
l:l Specific Humidity l:l
I:I - Absolute Humidity I:I
Dry Air Density

Moist Air Density

Saturation Temperature

Saturation Pressure

Wet Bulb Temperature

Midng Ratio by Volume

Vapor Mole Fraction

Dry Air Mole Fraction

Set the Mode to Two Pressure
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Enthalpy Jig b F&Ts,Ps

Dry Air Mole Fraction

File  Options Help
Configuration
Temperature Scale Carier Gas [Drer '] Mode [Two Pressure v]
Equilibrium Over fpoiEcincenalisde known (SsustonPressure 7
Known Values (Standard u) Calculated Values (E dy 'Uwﬂhﬂﬁ.ﬁ%CmérE;Poim
'szumnon S ] - Spectic HL"
Dew Point _ m Diry Air Deng E&S%‘?’d
Test p L
Pressure PPMv J SBEITES igmcemuuﬂ?d%
+0.000 E| PPlw [=] Saturation T Dry Air Density
" Grains/lb I:I Saturation Fg;'fmﬁgfglsgm
Enthalpy I:I Wet Bulb T¢ m::g E:tt:: ar;g;nk:
Units SVP@Tt l:l Mixdng Ratig Percm a‘lv'\?ggm}‘:
[=meai SvP@Td l:l Modng R ﬁxrhf!dctlleeiiﬂ?ol
Pressure SVP@Ts ﬂ me [=]
Vapor Pressure F@Tt.Pt E| Percent by Weight @
Density and Abs Humidity F@&Td,Pt l:l apor Mole Fraction l:l
[ I =

Set the Known to Dew Point
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File
Configuration

Options  Help

Temperature Scale  |ITS-50 - Camier Gas [Dry.Nr

-

Mode [Two Pressure

Equilibrium Crver Apply Enhancement Factors

iE

5
:

Known Values (Standard u) Calcul

Saturation ’250—| 0,000 Frost Point
T [=]

pegius Dew Point

Known |Dew Foint

ded U with 95 45% Confidence)

Test 1013250 PP
Test 250 +0.000 PP Mw
Tomperature [~]

L

Specific Humidity
Absolute Humidity
Diry Air Density

Moist Air Density

Saturation Temperature

Saturation Pressure

Midng Ratio by

Mixing Fiatio by

-u
fin
a
i1
=3

m

%
g
[«

lume

Vapor Mole Fraction

25.0
101325.0
Wet Bulb Temperature l:l

Dry Air Mole Fraction

=
kit

=]

=]

Grains/lb

Enthalpy

Units svP@T

Temperaturs SvP@Td

Pressure [ SVP@Ts ﬂ

Vapor Pressure F@Tt.Pt E|

Densty and Abs Humidty M2 F@Td Pt

Enthalpy Fa F@Ts.Ps
millibar

Set the Pressure Units to psia
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File  Options Help

Configuration

Temperature Scale  |ITS-50 - Camier Gas [Dry.Nr

-

Mode [Two Pressure

Equilibrium Crver Apply Enhancement Factors

Known |Dew Foint

ded U with 95 45% Confidence)

Known Values (Standard u) Calculated Values (E
Dew Poirt “RH l:l
%muvati_oare ’m‘ Frost Point l:l
g Dew Point 000
= ==
Tt e [#0000 [=] | PPUw =
Enthalpy l:l
Pressure SVP@Ts ﬂ
Vapor Pressure F@Tt.Pt E|
Density and Abs Humidity Fetdr [ |
Enthalpy Jig x| || F@Ts.Ps l:l

cific Humidity

w
@

D
Absolute Humidity

Diry Air Density

Moist Air Density

Saturation Temperature |21.15

Saturation Pressure 1465554878

Wet Bulb Temperature

Midng Ratio by

Mixing Ratio by Weig

o
a
q

-
@

rcent by Weight

Vapor Mole Fraction

Dry Air Mole Fraction

me

[ 1
[ 1
[

m

%
2
[«

lume

[ ]
[ ]
[ |
[ ]
[ ]

g
kit

Enter the Known Values
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File  Options  Help

Configuration

Temperature Scale Carier Gas [Drer '] Mode [Two Pressure v]
Equilibrium Over Apply Enhancement Factors Known [Dew Paint -]
Known Values (Standard u) Calculated (E ded U with 95.45% Confidence)

bewort (@ |[000 [5] %RH m- Specfic Humidty |0.005286326 | [0000 [
e W T L [ [=] Avsolte Humiaiy m- |

E::;m 50 [[=o00 [+] FPMy 8542148457 |[0.000 [] Moist Ar Densty 122046?365 +0.000 J

s 2191 |[:0000 [=] PPww  [53144198  |[:0.000 [v] Saturation Tempersture |21.15 =000 [<]
e " S
4 . Wt T
Units SVP@T: [2505.030836 |[:0.000 []| Muing Ratio by Volume [0.008542148 | [=0000 [ ]
Temperature SVP@Td (8725395488 |[£0.000 []| Muing Ratio by Weight [0.00531442 | [=0000 [=]

Pressure sia SVP@Ts  [2511.152007 | |£0.000 ﬂ Percent by Volume 0.846579818 | |+0.000
Vapor Pressure F@TPt 1004075483 |[:0.000 [ Percertby Weight  |0528632614 |[=0000

Density and Abs Humidity |g/m™3 F@Tdrt [1.003917865 Vapor Mole Fraction (0008469798 | (<0000 [
Ertthalpy Jig ~| FeTsPs |1.00381382 Dry Ar Mole Fraction  [0.881530202 | 0000 [+

Click the Calculate button

@II@

B ||
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* Look at the calculated values for the Saturation Pressure
and %RH. These are the %RH or Saturator Pressure
setpoints needed to generate a 5.0 °C Dew Point.
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File
Configuration

Options  Help

Temperature Scale  |ITS-50 Camier Gas [Dr)'Nr v] Mode [Two Pressure v]

II

Equilibrium Qver Apply Enhancement Factors Known [Dew Pairt v]
Known Values (Standard u) Calculated Values (Expanded U with 95 45% Corfidence)
Dew Fairt 150 0000 [«] %RH FFEALE | |0.000 [+] Specfic Humidty 0.005286326 | |=0.000 [+]
Saturation 2715 200 [ o P [=] Absolte Humidity 6451788537 | (<0000 [+]
TEIEERE Dew Pairt 5.0 +0.000 [w]| Dry Ar Densty 121405576 ||=0.000 [+]
= . & 2000 [ ppyy,  [g5a2148457 ||=0.000 [ Moist Ar Densty 1220467365 | <0000 []
Eipemm 21.11 0000 [w] PPMw 5314.4159 +0.000 [¥] Saturation Tempersture |21.15 0000 [v]
GrainsAb  |37.2009393 | |+0.000 [+ Saturation Pressure ENFERERLER (20000 [v]
' Erthalpy  |34.70388039 | :0.000 [+ Wet Bulb Temperature |12.60138862 ||=0.000 ||
Units SVP@Tt [2505.030836 ||+0.000 [+ Miing Ratio by Volume |0.008542148 ||=0000 [+] \
Temperature SVP@Td (8725395488 |[=0.000 [=] Miing Ratio by Weight [0.00531442 |[=0.000 []
Pressurs SUP@Ts (2511192007 |[:0.000 [v]| PercentbyVolums  [0.846573818 |[20000 [<]
Vapor Pressure F@TtPt |1.004075483 |[=0.000 [=] Percent by Weight 0528632614 | [=0.000 [=]
Densty and Abs Huridty F@TdPt [1003317866 |[0000 [v] VaporMole Fraction  |0.008469738 |[z0000 [+]
Enthalpy Jig ~| F@TsPs [1.00981382 ||:0.000 [w] Dry Ar Mole Fraction |0.991530202 ||=0.000 [«]

Look at calculated Saturator Pressure and %RH
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Two-Pressure Humidity Generator
Operation

Expansion Valve

TC PC

Saturator
—_ Chamber

S T Exv
-_ T psat

Pre-Saturator
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Pre-Saturation Temperature Probe

The air stream of a two-pressure generator must be 100%
saturated with water vapor at test temperature on the high-
pressure (saturator) side of the expansion valve. This is
accomplished by first passing the air stream through a "pre-
saturator”. The pre-saturator is a vertical pressure vessel
presenting a water surface to the incoming air stream and is
maintained constant at a temperature 15 to 20 °C warmer than
the desired system (chamber) temperature. The pre-saturator
temperature probe is used in the control of the pre-saturator
heaters, which when activated, are used to control this 15 to 20
°C temperature offset.
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Expansion Valve Temperature
Probe

The expansion valve temperature probe is used in the control of
the expansion valve heaters, which when activated, are used to
warm the expansion valve body, offsetting the cooling effects
due to gas expansion. This expansion valve temperature is
always maintained above the saturation temperature.

Humidity and Ei
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Saturation and Chamber
Temperature and Pressure

Saturation and Chamber Temperatures and Pressures are the
major determining factors of error with a Two-Pressure humidity
generator.
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Flow Meter

The flow rate has no influence on the computed value of the
generated humidity, but flow rate errors may have an affect on

the devices you are calibrating with the your Two-Pressure
Humidity Generator.
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How it all comes together

Relative Humidity in a two-pressure humidity generator is
determined from the measurements of temperature and
pressure only and is expressed by the following formula:

%RH = eS(TS)f(TSJ;) &n
e (T )f(T..P.) P s

Where the f functions are enhancement factors, eS is the
saturation vapor pressure, hSis the % efficiency of
saturation, Tc and Ts are the chamber and saturation
temperatures, and Pc and Ps are the chamber and
saturation pressures.
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DETERMINING %RH IN A TWO PRESSURE
GENERATOR

 When using a Two Pressure generator, you are
calibrating a unit that displaces enough heat to raise the
chamber temperature by 1.4 °C above the fluid bath and
saturator temperatures. What is the %RH in the
chamber at this elevated chamber temperature?

» Also, assuming that you know the internal temperature of
the unit, which is generating this heat load, what is the
relative humidity within the unit under test at its
temperature?
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» First we will find the %RH at the chamber temperature.

e Then, since HumiCalc will already be configured
correctly, we can recalculate the %RH at the
temperature of the heat-loading unit under test.

» For this example we will use a Saturation Pressure of
64.75 psia, a Saturation Temperature of 21.1 °C, a Test
Pressure of 15.0 psia and a Test Temperature of 22.5
°C.
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File  Options Help

Configuration

Temperature Scale Camier Gas [ Diry Air - ] Mode [Norma\

Equilibrium Civer @ Apply Enhancement Factors Known [Dew Pairtt

Known Values (Sti???a_l Calculated Values (E ded U with 95.45% Confidence)
| “RH Specific Humidity

Dew Poirt ~0.000 Frost Poirt Absolute Humidity
I

Dew Poirt  |{10.0

|| Temperature PPy
P PP Mw

Diry Air Density

=)
g
ekt kb ok

Moist Air Density

Saturation Tempersture

L

Grains/b Saturation Pressure
f Enthalpy Wet Bulb Temperature
Units SVP@Tt Midng Ratio by Volume
Temperature SVP@Td Mixing Ratio by Weight
Pressure SVP@Ts Percent by \ ne
| Vapor Pressure F@Tt.Pt Percent by Weight
.| Density and Abs Humidity F@&Td,Pt Vapor I Fraction
Enthalpy Jig b F&Ts,Ps Dry Arr Mole Fraction

I
ek DL

Set the Equilibrium to Ice
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File  Options  Help
Configuration

Temperature Scale  |ITS-50 | CamerGas |DryAir - Mode W -/
Normal
Equilibrium Civer Apply Enhancement Factors Known T |

Two Temperature
Known Values (Standard u) Calcul 1 Values (E ded U with 95.45% Confidence)

Toosae S
Grains/lb
Enthalpy
Units SVP@Tt
o SVP@Td
Fressure SVP@Ts
Vapor Pressure F&@Tt.Pt
Density and Abs Humidity F@Td Pt
Enthalpy Jig - F@Ts,Ps

Set the Mode to Two Pressure
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File
Configuration

Temperature Scale  |ITS-50 - Camier Gas [Dry!w -
Equilibrium Qver Apply Enhancement Factors Krown [Saturation Pressure v]
Known Values (Standard u) Calcul.
Saturation  101325.0 000 %RH
—

Saturation 250 +0.000 Frost Point
Temperature El

Options  Help

Mode [Two Pressure - ]

5
:

(E ded U with 95.45% Confidence)
Specific Humidity l:l
Absolute Humidity I:I

Dew Point Diry Air Density l:l
Pressure 1013250 PPMv Moist Air Density @
Pst 250 0000 [w] = PPMw Saturation Temperature |25.0 0000 [=]
perature
Grains/lb Saturation Pressure
Enthalpy Wet Bulb Temperature
Units SVP@TH Miding Ratio b

:
L

cekie kb ok
1
:

151

Fressurs SVP@Ts Percert b =]
Vapor Pressure at F&Tt.Pt Percent by Weig @
Density and Abs Humidity rPP: F&Td.Pt Vapor Mole Fraction

Enthalpy Pa F&Ts,Ps Dry Arr Mole Fraction

Set the Pressure Units to psia
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File  Options  Help
Configuration

Temperature Scale  |ITS-50 - Camier Gas [Dry.Nr -

Mode [Two Pressure - ]

Equilibrium Qver Apply Enhancement Factors Krown [Saturation Pressure v]

Known Values (Standard u) Calculated Values (E ded U with 95.45% Confidence)
Dew Point Diry Air Density l:l
-Il‘—er:;sure m PPMv ﬂ Moist Air Density @
’m‘ PP w E‘ Saturation Temperature |25.0 +0.000 E|
* Grains/lb l:l Saturation Pressure 1469594878
Enthalpy l:l Wet Bulb Temperature l:l
Units SVP@Tt l:l Midng Ratio by Volume l:l
Temperature swerd [ | Medng Ratio by [ ]
Pressure psia hd SVP@Ts ﬂ ﬂ
Vapor Pressure F@Tt.Pt E| @
Density and Abs Humidity F@&Td,Pt l:l apor Mole Fraction l:l
Enthalpy Jig o) Fetses [ ] Diy ArMole Fraction ||

Enter the Known Values

Humidity Generation and Calibration Equipment

THUNDER SCIENTIFIL.
(N ‘ CORPORATION  The Humicity Source

File  Options Help

Configuration
Temperature Scale  |ITS-50 hd Carier Gas [Drer v] Mode [Two Pressure v]
Equilibrium Qver Apply Enhancement Factors Krown [Saturation Pressure v]

Known Values (Standard u) Calcul 1 Values (E ded U with 95.45% Confidence)

— 2 fic Humi

turstion wRH  [21.4792254 Spectic Huidty 0.003545725
il ﬁﬁ 00 [2] Ao oty |
oy ¢ ety

PPMy (5719511651 |[=0.000 [ Moist A Densty 1216010734 | [:0.000 [=]
PPMw  [3558342107 |[+0.000 [=] Saturstion Tempersturs [21.1 000 [<]

V Enthalpy  |3165607084 |[=0.000 [=] Wet Bub Temperature

Test
Pressure

Units SVP@Tt [2727.056113 |[:0.000 [=]| Mbing Ratio by Volume
- swrers -

Pressure SVP@Ts (250349261 |[:0.000 [<] PercentbyVolme 0568638487 |[=0000 =]
Vapor Pressure F@TPt  [1.004106145 |[:0.000 [=] Percent by Weight 035457252 |[0000 ]

Density and Abs Humidity |g/m™3 F@Td.Pt Vapor Mole Fraction

Click the Calculate button
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File  Options  Help

Configuration

Temperature Scale  |ITS-50 hd Carier Gas [Drer v] Mode [Two Pressure v]
Equilibrium Over Apply Enhancement Factors Krown [Satulation Pressure v]
Known Values (Standard u) Calcul 1 Values (B ded U with 95.45% Confidence)

Setucton — oW ) [ | o | o
sair - o [t o ]

T oo —-
Test __ FPMy 5719511651 |[0.000 [=] Moist Ar Densty 1216.010734 000 [=]

Pressure

TeSt PP w 3558.342107 | |+0.000 E‘ Saturation Tempemture 211 +0.000 @

V —
Enthalpy  |3165607084 |[=0.000 [=] Wet Bub Temperature m-

ot swen Vg oty Vo
Tenparie swere g oy i
Fressure psia v| SVP@Ts |250343261 |[20.000 [+] Percent by Volume 0.568698487 |[=0.000 [+]

Vapor Pressure FETLPt 1004106146 |[z0.000 [ Percert by Weight 035457252 |[=0000 [=]

Look at the calculated value for %RH at the chamber temperature

Humidity Generation and Calibration Equipment

THUNDER SCIENTIFIL.
(N ‘ CORPORATION  The Humicity Source

* Change the Test Temperature Known Value to the
temperature inside the unit under test

e 225°C+1.4°C=23.8"°C.
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File  Options  Help

Configuration

Temperature Scale  |ITS-50 -

Camier Gas

'] Mode [Two Pressure

[Dy A

Equilibrium Qver Apply Enhancement Factors Known [Satulation Pressure v]
Known Values (Standard u) Calculated Values (Expanded U with 95.45% Corfidence)
531,_,,31,0” ’—| [ =] Frost Poirt 000 [+] Absolite Humidity
o e ety
E::;m 150 000 [+ oy, siesties | =oom [ Moist Air Densty 1216010734 |[z0000 [+]
B8 |[:0000 [=] PPww  [3558342107 |[=0.000 [+] Saturation Temperature [21.1 =000 [<]
" e Grains/b Saturation Pressure m -
ate Enthalpy 000 [=]
Units SVP@Tt
Temperature svP@Td
Fressure psia v| SVP@Ts |250343261 |[20.000 [+] Percent by Volume 0.568698487 |[=0.000 [+]
Vapor Pressure FETLPt 1004106146 |[z0.000 [ Percert by Weight 035457252 |[=0000 [=]
Density and Abs Humidity F&@Td.Pt apor Mole Fraction
Enthalpy Jig +] | Fe@Ts.Ps Dry Air Mole Fraction

Enter the Known temperature value for inside the unit under test
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File  Options Help
Configuration
Temperature Scale Carier Gas [Drer '] Mode [Two Pressure v]
Equilibrium Qver Apply Enhancement Factors Known [Satulation Pressure v]
Known Values (Standard u) Calculated Values (Expanded U with 95.45% Corfidence)
Sam,amn ’—| ’—| Frost Point 000 [+ Absolute Humidity
o Dty
Eﬁ:ém PPy 5719511651 |[0.000 [=] Moist Ar Densty 1210687232 |[:0000 [+]
+0.000 E| PPMw  [3558342107 |[+0.000 [=] Saturstion Tempersturs [21.1 000 [<]
V Erthalpy 000 [=] Wet Bubb Temperature
Units SVP@Tt 000 [ Mbing Ratio by Valume
Temperature SVP@Td Mixing Ratio by Weight
Pressure SVP@Ts (250349261 |[:0.000 [<] PercentbyVolme 0568638487 |[=0000 =]
Vapor Pressure FETLPt 1004137445 |[20.000 [ Percert by Weight 035457252 |[=0000 [=]
Density and Abs Humidity F@&Td.Pt Wapor Mole Fraction
Enthalpy Jig ~|  F@Ts.Ps Dry Ar Mole Fraction

Click the Calculate button
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* Look at the calculated value for %RH at the temperature
measured inside the unit under test.
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File  Options Help

Configuration

Temperature Scale Carier Gas [Drer '] Mode [Two Pressure v]
Equilibrium Qver Apply Enhancement Factors Krown [Satulation Pressure v]
Known Values (Standard u) Calculated Values (E ded U with 95.45% Confidence)

suston [ga75 | m TIN5 55433 153]] - Speciic Humidiy 0.003545725 |

oLl oy
E;im __ FPMy 5719511651 |[0.000 [=] Moist Ar Densty 1210687232 |[:0000 [+]

Test e B8 [[0000 [Z] pRww (356242107 |[0.000 [+]| Saturation Temperature 211 000 [<]

V m Enthalpy Wet Bulb Temperature
Units SVP@TE Mbdng Ratio by Volume
Temperature SVP@Td Mbdng Ratio by Weight

Pressure si SVP@Ts (250349261 |[:0.000 [<] PercentbyVolme 0568638487 |[=0000 =]
Vapor Pressure F@TPt  [1.004137445 |[:0.000 [=] Percent by Weight 035457252 |[0000 ]

Density and Abs Humidity |g/m™3 F@&Td.Pt Vapor Mole Fraction

B ||
o,
K

Look at the calculated value for %RH based on the unit under test
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HUMICALC WORKSHEET
EXAMPLE

This section deals with HumiCalc’s ability to perform
simple “law of propagation of uncertainty” type
calculations. These calculations can be performed
using HumiCalc worksheets. Worksheets are great
for any uncertainty calculation that is of the same unit
even non humidity related uncertainty problems.
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» Using a HumiCalc worksheet, determine the expanded
combined uncertainty at a 99.73% confidence given the
following three uncertainty components:

— Temperature measurement uncertainty statically determined
from 57 points to be 0.005.

— Temperature measurement hysteresis specified by the
manufacture to be 0.001 with a rectangular type distribution.

— Temperature measurement resolution of 0.01.
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File | Optiocns Help

| New 3

| Selution Ctrl+N
5 Open Ctrl+0 Worksheet  Ctrl+Shift+N | <] Mode [Nomal
[ Save Solution Ctrl+5S

. Export Solution  Ctrl+E

MI

Known |Dew Foint

Create a NewWorksheet

— o Calcul ded U with 95.45% Confidence)
ECOT trl+
“RH Specific Humidity
x et - m:ﬂ ost Point Absolute Humidity
Dew Point Diry Air Density
e -
: 20 PPl Moist Air Density

Grains/lb

Saturation Tempersture

Saturation Pressure

Enthalpy Wet Bulb Temperature

m |
il
_ !!@@!!!!@@E!!

Units SVP@Tt Mixing Ratio by Volume
Temperature Mixing Ratio ‘eight
Pressure Percent by Volume

Vapor Pressure Percent by Weight

Density and Abs Humidity |g/m™3

Vapor Mole Fraction

Enthalpy Jig - Dry Air Mole Fraction

I
[Ty ||

Open a new worksheet
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» Start by entering the first individual uncertainty
component.

* The first component will have a k=1 since the problem
did not specify a k value. We will assume a normal
distribution because this is a statically determined value
and we will set the degrees of freedom to the number of
sample points minus one (57-1=56). Since this was a
statically determined value we will set it to be a Type A
evaluation.

Humidity and Ei
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File  Help

D ipti |T[meas] |

1 inty- [20.005 =] ipti Uncertainty (£ k= | Distributi
Distibution: [Nemal =]
Degrees of Freedom: 560 |

Evaluation: |TypeB v/

i Ui inty: 20000
9545% P k=[20 B

i Ui inty: |+0.000

[ nfirity

Enter the first uncertainty component
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| Uncertainty (+|k= | Distribution | Degrees of Freedom | Evaluati
0.005 1 Mormal 56.0 Type A

Combined Standard Us inty: | 20.005

Confidence: 95.45% [+ k=205 |2

Expanded Combined Lh inty: |+0.0102285

Hifective Degrees of Freed [56.0

Once the information for the component has been entered, press the
Add button to add the component to the worksheet.

Humidity and Ei
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* Next add the information for the second individual
uncertainty component.

* The second component has a rectangular distribution
and is a Type B evaluation since it is based on a
manufacturer’s specification.
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File Help

Description: | Thyst] |

U inty: [£0.001 =] ipti [Uncertainty (k= | Distribution | Degrees of Freed
e || 0.005 1 Narmal 56.0

Distribution:

Normal
Degrees of F e
R Triangular
Evaluation: 1J-Shaped
Resolution

<Enter Your Notes Here +| Combined Standard Us

inty:  |+0.005
Confidence: 95.45% [+ k=205 |2

Expanded Combined U inty: |+0.0102285
Hifective Degrees of Freed [56.0

Enter the second uncertainty component

Humidity and Equi
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[Uncertainty (| k= | Distribution | Degrees of Freedom| Evaluati
0.005 1 Normal 56.0
0.001 1 Rectangular Infinity

«Enter Your Motes Here> Combined 1t U

inty: 000503322295

95.45% (| k=24

d U inty: |+0.01029041109

|57.50328888889

Press the Add button to add the new component. Notice that HumiCalc
automatically updates the Combined Standard and Expanded
Uncertainty as each component is added.
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e Last, enter the final individual uncertainty component
values.

* The last component has a resolution type distribution
and is again a Type B evaluation.
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File  Help

Description: | Tlres] |

1 inty- [20.01 =] ipti [Uncertsinty (£ k= | Distribution | Degrees of Fresdom| Evaluati

- 0.005 1 Mormal 56.0 Type A

(= B 0.001 1 Rectangular Infinity Type B
e = m—

Normal
Degrees of Fipcizngyfar
R Triangular
Evaluation: U-ShEEed

<Enter Your Notes Here> - bined jard U inty: 000503322295

95.45% (| k=24
inty: |+0.01029041109

|57.50328888889

Enter the third and last uncertainty component
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File Help

| Uncertainty (k= | Distribution | Degrees of Fi
0.005 1 Normal 56.0

0.001 1 Rectangular Infinity

0.01 1 Resclution  Infinity

Combined Standard U inty:  |0.0058022384
Confidence: 95.45% [+ k=202 |2

Expanded Combined U inty: |+0.01174922726

Hifective Degrees of Freed [ 101 5566222222

Add the component

Humidity and Ei
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| Uncertainty (£|k= | Distribution | Degrees of Freed
0.005 1 Normal 56.0
0.001 1 Rectangular Infinity
0.01 1 Resclution  Infinity

<Enter Your Notes Here> Combined fard U inty:  |0.0058022384

inty: |+0.0178452478

[ 101 5566222222

Now select the desired confidence level of 99.73%. Notice how
HumiCalc automatically recalculates the correct k factor for the given
confidence and effective degrees of freedom.
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File

Help

[Uncertainty (£ k= | Distribution | Degrees of Fi
Tlmeas] 0.005 1 Mormal 56.0 Type A
Tlhyst] 0.001 1 Rectangular Infinity Type B ‘

Tlres] 0.01 1 Resclution  Infinity Type B

*[ T

Combined Standard U inty:  |0.0058022384 |

Confidence: 99.73% |2 k=308 |2

Expanded Combined Lh inty: |+0.0178452478 |
.| Hfediive Degrees of Freed [ 101 5566222222 |

Worksheets also allow the user to record notes on the worksheet that are
stored along with the entries when the worksheet is saved.
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Uncertainty and Error

In this section we will analyze the
uncertainty of performing calibrations
using a Two-Pressure Humidity
Generator. We will also discuss how to
translate the “As Found” error discovered
during a calibration of a Two-Pressure
Humidity Generator directly into terms of
humidity error.

.. ’ Humidity Generation and Calibration Equipment
e 4 mﬂ:cr.{- u......u.::.:i:
Definitions

Error is the difference between the measured value and the ‘true
value’ of the item being measured. Whenever possible we try to
correct for any known errors; for example, by applying
corrections from the calibration process.

Uncertainty is a quantification of the doubt about the
measurement result. The uncertainty in a stated measurement
is the interval of confidence around the measured value such
that the measured value is certain not to lie outside this stated
interval.

UUT or unit under test. This is the device being calibrated.
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Hand Held Hygrometer Percent
Relative Humidity Uncertainty
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Uncertainty Components

In this example will we calculate the percent relative
humidity (%RH) uncertainty for a hand held hygrometer
from the simple 3 point calibration shown earlier in
presentation. The uncertainty calculation will be based
on the following three individual uncertainty
components.

1. The standard deviation of a series of measurements
taken from the UUT during calibration (repeatability).

2. The display resolution of the UUT.

3. The uncertainty of the humidity reference or standard.
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Refer: (1] uuT Referenc/Standard uuT Referenc/Standard
DATE TIME %RH Reading %RH Reading “C Reading °C Reading psia Reading
Wiay 21 2008 | 11:25 A 2000 20z 2312 232 1210
Wy 21 2008 | 11:30 AW 2000 204 a1z 32 1210
Wiay 21 2008 | 11:35 AM 20.00 203 2312 3.2 1210
Mgy 21 2008 | 11:40 A 20.00 0.2 zaiz 232 1210
MWay 21 2008 | 11:45 AM 20.00 0.2 2312 3.2 12.10
Way 21 2008 | 11:50 AM 2000 202 2312 232 1210
{5td Dev|0.05837)
Wiay 21 2008 | 12:20 PM 50.01 50.5 311 3.2 12.08
Way 21 2008 | 12:25 PM 50.01 s0.5 2311 3.2 12.08
Way 21 2008 | 12:30 FM 50.01 50.6 2311 3.2 12.08
Way 21 2008| 12:35 FM 5001 504 311 237 1208
Way 21 2008 | 1240 FM 5001 504 2311 232 1208
Way 21 2008 | 12:45 FM 50.01 s0.5 2311 3.2 12.08
Std Diew|0.0753
MWy 21 2008| 1:15 PM 80.03 80.2 zaiz 232 12.08
Way 21 2008| 1:30 PM 80.02 80.3 2312 3.2 12.08
MWay 21 2008 |  1:25 PM 8003 a0z 2312 232 12048
Way 21 2008 |  1:30 P 003 a0z a1z 32 1208
gy 21 2008| 1:35 PM 80.03 50.4 2312 3.2 12.08
Mgy 21 2008 | 1:40 PM 80.03 80.2 2312 3.2 12.08
Std Dew|0.0837

First we calculate the Standard Deviation of the UUT from the
data recorded during the first point of calibration.
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£ HumiCalc with Uncertainty

Eile Options Help

Configuration

Temperature Scale | 1T5-90 ~|  CarierGas [Dmw sir ~|  Mode [Nomal ~|
E quilibrium Over Apply Erhancement Factars Known | %RH ~|

Known Values [Standard u) C. d Values [E ded U with 95_45% Confidence]

— — ——

Individual %RH Components of Uncertainty

%RH 200

Temperature E

Pressure E
[ Description: I—l “RH |
Uncertainty: ~ Drescription Uncertainty [£] k= Distribution | Dearees of Freedom | Exvaluation
Units + I

0
Temperature o _
Pressure —
Degrees of Freedom:
Evaluation: | Type B ~

“Wapor Pressure

Density and Abs

Combined Standard U inty:  [+0.000 |

Enthalpy
T Effective Deg of Freedom: [ Infiriity | [ s J

Next we enter the three individual %RH components of
uncertainty into HumiCalc with Uncertainty
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Individual %RH Components of Uncertainty

Description: %RH |

Uncertainty: |E s | Dezcription Uncertainty [i]l k= | Distribution | Degrees of Freedom | Evaluation
ke [100 = | |UUT's Std Dewv 0.0837 1 Mormal 5.0 Type &
> | | UUT's Resalution 01 1 FResolution Irfirity Tepe B
Distribution: | | Reference or Standard 0.5 2 Mormal Infiriity Type B
#*

Deagrees of Freedom:
Evaluation: | Type B L

Combined Standard U inty: [ 20.26521505110633 |
#dd Effective Degrees of Freedom: | 504.035168514677 | Ok |

Starting with the calculated UUT Standard Deviation. Note that
we enter the Degrees of Freedom based on the number of
samples used in the calculation of the Standard Deviation
minus one (6-1=5). Then we enter the UUT’s resolution with a
“resolution type distribution” and the uncertainty of the
Reference or Standard used.
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£ HumiCalc with Uncertainty

Eile Options Help

Configuration

Temperature Scale | 1T5-90 e Carrier Gas | Dy Air e Mode | Mormal -~ |
E quilibrium Over Apply Erhancement Factars Known | %RH ~|
Known Values [Standard u) C. d Values [E ded U with 95_45% Confidence]

#RH +0.5317 ~ | Specific Humidity 0.004248996 | [£0.0001 ~

Dew Paint Calculated %RH Uncertainty
Temperature [2312 +0.000
* 21 pemy
[Fisse +0.000 |~ PPMy Description [Standard Uncettainty (x)| Degress of Freedom | Evaluation |
Girainedlb | UUT's Std Dev 0.0837 50 Type &
“ | | UUT's Resolution 0.0288E7513 Infiriity Type B
= Erthalpy | | Reference or Standard 0.25 Infinity Type B
Units SVP@T! *
Temperature SvP@Td |
Pressure SYPETs Confi - |95'45 # = | (= |2D £ |
Wapor Pressure Pa ~ F@TtPt E ded Combined U inty: |tD.531 T4TE1597 |
Dersity and Abs Hurmidity FETdR Effective Degiees of Freedom: 5040351685147 | [ o« |
Enthalpy Jig ~ FizTsPs Ly OIS T T = I

Now we can calculate and see the expanded combined uncertainty
for the first point of the calibration at the desired 95.45%
confidence level.
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Uncertainties of Varying Types

This example is a good illustration of the uncertainty
challenges often encountered in the humidity industry.
Components are calibrated that are of different types
than the desired humidity uncertainty. In the previous
uncertainty example all components were of the same
type as the desired output. This makes the uncertainty
calculation nothing but a simple Root-Sum-Squares of
the components. In this example we will show how we
can combine two temperature uncertainties to derive a
%RH uncertainty using fundamental humidity equations.
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Relative Humidity Equation

Relative Humidity can be calculated based the ratio of the
enhanced saturation vapor pressure at the Dew Point
Temperature (Td) with respect to the enhanced saturation
vapor pressure at the Test Temperature (Tc) as illustrated by
the following equation.

%RH =
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Vapor Pressure Equation

The saturation vapor pressure can be determine at a
specific temperature and then enhanced based on the
same temperature and a pressure as described in the
following equations.

3
Ine=> kT"™+k,-InT
i=0

_ _e@M L
f(T,P)=-exp {a(l b j+b(e(T) 1)}

3
a= Z (Ai T I)
i=0
3 .
Inb=> (8, -T"
i=0
., 1 Humidity Generation and Calibration Equipment
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Combining Terms

To combine the individual components we need to find the
sensitivity coefficients for each input using a partial
derivative of the previously shown %RH equation. The
partial derivative represents the rate of change or
instantaneous slope at a specific point for a single input
of an equation. The instantaneous slope determines the
sensitivity of the equation’s output for a given change in
an equation’s input. Given this we can multiply each
sensitivity coefficient by the known uncertainty and
combined it using the Root-Sum-Squares method.

2 2 2
u, = j[‘de%RH .u(Td)] N (Z—_I_t%RH .u(Tt)j N [‘Z—PC%RH ~u(Pc)j
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ReferencStandard uut Referenc/Standard uuT Referenc/Standard
TIME %RH R i Dew Point R: ing °C | Dew Point R ing °C °C R: i °C R i psia R:
10:25 AW 20.00 0542 0.5 2604 250 1221
1030 AW 20.00 0542 0.6 25.04 2449 12.21
10:35 AW 20.00 0542 0.6 25.04 25.0 12.21
10:40 AWM 20.00 0.542 0.5 25.04 25.0 12.21
10:45 AM 20.00 0542 0.5 2504 250 1221
1080 Ak 20.00 0542 0.6 2604 250 1221
Std Dew|0.0548 Std Dev|0.0408
10:25 AW 50.00 13.915 13.8 25.05 25.0 12.21
10:30 AW 50.00 13.915 137 25.05 25.0 12.21
10:35 AM 50.00 13.915 137 25058 250 12.21
10:40 AW &0.00 13915 138 26058 250 1221
10:45 AW 50.00 13.915 139 25.05 2449 12.21
10:50 AW 50.00 13.915 137 25.05 249 12.21
(Std Dev|0.0816 Std Dev|0.0516
10:25 AM 80.00 21.360 213 25058 250 1222
10:30 AM 80.00 21.360 213 26058 249 1222
1025 AW 20.00 21.260 21.2 25.05 250 12.22
10:40 AW £0.00 21.360 21.2 25.05 25.0 12.22
10:45 AWM £0.00 21.360 21.3 25.05 251 12.22
10:50 AM s0.00 21.360 21.3 25.05 251 1232
Std Dev|0 0516 Std Dev|0.0753

We begin by calculating the Standard Deviation of the UUT from
the Dew Point data recorded during the calibration. We will only
show the calculation of the second point to save time.
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£ HumiCalc with Uncertainty

Eile options Help

Configuralion

Temperature Scale | 175-90 ~ Carrier Gas | Dry Air Mode | Mormal -
E quilibrium Over Apply Erhancement Factors Krnown

<

Known Yalues [Standard u) C. d Walues [E ded U with 95.45% Confidence]
%AH 50.0 +0.000 % | Specific Humidity 0.011875557 | [+0.000 |~
DewPaint  [1391479588 | [+0.000 % Absolute Huridity 11.69575772 | [+0.000 |~
Dew Point |13.914795865 v | Dy air Density 964 8432508
25.05 0000 M| ooy, 9317.6195 Maist &ir Density 9764390386 | |[+0.000

Pressure 122 0,000  » PPhw 20828112

Grains/lb | 8412796762
Enthalpy  |55.77517883
Units SYP@Tt | 3179.365555
Temperature SVP@Td | 1590.082712

Calculate

I+ |1+ + 1:
== =N ==Y =N ;
ol o o oo oo o o
2(lg EHE SIS
ol o o oo oo o O
<R RI||= AN ]

ES “wet Bulb Temperature | 17.58681173 -

~ | Mixing Ratio by Volume | 0.01931762

>

o
<

-

v | [ |[ix
== =]
o oo
L s
28|&

4 Mising Ratio by Weight | 0.012016281

Pressure PeicentbyVolme  |1.895152123 |[+0.000 =
Wapor Pressure Pa h F@Tt Pt 003617566 | |+ Percent by 'wieight 1.187955733 | |+0.000
Density and Abs Humidity FeTdp [1.003365138 |[= Vapor Mole Fraction  |0.018351521 | [:0.000 |~
Erthalpy /g ~ ~ | Dy &ir Mole Fraction  [0.381048473

We will use HumiCalc with Uncertainty to perform the complex
derivative calculations. We will start by first calculating the Dew
Point Temperature based on the %RH value being generated.
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£ HumiCalc with Uncertainty

File Options Help

Configuration

Temperature Scale | 175-90 -

Carrier Gas | Dy Air ~ Mode | Mormal

E quilibrium Over Apply Enhancement Factors Known | Dew Paint

Known Yalues [Standard u) C d Values [E ded U with 95_45% Confidence]
%AH +0.000  ~ | Spesific Humidity 0.011846312

Frast Paint l:l Abszalute Hurnidity 11.59582666

Dew Point

139147808 | [EOOE |

T t o . .
SmpsraturE E Individual Dew Point Components of Uncertainty

Degrees of Freedom:
Type B w

“Yapor Pressure
Evaluation:

Density and #bs

Fressure E
[ Description: Dew Paint ]
Uncertainty: ~ D escription Uncetainty (£] k= | Distribution | Degrees of Freedom | Evaluation |
Units k= [1o0 =
T b
Pressure

Enthalpy : [+0.000

[Infirity

Next we enter the three individual Dew Point components of
uncertainty into HumiCalc with Uncertainty
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Individual Dew Point Components of Uncertainty

Description: Dew Paint ]
Uncertainty: e | Drescription Uncertainty [t]l k= | Distribution | Degrees of Freedom | Evaluation
= | | UUT's Std Dew 0.0816 1 Marmal 58 Tupe &
(= | | UUT's Resolution 0.1 1 Resolution Infirity Type B
Distribution: | | Feference or Standard 0.1 2 Mormal Infinity Tepe B
*

Degrees of Freedom:
Evaluation: | Type B >

-3

|

g dard U

of F

: [+0.0999594584485737 |
[11.2591323562451 |

d

Add

Starting with the calculate UUT Standard Deviation. Note that
we again enter the Degrees of Freedom based on the number of
samples used in the calculation of the Standard Deviation
minus one (6-1=5). Then we enter the UUT’s resolution with a
“resolution type distribution” and the uncertainty of the
Reference or Standard used.
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Referenci/Standard uuT Referenc/Standard Ut Referenc/Standard
TIME %RH Reading | Dew Point Reading °C | Dew Point Reading °C °C Reading °C Reading psia Reading
10:25 A 20.00 0.542 0.5 25.04 25.0 12.21
10:30 AM 20.00 0.542 0.6 25.04 249 12.21
10:35 AM 20.00 0.542 0.6 25.04 25.0 12.21
10:40 Al 20.00 0.542 0.5 25.04 25.0 12.21
10:45 AM 20.00 0.542 0.5 25.04 25.0 12.21
10:50 AM 20.00 0.542 0.6 256.04 25.0 12.21
Sid Dev(0.0548 Std Dev|0.0408
10:25 AM 50.00 13.915 13.8 25.05 25.0 12.21
10:30 AM 50.00 132.915 13.7 25.05 25.0 12.21
10:35 AM 50.00 13.819 13.7 25.058 25.0 12.21
10:40 AmM 50.00 13.915 13.8 256.05 25.0 12.21
10:45 AmM 50.00 13.915 1349 25.05 24.9 12.21
10:50 AM 50.00 13.915 13.7 25.05 24.9 12.21
Std Dev[0.0816 rStd Dev(0.0516
10:25 AM 80.00 21.360 21.3 25.05 25.0 12.22
10:30 AM 80.00 21.360 21.3 25.05 2449 12.22
10:35 AM 80.00 21.360 21.2 256.05 25.0 1222
10:40 AM 80.00 21.360 21.2 25.058 25.0 12.22
10:45 AM 80.00 21.360 21.3 25.05 251 12.22
10:50 AM 80.00 21.360 21.3 25.05 251 12.22
Std Dev[0.0516 Std Dev|0.0753

Next we calculate the Standard Deviation of the UUT from the
Temperature data recorded during the calibration.
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File  Options  Help

Configuration

Temperature Scale | [T5-90 | Carrier Gas ‘DwAir Vl Mode |No|ma| vl

Equilibrium Over Apply Enhancement Factors Known | Dew Point vl
Known Values [Standard u) Calculated Yalues ([Expanded U with 95.45% Confidence]

#RH Spesilic Humidity 0.011875557

DewPait  [17.91479506 [ [ %] ebsoueHumidty 1153575778 1 v
Dew Point [1391473588 || +0.2248 ~ | Dry Air Density 964.8432608 | [+0.000 s
Temperature
Presaue Individual Temperature Components of Uncertainty
Description: Temperature |
Units Uncertainty: e Description Unecertainty [£] | k= Distribution | Degrees of Freedom | Ewaluation
+
Temperature k=

Pressure Distribution:
Wapor Pressun Degrees of Freedom:
Dersity and Al Evaluation: |Type B hd
Enthalpy Combined Standard U inty: [£0.000 |

Add Effective Degrees of Freedom: | Infinity ] Ok J

Now we enter the three individual Temperature components of
uncertainty into HumiCalc with Uncertainty
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Individual Temperature Components of Uncertainty

Description: Temperature |
Uncertainty: Ev3 Drescription Uncertainty [t]l k= | Digtribution | Degrees of Freedom | Evaluation
— | | UUT's Temp Std Dew  0.0516 1 Marmal 5.0 Tupe &
L= | | UUT's Temp Resolution 0.1 1 Fesolution Irfinity Tupe B
Distribution: | | Temp Refersnce or Ste 0.03 2 Mormal Infirity Type B
#*

Degrees of Freedom:
Evaluation: | Type B o

Combined Standard U inty: [+0.0E09391 2567675942 |
T Effective Deg of Freedom: | 5.76485139510034 |0 ak J

Again, starting with the calculated Temperature UUT Standard
Deviation. Then we enter the UUT’s Temperature resolution with
a “resolution type distribution” and the uncertainty of the
Temperature Reference or Standard used.
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£ HumiCalc with Uncertainty

Eile Options Help

Configuration

Temperature Scale | IT5-30 ~|  Carier Gas | Dy air v|  Mode [Normal ~|
E quilibrium O-ver Apply Erhancement Factors Knawn | Dew Paint hd |
Known Values [Standard u) C. d Values [E ded U with 95_45% Confidence]
%RH 49.99999993 | |+0.8018 |~ | Specific Humidity 0011875557 ||+0.0002 ~
Drew Paint 0100 v Frozt Paint |_
T Dew Paint [ Calculated %RH Uncertainty
emperature | 35 05 +0.061
* 1 e[
Pressure 12.21 £0.000 PPRw [ Description | Standard Lincertainty (]| Degrees of Freedom |Evaluation
Grains/b 3 | [UUT's Temp Std Dev 0.15383585 50 Type &
V | |UUT's Temp Resalution 0.026063143 Inifiriity Type B
: Enthalpy [} | | Temp Reference or Standsrd 01044713724 Infinity TypeB
Units wPETt [ % —1
VEmEERD SvP@Td || < | &
Pressure svPaTs || Confi : [95.45 % 2| k=215 =
“apor Pressure FaTLRt |- E ded Combined U inty: |0.80176542854 \
Dersity and Abs Hurmidity Fetam [ F Degrees of Freedom: (17 44915388002 Lo ]
Enthalpy Jig ~ FizTsPs Ly OIS T T = I

Last we have HumiCalc with Uncertainty perform the partial derivative
calculations based on the inputs to produce a final expanded
combined %RH uncertainty at the desired 95.45% confidence level.
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As Found Calibration Data for a
"Two-Pressure" Humidity Generator

How to Translate the As Found Error
Discovered During a Calibration Directly
into Terms of Generated Humidity Error.

“NOTE - The difference between error and uncertainty should always be
borne in mind. For example, the result of a measurement after correction
can unknowably be very close to the unknown value of the measurand,
and thus have negligible error, even though it may have a large
uncertainty” (NIST Technical Note 1297)
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As Received Data:

Actual {Saturator] Error harmber] Error Presat Error EExpValve Error | U
°c C °c °C °c °c °c : °c °c °c

70.000 F9.99 - 70.01 0010 70.00 0.0o0 70.00 0.000 013
35.000 § 34.90 -0.100 I 35.08 { 0.090 35.00 0.000 ¢ 35.02 0.020 | 013
0.000 § 0.020 0.020 0.030 0.020 0.000 0.000 : 0.000 0000 013

|Adjustrents: Calibration coefiicients were calculated and saved to memary.
Manufacturer's specifications: £+ 0.06 °C.

As Left: Within Tolerance: YES
Limited Range: NOKNE

In this example we have two out of tolerance temperature
probes at the 35° calibration point. We want to calculate how
these temperature out of tolerances affected the generated
%RH humidity.
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alc with Uncertainty

Eile Options Help

Configuration

Temperature Scale | 1T5-90 e Carrier Gas | Dy Air e Mode | Two Pressure -~ |

E quilibrium Over Apply Erhancement Factors Known | S aturation Pressure hd |
Known Values [As Found Error] C. d Values [C. d Error Based on As Found Error]

ouston (150 |ns0_ [ —

Pressure

o [T [ — —
P

Temperature aoen

Test 14.6959494

=

[ CalTE
LA

Fressure
Test Saturation Temperature As ~ | Saturation Terperature | 25.0
Temperature Found Data
Saturation Pressure 4.6959494 .
Calcul
Units

Standard or Reference:
Unit Under Test:

Temperature E
Pressure E
“Wapor Pressure E

o

Density and Abs Hurnidity

] ] e ]

Ewor: [+0.0 | Ok

:

Enthalpy JAg hd

We will use HumiCalc with Uncertainty’s “As Found” Error
mode to calculation the corresponding %RH error.
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Saturation Temperature As
Found Data

Standard or Reference:
Unit Under Test:

Ermror:

-0 |

Ok

Start by entering the Saturation Temperature Probe’s “As
Found” values from the calibration report. We enter the
reading of the Standard or Reference and the reading of the
UUT.
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File Options Help

Configuration

Temperature Scale | 1T5-90 e Carrier Gas | Dy Air ~ Mode | Two Pressure ~ |
E quilibrium Over Apply Erhancement Factors Known | Saturation Pressure w |

Known Values [As Found Error] C.

d Values [C. d Error Based on As Found Error]

Saturation

150.0 ~0000 | wAn [ [S spesiic Humidiy
Pressure
Temperature Dew Point | 10.0 +0.000 |[s1| Dy Air Density
Test 1469534872 | [+0.000
Pressure i 2 ey [ ][ B8] MeistairDensiy
Vel 250 +0000 | || FRRw ~ | Saturation Temperature |34.9 -0.100
Temperaturs

Zl Saturation Pressure

Zl et Bulb Temperature
Zl Fixing Fatio by Yalure
Zl bixing Fatio by Weight

50.0 +0.000

Calcul
Test Temperature As Found
Units Data

Temperature

Pressure

Standard or Reference:
Unit Under Test:

“Wapor Pressure
Density and Abs Humidity | g.
Enthalpy

BRI

Ewor: [+0.0 i 1

Zl Percent by YWalume
Zl Perzent by W eight
Zl “apor kole Fraction
Zl Ciry Air Mole Fraction

[Tyl
I

Next, select the Test/Chamber Temperature.
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Test Temperature As Found
Data

Standard or Reference:
Unit Under Test: 35.09 hd

Error: [+0.08 | Ok

Enter the Test/Chamber Temperature Probe’s “As
Found” values from the calibration report.
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= HumiCalc with Uncertainty

Eile Options Help

Configuration

Temperature Scale | 1T5-90 v|  CarierGas | Dy air v|  Mode |TwnPressue ~|

E quilibriumn Ower Apply Enhancement Factors Known | Saturation Pressure b |

Known ¥alues [As Found Ermor) C. d Error Based on Az Found Error)

Salluatiog +0000 ~ | xAH 09321 (%] Specific Humidity 003340403 |[0.0002
TesIUe

S aturation 0100 W 0.2192 v

lchpcaitie Diew Point | 32.94442991

14.69534878 +0.000  |» ik

Pressure

Test 35.09 +0.090 v PP

Temperature

Grains/lb
v
Enthalpy 23.8814468

Calculated %RH Based on As

Found Data 02019 1

0100

-

¥ ¥
5] =}
= o
g 2
g b}

o

<

L

=[=[=allal[a|[=]r]w]| « w|
P o e || & S| E| | m @ g
g @ (3| d =i Wl %
B ISR w9 oal &
= = | o @ |- g
= = |a|a @ &= n ~i|ow
— = E||E | k|| gl =
@ w (3= | S| @ =1
] ) | = e ]
&= ] || @

Enthalpy Jig F@Ts.Ps 004602134

Standard or Reference: [34.82882488 | |[0083 v
Wt SVPETL Unit Under Test: 930347505 0.0003 [~
Temperature © v svpaTd 0000z v
Fressure SFETs Eror: [0.99207437a | [___ok | 0022 v
W apor Pressure Pa v F@TLPt 004459053 0083 -
Dty art s Humiaty FaTan Vaoor ke Frasion

E-006 % | Diy Air Mole Fraction 0.94737558 +0.0003

After Calculating we can see %RH “As Found” error caused by the out of
tolerance temperature probes. We can also vary the Saturation Pressure
and see the effects at various %RH levels.
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