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Abstract

Conor FitzGerald

Design, Fabrication and Preliminary Uncertainty Analysis of a Primary Humidity

Measurement Standard

This thesis describes the design and implementaticaradw primary humidity standard in the
National Metrology Laboratory of Irelanth this thesis the basic principles of humidity
metrology and primary dew point generation are explained. A numbexisting designs of
primary humidity standards are discussed. Useful equations relaiihgmidity metrology

and particularlyhumidity generationas a primary measurement standaaice given and in

some cases derive@everahew designs of the components a primary humidity standard

are proposed and the benefits of each design is compared based on theory, cost of fabrication
and simulatioms using computational fluid dynamidstom this comparison the individual
components arehosenand the complete dagnis given A new type oforrosion resistant
plating that hagreviouslynot been used wittother primary dew point generators was chosen
andits merits are discussed.hedesign wagabricated,and a number of maodifications were
made in order to impro& the performance of the generatdwased on initial testing of the
system Finally, a preliminary uncertainty budget was developedtfiercalibrationof chilled

mirror hygrometersausing the newprimary humidity standard This uncertaintppudget covers

the range from-40 °Cfrost point (fp) to 90 °Cdew point(dp)and gives an uncertainty of
+0.060°Cfp at -40 °Cfp and+0.038 °Cdp at 90°Cdp both with a coverage interval of 95 %.
calibration of a chilled mirror hygrometer wasrformed,and the resultsare compared to the
calibration results obtained at an external metrology laboratory. The results obtained at NML
were found to agree with the external laboratory to withifd.009°Cdew/frost point. Future

work involving the generator sutlined.



1. Introduction

The National Standards Authority of Ireland (N8A) L NBf | Y RQ& 2 AHeNSAA | f
worksto improve the performance dfish businesselsy developing new standards and

applying existing standarddhe NSAI National &trology Laboratory (NML) is a department
within the NSAI thaprovides traceability to thénternational System of Units ($d) Irish

industry and sciencél he validity of the calibratiooertificates issued by the NMire

internationally recognised bihe InternationalCommittee for Vights and MeasureCIPM)
Mutual Recognition Agreement (MRA). This ensurestti@tincertainties of measurement
published on certificateare withinthe Calibration and Measurement Capabilities (CMIEs)

the NMLand thati K S  kcaliffra®én systems and CMCs are peer reviewed and approved by
experts from otheMNational Metrology InstitutesNMIg). This provides international

eguivalence of measurement standards in BIPM member statasss the world

A central role of NM is to maintain the seven base urfitsm whichall other units are

derived This involves nmataining the definition, real&tion and dissemination of S| base units
(as well as other Sl unit$}ealisation refers thow the definition of theunit is browght about

(or reali®d) in practice. Dissemination is how the definition of a unit is extendeditnce,
industryand thegeneral publicThe seven Sl base units are; the ampere, the candela, the
kelvin, the kilogram, the metre, the mole and the secodditssuch aghe second and the
metre are defined based on quantum phenomena. This makes their definitions repeatable
throughout the universandpreciserealizations are possiblélntil recently he definition of

the kilogramhas beerbased on an artefd@nd the definition of the kelvihas beerbased on
the triple point of water with a specified isotopic content. These definitiaredess repeatable
than those based on quantum phenomena as they are susceptible to physical changes in the
material and réy onthe makeup of the material beingontrolled and very well knowrn
2018the definitions of the kilogram and the kelvivere changed to define the units based on

the Plarck constant and the &@tzmann constant respectively.

All other Sl units are derived from these seven base units. For example, humidity is the
presence of water vapour igir, so it can be measured as moleater vapour with respect to
moles airmoles vapour with respect to total volume (traceable via thderend the metre) or
mass of vapouto mass of dry air (traceablgathe kilogram). As will beiscussedhumidity
can also be measured in terms of dew point temperature (#raperature at which the air is
saturatedwith water vapouj. The dew point degnds onthe water vapour mole contenand
pressure of the gas beimgeasured. If the pressure and dew poare known,thenthe mole

fraction of water vapour with respect to dry air can be calculaléduerefore humidity canbe

a



traceable to the Sl via theelvin and the pascal, @quivalently the kelvin, the kilogram, the

meter and the second.

Not all NMls are as involved in maintaining the definitions of fundamental units. Many,
includingthe NML, are focused on the practical dissemination of the uoitsdustry allowing
companies to achieve the measurement accuracies they need to progress their baspress

technologiesandensuring international measurement equivalence.

The NML temperature and humidity laboratory is responsible for providing ttaldgao the
kelvin temperature scale and for preforming humidity calibrations that are traceable to the SlI
via a reference hygrometer which is calibrated once a year by a Designated Institute of
Metrology (DI) in Switzerlan@he humidity laboratory cuently has two Thunder Scientific
2500 humidity generators. The Thunder Scientific 250gpressurehumidity generator
combined with a climatic chamber of very stable temperature. They are used to create a stable
medium in which to calibrate state tifie art relative humidity sensors. Thiaboratoryalso has

a Rotronic HgroGen humidity generator used for some lower accuraajibrationsand a

Votch chamber sometimes used to reach humidities above r@fgive humidity (rhjand

below 10%h. Thereference standarslcurrently in usencludetwo MBW 373HX chilled mirror
hygrometess (-50 to 95°Cdew/frost point), one MBW DP30 chilled mirror hygromete8@ to

80 °Cdewr/frost point)and one MBW 473 chilled mirror hygromete2@q to 70°Cdew/frost

point). With this system an uncertainty as low#8% rh can be achieved at 3CGand

50%rh.

The calibratiorsystem is relianon one ofthe MBW 37381X referencénygrometes being

externally calibrated each yeand calibrating the other chilled mirrorygrometers by

comparison with increased uncertaintyl hereferencehygrometer is not immune to drift and
agreateruncertaintycomponentfor drift is usedoecause of the long calibration interval. The
hygrometer is out of service for several weeksen itis being calibrate@nd the calibration is
significantly expensive. Customers commonly request lower calibration uncertainties and with
continuing improvement imelative humidity sensors the conformance of instrents within

their specificatioroften camot be determined. These are all good reasons to reduce the

uncertainties of the humidity calibration system.

Presentedn thisthesis ighe desigrand implementatiorof a pimary humidity generator
which will progress the capabilities of the NML humidity laborat®hys is in line with the
goals2 ¥ ( KS LINE &@asion ofButopeantreSdarth capbilities in humidity
measuremenE ¢ ¢ KA OK b { ! L Thigiproject Sdéed oyihe Riropea ( 2 ©

Metrology Program for Innovation and Resear&tprimary dew point generatas a humidity



standard which provides traceability to the Sl via temperature and pressure measurements.
This will greatly reduce the minimum uncertainty oéasurement achievable by the humidity
laboratoryat the NML This will in turn reduce the uncertainty in secondary calibrations by
reducing the calibration uncertainty of the reference instruneait NML that are calibrated

by means of a secondary comparisand reducing the drift uncertainty component of the
reference instrumerd by increasing monitoring. This will also be a new service that will be
provided bythe NML to Irish organizationseveralof which operatechilled mirror

hygrometers and senthem overseas for calibration.

Similar work has been carried out by a number of other Nktgch this work has been
influenced by The design ofhe humiditygeneratorsused by other NMlare described in

section 3.3

The fundament®f humidity measurement W be discussed. The concept of humidity

generation as a primary measurement standard will be discussed and the operating principals
of different types of humidity generators are given as well as a description of several humidity
generators used in diffent NMIs. The design process of the new primary humidity standard

at NML will be described and a number of useful equations used in the design and operation of
the generator will be giveand, in some casedgrived. A brief description of the initial test
performed on the generator will be given. A detailed description of a preliminary uncertainty
analysiscarried out at 90Cdew point and-40 °Cfrost point is given. The results of a

calibration of a chilled mirror hygrometer are given and comparedh&results obtained by

an external laboratory.



2. Fundamental®f humidity measurement

2.1. Humidity as a quantity and its importance to industry

Humidity is a measure of the amount of water vapour in a gas. It can be measured in absolute
terms, for examplein units of moles water vapour per moles gas, or it can be measured by the
dew point of the gaswhich isthe temperature at which the gas is saturated with water

vapour. It can also by measured as relative humjdityichis the percentage that the gas is

saturated with respect to complete saturatiat its temperature.

Most materials can absorb and des@bme amount ofvater vapour.This can affect the
humidity of the surrounding environment and can also change the qualities of the materials.
For example if a product is beingoldon the basis ofmass, such as timber, the moisture
content can have a significant effect on the price. It is especially important during the
packaging osomepharmaceuticals that the humidity of the surroundings is controded
absorption of water vapour can degrade certain antibiatieisarmaceuticals and medical
devicesmdustries typically require humidity control &2 % rh[1]. Humidity caraffectclean
room environments in a number of ways inciogl bacterial growth, personal comfort, static
charge build up, metal corrosipoondensation photolithographic degradation and
absorption.Some of these applicati@mequiring humidity control to less thatil % rh[2]. As
these industries modify their processes to increase efficiency and reduce variability these

specifications for humidity control will also have toibgroved

In order to maintain conformity with national standards, all measurements made in industry
that affect processes need tee calibrated This involves calibrating the measuring instrument
against an instrument that isaceable to national standardkleally,the instrument used for
calibration should havat leastfour times greater accuracy than the unit under test (UWT).

the highest accuracy scenario, the reference instrument will then need to be calibrated against
a primary standardEvery step in thisalibrationchain includes a significant drapaccuracy.

This makes Aumidity tolerance of+2 % rh at an industrial level very difficult to achieve,
especially considering that the calibration uncertainty of the measuring instrument is only one
componer of the final uncertainty for the process. Humidity metrology is therefore an

important area for some industries, with many industries desiring lower uncertainties.



2.2.Description of humidity in relation to thermodynamics

Humidity is the presence of wateapour in air. When water or ice is in contact with air or
empty space bD is evaporated or sublimated into the air or empty space as water vapour.
Water vapour may also condense, returning to the liquid or solid state. When the air is
saturated the numbeof HO molecules entering thgaseous statby evaporation is equal to
the number leaving by condensati¢8]. Therefore, at saturation, the number ot®i
molecules in each phase remaitenstantso the two phases are in equilibrium. The partial
pressure of water vapour under these conditions is called the saturation vapour pressure. If
the temperature of thecondensatévapour system increasemore HO molecules have
enough energy to leave the wa/ice surface and the saturation vapour pressure increases.
Relative humidity is a measure of the water vapour content of air relative to complete
saturation at ambient temperaturd-igure 2.Ishows the relationship between the saturation

vapour pressureand the temperature of a liquid/vapour system.

100

60 -

401

Saturation vapour pressure (kPa)

L L 1
20 40 60 80 100
Temperature (°C)

Figure 2.1: Saturation vapour pressure over water as a function of temperdfure

From approximately40 °Cto 0 °Cpure watercan exist in a superooled liquid or solid state or

a combination of both. At equal vapour pressures the swqualed dew point temperature

(for liquid condensate) is lower than the frost poiettiperature (for solid condensate)nce it
requires more energy for molecules to leave the solid surface than a liquid surface. The
presence of salts or other ionic or polar covalent molecules has a significant effect on the
vapour pressure over the water ice surface. This is due to the stronger intermolecular bonds
requiring more energy for molecules leave the water or ice surfabis is important in

relation to humidity as ions are a common impurity in water.

When an amount of D is inan enclosed @lumethe HO may be in the solid, liquid ayas

phase or a combination of these phasesh# enclosed volumeés partially filled with BED in its

6



liquid or solid phase some of the highest energy molecules will have enough energy to leave
the surface ofte liquid/solid and enter th@apourphase. This results in a reduction of the
temperature of the condensed phase due to it losing its most energetic molecules. The
molecules entering theapourphase will also lose some kinetic energy due to the energy
required to break the intermolecal bonds of the condensed phaséhe amount of energy
required to convert a unit mass from solid or liquid inapouris the latent heat of

sublimation or vaporizationThe vapour molecules may also collide with ligaid/solid and

return to the condensed phase. The rate at which molecules return to the condensed phase
depends upon the pressure of the vapour. The vapour pressure will therefore increase until as
many HO molecules are condensing as those that are exating. At this point the system is

in equilibrium and the vapour pressure under these conditions is terbygtie saturation

vapour pressure. The rate at which molecules enter the vapour state depends on the
temperature of the condensate, since higheetmal energy results in more molecules having
enough energy to break free from the condensed phase into the vapour phhasesfore the

saturation vapour pressure depends on the temperature of the system.

Thermodynamiequilibrium is defined as the poimt which all infinitesimal changes are
reversible; meaning that there is no net increase in entropy for the syfsnThe change in

entropy “Yfor a reversible change is given [5Y,

.
- 2.1
AY "Yh (2.1)

wheref Nis heatflow and 7 is the absolute temperature

The work dona) on a systenafter expansion into its surrounding at constant pressure is

given by[5],
o 0Amh (2.2)
where P is pressure an@ cis change involume

If a system pdorms work only in the form of expansion work against its surroundings then
from the first law of thermodynamics the change in internal ené@giill be equal to the

heatflow to the systemplus the work done on the syste(for a reversible proce3sherefore

[51;
AY "RY 0A®8 (2.3)
The Gibbdree energy'Ois given by5],

O 0 YYTVY oYY



or
(2.4)

A0 AY 0Ab @i "WY "™M'Yh

where Oisthe enthalpy.

Combiningecs. 2.3and 2.4 gives[5],
A0 b "™M'Y8 (2.5)

This relates the change in the Gibbs free energy ealiginges in temperature and pressure.
This is useful for describing the situation above where two phaseg®hke in equilibrium

with each other. A similar function is the Helmholtz functiob];

nO "E‘Y uYnY

or
KO KY "WY "Mv8 (2.6)

Combining this with previous gives,
AO 0A® "™M'Y8 (2.7)
This can baised to derivea function for the rate of change of pressure with respect to

temperature by first differentiating,

and
O N
L9  gs
T W

And taking the second demtive with respect tavand”Y

ro rv . ro 1oy (2.8)
T"YMMow Tow T oY 1T7Y
For a reversible change;
1Y VY
1o Yo

Therefore combiningegs.2.1and2.8 gives;
0 yY ]
! N4

1Y Yo VYo

(2.9)




SinceY"Vis the difference in entropy between the condensed and vapour stpiethe latent

heat of vaporizatiorsothe equation can be written g$§],

K

o0 YO

Y VW

h (2.10

(<

where ¥'Ois the latent heat of vaporization

Equation 2.10s thewell-known Clausius Clapeyron equation and it relates the rate of change
of pressure with respect to temperature to the latent heat and the change in volume of a
system of two phases equilibrium, at temperaturgY If ¥"Ois the molar latent heat andwis
the change in molar volume going from one phase to the other, then aswyuthe vapour is

an ideal gas,

Yw

where—is the molar volume in phas@and'Yis the universal ideal gas constant

W jJEL w j€ so w j € can ke considered negligible giving,

8 (2.11)

Combiningeq.2.11with the Clapeyron equatio(Eq.2.10)and integrating to give an

expression forP;

cq o
.
C-

< s

P o v
ve

N

0 0AQD % "EY 8 (2.12)
Usingd and"Y as a reference point, the vapour pressure can be calculated as a function of
temperature and molar latent heaHowever, latent heat depends on temperature so to give a
reliable result thefunction of molar latent heat with respect to temperature would have to be
well known with a reliable uncertainty. For practical determinationsaturationvapour

pressure an empirical function that relates saturation vapour pressure to temperature with a
well characterized uncertainty should be uséduation 2.12 can be usedith such a

reference function to calculate the latent heat for different temperatures, knowing the vapour

pressure from thempiricalreference function.



2.3.Practical humidity measement and empirical referenceifictions

An empiricalreference functiorwhichrelates thevapour pressure to theaturation
temperatureof a gasvasgiven by Wexlein 1971[6] and was updated by &atag in 199(7]
for the International Terperature Scale (IT9) revision in 1990For a given temperature, it

gives the pure vapour pressure over water or ice.

The uncertainties given are based ooamfidenceinterval of 99.7%oweverthe accepted
usage is tmverestimate the uncertainty by assing theconfidenceinterval given is 6&and
multiplying bytwo to get a 95%onfidenceinterval [8]. Theequation forpure saturation

vapour pressuré& Y as given bysomtag is[6],

QY A@GD &OY cxgu G1 1Y ¢ xgpuh (2.13)

where"Vis the saturation temperatur¢’Q and® are the coefficients listeth table 2.1 and

the uncertainties of the reference function are given in table 2.2.

Table2.1: Coefficients for Sontagjeation [8]

Over Ice Over Water

-100°C<"Y< 0.01°C -50°C<"Y< 100°C
® | -6.024 528 2k 1C¢ -6.096 938 5 1C¢
W 2.932 707 0 10 2.124 096 4x 10
@ 1.061 386 8x 10 -2.711 193 0 10?
¢ | -1.31988%0x 10° 1.673 952 0 10°
W -4.938 257 7 10! 2.433 502 0 10

Table2.2: Uncertainty asociated withtSontag érmula[8]

+(0.01¢ 0.0057Y) % for -100°C< "Y< 0.01°C

+0.005 % for 0.01°C< "Y< 100°C
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Whenthe vapouroverwater is mixed with anothegas it affectsthe vapour pressure.
Therefore, m the presence of air the partiptessure of water vapour is not necessarily equal
to the saturation vapour pressumggven by Sontag (Eq. 2.13at that temperature.This is due
to three effects; firstlythe chemical potential of the condensgthaseincreases due to the
increase irthe total pressureof the gas secondlyif the gas is soluble in the condensate then
the chemical potatial of the condensate changesndthirdly, the chemical potential of the

vapour changes due to interactiswith the gaq9].

This effect is accounted for in humidity calculatitmysnultiplying thepure phase vapour
pressure by a soalledwater vapour pressurenhancement factoEYD) where0 is
pressure Theeffectis small for near ambient pressures amecomes significant dtigher
pressuresso it is possible to omit the enhancement factors at near ambient pressures
depending on the applicatiohe corrected vapour pressufe in avapourair mixture is
given byf4],

Q QY AYW h (2.14)

The water vapoupressureenhancement factoformulation for water vapoumixedwith air

is;

QYD Agp-Y p Y gv P h (2.15)

nl‘

where| 'Y B @Y and? Y Ag®D @& Y |,

and where® are the coefficients listed in the tab®3and"Yis in°Cand0 is in Pa.
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Table 2.3Coefficents for water @pourpressureenhan@ment factor brmulation[8].

Over Ice Over Super Cooled Water | Over Water

-100°C< 7<0°C -50°C< 7<0°C 0°CXK7< 100°C
by 3.644 4% 10* 3.621 83 10* 3.536 24x 10*
b2 2.936 31x 10° 2.605 53 10° 2.932 28x 10°
b3 4.886 35x 10’ 3.865 01x 10’ 2.614 74x 107
b4 4.365 43« 10° 3.824 49 10° 8.575 38 10°
bs | -1.072 71x 10 -1.076 04x 1¢ -1.075 88 1¢
bs 7.619 8% 102 6.397 25x 102 6.325 2% 102
b7 | -1.747 71x 10* -2.634 16x 10* -2.535 91x 10*
bs 2.467 21x 10° 1.672 54x 10° 6.337 84x 10’

The relative uncertainty of the enhancement factor "Q can be foundas a percentage (%)
from [8],

6 Q PHY pmO pTI AR pmad& T18Bpody8 (2.16)
Equation 2.16 is valid fetbn @)X ®™Knand Bx 16t | PX H SHa wmn
All of the random and systematic uncertainties effecting the enhancement faatoulated

usingEq.2.15 were expessed in tabular format anq.2.16 was developed to represent

those uncertaintiexonveniently
Thewater vapour mole factionwis the ratioof the number of moles of water vapour to the
total number of moles in a yome of gasand isgiven by

€
£ £

m‘| ™
3¢

@ (2.17)

where¢ isnumber of moles of water vapout, isnumber of moles of dry aijor other

gas)and¢ istotal number of moles of the gasapour mixture

Assuming an ideal gas,

Y

M‘l C-
¢

0 Y
€ W
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so that,

£
€

cz| cC
8‘
=y

where0 is thewatervapour pressure) is the total pressureY is the universal ideal gas

constantandwis volume

Since the partial pressure of water vapaan be found from the saturatiolemperature

(from Eq. 2.1% the water vapour mole fractiorwis [8];

QY 8Q"YD ﬁ
0

(2.18)

Therefore, if thesaturation temperatureand the pressure of the gage known the Somtag
formula(Eqg. 2.13and the vapour pressure enhancement factor form{a. 2.15¢an be used

to calalate thewater vapour mole fraction.

The dew point is the saturation temperature over watend frost point is the saturation
temperature over iceThis is a measure of humidity because it is related tonhter vapour
pressure(by Eq. 214) which isdirectlyrelated to the number of moles of water vapour in the
gas. At a given pressure air v specific mole fraction has only one dew point. This has a
major advantage over relative humidity which tsagly temperature dependantt is

important to differentiate between dew point and frost point as large errors could occur if a
dew point temperature is assumed to be a frost point temperature or vice versa. The dew
point of a gas is pressure dependant and can be correctechfanges in pressur@s

described irsection3.4.1).

Relative humidity is a measure of tlvapour conteniof a gas withrespect to complete
saturationandis therefore strongly dependant on temperaturghe elative humidity 'Q can

be expressed 48];

W
Q 5 & 1 kP (2.19)

where® is themole fractionandw is themole fractionat saturation at theambient

temperature

This can be combined withq.2.18and rearrangedo give[10],

QY 8QYh & .
=y & b (2.20)

Q'Y 8Q"YW
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where'Q"Y isthe vapour pressur€ isthe dew point of the ga® is the pressure at the
point of measurementQ"Y is saturated vapour pressuréy is ambient temperature and is

the ambient pressure.

If the pressure of the gas is equal to ghiessure at the poinbf measurementhe
enhancement factors will also eearlyequalandrelative humidity can be given 1j];
7Y
Q ———Hnnd (2.21)

Equation 2.21 can be used to calculate relative humidity based on a dew point measurement

and ambient temprature measurement.

2.4.Units of mass flow

¢CKS YIraa Fft2g¢ 2F || FfdzAR Aa (KS ljdzrydAadGe 27
a given time interval. The Sl unit for mass flotheskilogram per second (kg/s). Another

commonly used unit for mass flow is the standard litre per mintites is the number of litres

of fluid, at a standard temperature and pressure, passing a point in the flow path every

minute. Since the volume correspgrda G2 (G KS Tt dzARQa @2f dzvS 2yt @

pressure this is a unit of mass flow, not volumetric flow.

The mass flow controller that will be used to operate the humidity generator described in this
thesisis a measuring instrument that is sensitive to changes in mass flow and controls the
mass flow through the systent iscalibrated in units ofitres standardper minute (Is/min)

where thestandardtemperature is 20Cand the standard pressure 1913.5 hPa

In this thesis the fluid of concern is assumed to be an ideal gas and the masslfiminrcan
be converted to molar flow or mass flow in kg/s using the ideal gas equation and knowing the

molar mass of the fluid in question (humid aifFhis is @scribed further in 3.4.2.
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2.5. Humidity nstrumentation

Humidity can be measured in a number of different waysin&trument for humidity
measuremenshould be selected on the basis of accuracy and the response of the instrument
to the humidity quantitypeen measuredrFor example, if the quantity of interest is relative
humidity for the purpose of maintaining human comfort, preventingisture absorptioror
preventing or encouraging drying, an electrical impedance based RH sensor could be an
appropriate neasuring instrumentThis is due to the fact that electrical impedariREsensors
respond mainly to changes in relative humidity rather than dew point or mole fraction. If the
quantity of interest is the water vapour content of tigasin question, for thepurposeof

electrical insulationfrost prediction, or for the most accurate metrological applications, then a
chilled mirror hygrometer could be the best measurement option due to the fact that it
measures dew point directly which, at constant pressigélirectly relatedo the mole

fraction of a gas. Listecelow areseveralmeasurement methods in order of relation to this

project.

OpticalChilled Mirror Hygrometer:

A chilled mirror hygrometer measures the temperature at which dew or frost fanrasgyas. It
achieves this by passing the gas ovesftective surfacevhich iscooled, usually by Peltier
coolers and possibly a refrigeration system (depending on the rahgeasurement When
the mirror is cooled below the dew/frost point temperaturé the gas a dew or frost begins to

form on the mirror and is detected by an optical system.

The goal of the chilled mirrdrygrometeris to maintain zero net mass transfer baten water
vapour and condensestates[11]. Under these conditinsthe system is in equilibrium artie
vapour pressure over the condensate is the saturation vapour pressutteaf gas) at the
temperature of the condensat&apour interfacgthese ideal conditions will not be perfectly
met in reality) If this temperature (the dew point) is measured it can then be rel&betie
pure phasevapour pressure and the mole fraction using the reference equatioren in the

previous section.

The dew point temperature is measutey one or two thermometersusually platinum
resistance thermometer@PRTSs) in thermal contact with the mirror. The accuracy of the dew
point measurement will depend on the heat transtetween condensaterapour interface

and the PRTs as well as othencoon measurement errors such BRT selheating,

calibration urtertainty and drift Due to the difficulty in measuring the temperature of the
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condensatevapour interface; chilled mirrdnygrometers are used as secondary measurement

standards and are calibrated against a primary humidity standard.

Anotherpotentiallylarge source of error when using a chilled mirror hygrometen the
determination of the state of the condensate. If thendensate is assumed to be solid (frost)
when it is actually liquid (dew) the resulting vapour pressure calculatiéthe lower than it is
in realitydue to the change in chemical potential of the condens&eorsgreaterthan 1°C
(dewffrost point) could occur due to supesooled dew been mistaken as frdéR]. A further
complication is the possibility of phase transitions and-egnilibrium states existing on the
mirror [11]. These errors can be accounted forbmth calculaingthe potential dew/frost

error and including this as an uncertairtgdo @ G F2NOAYy3I FTNRAaAGE 2y GKS
temperature. To force frost, the mirror moughtto a low temperaturgbelow-40°Q before
returning to the frost point temperatureThis ensures that all of the condensegDr-bn he
mirror is in the sotl state and it cannot return to a liquid state unless the mirror is brought

above 0°Csince the solid state is at a lower energy level.

Laser Absorption Spectroscopy:

Absorption spectroscopyan be used toneasurethe HO content of a gas. This involves
passing lighat wavelengtls that are absorbedby HO through the samplegasand measuring
the absorption It is possible to scan theolated absorption lines giving absorption
measurements for kO with very little cross sensitivity with other molecul&ége number
density is related to the absorption and path length of laser light thrahghsamplg/13], so

the system can then be calibrated agaiagtrimary standardo giveaccurate measure of @
number density of the sample gas. The number densityticanbe related to partial pressure
of water vapour by the ideal gas laWnlike chilled mirror hygroeters; snce the number
density of HO moleculess measured directly, this method does not need to rely on the
ranges and data of empirical reference functions and is independent of the uncertainty related
to them. Laser absorption spectroscopyables precise measurements @xtremely low
concentrations of water vapour (d8w as a few parts per billion$pectroscopic methods have
the added benefit over other methods of hygrometry of been able to determineptiesence

of impurities in the gasThey ato have a faster response tisempared tochilled mirror

hygrometerswhich is beneficidlor some application§l3].
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Electrical Impedance Based Relative Humidity Meters:

There are two main types of electrical impedance based humidity sensors; capacitive and
resistive sensors. Both contain a hydroscapaterial, that is a materiathat absorbs ad
desorbs water vapour depending on the relative humidity of the environmentr@sistance
andthe dielectric constanbf the materialchangegepending on the moisture conteidue to
the mobility of the water molecules in the materideasuring the restance or the
capacitance across suchreterial andcalibrating against a reference humidity instrument

givesa practical measure of relative humidityith possibleaccuraciess low a®.5 %rh.

The mobility of water molecules in the hygroscopic matédriareases with temperaturgiving
impedance based sensaasstrongtemperaturedependencgl11]. Resistance and dielectric
constant also depergion temperature butdoesnot have as large an effect on RH sensors as
the hygroscopic temperature dependenfd!]. Polynomial coefficients can be used to correct
for the temperature dependence. This also requires that the instrument be calibrated at
different temperatures to monor and correct for the drift in the temperature dependence,
however this is expensive and many owners of RH metawsse to limit the operatingange

of the instrument to reduce the number of temperatures that the instrument needs to be
calibrated atFigure 2.2 shows the temperature dependence for a typical impedance based

relative humidity meter.

Rotronic HVAC Transmitter: Humidity deviation from set point

[—+—1°C —#—23°C —+—40°C —e—48°C]|

® ® & M o N B O ®
A

Deviation from set point (%rh)

I

N
|

0 10 20 30 40 50 60 70 80 90
Humidity (%rh)

Figure 2.2: Temperature dependence and linearity of a state of the art RH fhéier

Impedance based sensors also suffer from a significant longdgftnThe bonding of water
molecules in the hygroscopic material depends on the molecular structure of the material and
the presence of other gas molecules and impurities. Because of this and that surface
interactions in the material are often irrever$ih the sensors experience significant long term
drift [11]. Impedance baseBH sens@also have a significant uncertaintuelto hysteres

and a number of other factors
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3. Primary dew point gneration

3.1.0verview

In order to maintain traceability to the Sl base units a primary measurement oragatiDf
humidity must be madeAccording td16] a primary measurement standard is a measurement
standard established using a primary reference measurement procefliffistates that a
primary reference measurement procedure is a reference measuréepracedure that is

used to obtain a measurement result without a relation to a measurement standard of the
quantity of interest.Toachieve this for humidity ite mass of drgascanbe measured and
compared to the mass of2B in order to determine the war vapour mass fractiorThis is

very difficult to achieve in practice. The equipment required is very costly and the process is
very time consuming. A calibration using this method could take several months. Because of
this the most common primary reaiion of humidity is achieved using a priméwymidity

generdor.

A primary humidity generator or primary dew point generaitoa device that ensures
complete saturation of air with water vapour over a plane water or ice surfdicee these
conditions ae similar tothe conditions for the saturated vapogressure given in the Sontag
equationthenif the temperature of the condensateapour interface and the total pressure
abowe the condensate are well knowhen the vapour pressure in éhgas can be detmined
from Eqs2.13 and 2.1%nd the mole fraction of the gas can be determined filem2.18 This
is therefore a primary realization of humidity, traceablete S| videmperature and pressure
measurementsandneeds no higher link in the humidity calibration chdmorder to maintain
traceability to the Sl it is also required that all uncertainty contributions are accounted for and
the uncertainty budget is peer reviewed and iri@mparisons of the primaryealizations
must be made with other NMIs, a costly atie-consumingprocess Since mosNMIshave
the highest accuracy temperature and pressure measigngt capabilities in their countries,

this makes primary dew point realizationpwactical primary humidity standard for NMls.

However, the ideal conditions of the vapour pressure folatians are not completely metyb

a primary dew point generator witsomeof the problems encountereds followsThe water
vapour is mixed with airchanging the saturatedapour pressurdrom the pure saturation
vapour pressurgwhich is corrected for witleq.2.14. The water may have a lower saturation
vapour pressure if it contains impurities especially ones that are polar or-polealent.This
problem is minimised bysing water with known levels of impurities and using filtered air and
polished stainless steel parfBhe gas is not necessarily in equilibriwith the water or ice

since it § flowing past the wateor ice surface rather than beirgjationary, assin the
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definition of waer vapour saturation pressure. Because of thiie air may not become
completely saturatedvith respect to the saturator temperaturéAn uncertainty component

must be determined to account for the naedeal saturaion efficiency.Thisis not a straight
forward task and there is no single way to do it. It must be determined from experimental and

theoretical knowledge of the dew point generator.

3.2.Types of dew point@nerators

3.2.1. Single pressure {R) gnerator

In a single pressurgenerator,gasis saturated at near atmospheric pressamed is then
directedto the UUT with only a small drop in pressure from the saturator to the [AU[T The
mole fraction or dew point of the gasvariedby changing theemperature of the sarator.
Figure 3.1 is a schematic diagram of a possible arrangement for a single p(@s3jdew

point generator.

Heated Pre-humidifier

(for high dew points)
Pressurized Air Pressure
at 12 bar Measurement

o

[
|

N
R
| Presaturator |

Chilled Mirror
Hygrometer .

Drier

uun

i

Air Qut

y : Heat Exchanger
—
Pressure ’

Regulator

0
I

’ Final Saturator

Particulate, ’ )
Coalessing — ‘ 4
Filter - @
' O

| »
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O —r it i) s G Measurement

Temperature
Temperature Controlled Bath Measurement

Figure 3.1: Single pasigle pressure (P) generator

With this arrangement it is not necessary to make pressure measurements @weryhie
generator is used. Instead the pressure drop between the saturator and the UUT can be
characterized throughout the measuremierange and can be factoredttnmeasurements as
an uncertainty or as a correctiomhe accuracy of the pressure measuretsar

characterizatiorcontributes to the overall uncertaintyf the generated dew pointA 1P
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generator allows greater accuracy pressure measurements to be siadethe range of the
pressuremeasuring instruments is much smaller and the pressure gtabilthe saturator will
be greater. Wide diameter tubing can also be used to minimise pressure drop between the
saturator and the UUTBo depending on the overall uncertainty of the system the pressure
drop may be considered negligibldowever it shoul still be included as an uncertainty

component

For the case ddisingle pass dew point generatoagis passed over the liquid or sddigrface
just once before beingent to the hygrometer and expelled to the atmosphere. This means
that the dry air supplied to the generator must be completely saturated by the dew point
generator.If dry air is saturated to 95Cdew point at a output mas<glow rate of 1ls/min,
evapaative cmling will occur at a rate of 26 W (as can be determinethfim.4.4). This is a
very large rate of heat loss in the saturator. In the desigownin figure 3.1the pre-saturator
will reduce the latent heat loading on the final saturator, allogvthe final saturator to be
more efficient and produce a more accurate dew point realizatitmwever,a prehumidifier
may also belaced before the presaturator ata similartemperature to the presaturator,
further reducing the latent heat loading the system and reducing the oszl uncertainty of

the system.

The saturators arenaintained at a very stable temperature Byemperature controllediquid
bath. The uncertainty of the generated dew point will depend on the stability of the
temperature cantrolled bath.A heat exchanger is used énsure thatthe air temperature is
very close to the bath temperature before reaching the final saturafioe. dew point
temperature of the gas leaving the saturaisequal to the temperature of the condensate
vapourinterface in the final saturator. This temperature candmproximated by measuring
the temperature of thegas leaving the saturator, assuming that tteesand condensate are in
thermal equilibrium. This temperature can also be approximated by measthe
temperature of the batHiquid surroundingthe final saturator, however this will havegaeater
uncertainty due to the temperature differendeetweenthe bathliquid and the condensate
vapourinterface.At set points with little latent heating in the system this difference is

expected to be small.

The gas is filtered before entering the system to removepaiculatesthat may have been
introduced by the compressor or tleampressed aitubingthat maycontaminate the system.
The gas is also filtered by a coalescing filter to remove any liquid droplets from the gas which if

not removed, may travel to the hygrometer and give an inaccurate dew point measurement.
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While theaccuracy of the mass flow contiiglnotcritical it is important that theanassflow can

be controlled to a known flowate with reasonable repeatability since the saturator efficiency
depends on the mass flow rateThe response of the chilled mirror hygrometer also depends
on theflow rate, meaning mass flow at the chilled mirror must be kept constant at a specified

value.

An alternative to the single pass operatioha 1-P dew point generator is the full recirculation
mode of operatior[18] as shown in figure 3.2n this arrangement of a dew point generator
the gas exhausted from the chilled mirror hygromeigrecirculatechackto the inlet of the
generator. Inthis mode ofoperation,the system is initially purged with clean air from the
compressed air source before beirggirculated by the pumpRecirculatiorsignificantly
reduces the mass transfer of®l in the saturators and therefore greatly reduces the latent
heat loading at high dew points. This requires tthet pump and recirculation lines be heated
well above the dew poinemperatureof the gago prevent condensationThe pressure drop
across tle pump may also cause condensation but sufficient heating will preveniTihés.
pump should be made of a material that has a reasonably low water vapour permeability,
however, small losses of water vapauitl not impact the performance of the system sinthe

air will be passed through the generator again before reaching the UUT.
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Figure 3.2: Full recirculatiorFL dew point generator

A suitable pump for this application could kativelyexpensive and the system is more
complicated than that for single pass operatidmother disadvantage is that any
contaminants in the UUT that may be picked up by the gas will be passed to the generator to

the point of realization where it may affect thritput dew point of the generator.

Another mode of operation used in primanfldew point generation is the partial

recirculation modg17] as shown in figure 3.3 his involves pumping air through the
saturators at a high flow rateppssibly30 Is/min or more depending on the geometry of the
saturatorg while drawing off air to the UUT at the usual flow raisy@ally0.51s/min). The
humidity of the air should not change ihd recirculation loop sthe flow rate through the
saturators may be highut the mass transfer in the saturators should be the same as it would
be for the draw off flow rate to the UUThe air that is drawn off is replaced by dry filtered air

or pre-humidified air or recirculated air from the UUT.
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Figure 3.3: Partiakcirculation dew point generator

The benefit of this method is that the higher flow of air through the saturatmeeases the
flowspeed- YR GKSNBEF2NBE AyONBIlIasSa GKS wSey2f RQa
is high enoughurbulenceis creded andincreasednixing of wet and dry aimccurs increasing

the saturator efficiencyl19].

This method requis a pump with a very low pressure dr{ip prevent condensatiorand

very highdegreeof leak tightness so that does notdisturb the mole fraction of the gagny
disturbance of the mole fraction in the recirculation path has the potential to impact
significantlythe performance of the generator due to the high flow ratds also requiredhat

the pump be oil free and the bearings in the pump may need to be degreased so that the gas
and saturatorsare notcontaminated.To achieve these requiremergsmagnetically driven
centrifugal pumpcan beused with modifications made to i achieve the mentioned
requirements A mechanically driven pump can be used if special seals are used that will not
contaminate the generatofThis is expensive and far maremplicated than the single pass or
full recirculation modes and it also requires a detailed knowledge of the lubricants, bearings
and bushings used in the pump. However in many cases partial recirculation can increase

saturator efficiency.
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3.2.2. Two pressuré2-P) generator

In a two pressure generator the gas is saturated at an elevated pressishown in

figure 3.4.
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Figure 3.4: Schematic diagram of a two pressuse)(@enerator with independent

temperature control[20].

The mole fractiorat the saturator carbe calculated fromEq.2.18using the saturator
temperature”Y and pressur® . The gas is then expanded, usually to atmospheric pressure,
where its humidityis measured by the instrument under test. The mole fractibthe point of
measuremenwill beequal to the mole fraction in the saturatgorovided thatno water

vapour is dded to or removed from the gas between the two pointhe relative humidity can
then be found fromEq.2.19 using the mole fraction at the saturator and the saturated mole
fraction at the point of measurement of tHéUT The saturated mole fraction can be found
from Eq.2.18, using the temperaturéy and pressuré® at the point of measurement.
Combininghese equationgivesan equation for relative humidity in a two prage
generator[20],

QY 8Q'Y & ® (3.1)
oveavm & P '

Two Pressure Humidity generators have a Vienjted working range. A system with a

pressure drop of about 10 bar might only have a range from 10% rh to 100% rh. The advantage
of this system is that pressure can be changed very quickly, whereas changes in temperature
could take several hours to stabilize. A hybrid system where the temperature and pressure of
the saturator can be controlled independently of the calibration chanibéeneficial as it

retains themaximumstability and range of a single pressure generator but also with the

option of moving between set points quickly and extending the lower range.
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3.2.3. Dividedflow generator

A divided flow generator mixesdry steam of gawith a wet streampoth of known mole
fraction,at a known mixing ratio. This is generally uasd secondary humidity generation
method (traceable via a calibrated reference instrumelntit it can also be used as a primary
method, provided that the flow are preciselyneteredand controlled.The main application
for this method isn reaching lowfrost points. It has the benefit of beinable to operate the
saturator at a convenient temperatu@here the uncertaintiesf the generated dew point
and vapairr pressure formulationare low) and then precisely mixing the wet streamddry
streamto obtain a low frost pointThe mole fractiorof the output gas is given §g1];

® ———h (3.2)
U

where¢ andé¢ are the molarflow rates of the wet and the dry stream®, andw are the

mole fractions of the wet andry streams and is the total molarflow rate.

The low uncertainty of the strategically chosen saturator temperature then propagates
throughEq.3.2to the outputmole fractionuncertaintyand is combined with thencertainty

of the metered mass flow rasand the mole fraction of the dry stream

A practical realization of humidity using this method would require a gas multiptéxdar to

the one used if21], shown infigure 3.5.

Wet Gas 8i|ulted Gas
Inlet utlet
Pneumatic
valve
Mass Flow
Laminar Flow Controller
Element
Dry Gas
Inlet

Figure 3.5: Gas multiplexer used by the National Institute of Standards and Technology (NIST)
in their primary hybrid humidity generat¢21].

This includes an array of precise mass flow controllers and corresponding laminar flow

elements to precisely measueand control different flow ratesThemeasurementange of the
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meters used if21] varyfrom 102 /min to 100 L/min Pneumatic valves are used to select
which controllers/meters are used for the wet and dry streafftse flow meers are calibrated
by NIST Fluid Metrology Group with dry air. It is assumed that the change in calibration due to

the change in mole fraction of wet air is negligif2é].

The dividel flow method can also be used in conjunction with the two pressure method as in
the case of the NIST hybrid humidity generatof2if). In this system the two pressure method
is used for dew/frost points abové5 °Cwhile the divided flow methods used for lower frost
points benefiting from the low propagation ahcertainty to the low humiditiesThis also
means only one water bath is needed for the saturator as it does not need to be operated
below 0°C

A primary realization of humidity using the divided flow or hybrid method involves using an
expensive and complicated system. It is reliant on initial primary humidity generation with low
uncertainty. It also requires knowledge of the best practises ofsnflagr measurement anis

most practical for organizati@with existing experience and calibration facilitinsnass flow
measurementlt is however a good method for achieving low humidities with a low

propacated uncertainty.
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3.3.Primary dew point generat designs used in different NMls

In this section a number of dew point generators used in different NMlIs are described in
relation tojournalpapers that have been published detailing their design and performance.
Some of the benefits of each design amrped out Many of thehumidity standards in these
laboratories have changed since #epapers have been published and the laboratories may
now have; additional generators, modified operating conditions, wider range of operation and
improved uncertaintis. However the principals and philosophiesrafstdesigrs are largely

the same.

National Physical LaboratofdPL) United Kingdom:

The NPL primary dew point generator describefPR] is a single pressure generator that uses
the partial recirculation method described in chapter 3.2. It consists of saterator and
saturator in separate temperature controlled batfie presaturator is used fohumidities
above-50 °Cfrost point. The temperature of the preaturatoris sufficientlygreaterthan the
temperature of the final saturator in order to compensate for the segurator inefficiency.
Pressure is controlled at the dry gas inlet and the massid&is monitored using a mass

flow meter. The saturator consists of@é¢ O &tdinfes Rtedlube that acts as a heat
exchanger and contairterizontalsections which are half filled with water or ice. This method
of saturation is beneficial as a long saturation path can be used and saturation occurs in
separate sectionghich are reasonably therniglisolated thereby reducing the latent heat
loading on each subsequent sectidrhe saturator efficiency can be determined liging

length to the saturation gth and observing the difference in the generated dew point. The
output dew point temperature is determinefilom the pressure and temperatuia the

output of the saturator. The temperature at the outputrigeasuredby a platinum resistance
thermometer (PRTplaced in the air stream at the output of the generator. Tlasames that
the air and the liquid/solid surface are in thermal equilibrium. YA Yy A YdzY RiAsk YS G SNJ

used for all tubing to minimise presre drop throughout the system.

Centre for Metrology and Accreditation (MIKES), Finland:

The MIKES primary dewipbgenerator, described if23] is a single pressure generator. It
uses partl recirculation and has the option to also use full recirculation as described in
section 3.2The full recirculation system was developed for use with low temperatures to

prevent the buildup of frost in the presaturator.The full recirculation pump antthe UUTare
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in athermally enclosedreaabove therest of thegenerator.The generator consists of a pre
saturator, heat exchangemd finalsaturator. The presaturator consists of two vertical
cylinders one of which is partially filled with water ate: incoming air is allowed to bubble up
through the water. When the system is operated belodddhe pre-saturator is dryThe main
saturator consists of a stainless steel horizontal tube with an inner diameter mih2énd a
vertical outlet cylinder. Theaturator is half filled with water or ice. The saturation
temperature is measured by twa n nplaiiftum resistanceéhermometers(PRTs)OnePRT
measuring the water or ice temperature and the other measuringdinéemperature irthe
exit cylinder. Meastng both the air and water/ice temperature gives valuable information
about the state of quilibrium. The two temperatures with associated uncertaintas be
used to give a better estimate of the saturation temperature and to estimate the saturat

inefficiency.

Van Swinden Laboratofy/SL), the Netherlands:

The primary dew point generator used at VSL, describ§t®iris a single pressure-/) dew

point generator that uses partial recirculatidih consists of a high and low temperature
saturator, each in separate thermostatic baths for the low and high temperature rar@fe¥J

to 20°Cand 5°Cto 82 °Crespectively). The low temperature unit consists of a copper heat
exchanger and a gold platedppersaturator.The high temperature unit consists of a pre
saturator, a heat exchanger and a final saturafidre presaturator is made from stainless

steel andglassand uses a piezdriven oscillator to fill the presaturator with tiny water

droplets that readily evaporate causing the gas to become nearly saturated with respect to the
pre-saturator temperatureThe final saturator is of a similar design to tbe temperature
saturator.The dry gas flow rate is controlled by a mass flow controller and the recirculation
flow rate is measured by a mass flow meter. The pump is a centrifugal pump with three
propellers driven by a shaft that is inserted into the hogsby a vacuum tigtgealthat has

been found tooperateat high temperatures (above 10@ without breaking down or
outgassing its component3he bearings in the pump use a relaty chemically inert

lubricant A number of ball valves are used &aseof operation The valves are designed for
use at high temperatures (rated to 290), the wetted parts are made from stainless steel and
the seat and stem are madeom polyetheretherketong(PEEK) which dgiite impenetrable to
water vapourIn order to dow automation pneumatic actuators are used which can withstand

temperaturesup to 200°C
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In 2009 the gold plated copper saturator was disassembled for inspection and dark spots on
the gold surface were observed indicating corrogia]. This could beue to the original

plating beingoo thin for the number of years of operation usgabssibly due to the

dimensions of the unit and the placement of the electrodes during electroplalirguld also

be due to the expansion and contraction of the plating, ungdiating and substrate,

weakening theunderplating and/or the plating over the years of operation. After the

inspection it was decided to machine a new saturator from stainless [@4¢F|

Bundesamt fur Eic(BEV) E+EElektronik, Austria:

The Austrian national standard for humidity is maintainedEl¥EIlektronik on behalf of BEV,
the national metrology institute of Austri@5]. The dew point generator described[2b]is a
two pressure humidity generatolt consists of a prsaturatorwith independent temperature
control, a heat exchanger and two main saturation uniise saturation units and heat
exchanger function as a condenser. In the-paturator the sample gas is supersaturated with
respect to the condenser or final saturasoiThe condenser is at the temperature of the
desired dew point and causes rexindensation of water vapour until the gas is saturated with
respect to the condenser temperature and the water vapour and condensate phases are in
equilibrium The saturators can also be used in an evaporative mode of operation and the pre
saturator can b bypassed for low frost pointEach saturator is machined from a single piece
of stainless steel and contains a serpentine path and fins to encourage condengaton.
saturators can be operated at a maximum pressur@4§i0 hPaThe gas is then expded

using a heated needle valve which can also be bypassed in order to use the generator in a

single pressure mode of operation.

Laboratory for Process Measurement (LPM), Croatia:

The LPM uses a high gadew point generatocapable of generating humiditiégsom 1 °Cto

60 °Cdew pointand a low range generatavith a range from70 °Cto 5 °Cfrost point, as

described i{26]. The saturators were designed by MIKES and implemented in cooperation

with LPM Both generators are single pressure, single pass systotis.systems consist of an

initial humidifier, a presaturator, a heat exchanger and a final saturatorthe case of the low

range generator the humidifier is at ambient temperature (usuallyQOA valve is used to

allow the humidifier to be bypasséfi2 NJ f 26 FTNRalG LRAydGa gKSNB Al
humidifier is connected in parallel with a coiled tube that provides enough resistance to flow

so that roughly 50% dry air passes through the humidifier. Thesg@igrator is a vertical
29



cylinder partly fled with water or icelt ispartiallyimmersed in the liquid bathesultingin the
pre-saturator been at an elevated temperature to the final saturatesulting in gas that is
supersaturated with respect to the final saturation temperature. Water vapseither
condensed or evaporated in the psaturator depending on the range of udéhe gas is then
cooled to the final saturation temperature in the coiled tube heat exchanger, causing excess
water vapour to condense in the tube so that when it reaxti®e final saturator it is close to
the desired output humidityThe final saturator ia box shaped vessel with a baffle plate
inside it to increase the path length of the air flowing througlhtiensures final saturation of
the gas with respect to theemperatureof the saturator The saturation temperature is
measured by two platinum resistance thermometéPiRTs)one of which is inserted through a
tube into the saturation chambeand measures the water or ice temperatuiehe tube has a
small outwads air flow to minimize the stem conduction effect of the PRT. The other PRT
measures the liquid bath temperature near to the final saturaidre outlet tube which draws
gas from the saturatoto the UUTcontairs a coil so that any vapour that condenseghe

outlet tube does so at a temperaturearthe saturation temperaturenaking the output

dew/frost point stillnearto the saturator temperature

The high range generator is similar to the low raggeeratorwith some exceptions: The
humidifier is loated in a temperature controlled enclosure above the bath containing the dew
point generator.Unlike the low range generator 100% of the dry stream of air flows through
the humidifierand it is used throughout the range (with no option to bypass it). Heted
enclosure heats the humidifier to a sufficient temperature to ensure that it saturates air to
well above the final generated dew point temperatugnce the presaturator is now mainly
used as a condenser it is fully immersed in the liquid bBltleheat exchanger continues to

cool the gas to the final saturaticemperature and as it doesexcess water vapour
condensesThe final saturation temperature is measured by two PRTs immersed in the liquid
bath near the final saturator. Gas is drawn offh the high range saturatdo the UUThy a

straight vertical tube (with no coil).

Laboratory for Metrology and Quality (LMK), Slovenia:

The two primary dew point generators describedlii], designed and used at LMK, are single
pressure generatis with the option to be used in single pass, partial recirculation or full
recirculation modes of operatioi.he system consists of a low range generator capable of
geneiting dew/frost points from50 °Cto 20 °Cand ahigh range generator for the Z2Cto

95 °Crange. The high temperature generator consists of agatirator a heat exchanger and
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afinal saturator while the low temperature generator consists of just a heat exchanger and
saturator.The presaturator allows gas to bubble up through waleingngit closer to the
saturation temperature. The final saturators are cylindrical and contain a path that moves
inwards towards the centre of the cylinder. The path length of the low temperature saturator
is approximately 0.8 m and 1.2 m for the higinperature saturator. Both units are made

from brass and gold plated to prevent contamination of the water or ice and corrosion of the
brass. The lid of each itris made from stainless stetl allow welding of other stainless steel
components to theunit, andis polished to prevent corrosiomBrass has significantly better
thermal conductivityand more thermal masthan stainless steel which could potentially

increase the performance of the saturator depending on the conditions of use.

The pump used fdiull recirculation is a diaphragm pump with a stainless steel body which
reduces themainwater vapour leakage aego the diaphragm itself. The diaphragm is made of
ethylene propylene diene monomer (EPDM) whiels a low water vapour transmissicete.

The pump used for partial recirculation is a magnetically coupled centrifugal pump. The pump
contains an impeller which is magnetically coupled t dniving motor rather than being

directly driven by the motor via a shaft. This has the advantage of imgread tightness and
less risk of contaminatiosinceit avoids the use of seals where the shaft estitie pump
housing.Differentbushings and bearings for use in the centrifugal impeller were studied in
order to avoid the use of lubricants which coulthtaminate the generator. The bearings used
have been treated with an aggressive solvent to remove any lubricants and after two months
of continuous operation the bearings showed no signs of wEa. pressure drop across the
pump was found to be less thd®0 Pa at different flow rategill the inner partsvere
electropolished to reduce adsorption and desorption effects aede thoroughly cleaned with

sdvents to prevent contamination.
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3.4.Theory

3.4.1. Calculating dew/frogboint for a known pressure drop

Themole fraction of the gas in the saturator (at higher pressure than the daiTpe
calculatedusingEq.2.18 in terms of the saturator temperatuf& and pressure ,

QY 8Q'Y g

- 3.3

In a 2P generator the gas is then expandezfdre reaching the UUT. In aPLgenerator a
small pressure drop will occur between the saturator and UUT. The mole fraction will be equal
to the mole fracion in the saturator iho water vapour is addetb or removed from the gas
between the saturator att UUT. The mole fraction can also be expressed in terms of the dew
point at the point of measurement,
QY 8;Q"YF17) .
0

(3.4)

where"Y is dew point temperature at the point of measurement and is pressure at the

point of measurement

For a 1P generator;”Y Y and"Q"YD is not sensitive to small changes in temperature so
assuming that the mole fraction at the point of realization is equal to the mole fraction at the
point of measurement, E513.3 and 3.4 can besombined to give;

QY 8Q'Y &

QY NS

In the case of a two pressure generator whére “Y the following arrangerant of the

formula can be used

QY 8Q'YW & .
0

QY 8Q"YH)

(3.9

which takes into account the difference in the enhancement factors at the different pressures
and saturation temperatures of the saturator and the point of measurem&hé component

QY 8Q"YH can be solved fotY iteratively fran Eq. 2.13 and 2.15. This is the equation
that will be used to correct for pressure differences in the NMLdew point generator as it is
more correct than the previous approximated foand can continue to be used if the

generator is operated in @vo-pressuremode. Equatiors2.13 and 2.15 are used and

iteratively solvedbecauseheir uncertainty is lower than other equations used to calculate

dew point from water vapour pressure.
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3.4.2. Calculating dry air flow for a given output (wet air) flow

The flow rate bhrough a dew point generator is controlled at the dry air input to the generator
so that the conditions of use for thmassflow controller are similar to the calibration
conditionsin dryair and to provide the necessary pressure drop across the mass flow
controller. The mass flow rate after saturationgeeaterthan the mass flow ratat the input

due to the water vapour that is added to the gas. For low frost pointseifiext will be

negligible However for high dew points the effect is significant. It is important that the flow
rate through the reference hygrometeemainsconstantsinceits responseis flow dependant

Therefore the change in mass flow before and after saturation will be quantified.

The mass flow rate will be sat the dryair inlet by amass flow conbller which is calibrated
for use with dry airin unitsof Is/min. This is the number of litreef air passing per minute, at
293.15 K and 10.325kPa, sofithe gas beingontrolled isan ideal gas then thgandard
volumetricflow at the inputYc can be converted tinput molarflow rate ¥&¢  with the

following equation
Y¢ —oo—h (3.6

where "Y s standard temperature @.15 K)p s standard pressure (1825kPa)and’Y

is the universal gas constant

The output mass flow rate will be defined based on the number of chilled mirror hygrometers
been supplied with air from the generator and the defined mass flow rate through each
hygrometer. For the hygrometers used at NML the flow rate through each hygeornse

defined to be equal to 1 Is/min for frost points and 0.5 Is/min for dew points. This is
ambiguous sinc@.51s/min dry air has a different mass floate to 0.5Is/min humid air since

the molar mass is not standardized as the temperature and presae Additionally, the flow
meter used to set the flowate through the hygrometer during calibration will likely be
calibrated for dry air and produce an error when used with humid air. Thiditde

importance providedthat the mass flow througlthe hygrometer stays approximately
constantand an uncertaintys applied to measurements based on the variation of flow

through thehygrometer For calculations made in this thesis the discrepancy in mass flow rate
due to the change in the molar mass airhid air is not significandditionally,the flow rate
through the hygrometers is us@kefined sdfor this work it will suffice to define the flow rate

at the output based on a flow rate through each hygrometer ofl€&in regardless of the

water vapou mole fraction. This results in the following equation tiee molar flow rate at

the output Y& ,
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Ve ? h (3.7)
where Yc is the standard volumetric flow rate at the output.
The molar mas8 of humid air is found from,
0 wd p od h (38)

where0 is the molar mass of 8.

The mass flow rate at the outpi can then be found from
N N3 0 & 0D p 8 (3.9
Knowing the total outputmolarflow rate Y& and knowing the output mole fractiot
from Eq.2.18, the molar flow rate of water vapour at the outpYg can be foundrom,
N3 © 8Y: 8 (3.10)

The molar flow rate ofiry air entering the saturator is equal to the molar flow ratedsf air

exiting the saturator, so;

The molarflow rate of dry aiYe s found from,
Vi Vi y:¢ 8 (312)

Knowing the molar flow rate of air entering the saturatord the mole fraction of air entering
the saturatorw , EQ.2.17 can be rearranged to give an expression for the molar flow rate of

water vapour enteringhe saturatore

. € .
w h
¢ ¢
p e .

= ——h

o Pt
.. Y& 8
NG5 — 8 (3.12)

P W

Now the total molar flow ratet the inputY can be found
Y¢ Y¢ Ye 8 (3.13)

Equations3.10, 3.11, 3.12 and 3.1 can now be combined to give an expresdioninput molar

flow rate as a function of outpunolarflow rate,
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Ve Ve oo O ——— 8 (3.14

This equatiorcan now be combined witkgs.3.6, 3.7 to give the same expressidm terms of

standard volumetric floy
Yo Yo P W w —— 8 (3.15)

Equation 3.1%an therefore be used to calculate input mass flow fatea given outpumass
flow rate, provided that the input and output mole fractions are known. In many aasds
very small and can be considered negligitfldry air is supplied to the input thelbq.3.15

simplifies to,
Yo Yo P 8 (3.16)

The equation can be used calculate the dry air mass flow for a given output mass flow rate.

3.4.3. Calculating the pressure correction due to the difference in altitude of

the final saturator and the digital pressure meter

This difference in air pressure due to snuiiénges in heightd is given by,
Yo 7 "Oh (3.17)
where” is density,Qis acceleration due to gravity arids the difference in height

The density will be calculated from the ideal gas law as,
BV (3.18)

The molar mass of theumidair in the pressure measurement tubing is found fr&ip3.8.
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4. Design and simulation of the new NMatgrator

4.1.0verview

The new NMIprimarydew point generator is intended to operate as a single pressure, single
pass dewpoint generator with the possibility to modify/to operatein complete recirculation
and/or partial recirculation. lis also intended that theaperator will be capable dfeingused

at pressures above atmospheric pressure so that in the future the generator could be tested at
pressures up tdive bars to determine the maximum pressure range that it could be operated

at whilst maintainingsuitableprecision. However, iill initially be usedonly at near

atmospheric pressure as a single pressurf)fenerator.

The initial temperature range afperationislimited by the range of thehilled mirror
hygrometer used to characterize the generator. The hygrometer is an MBWR%@ith a
range from-50 °Cfp to 95°Cdp and is calibrated over a range frod0 °Cfp to 90°Cdp. The
thermostatic bath has a temperature range fref0 °Cto 130°Cso the lower range of the
generator can be extended t80 °Cfp in the future.The designconsiderseffects that limit the
precision at frost points as low as00°Cas well as dew points approaching 1@in order to
maximise the precision of the instrument and alltdve widestoperating rangdo be achieved

in the future

The generatoconsiss of a prehumidifier, pre-saturator, heat exchanger ariohal saturator,

as shown irfigure 4.1
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Figure 4.1: NML dew point generator overview schematic
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The prehumidifieris heated forhighdew points and can beypassedor low dew/frost

points. It conditions the aito be close to the finabutput dew point in order to reduce the

latent heat loading on the preaturator and final saturator. The psaturator is immersed in

the temperature controlled bath and conditions the airlie very nearto the final dew point.

The heat exchanger ensures that the temperature of thegaturated air is very close to the

bath temperature. Final saturation of the gas occurs in the final saturator and the temperature
and pressure of the gas is amured at this level of saturation in order to determine thutput

dew point temperature.

The design of a saturator should be such as to maximise the @arface area of water or ice
and to have the maximum path length of air flowing through the satrsa Theyare also
designed to hold enough liquid so that thegnbe operated at dew points as high as“@or

a convenient amount of timvithout needing to be refilled. Since it is very important for the
gas anccondensateo be in thermal equilibrim and the temperature inside the saturator will
be affected by thermal and latent heat loadirige saturator design should be optimized to
provide sufficient heat exchange with the temperatwentrolledliquid bath To investigate

the proposeda | (i dzNJ (i 2 NB Q healSerthadgededch/ptdFosed designas

simulatedin order to analyse the thermal performance and flow propertiHse saturatoiis
designedo allowaccurate temperature and pesure measurement® be made,in order to
determine the dew point of the output gas. This should be achieved without compromising the
leak tightness of the systerithe validity of temperature measurement at different locations in
the saturators, the temperature difference between the water/ice surfacd e gas, and the

temperature homogeneity in the saturatovgasinvestigatedoy computer simulation

Several saturat@were designed andompared in respect dhe desired qualities mentioned.
The cost of manufacture, the material propertiaad the implication of different combinations
of saturators and preaturatorswasinvestigated The reason for modelling different saturator
designs is not just to determine the mgstentiallyaccurate saturator but also to find the
design that will case the least problems during fabrication and will be cost effectithout

compromising the quality of measurements produced
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4.2.Calculations andhodelling

4.2.1. Mass transport of ¥D, latent heat and rate of evaporation

An expression for thevaporation rateof HO canbe used to find the rate of mass transport of
HO, therate of heat loss due to thiatent heat of vaporization and the rate of volumetric
water loss from the saturator. It will be necessary to determine these quantities in the
designingof the saturatorto ensure that the saturatowill befit for purpose. Some of these

quantities will be needed for CFD simulation of the saturators.

The molar flow rate of water vapour at the outpeeéin be found frontq.3.10 and the molar
flow rate of dry aircan be found froniq.3.11. Knowing the molar flow rate of dry air and the
mole fraction at the input, the molar flow rate of water vapour at the inpah be found using
Eq.3.12. The rate at which moles of.8 leave the saturatdpy evaporatiorys is equal to
the number of moles of ¥ leaving the saturator minus the number of moles gdténtering

the saturator,

ve Ve N (4.1)

This carbe combinedwith Eqs.3.10, 311 and 3.2 to give an expression fof ,

o o W
Ve I R 42)
P
The rate of mass of B evaporated/a can be calculated by multiplying the rate of moles
of HO evaporated by the atomic massH0,
o o @
Y T S S N o 43)
p W

The rate ofwater volumelost from the saturator can be found by dividing the rate of mass
evaporated by the density of water. This will be used to determine the volume of water

neededin the saturaors to allowcontinuousoperation for asufficient time

The rate of heat absorbedlie to evaporation in the saturatar can be calculated by
multiplying the rate of mass of.B evaporated by the latent heat of vaporizatidfO  of

HO at the saturator temperaturg
0 YO 0 Ye w w ———— 8 (44

The latent heat of vaporization of water at different operating temperatures can be found

usingEgs.2.10 and 2.13.
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4.2.2. Reynolds namber

¢ KS wSey 2 fisRdimensfoiudss qudditity and is the ratio of inertial to viscous forces
in a fluid It relates the fluid flonspeedd, the characteristic length (e.g. the diameter of a
pipe), the density and the dynamic viscosity2 ¥ |  Ff dZAR (2 YKbichwSey2f |

can be used to predict the occurrence of turbulences in a fRifd|

60"
YQ —38 (4.5)

If the flow is in a circular tubine characteristic length is equal to the inner diameter of the
tube. For a square tube the hydraulic diameter can be calculated from the following equation
[27];

0 —h (4.6)

where0 is thecross sectionarea and is the perimeter of the square

Combiningeqs 4.4 and 45 gives;

160
8 4.7

PR

YQ

For air at 20Cthe dynamic viscosity is approximately equallt846x 10° kg ni* s* and the
density is approximately equal th177kg m[28]. Equation4.6 will be usel to predict the
existence of turbulence ithe proposed saturator designs which is of interest as turbulence

can be used to provide mixing which is necessary for efficient sanrat

4.2.3. Rayleigh amber

The Rayleigh numbgl Qis adimensionlesgjuantity and it is the rati@f buoyancy forces to

viscous forces and thermdiffusivityandis given byf29];

YYoQ .
Y® T|— h (4.8
wheref is the thermal expansion coefficient; Vis the temperature gradientQs acceleration

due to gravity Qis the layer thickness, is the viscosity of the fluidnd| is the thermal

diffusivity.
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For fluids with a high thermal expansion coeffigidrightemperature gradient and low

viscosity, the Rayleigh number is high. If the fluid has a Rayleigh number above the critical
value ofapproximatelyl708[29], the buoyancy forces are large enough that convective flow
will occur.This equation can be used to predict the existence of convective flow in the final

saturator which is of interest as it could provide mixingakhis necessary for efficient

saturation.
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4.3.9mulations using Ansys

In order to test the performance dhe proposed saturator designs they will be simulaied
Ansys using eomputational fluid dynamicgCFD conjugate heat transfefCHT)model, a

model that is used to simulate heat transfer between solids and fluids.

The goal of the saturator is to output dirat is completely saturated with water vapoat a
stable measured temperatur@ith known unertainty. The uncertainty of theutput dew

pointis directly related to theemperature stability within the saturatoiThe performance of

the saturator as a heat exchanger ath@ temperature homogeneityithin the saturator is
therefore a very good indication of how well the saturatgh perform as part of a dew point
generator.Each saturator design will therefore be simulated to determine how itvell

conducts heabetween the aiflowing through itandthe surroundingthermostaticliquid

bath. The temperature homogeneity in ¢hfind section of the saturation patand the
temperature difference between the air and the ice will also be investigated as these factors

alsodirectly affect the uncertainty of the output dew point.

Different temperature measurement methods will be investegh A common method to
determine the air temperature in the saturator is to measure the temperature in the liquid
bath near the outlet of tie final saturator. This method requires that the temperature
difference between the output air and the liquid batle characterized and incorporated into
the uncertainty calculationA more accurate method to measure thig temperature is to

place aemperature probe directly in the stream of air leaving the saturator. This will require
the probe wiring to be fed thrnagha leak tight sal somewhere in the saturator dhe outlet
tubing. Another method wilbe tested which avoids the use of leak tight keé thermal well

will be welded to the saturator near the outlet so that a temperature probe can be inserted
into the thermal well to determine the output air temperature. The relative accuracy of each

of these methods will be investigated through simulation.

A further complication in outputting air at a stable temperature near the bath temperature is
due to the fact bat net evaporatioris occurring in the saturator resulting in heat |&ssn the
saturator.In order to simulate evaporation a multiphase model would have to be ugech
would significantly complicate tr@mulation Instead of simulating evaporatidhe latent

heat resulting from saturation of air from the input dew point to the output dew point will be
included as a negative hedtix on the surface of the water @re inside the saturator. The
simulation of evaporation will not be Bessanasit would not be metrologiclly accurate
enough to be meaningful for a primary humidity standard. In the following simulations the

thermal performance will be investigated, which is directly related togrerisionof the
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humidity output of the saturatordt is unknown where in the saturation pathost of the
evaporation will occur. It is possible that an equal amount of evaporation will occur
throughout the saturation path. It is also possible that mevaporationwill occur at the input
of the saturator sine the less humigir at the input will cause an increaseate of
evaporation and as thair travels along the pathndapproachedull saturationthe rate of
evaporation decreasea®lative to condensationThis will be assumed to be true for these
simulaions and will be investigated further by experiment with the final design. It is not
known at what gradient the ratefeevaporation will occur over. This will also be investigated
by experiment with the final design btd simplify the model the latent heédoading due to
evaporation will take place over an areathe saturation path near the inpufhis area will be
kept constant throughout the comparison of the different designs so even though it is not
identical to the situation in realityt should sill serve as suitablecomparison assuming that

most of the saturation takes place over some aa¢¢he input of the saturator.

Another importantfactor is that sufficient mixing occurs within the saturator. If mixing does

not occur,then the air closesto the watersurfacewill be saturated while the air further from

the water may not become saturated resultingimcomplete saturation of the output gas

Mixing can be increased by using recirculation (describsédtion3.2) which causes an

increasen the Reynolds numbeaf the flow within the saturator|f the Reynolds number is

high enough then the flow will become turbulent and mixing will be increabedeby

increasing the saturation efficiency. Another method to provide sufficient mixingusihy
convective flow within the saturator. If thidow speedis lowandthe convective force is large
thenthe Rayleigh number for the flow will be highd turbulence Wl occur. However even

without convectiveturbulencethe presence of convection will still cause mixing of the gas. In
each of the proposed saturator designs it is not expected that mechanical turbulence will occur
due to the low flowspeedof airandthe large dimensions of the saturation patHowever a
Reynolds averaged Naiver Stokesk a KSSNJ aiNB&da (NI yaLR2N#Hi Y2RSt
any turbulence is created due to tlypometry of the saturators. Streamlines will be plotted

for each simulatiorto test if convective forces will provide suffintemixing of air in the

saturators at the desired flow rat@&he range of flow rates at which mixing is suéfint will

also be investigated for the selected final design.
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4.4 .Brief description of the CFD modelsaa

Computational fluid dynamics is basedtbnee fundamental principlesConservation of mass,
bSgli2yQa aSO2yR fl g 2F Y20A2Y IyR O2yaSNBI GA
theory and can also be used to validate experiment and theory so the thseglinesare
interlinked. The fundaental principlegshat CFOsbased on must be applied to a suitable

model of flowwhichbreaks dowrthe overall flowinto a number of different volumes or

elements This can be achieved using a finite control volume or an infinitesimal fluid element.
A finite control volume can either be fixed in spagh different molecules passing through it

or moves with the fluid and always contaitme same moleculesf fluid. The fluid flow

eguations thatare obtained by applying the fundamental principleghe volume are in

integral form which can be manipulated to give the preferred partial differential féfrthe
eguations are describing the control volume that is fixed in space the equations are said to be
in the conservaon form and if they describthe cantrol volume that moves with the flow

they are the norconservatiorform of the governing equationgn infinitesimal fluid element

is aninfinitesimallysmallvolumethat isstill large enough to contain a huge number of
molecules so that it can be modelled as a continuous med&yrapplying the fundamental
principlesto this model of flowthe governing equations are obtained directly in partial

differential form and can be givan conservation or noigonservation forms as before.

The substantial derivative- is frequentlyusedin aerodynamics, it is the same as the total

derivative with respect to time in calculus aisddefined a$30];

O I ! 1 T LT

where0is the time elapsedpis the velocity vector and, b and( are the velocity

components along they wand & axes, respectively.

In Eq.4.9,— is the local derivative; the time rate of change at a fixed paimdt @8t is the

convective deriviive; the time rate of change due to the elements motion where flow

properties are spatially different.

The three governing equatioras fluid dynamicsre the continuity equation, the momentum

equation and the energy equatiofhe continuityequationis based on the physical principal
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that mass is conservey applying this principal to an infinitesimal fluid element that is
moving with the flomnon-conservation form) the following equation is obtain3d];

(oK 5
= 4.10
0% n 8Bh (4.10)

describinghe change in density due the motion of the fluid element.

TheY2YSyiddzy Sljdzt iA2y Aa o0FlaSR 2y bSgiliz2yQa asSo
fluid element must be considered. There are two types of force which act on the fluid element
body forces and surface forces. Body forces act at a distance directhig aoliumetric mass of
the fluid element and surface forces act directly on the surface of the fluid element. Surface
forces can be caused by the pressure imposed by the surrounding fluid elements and the shear
and normal stress acting on the element impdd®y the surrounding fluid by means of
friction. By taking account of all the forces acting on a moving infinitesimal fluid element
bSglizyQa asS@ayR g IADSAE

, 00 Tttt Tt Tt

0 Tole To 1a oN (4.10)

where™Qis thebodyforce per unit mass acting on the elements the pressuref is the
normal stress in the-girection,t is the shear stress in thedirection on a plae
perpendicular to the yaxis andt is the shear stress in thedirection on a plane

perpendicular to the -axis.

Equation 4.11s the xcomponent of the momentum equation in neronservation form. Along
with the y and z components these equations are called the N&timtes equationslhe

normal and shear stresseskhu.4.11 can be found frorf80];

1o,

t 1n 8B qrw (4.12)
T 0T o,

t TQth (4.13)

poo O 0y (4.14)
Tal w

where’ is the molecular viscosity adds the bulk viscosity coefficient.
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These equations are valid for Newtonian fluids where the sheer stress is proportional to the
time rate of strain or velocity gradients. Combining these equations Bdtd.11 gives the

complete NavieiStokes equation in the-direction.
The energy equatiois based on the physical principal that eneiggonserved30],

6 6 6h (4.15)
whereo is the rate of change of energy within the fluid elemehnis the net flux of heat into
the element and is the rate of work done on the element due to body and surface forces.

The rate of work done by body forces is equathe product of the forces and the component
of velocity in the direction of the force. The rate of work done by surface forces is found by
addingall the pressure ad stress forces on the elemeim each direction (x, y and z).

Combining the rate of wix done by body forces and surface forces g[3€5,

ron ron 1on 1ot I ot 1 of

T T w T a T T w (e
TUT‘ TUT, TUT7 Tu‘r‘ Tu’r, (4.16)
T ® T W T a T w )

0t e e e
T T3 ADAWAY " TBRBAWMAWAGN
The net heat fluinto the fluid element is due to volumetric heating such as absorption and
emission of radiation, andonductive heating due theat transfer across thelementdue to
thermal gradientsThe net heat flux into the element is found by summing the volumainit
conductive heatingn each direction (x, y and z) and rearranging knowing that heat transfer

due to thermal conduction is proportional to the local temperature grad{864,
. , LY oLty v v .
Moo §%~ — §$~ — 9;— 4.17
0 n Tot o T ot o 14 & AwAWAQ h ( )

wheren) is the rate of volumetric heating per unit maamsd ‘Qis the thermal conductivity.

The total energy of a fluid element is the sum of its internal energy and its kinetic energy. For a

moving fluid element the time rate of change of energy per unit magven by the
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substantial derivative of the energy per unit mass. Therefore the time rate of change of energy

of the fluid element can be given Ip30],

5 "— Q — AbA®Adh (4.18)

where'Qis the elements internal energy per unit mass anis the scaler velocity of the

element.

Equatiors4.16, 4.17 and.18 can be substituted intBq.4.15 to give the energy equation in
terms of flow field variables, in neconservation formCombined withEqs4.10 and 4.11

these are the three fundamental equations of computation fluid dynamics.

The purpose of the sintation of theproposedsaturators is to determine their performance as
heat exchangers. This involves simulating heat transfer between solid and fluid domains
meaning that a conjugate heat transfer model must be udda: heat transfer in a solid is due

onf @ G2 O2yRdzOiA2Yy | yR[3K4a Y2RSftfSR o0& C2dzNRASN

A "™ Yh (4.19)

wheren is the local heat flux densitif)is the thermal conductivity and"Yis the temperature

gradient.

For time dependant problems the heat transfer by conduction through solids carobelled

by the transient form of the heat equatid31],

V. )
6 Tr_o no@yY Oh (4.20)

where is the heatgenerated

In a fluid convection can be a significant means of heat transfer as well as condttsaircan
also be generated by viscous effects or presaifiects as modelled by th®llowingtransient
equation for heat transfer in a flui81],

T

Y . - . .
6Tr_b 568U | Yo 68 TDY n8@Y Oh (4.20)

where| is the thermal expansion coefficient, is the absolute pressurd,is viscos stress

tensor and’VYis the strain rate tensor.

Equation 4.2Inodels heat transfer in a fluid by accounting foe rate of change of

temperature, the heat transferred by convection, the heat generated due to changes in
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pressure, the heat generated due viscous heating, the heat transferred by conduction and

the heat added to the system, respectively.

Slighttemperature differencesn a compressible fluidam cause natural convection. Tss
modelled by accounting for changes in density due to the temperature field in the momentum

equation Eqg.4.11). The pressure and body form@mponentsare rewritten ag32],

—a

s 9 (4.22)

Where” is the gerating densityandr) n Qi

This model assuma®nstant density and is suitable fa density gradients are small.
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4.5.Design andisulation of final saturator

A number of parameters will be kept constant throughout the simulations of the alternative
saturator designand anumber of parameters which give an indication of the performance of
the saturatoswill be measuredor each design and compared. Ansys AIM Academic is the
software package that will be used to run the simulations. A conjugate heat transigel as
descibed insection4.4 will be used. A buoyancy model will also be used as small temperature
differences within the saturator are expected to cause mixing due to the buoyancy effect. This
effect will be underestimated in the simulation since a further buoyaeftect will take place

due to the fact that the humid air at the water surface will be less dense thateasyhumid

air above it and thevaporation of watewill not be simulated. A laminar flow model will be

used since the Reynolds number for thenfls low, so turbulence is not expectékhe run

time at 95°Cwill also be calculated for each design at a commonimam water level using
Eqg.4.3. The value will be a conservative estimate since in reafitg-aumidifier will also be

used.

The parametrs that will be chosen and remain constant in the comparison of designs for the

final saturator are listedh table 4.1
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Table 4.1: Common parameters for CHT comparisdimalfsaturators

Parameter Symbol Value

Water level 10 mm @40 mm air path height
Bath temperature Toatn | 95°C

Input air temperature Tarin | 95°C

Input air dew point Tain | 94°Cdp

Latent heat loading per unit time| Paent | -2.32 W

Area of latent heat flux 0.0096m? (at the input)
Air flow rate 0.51s/min

Air outlet pressure 101325 Pa

Bath flow rate 0.03 kg/s

Bath outlet (ambient) pressure 101325 Pa

Operating density 1.135kg 3
Acceleration due to gravity g 9.8 m/s

Number of elements 1x16

The number of significant figures given in table 4.1 is inconsistertheututput results are
not equally sensitive to all input parameters. Also, the main purpose of the simulations is to
give a comparison of different saturator designs and a conservative estimate of performance

rather than giving absolute results.

The wate level is set at 10 mrim depthout of the total50 mm of height in the saturation
path. For most dew points this water level gives a convemrigmtime so it is likely to be a
commonly used water level during use. When a final design is chosen thedfieeyingthe

water leveland flow ratewill be further investigated to choose a suitable range of operation.

The bath temperaturés set to 95°Cto simulate the generation of dew points of
approximately 95C This temperature is chosen as it is thaximum temperature that the
generatormayoperate atand is the most challenging set pointdohieve complete

saturation The working range of the generator viié chosen based on tests after
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construction and will likely not extend to 9& However95 °Cdew point generation will be
simulated to see how the saturator will performatemanding dew point for latent heéa
loading and to choose a design based on these conditions. The bath water will flow from
bottom to top to simulate an upwelling batuchas the one thageneratorwill be used in
The direction of the bath liquid flow will have an effect on the temperature gradients, the

efficiency of the heat exchanger and possibly on the efficiency of the saturators.

The hput air temperatureis set to95 °Csince the simulation is of the final saturator so the air

will have been passed through the psaturator and heat exchanger by this point, making it

very close to the bath temperature. This input air will be af@dew point. This is chosen

becaug according to simulations of the peaturator designshe pre-saturator should

saturate the air to withir0.2 °Cdp of the final dewpoint. The presaturator may pefiorm

worse in reality due to factors thatill not be simulated however it should alsenform

significantly better in reality due to the use of the heated-premidifier that was not

accoungedfor in the simulation. Therefore, an input dew point of to the final saturators

I NBlFaz2ylofeée O2yaSNBI (A JSnancSTadieffetdf the hKSease A y | €
in dew point of 1°Cdp will be simulated by applying latent heat loading (found fiegqy4.4)

to an area of the water surfacas described in section 4.3

The mass flow rate of air through the saturator will be set.®l€'min as this will be a
common flow rate in operation due to the fact that the reference chilled mirror hygrometers
in use usually operate at Ol&min for dew points,and are calibrated at this flow rate. In order
to be simulated this wlilbe convered to units of kg/s usingcs. 3.6and 3.9 Different mass

flow rates will be simulated in the final design to determine the appropriate range of use.
The air outletand the bath outlepressureare set to atmospheric pressure.

The operating density is ud¢o simulate the buoyancy effeaind is taken as the density of air
near ambient conditions. The density at 9Bdp differs from this value but since the purpose
of the simulation is to provide a comparison this value held constant will suffice. Foe futu

simulations the operating density can fiind fromEqs.3.17 and 3.18 from the mole fraction

of water vapour athe dew point in questiomnd the temperature and pressure of the gas.

The most important measurements that will be made in each simulaticdlnde temperature
measurement of a platinum resistance thermometer (PRT) in the circulating air flow at the
output of the saturatof’Y , temperature measurement of a standard platinum resistance
thermometer (SPRT) immersed in the liquid bath neardhtput of the saturatof’y
temperature measurement of a PRT inserted into the thermal well near the olitput,

measurement of the temperature uniformity of an area of water surface near the outlet
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Y'Y , temperature meaurement of different areas of the water surfacé A
where approximately the first % of the total surface area is not measured and the final area is
divided evenly int6Y AR with Y been the water surface near thmuitlet. The first ¥4

of the path is not measured as this is where the latent heating is applied.

The PRTs will be represented by a stainless steel cylinder of 3 mm diameter and 40 mm height,
which are the dimensions of the sensing element capsofi¢he PRTs that will be uselgor

the simulation the cylinder will be solid stainless steel while in reality the probe will be a
platinum resistive sensing element housed in a stainless steel cafaltbeating of the PRTs

will not be simulated as treason forsimulating the PRTs not to analyse temperature
measurement uncertainty but to demine the effect of measuring at different locations and the
relative difference to thecondensate/vapoutemperature at different locationsThe SPRT will

be represented by a stainless steel cylinder of 7 mm diameter and 40 mm height, similar to the
diameter of the sheath and the height of the sensing element of the SPRT that will be used.

The locations of these measurements will be shown in diagrams for eaataatdesign.

The temperatureé Y will be taken to be the most accurate approximation of the output air
temperature and so for ezn simulation its difference frm”Y and”Y  will be found as

Y'Y andY'Y respectivelyThe water temperature must also be in equilibrium
with the air-vapour mixture otherwise the saturation efficiency is affected. For example if the
water temperature is lower than the air temperature then the air cannot be saturated with
respect to the air temperatureTherefore the difference betweety and”Y will be
found asy"Y for each simulationThe water surface are@ will also be measured
for each design asgreatersurface areavill increase thdikelihoodof complete saturation.
Thetemperature of the thermostatic bath water at the outplY will be measured aé
may affect other measured parameters if a latgmperaturegradient is present and it may

indicate f agreaterflow rate of temperature controlled bath water is needed.

The mesh resolution will be set to the highest possible vahathe number of elements and

the number of nodes will beecordedfor each simulation
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4.5.1. Spiral @sign

Figure 4.Zhows ecomputeraided designCQAD model of the saturator design that will be

referred to as the spiral design.

A

Figure 4.2: Imagaof CAD model of the spiral saturator design

This design atsists of gpath ofapproximatelyl.9m in length, in a spiral shape going from the
outside to the centre of the saturatof.he saturator has a hole in its centre which improves
thermal contact with the bath, allows tubing to be fed throughnd allows ¢mperature
measurements to be made near the outlet of the saturafite base can be machined from
brass and the lid can beachined from 316 stainless steel. Brass is chosen for the base
because ofts machinability and high thermal conductivity and thedrmass. Brass will

corrode in water sanustbe plated witha corrosion resistant material like goRiL6 stainless
steel is used for the lid to allow welds to be made to tubing and other componéhnéslid will
also be electropolished to improve its cosion resistance and to undo any damage and
oxidation that mayoccur during welding. The lid will be bolted to the base at a number of
points around the outside walls of the saturatém indium gasket made from O@m

diameter indium wire wi be used tacreate a seal between the base and Tithe surface of the
lid and base are precision machined so both surfaces/ery flatmaking a seal wit high leak
tightness possibleThe walls creating the spiral path can be sealed using the same indium
gasket méeerial however this is optional since the pressure drop across the saturator is
negligible so very little air will pass through the cracks where the lid meets the base due to the
tight fitting lid. If the saturator is to be used at significantly highewfiogates and elevated

pressures the sealing of the walls of the path may become necessary.
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The dimensionand internal structureof the saturatorare chosen in order to maximizlee

path length of the gas flowing through it and also to allow it to fit comfortably in a bath with a
cylindrical working volume of diameter 320mm and heig®® mm.The benefit of this design

is that the gas is forced to follow a minimum path lengti &mand the path is wide and tall
enough(17 mm x50 mm)that for alow flow rate (1 to 3s/min) the flowspeedwill be low

allowing convective mixing to occur within the saturation path. The fact that the saturation will
occur on a single consistent pameans that the temperature and dew point of the gas can be
monitored atintermediatepoints along the path and used to estimate the saturation
efficiency.As mentioned previosly, the design also includdésermal welkinserted through

the lid into the situration path,at the midpoint of the path andt the end of the patimear the

outlet of the saturator.

TheCADmodelwassimplifiedfor the simulation. The geometry will be effectively the same
without needless complettes that are not expected tofeect the simulation results. The

model used for simulation is shovimfigure 4.3

\
4 \ o
2 4 , ;x \ /»/,-—/

Figure 4.3CAD model of spiral saturator used for simulations

TheCADmodel used for simulations has the same dimensions as the detailed CAD model
except thatit isa sold part (not a base and lid), there are no holes for fixings and the only

FGdr OKYSyGa 2y GKS &1 GdzNF G2NJ IFNB G2 LIASOSa
thermal well near the output. A specified level of water is also added in the interior of the
saturator.Hgure 4.4shows an image of the streamlines in the spiral saturptotted as a

result of the simulation
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Figure 4.4 Streamlines representirthe path taken by air molecules and air temperature

within the spiral saturator design when usesd a final saturator

Figure 4.4hows that sufficient mixing is taking place within the saturator due to the random
direction of the streamlines. The streamlines can also be seen to travel from the bottom to the
top of the saturatomregularly, indicatingthat sufficient mixing will take place under these

conditions. This can also be seeffigure 4.5

Figure 4.5Plan view of streamlines in the spiral saturator when usedfambsaturator

Figure 4.53lso shows that no laminar flow occurs in the sation path and the streamlines

follow random directions throughout the flow path. It alsbowsgood temperature
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