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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 implementation of a new primary humidity standard in the 

National Metrology Laboratory of Ireland. In this thesis the basic principles of humidity 

metrology and primary dew point generation are explained. A number of existing designs of 

primary humidity standards are discussed. Useful equations relating to humidity metrology 

and particularly humidity generation as a primary measurement standard are given and in 

some cases derived. Several new designs of the components of a primary humidity standard 

are proposed and the benefits of each design is compared based on theory, cost of fabrication 

and simulations using computational fluid dynamics. From this comparison the individual 

components are chosen, and the complete design is given. A new type of corrosion resistant 

plating that has previously not been used with other primary dew point generators was chosen 

and its merits are discussed. The design was fabricated, and a number of modifications were 

made in order to improve the performance of the generator based on initial testing of the 

system. Finally, a preliminary uncertainty budget was developed for the calibration of chilled 

mirror hygrometers using the new primary humidity standard. This uncertainty budget covers 

the range from -40 °C frost point (fp) to 90 °C dew point (dp) and gives an uncertainty of 

±0.060 °C fp at -40 °C fp and ±0.038 °C dp at 90 °C dp both with a coverage interval of 95 %. A 

calibration of a chilled mirror hygrometer was performed, and the results are 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 within ±0.009 °C dew/frost point. Future 

work involving the generator is outlined. 
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1. Introduction 

The National Standards Authority of Ireland (NSAI) ƛǎ LǊŜƭŀƴŘΩǎ ƻŦŦƛŎƛŀƭ ǎǘŀƴŘŀǊŘǎ ōƻŘȅΦ The NSAI 

works to improve the performance of Irish businesses by developing new standards and 

applying existing standards. The NSAI National Metrology Laboratory (NML) is a department 

within the NSAI that provides traceability to the International System of Units (SI) for Irish 

industry and science. The validity of the calibration certificates issued by the NML are 

internationally recognised by the International Committee for Weights and Measures (CIPM) 

Mutual Recognition Agreement (MRA). This ensures that the uncertainties of measurement 

published on certificates are within the Calibration and Measurement Capabilities (CMCs) of 

the NML and that ǘƘŜ ba[Ωǎ calibration systems and CMCs are peer reviewed and approved by 

experts from other National Metrology Institutes (NMIs). This provides international 

equivalence of measurement standards in BIPM member states across the world. 

A central role of NMIs is to maintain the seven base units from which all other units are 

derived. This involves maintaining the definition, realisation and dissemination of SI base units 

(as well as other SI units). Realisation refers to how the definition of the unit is brought about 

(or realised) in practice. Dissemination is how the definition of a unit is extended to science, 

industry and the general public. The seven SI base units are; the ampere, the candela, the 

kelvin, the kilogram, the metre, the mole and the second. Units such as the second and the 

metre are defined based on quantum phenomena. This makes their definitions repeatable 

throughout the universe and precise realizations are possible. Until recently the definition of 

the kilogram has been based on an artefact and the definition of the kelvin has been based on 

the triple point of water with a specified isotopic content. These definitions are less repeatable 

than those based on quantum phenomena as they are susceptible to physical changes in the 

material and rely on the make-up of the material being controlled and very well known. In 

2018 the definitions of the kilogram and the kelvin were changed to define the units based on 

the Planck constant and the Boltzmann constant respectively. 

All other SI units are derived from these seven base units. For example, humidity is the 

presence of water vapour in air, so it can be measured as moles water vapour with respect to 

moles air, moles vapour with respect to total volume (traceable via the mole and the metre) or 

mass of vapour to mass of dry air (traceable via the kilogram). As will be discussed, humidity 

can also be measured in terms of dew point temperature (the temperature at which the air is 

saturated with water vapour). The dew point depends on the water vapour mole content and 

pressure of the gas being measured. If the pressure and dew point are known, then the mole 

fraction of water vapour with respect to dry air can be calculated. Therefore, humidity can be 
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traceable to the SI via the kelvin and the pascal, or equivalently; the kelvin, the kilogram, the 

meter and the second. 

Not all NMIs are as involved in maintaining the definitions of fundamental units. Many, 

including the NML, are focused on the practical dissemination of the units to industry allowing 

companies to achieve the measurement accuracies they need to progress their businesses and 

technologies and ensuring international measurement equivalence.  

The NML temperature and humidity laboratory is responsible for providing traceability to the 

kelvin temperature scale and for preforming humidity calibrations that are traceable to the SI 

via a reference hygrometer which is calibrated once a year by a Designated Institute of 

Metrology (DI) in Switzerland. The humidity laboratory currently has two Thunder Scientific 

2500 humidity generators. The Thunder Scientific 2500 is a two-pressure humidity generator 

combined with a climatic chamber of very stable temperature. They are used to create a stable 

medium in which to calibrate state of the art relative humidity sensors. The laboratory also has 

a Rotronic HygroGen humidity generator used for some lower accuracy calibrations and a 

Votch chamber sometimes used to reach humidities above 95% relative humidity (rh) and 

below 10% rh. The reference standards currently in use include two MBW 373HX chilled mirror 

hygrometers (-50 to 95 °C dew/frost point), one MBW DP30 chilled mirror hygrometer (-30 to 

80 °C dew/frost point) and one MBW 473 chilled mirror hygrometer (-20 to 70 °C dew/frost 

point). With this system an uncertainty as low as ±0.8 % rh can be achieved at 30 °C and 

50 % rh. 

The calibration system is reliant on one of the MBW 373HX reference hygrometers being 

externally calibrated each year and calibrating the other chilled mirror hygrometers by 

comparison, with increased uncertainty. The reference hygrometer is not immune to drift and 

a greater uncertainty component for drift is used because of the long calibration interval. The 

hygrometer is out of service for several weeks when it is being calibrated and the calibration is 

significantly expensive. Customers commonly request lower calibration uncertainties and with 

continuing improvement in relative humidity sensors the conformance of instruments within 

their specification often cannot be determined. These are all good reasons to reduce the 

uncertainties of the humidity calibration system. 

Presented in this thesis is the design and implementation of a primary humidity generator 

which will progress the capabilities of the NML humidity laboratory. This is in line with the 

goals ƻŦ ǘƘŜ ǇǊƻƧŜŎǘ ŜƴǘƛǘƭŜŘΤ ά9xpansion of European research capabilities in humidity 

measurementΣέ ǿƘƛŎƘ b{!L ƛǎ ŀ ŎƻƴǘǊƛōǳǘƻǊ ǘƻΦ This project is funded by the European 

Metrology Program for Innovation and Research. A primary dew point generator is a humidity 
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standard which provides traceability to the SI via temperature and pressure measurements. 

This will greatly reduce the minimum uncertainty of measurement achievable by the humidity 

laboratory at the NML. This will in turn reduce the uncertainty in secondary calibrations by 

reducing the calibration uncertainty of the reference instruments at NML that are calibrated 

by means of a secondary comparison and reducing the drift uncertainty component of the 

reference instruments by increasing monitoring. This will also be a new service that will be 

provided by the NML to Irish organizations, several of which operate chilled mirror 

hygrometers and send them overseas for calibration. 

Similar work has been carried out by a number of other NMIs, which this work has been 

influenced by. The design of the humidity generators used by other NMIs are described in 

section 3.3. 

The fundaments of humidity measurement will 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 different 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 given and, in some cases, derived. A brief description of the initial tests 

performed on the generator will be given. A detailed description of a preliminary uncertainty 

analysis carried out at 90 °C dew point and -40 °C frost point is given. The results of a 

calibration of a chilled mirror hygrometer are given and compared to the results obtained by 

an external laboratory. 
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2. Fundamentals of 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 example, in units of moles water vapour per moles gas, or it can be measured by the 

dew point of the gas, which is the temperature at which the gas is saturated with water 

vapour. It can also by measured as relative humidity, which is the percentage that the gas is 

saturated with respect to complete saturation at its temperature. 

Most materials can absorb and desorb some amount of water 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 being sold on the basis of mass, such as timber, the moisture 

content can have a significant effect on the price. It is especially important during the 

packaging of some pharmaceuticals that the humidity of the surroundings is controlled as 

absorption of water vapour can degrade certain antibiotics. Pharmaceuticals and medical 

devices industries typically require humidity control of ±2 % rh [1]. Humidity can affect clean 

room environments in a number of ways including bacterial growth, personal comfort, static 

charge build up, metal corrosion, condensation, photolithographic degradation and 

absorption. Some of these applications requiring humidity control to less than ±1 % rh [2]. As 

these industries modify their processes to increase efficiency and reduce variability these 

specifications for humidity control will also have to be improved. 

In order to maintain conformity with national standards, all measurements made in industry 

that affect processes need to be calibrated. This involves calibrating the measuring instrument 

against an instrument that is traceable to national standards. Ideally, the instrument used for 

calibration should have at least four times greater accuracy than the unit under test (UUT). In 

the highest accuracy scenario, the reference instrument will then need to be calibrated against 

a primary standard. Every step in this calibration chain includes a significant drop in accuracy. 

This makes a humidity 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 

component of the final uncertainty for the process. Humidity metrology is therefore an 

important area for some industries, with many industries desiring lower uncertainties. 
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2.2. Description of humidity in relation to thermodynamics 

Humidity is the presence of water vapour in air. When water or ice is in contact with air or 

empty space H2O 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 number of H2O molecules entering the gaseous state by evaporation is equal to 

the number leaving by condensation [3]. Therefore, at saturation, the number of H2O 

molecules in each phase remains constant so 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 the condensate/vapour system increases, more H2O molecules have 

enough energy to leave the water/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 temperature. Figure 2.1 shows the relationship between the saturation 

vapour pressure and the temperature of a liquid/vapour system. 

 

Figure 2.1: Saturation vapour pressure over water as a function of temperature [4]. 

From approximately -40 °C to 0 °C pure water can exist in a super-cooled liquid or solid state or 

a combination of both. At equal vapour pressures the super-cooled dew point temperature 

(for liquid condensate) is lower than the frost point temperature (for solid condensate) since 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 or ice surface. This is due to the stronger intermolecular bonds 

requiring more energy for molecules leave the water or ice surface. This is important in 

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

When an amount of H2O is in an enclosed volume the H2O may be in the solid, liquid or gas 

phase or a combination of these phases. If the enclosed volume is partially filled with H2O in its 
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liquid or solid phase some of the highest energy molecules will have enough energy to leave 

the surface of the liquid/solid and enter the vapour phase. This results in a reduction of the 

temperature of the condensed phase due to it losing its most energetic molecules. The 

molecules entering the vapour phase will also lose some kinetic energy due to the energy 

required to break the intermolecular bonds of the condensed phase. The amount of energy 

required to convert a unit mass from solid or liquid into vapour is the latent heat of 

sublimation or vaporization. The vapour molecules may also collide with the liquid/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 H2O molecules are condensing as those that are evaporating. At this point the system is 

in equilibrium and the vapour pressure under these conditions is termed by the saturation 

vapour pressure. The rate at which molecules enter the vapour state depends on the 

temperature of the condensate, since higher thermal energy results in more molecules having 

enough energy to break free from the condensed phase into the vapour phase. Therefore, the 

saturation vapour pressure depends on the temperature of the system. 

Thermodynamic equilibrium is defined as the point at which all infinitesimal changes are 

reversible; meaning that there is no net increase in entropy for the system [5]. The change in 

entropy Ὓ for a reversible change is given by [5], 

ÄὛ  
íή

Ὕ
 ȟ (2.1) 

where íÑ is heat flow and T  is the absolute temperature. 

The work done ύ on a system after expansion into its surrounding at constant pressure is 

given by [5], 

íύ ὖ Äὠ ȟ (2.2) 

where P  is pressure and Ὠὠ is change in volume. 

If a system performs work only in the form of expansion work against its surroundings then 

from the first law of thermodynamics the change in internal energy ὨὟ will be equal to the 

heat flow to the system plus the work done on the system (for a reversible process) therefore 

[5]; 

ÄὟ ὝÄὛ ὖÄὠ Ȣ (2.3) 

The Gibbs free energy Ὃ is given by [5], 

Ὃ Ὄ ὝὛ Ὗ ὴὠ ὝὛ 
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or 

ÄὋ ÄὟ ὖÄὠ ὠÄὖ ὝÄὛ ὛÄὝ ȟ (2.4) 

where Ὄ is the enthalpy. 

Combining Eqs. 2.3 and 2.4 gives [5], 

ÄὋ ὠÄὖ ὛÄὝ Ȣ (2.5) 

This relates the change in the Gibbs free energy with changes in temperature and pressure. 

This is useful for describing the situation above where two phases of H2O are in equilibrium 

with each other. A similar function is the Helmholtz function Ὂ [5]; 

Ὂ Ὗ ὝὛ 

or 

ÄὊ ÄὟ ὝÄὛ ὛÄὝ Ȣ (2.6) 

Combining this with previous gives, 

ÄὊ ὖÄὠ ὛÄὝ Ȣ (2.7) 

This can be used to derive a function for the rate of change of pressure with respect to 

temperature by first differentiating, 

‬Ὂ

‬Ὕ
 Ὓ  

and 

‬Ὂ

‬ὠ
 ὖ Ȣ  

And taking the second derivative with respect to ὠ and Ὕ, 

‬Ὂ

‬Ὕ‬ὠ
  

‬Ὓ

‬ὠ
 
‬Ὂ

‬ὠ‬Ὕ
 
‬ὖ

‬Ὕ
 Ȣ (2.8) 

For a reversible change; 

‬Ὓ

‬ὠ
 
ЎὛ

Ўὠ
 Ȣ  

Therefore combining Eqs. 2.1 and 2.8 gives; 

‬ὖ

‬Ὕ
 
ЎὛ

Ўὠ
   

ή

ὝЎὠ
 Ȣ (2.9) 
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Since ЎὛ is the difference in entropy between the condensed and vapour state; ή is the latent 

heat of vaporization so the equation can be written as [5], 

‬ὖ

‬Ὕ
 
ЎὌ

ὝЎὠ
 ȟ (2.10) 

where ЎὌ is the latent heat of vaporization. 

Equation 2.10 is the well-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 in equilibrium, at temperature Ὕ. If ЎὌ is the molar latent heat and Ўὠ is 

the change in molar volume going from one phase to the other, then assuming the vapour is 

an ideal gas, 

Ўὠ
ὠ

ὲ
 
ὠ

ὲ
  

ὙὝ

ὖ
 
ὠ

ὲ
 ȟ 

where  is the molar volume in phase Ὥ, and Ὑ is the universal ideal gas constant. 

 

ὠ ὲϳ Ḻὠ ὲϳ    so   ὠ ὲϳ   can be considered negligible giving, 

Ўὠ  
ὙὝ

ὖ
 Ȣ (2.11) 

Combining Eq. 2.11 with the Clapeyron equation (Eq. 2.10) and integrating to give an 

expression for P ; 

 
ρ

ὖ
 ‬ὖ   

ЎὌ

Ὑ
 

ρ

Ὕ
 Ȣ‬Ὕ ȟ  

ὖ  ὖ ÅØÐ
ЎὌ

Ὑ
 
ρ

Ὕ

ρ

Ὕ
  Ȣ (2.12) 

Using ὖ and Ὕ as a reference point, the vapour pressure can be calculated as a function of 

temperature and molar latent heat. However, latent heat depends on temperature so to give a 

reliable result the function of molar latent heat with respect to temperature would have to be 

well known with a reliable uncertainty. For practical determination of saturation vapour 

pressure an empirical function that relates saturation vapour pressure to temperature with a 

well characterized uncertainty should be used. Equation 2.12 can be used with such a 

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

pressure from the empirical reference function. 
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2.3. Practical humidity measurement and empirical reference functions 

An empirical reference function which relates the vapour pressure to the saturation 

temperature of a gas was given by Wexler in 1971 [6] and was updated by Sonntag in 1990 [7] 

for the International Temperature Scale (ITS-90) revision in 1990. For a given temperature, it 

gives the pure vapour pressure over water or ice. 

The uncertainties given are based on a confidence interval of 99.7% however the accepted 

usage is to overestimate the uncertainty by assuming the confidence interval given is 68% and 

multiplying by two to get a 95% confidence interval [8]. The equation for pure saturation 

vapour pressure ὩὝ as given by Sonntag is [6], 

ὩὝ     ÅØÐ ὥὝ ςχσȢρυ  ὥÌÎὝ ςχσȢρυ ȟ (2.13) 

where Ὕ is the saturation temperature (°C) and ὥ are the coefficients listed in table 2.1 and 

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

Table 2.1: Coefficients for Sontag equation [8] 

 Over Ice Over Water 

 -100 °C < Ὕ < 0.01 °C -50 °C < Ὕ < 100 °C 

ὥ -6.024 528 20 x 103 -6.096 938 50 x 103 

ὥ 2.932 707 00 x 101 2.124 096 42 x 101 

ὥ 1.061 386 80 x 10-2 -2.711 193 00 x 10-2 

ὥ -1.319 882 50 x 10-5 1.673 952 00 x 10-5 

ὥ -4.938 257 70 x 10-1 2.433 502 00 x 100 

 

Table 2.2: Uncertainty associated with Sontag formula [8] 

± (0.01 ς 0.005  Ὕ ) % for -100 °C <  Ὕ  < 0.01 °C 

± 0.005 % for 0.01 °C <  Ὕ  < 100 °C 
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When the vapour over water is mixed with another gas it affects the vapour pressure. 

Therefore, in the presence of air the partial pressure of water vapour is not necessarily equal 

to the saturation vapour pressure given by Sonntag (Eq. 2.13) at that temperature. This is due 

to three effects; firstly, the chemical potential of the condensed phase increases due to the 

increase in the total pressure of the gas; secondly, if the gas is soluble in the condensate then 

the chemical potential of the condensate changes; and thirdly, the chemical potential of the 

vapour changes due to interactions with the gas [9]. 

This effect is accounted for in humidity calculations by multiplying the pure phase vapour 

pressure by a so-called water vapour pressure enhancement factor ÆὝȟὖ where ὖ is 

pressure. The effect is small for near ambient pressures and becomes significant at higher 

pressures so it is possible to omit the enhancement factors at near ambient pressures 

depending on the application. The corrected vapour pressure Ὡ in a vapour-air mixture is 

given by [4], 

Ὡ ὩὝ  ÆὝȟὖ ȟ (2.14) 

The water vapour pressure enhancement factor formulation for water vapour mixed with air 

is; 

ὪὝȟὖ     ÅØÐ‌Ὕ ρ
ὩὝ

ὖ
 ‍Ὕ

ὖ

ὩὝ
ρ  ȟ (2.15) 

where   ‌Ὕ  В ὦὝ    and    ‍Ὕ  ÅØÐВ ὦ Ὕ  , 

and where ὦ are the coefficients listed in the table 2.3 and Ὕ is in °C and ὖ is in Pa. 
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Table 2.3: Coefficients for water vapour pressure enhancement factor formulation [8]. 

 Over Ice Over Super Cooled Water Over Water 

 -100 °C < T < 0 °C -50 °C < T < 0 °C 0 °C Җ T < 100 °C 

b1 3.644 49 x 10-4 3.621 83 x 10-4 3.536 24 x 10-4 

b2 2.936 31 x 10-5 2.605 53 x 10-5 2.932 28 x 10-5 

b3 4.886 35 x 10-7 3.865 01 x 10-7 2.614 74 x 10-7 

b4 4.365 43 x 10-9 3.824 49 x 10-9 8.575 38 x 10-9 

b5 -1.072 71 x 101 -1.076 04 x 101 -1.075 88 x 101 

b6 7.619 89 x 10-2 6.397 25 x 10-2 6.325 29 x 10-2 

b7 -1.747 71 x 10-4 -2.634 16 x 10-4 -2.535 91 x 10-4 

b8 2.467 21 x 10-6 1.672 54 x 10-6 6.337 84 x 10-7 

 

The relative uncertainty of the enhancement factor ό Ὢ can be found as a percentage (%) 

from [8], 

ό Ὢ   ρȢφψρπὖ ρπ    ÅØÐςȢς ρπὰὲὖ πȢπρσωȢὝȢ (2.16) 

Equation 2.16 is valid for -фл ϲ/ Җ T Җ млл ϲ/  and  5 x 104 tŀ Җ P Җ н Ȅ мл6 Pa. 

All of the random and systematic uncertainties effecting the enhancement factor calculated 

using Eq. 2.15 were expressed in tabular format and Eq. 2.16 was developed to represent 

those uncertainties conveniently. 

The water vapour mole fraction ὼ is the ratio of the number of moles of water vapour to the 

total number of moles in a volume of gas and is given by; 

ὼ  
ὲ

ὲ  ὲ
 
ὲ

ὲ
 ȟ (2.17) 

where ὲ  is number of moles of water vapour, ὲ  is number of moles of dry air (or other 

gas) and ὲ  is total number of moles of the gas-vapour mixture. 

Assuming an ideal gas, 

ὖ

ὲ
    

ὙὝ

ὠ
   
ὖ

ὲ
 ȟ  
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so that, 

ὲ

ὲ
    

ὖ

ὖ
   ὼ ȟ  

where ὖ is the water vapour pressure, ὖ is the total pressure, Ὑ is the universal ideal gas 

constant and ὠ is volume. 

Since the partial pressure of water vapour can be found from the saturation temperature 

(from Eq. 2.14), the water vapour mole fraction ὼ is [8]; 

ὼ  
ὩὝ ȢὪὝȟὖ

ὖ
 ȟ (2.18) 

Therefore, if the saturation temperature and the pressure of the gas are known the Sonntag 

formula (Eq. 2.13) and the vapour pressure enhancement factor formula (Eq. 2.15) can be used 

to calculate the water vapour mole fraction. 

The dew point is the saturation temperature over water, and frost point is the saturation 

temperature over ice. This is a measure of humidity because it is related to the water vapour 

pressure (by Eq. 2.14) which is directly related to the number of moles of water vapour in the 

gas. At a given pressure air with a specific mole fraction has only one dew point. This has a 

major advantage over relative humidity which is strongly temperature dependant. It 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 corrected for changes in pressure (as 

described in section 3.4.1). 

Relative humidity is a measure of the vapour content of a gas with respect to complete 

saturation and is therefore strongly dependant on temperature. The relative humidity, Ὤ, can 

be expressed as [8]; 

Ὤ  
ὼ

ὼ
 ȢρππϷ ȟ (2.19) 

where ὼ is the mole fraction and ὼ is the mole fraction at saturation at the ambient 

temperature. 

This can be combined with Eq. 2.18 and rearranged to give [10], 

Ὤ  
ὩὝ   ȢὪὝȟὖ  Ȣὖ 

ὩὝ  ȢὪὝȟὖ Ȣὖ
 ȢρππϷ ȟ (2.20) 
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where ὩὝ  is the vapour pressure, Ὕ is the dew point of the gas, ὖ is the pressure at the 

point of measurement, ὩὝ  is saturated vapour pressure, Ὕ is ambient temperature and ὖ is 

the ambient pressure. 

If the pressure of the gas is equal to the pressure at the point of measurement the 

enhancement factors will also be nearly equal and relative humidity can be given by [4]; 

Ὤ  
ὩὝ  

ὩὝ
 ȢρππϷ Ȣ (2.21) 

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

and ambient temperature measurement.  

 

2.4. Units of mass flow 

¢ƘŜ Ƴŀǎǎ Ŧƭƻǿ ƻŦ ŀ ŦƭǳƛŘ ƛǎ ǘƘŜ ǉǳŀƴǘƛǘȅ ƻŦ Ƴŀǎǎ ƻŦ ǘƘŀǘ ŦƭǳƛŘ ǇŀǎǎƛƴƎ ŀ Ǉƻƛƴǘ ƛƴ ǘƘŜ ŦƭǳƛŘΩǎ ǇŀǘƘ ƛƴ 

a given time interval. The SI unit for mass flow is the kilogram per second (kg/s). Another 

commonly used unit for mass flow is the standard litre per minute. This 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 corresponŘǎ ǘƻ ǘƘŜ ŦƭǳƛŘΩǎ ǾƻƭǳƳŜ ƻƴƭȅ ŀǘ ŀ ŦƛȄŜŘ ǘŜƳǇŜǊŀǘǳǊŜ ŀƴŘ 

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 

thesis is a measuring instrument that is sensitive to changes in mass flow and controls the 

mass flow through the system. It is calibrated in units of litres standard per minute (ls/min) 

where the standard temperature is 20 °C and the standard pressure is 1013.25 hPa. 

In this thesis the fluid of concern is assumed to be an ideal gas and the mass flow in ls/min can 

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 air). This is described further in 3.4.2. 
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2.5.  Humidity instrumentation 

Humidity can be measured in a number of different ways. An instrument for humidity 

measurement should be selected on the basis of accuracy and the response of the instrument 

to the humidity quantity been measured. For example, if the quantity of interest is relative 

humidity for the purpose of maintaining human comfort, preventing moisture absorption or 

preventing or encouraging drying, an electrical impedance based RH sensor could be an 

appropriate measuring instrument. This is due to the fact that electrical impedance RH sensors 

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 the gas in question, for the purpose of 

electrical insulation, frost 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 pressure, is directly related to the mole 

fraction of a gas. Listed below are several measurement methods in order of relation to this 

project. 

 

Optical Chilled Mirror Hygrometer: 

A chilled mirror hygrometer measures the temperature at which dew or frost forms in a gas. It 

achieves this by passing the gas over a reflective surface which is cooled, usually by Peltier 

coolers and possibly a refrigeration system (depending on the range of measurement). When 

the mirror is cooled below the dew/frost point temperature of the gas a dew or frost begins to 

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

The goal of the chilled mirror hygrometer is to maintain zero net mass transfer between water 

vapour and condensed states [11]. Under these conditions the system is in equilibrium and the 

vapour pressure over the condensate is the saturation vapour pressure (in that gas) at the 

temperature of the condensate-vapour interface (these ideal conditions will not be perfectly 

met in reality). If this temperature (the dew point) is measured it can then be related to the 

pure phase vapour pressure and the mole fraction using the reference equations given in the 

previous section. 

The dew point temperature is measured by one or two thermometers, usually platinum 

resistance thermometers (PRTs) in thermal contact with the mirror. The accuracy of the dew 

point measurement will depend on the heat transfer between condensate-vapour interface 

and the PRTs as well as other common measurement errors such as PRT self-heating, 

calibration uncertainty and drift. Due to the difficulty in measuring the temperature of the 



16 

condensate-vapour interface; chilled mirror hygrometers are used as secondary measurement 

standards and are calibrated against a primary humidity standard. 

Another potentially large source of error when using a chilled mirror hygrometer is in the 

determination of the state of the condensate. If the condensate is assumed to be solid (frost) 

when it is actually liquid (dew) the resulting vapour pressure calculated will be lower than it is 

in reality due to the change in chemical potential of the condensate. Errors greater than 1 °C 

(dew/frost point) could occur due to super-cooled dew been mistaken as frost [12]. A further 

complication is the possibility of phase transitions and non-equilibrium states existing on the 

mirror [11]. These errors can be accounted for by both calculating the potential dew/frost 

error and including this as an uncertainty and ōȅ άŦƻǊŎƛƴƎ ŦǊƻǎǘέ ƻƴ ǘƘŜ ƳƛǊǊƻǊ ōŜƭƻǿ ŀ ŎŜǊǘŀƛƴ 

temperature. To force frost, the mirror is brought to a low temperature (below -40 °C) before 

returning to the frost point temperature. This ensures that all of the condensed H2O on the 

mirror is in the solid state and it cannot return to a liquid state unless the mirror is brought 

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

 

Laser Absorption Spectroscopy: 

Absorption spectroscopy can be used to measure the H2O content of a gas. This involves 

passing light at wavelengths that are absorbed by H2O through the sample gas and measuring 

the absorption. It is possible to scan the isolated absorption lines giving absorption 

measurements for H2O with very little cross sensitivity with other molecules. The number 

density is related to the absorption and path length of laser light through the sample [13], so 

the system can then be calibrated against a primary standard to give accurate measure of H2O 

number density of the sample gas. The number density can then be related to partial pressure 

of water vapour by the ideal gas law. Unlike chilled mirror hygrometers; since the number 

density of H2O molecules is 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 spectroscopy enables precise measurements of extremely low 

concentrations of water vapour (as low as a few parts per billion). Spectroscopic methods have 

the added benefit over other methods of hygrometry of been able to determine the presence 

of impurities in the gas.  They also have a faster response time compared to chilled mirror 

hygrometers which is beneficial for some applications [13]. 
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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 hydroscopic material, that is, a material that absorbs and 

desorbs water vapour depending on the relative humidity of the environment. The resistance 

and the dielectric constant of the material changes depending on the moisture content due to 

the mobility of the water molecules in the material. Measuring the resistance or the 

capacitance across such a material and calibrating against a reference humidity instrument 

gives a practical measure of relative humidity with possible accuracies as low as 0.5 % rh. 

The mobility of water molecules in the hygroscopic material increases with temperature giving 

impedance based sensors a strong temperature dependence [11]. Resistance and dielectric 

constant also depends on temperature but does not have as large an effect on RH sensors as 

the hygroscopic temperature dependence [14].  Polynomial coefficients can be used to correct 

for the temperature dependence. This also requires that the instrument be calibrated at 

different temperatures to monitor and correct for the drift in the temperature dependence, 

however this is expensive and many owners of RH meters choose to limit the operating range 

of the instrument to reduce the number of temperatures that the instrument needs to be 

calibrated at. Figure 2.2 shows the temperature dependence for a typical impedance based 

relative humidity meter. 

 

Figure 2.2: Temperature dependence and linearity of a state of the art RH meter [14]. 

Impedance based sensors also suffer from a significant long term drift. The 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 irreversible, the sensors experience significant long term 

drift [11]. Impedance based RH sensors also have a significant uncertainty due to hysteresis 

and a number of other factors. 



18 

3. Primary dew point generation 

3.1. Overview 

In order to maintain traceability to the SI base units a primary measurement or realization of 

humidity must be made. According to [16] a primary measurement standard is a measurement 

standard established using a primary reference measurement procedure. [16] states that a 

primary reference measurement procedure is a reference measurement procedure that is 

used to obtain a measurement result without a relation to a measurement standard of the 

quantity of interest. To achieve this for humidity, the mass of dry gas can be measured and 

compared to the mass of H2O in order to determine the water vapour mass fraction. This 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 realization of humidity is achieved using a primary humidity 

generator. 

A primary humidity generator or primary dew point generator is a device that ensures 

complete saturation of air with water vapour over a plane water or ice surface. Since these 

conditions are similar to the conditions for the saturated vapour pressure given in the Sontag 

equation then if the temperature of the condensate-vapour interface and the total pressure 

above the condensate are well known then the vapour pressure in the gas can be determined 

from Eqs. 2.13 and 2.15 and the mole fraction of the gas can be determined from Eq. 2.18. This 

is therefore a primary realization of humidity, traceable to the SI via temperature and pressure 

measurements, and needs no higher link in the humidity calibration chain. In order to maintain 

traceability to the SI it is also required that all uncertainty contributions are accounted for and 

the uncertainty budget is peer reviewed and inter-comparisons of the primary realizations 

must be made with other NMIs, a costly and time-consuming process. Since most NMIs have 

the highest accuracy temperature and pressure measurement capabilities in their countries, 

this makes primary dew point realizations a practical primary humidity standard for NMIs. 

However, the ideal conditions of the vapour pressure formulations are not completely met by 

a primary dew point generator with some of the problems encountered as follows: The water 

vapour is mixed with air, changing the saturated vapour pressure from the pure saturation 

vapour pressure, which is corrected for with Eq. 2.14. The water may have a lower saturation 

vapour pressure if it contains impurities especially ones that are polar or polar-covalent. This 

problem is minimised by using water with known levels of impurities and using filtered air and 

polished stainless steel parts. The gas is not necessarily in equilibrium with the water or ice 

since it is flowing past the water or ice surface rather than being stationary, as is in the 



19 

definition of water vapour saturation pressure. Because of this, the air may not become 

completely saturated with respect to the saturator temperature. An uncertainty component 

must be determined to account for the non-ideal saturation efficiency. This is 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 generators 

3.2.1. Single pressure (1-P) generator 

In a single pressure generator, gas is saturated at near atmospheric pressure and is then 

directed to the UUT with only a small drop in pressure from the saturator to the UUT [17]. The 

mole fraction or dew point of the gas is varied by changing the temperature of the saturator. 

Figure 3.1 is a schematic diagram of a possible arrangement for a single pressure (1-P) dew 

point generator. 

 

Figure 3.1: Single pass single pressure (1-P) generator. 

With this arrangement it is not necessary to make pressure measurements every time the 

generator is used. Instead the pressure drop between the saturator and the UUT can be 

characterized throughout the measurement range and can be factored into measurements as 

an uncertainty or as a correction. The accuracy of the pressure measurements or 

characterization contributes to the overall uncertainty of the generated dew point. A 1-P 
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generator allows greater accuracy pressure measurements to be made since the range of the 

pressure measuring instruments is much smaller and the pressure stability in the saturator will 

be greater. Wide diameter tubing can also be used to minimise pressure drop between the 

saturator and the UUT, so depending on the overall uncertainty of the system the pressure 

drop may be considered negligible. However, it should still be included as an uncertainty 

component. 

For the case of a single pass dew point generator gas is passed over the liquid or solid surface 

just once before being sent 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 95 °C dew point at an output mass flow rate of 1 ls/min, 

evaporative cooling will occur at a rate of 26 W (as can be determined from Eq. 4.4). This is a 

very large rate of heat loss in the saturator. In the design shown in figure 3.1 the pre-saturator 

will reduce the latent heat loading on the final saturator, allowing the final saturator to be 

more efficient and produce a more accurate dew point realization. However, a pre-humidifier 

may also be placed before the pre-saturator at a similar temperature to the pre-saturator, 

further reducing the latent heat loading in the system and reducing the overall uncertainty of 

the system. 

The saturators are maintained at a very stable temperature by a temperature controlled liquid 

bath. The uncertainty of the generated dew point will depend on the stability of the 

temperature controlled bath. A heat exchanger is used to ensure that the air temperature is 

very close to the bath temperature before reaching the final saturator. The dew point 

temperature of the gas leaving the saturator is equal to the temperature of the condensate-

vapour interface in the final saturator. This temperature can be approximated by measuring 

the temperature of the gas leaving the saturator, assuming that the gas and condensate are in 

thermal equilibrium. This temperature can also be approximated by measuring the 

temperature of the bath liquid surrounding the final saturator, however this will have a greater 

uncertainty due to the temperature difference between the bath liquid and the condensate-

vapour interface. 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 remove any particulates that may have been 

introduced by the compressor or the compressed air tubing that may contaminate 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 the accuracy of the mass flow control is not critical it is important that the mass flow can 

be controlled to a known flow rate with reasonable repeatability since the saturator efficiency 

depends on the mass flow rate. The response of the chilled mirror hygrometer also depends 

on the flow rate, meaning mass flow at the chilled mirror must be kept constant at a specified 

value. 

An alternative to the single pass operation of a 1-P dew point generator is the full recirculation 

mode of operation [18] as shown in figure 3.2. In this arrangement of a dew point generator 

the gas exhausted from the chilled mirror hygrometer is recirculated back to the inlet of the 

generator. In this mode of operation, the system is initially purged with clean air from the 

compressed air source before being recirculated by the pump. Recirculation significantly 

reduces the mass transfer of H2O in the saturators and therefore greatly reduces the latent 

heat loading at high dew points. This requires that the pump and recirculation lines be heated 

well above the dew point temperature of the gas to prevent condensation. The pressure drop 

across the pump may also cause condensation but sufficient heating will prevent this. The 

pump should be made of a material that has a reasonably low water vapour permeability, 

however, small losses of water vapour will not impact the performance of the system since the 

air will be passed through the generator again before reaching the UUT. 
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Figure 3.2: Full recirculation 1-P dew point generator. 

A suitable pump for this application could be relatively expensive and the system is more 

complicated than that for single pass operation. Another 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 the output dew point of the generator. 

Another mode of operation used in primary 1-P dew point generation is the partial 

recirculation mode [17] as shown in figure 3.3. This involves pumping air through the 

saturators at a high flow rate (possibly 30 ls/min or more depending on the geometry of the 

saturators) while drawing off air to the UUT at the usual flow rate (usually 0.5 ls/min). The 

humidity of the air should not change in the recirculation loop so the flow rate through the 

saturators may be high but the mass transfer in the saturators should be the same as it would 

be for the draw off flow rate to the UUT. The 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: Partial recirculation dew point generator. 

The benefit of this method is that the higher flow of air through the saturators increases the 

flow speed ŀƴŘ ǘƘŜǊŜŦƻǊŜ ƛƴŎǊŜŀǎŜǎ ǘƘŜ wŜȅƴƻƭŘΩǎ ƴǳƳōŜǊ ƻŦ ǘƘŜ ŦƭƻǿΦ LŦ ǘƘŜ wŜȅƴƻƭŘΩǎ ƴǳƳōŜǊ 

is high enough turbulence is created and increased mixing of wet and dry air occurs, increasing 

the saturator efficiency [19]. 

This method requires a pump with a very low pressure drop (to prevent condensation) and 

very high degree of leak tightness so that it does not disturb the mole fraction of the gas. Any 

disturbance of the mole fraction in the recirculation path has the potential to impact 

significantly the performance of the generator due to the high flow rate. It is also required that 

the pump be oil free and the bearings in the pump may need to be degreased so that the gas 

and saturators are not contaminated. To achieve these requirements a magnetically driven 

centrifugal pump can be used with modifications made to it to achieve the mentioned 

requirements. A mechanically driven pump can be used if special seals are used that will not 

contaminate the generator. This is expensive and far more complicated 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 pressure (2-P) generator 

In a two pressure generator the gas is saturated at an elevated pressure, as shown in 

figure 3.4. 

 

Figure 3.4: Schematic diagram of a two pressure (2-P) generator with independent 

temperature control [20]. 

The mole fraction at the saturator can be calculated from Eq. 2.18 using the saturator 

temperature Ὕ and pressure ὖ. The gas is then expanded, usually to atmospheric pressure, 

where its humidity is measured by the instrument under test. The mole fraction at the point of 

measurement will be equal to the mole fraction in the saturator, provided that no water 

vapour is added to or removed from the gas between the two points. The relative humidity can 

then be found from Eq. 2.19, using the mole fraction at the saturator and the saturated mole 

fraction at the point of measurement of the UUT. The saturated mole fraction can be found 

from Eq. 2.18, using the temperature Ὕ and pressure ὖ at the point of measurement. 

Combining these equations gives an equation for relative humidity in a two pressure 

generator [20], 

Ὤ  
ὩὝ ȢὪὝȟὖȢὖ

ὩὝ  ȢὪὝȟὖȢὖ
 ȢρππϷ Ȣ (3.1) 

Two Pressure Humidity generators have a very limited 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 chamber is beneficial as it 

retains the maximum stability 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. Divided flow generator 

A divided flow generator mixes a dry steam of gas with a wet stream, both of known mole 

fraction, at a known mixing ratio. This is generally used as a secondary humidity generation 

method (traceable via a calibrated reference instrument) but it can also be used as a primary 

method, provided that the flows are precisely metered and controlled. The main application 

for this method is in reaching low frost points. It has the benefit of being able to operate the 

saturator at a convenient temperature (where the uncertainties of the generated dew point 

and vapour pressure formulations are low) and then precisely mixing the wet stream and dry 

stream to obtain a low frost point. The mole fraction ὼ of the output gas is given by [21]; 

ὼ  
ὲὼ  ὲὼ

ὔ
 ȟ (3.2) 

where ὲ  and ὲ  are the molar flow rates of the wet and the dry streams, ὼ  and ὼ are the 

mole fractions of the wet and dry streams and ὔ is the total molar flow rate. 

The low uncertainty of the strategically chosen saturator temperature then propagates 

through Eq. 3.2 to the output mole fraction uncertainty and is combined with the uncertainty 

of the metered mass flow rates and the mole fraction of the dry stream. 

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

the one used in [21], shown in figure 3.5. 

 

Figure 3.5: Gas multiplexer used by the National Institute of Standards and Technology (NIST) 

in their primary hybrid humidity generator [21]. 

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

elements to precisely measure and control different flow rates. The measurement range of the 
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meters used in [21] vary from 10-3 L/min to 100 L/min. Pneumatic valves are used to select 

which controllers/meters are used for the wet and dry streams. The flow meters 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 negligible [21]. 

The divided flow method can also be used in conjunction with the two pressure method as in 

the case of the NIST hybrid humidity generator in [21]. In this system the two pressure method 

is used for dew/frost points above -15 °C while the divided flow method is used for lower frost 

points benefiting from the low propagation of uncertainty to the low humidities. This 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 of mass flow measurement and is 

most practical for organizations with existing experience and calibration facilities in mass flow 

measurement. It is however a good method for achieving low humidities with a low 

propagated uncertainty. 
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3.3. Primary dew point generator designs used in different NMIs 

In this section a number of dew point generators used in different NMIs are described in 

relation to journal papers that have been published detailing their design and performance. 

Some of the benefits of each design are pointed out. Many of the humidity standards in these 

laboratories have changed since these papers have been published and the laboratories may 

now have; additional generators, modified operating conditions, wider range of operation and 

improved uncertainties. However the principals and philosophies of most designs are largely 

the same. 

 

National Physical Laboratory (NPL), United Kingdom: 

The NPL primary dew point generator described in [22] is a single pressure generator that uses 

the partial recirculation method described in chapter 3.2. It consists of a pre-saturator and 

saturator in separate temperature controlled baths. The pre-saturator is used for humidities 

above -50 °C frost point. The temperature of the pre-saturator is sufficiently greater than the 

temperature of the final saturator in order to compensate for the pre-saturator inefficiency. 

Pressure is controlled at the dry gas inlet and the mass flow rate is monitored using a mass 

flow meter. The saturator consists of a ҁέ ŎƻƛƭŜŘ stainless steel tube that acts as a heat 

exchanger and contains horizontal sections 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 sections which are reasonably thermally isolated, thereby reducing the latent heat 

loading on each subsequent section. The saturator efficiency can be determined by adding 

length to the saturation path and observing the difference in the generated dew point. The 

output dew point temperature is determined from the pressure and temperature at the 

output of the saturator. The temperature at the output is measured by a platinum resistance 

thermometer (PRT) placed in the air stream at the output of the generator. This assumes that 

the air and the liquid/solid surface are in thermal equilibrium. ! ƳƛƴƛƳǳƳ ŘƛŀƳŜǘŜǊ ƻŦ ѹέ is 

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

 

Centre for Metrology and Accreditation (MIKES), Finland: 

The MIKES primary dew point generator, described in [23] is a single pressure generator. It 

uses partial recirculation and has the option to also use full recirculation as described in 

section 3.2. The full recirculation system was developed for use with low temperatures to 

prevent the build-up of frost in the pre-saturator. The full recirculation pump and the UUT are 
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in a thermally enclosed area above the rest of the generator. The generator consists of a pre-

saturator, heat exchanger and final saturator. The pre-saturator consists of two vertical 

cylinders one of which is partially filled with water and the incoming air is allowed to bubble up 

through the water. When the system is operated below 0 °C the pre-saturator is dry. The main 

saturator consists of a stainless steel horizontal tube with an inner diameter of 26 mm and a 

vertical outlet cylinder. The saturator is half filled with water or ice. The saturation 

temperature is measured by two млл Ҡ platinum resistance thermometers (PRTs). One PRT 

measuring the water or ice temperature and the other measuring the air temperature in the 

exit cylinder. Measuring both the air and water/ice temperature gives valuable information 

about the state of equilibrium. The two temperatures with associated uncertainties can be 

used to give a better estimate of the saturation temperature and to estimate the saturator 

inefficiency. 

 

Van Swinden Laboratory (VSL), the Netherlands: 

The primary dew point generator used at VSL, described in [19] is a single pressure (1-P) dew 

point generator that uses partial recirculation. It consists of a high and low temperature 

saturator, each in separate thermostatic baths for the low and high temperature ranges (-60 °C 

to 20 °C and 5 °C to 82 °C respectively). The low temperature unit consists of a copper heat 

exchanger and a gold plated copper saturator. The high temperature unit consists of a pre-

saturator, a heat exchanger and a final saturator. The pre-saturator is made from stainless 

steel and glass and uses a piezo-driven oscillator to fill the pre-saturator with tiny water 

droplets that readily evaporate causing the gas to become nearly saturated with respect to the 

pre-saturator temperature. The final saturator is of a similar design to the low 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 housing by a vacuum tight seal that has 

been found to operate at high temperatures (above 100 °C) without breaking down or 

outgassing its components. The bearings in the pump use a relatively chemically inert 

lubricant. A number of ball valves are used for ease of operation. The valves are designed for 

use at high temperatures (rated to 290 °C), the wetted parts are made from stainless steel and 

the seat and stem are made from polyetheretherketone (PEEK) which is quite impenetrable to 

water vapour. In order to allow automation pneumatic actuators are used which can withstand 

temperatures up 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 corrosion [24]. This could be due to the original 

plating being too thin for the number of years of operation used, possibly due to the 

dimensions of the unit and the placement of the electrodes during electroplating. It could also 

be due to the expansion and contraction of the plating, under-plating and substrate, 

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

inspection it was decided to machine a new saturator from stainless steel [24]. 

 

Bundesamt für Eich (BEV) / E+E Elektronik, Austria: 

The Austrian national standard for humidity is maintained by E+E Elektronik on behalf of BEV, 

the national metrology institute of Austria [25]. The dew point generator described in [25] is a 

two pressure humidity generator. It consists of a pre-saturator with independent temperature 

control, a heat exchanger and two main saturation units. The saturation units and heat 

exchanger function as a condenser. In the pre-saturator the sample gas is supersaturated with 

respect to the condenser or final saturators. The condenser is at the temperature of the 

desired dew point and causes net condensation 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 be bypassed for low frost points. Each saturator is machined from a single piece 

of stainless steel and contains a serpentine path and fins to encourage condensation. The 

saturators can be operated at a maximum pressure of 9400 hPa. The gas is then expanded 

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 range dew point generator capable of generating humidities from 1 °C to 

60 °C dew point and a low range generator with a range from -70 °C to 5 °C frost point, as 

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

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

initial humidifier, a pre-saturator, a heat exchanger and a final saturator. In the case of the low 

range generator the humidifier is at ambient temperature (usually 20 °C). A valve is used to 

allow the humidifier to be bypassed ŦƻǊ ƭƻǿ ŦǊƻǎǘ Ǉƻƛƴǘǎ ǿƘŜǊŜ ƛǘΩǎ ƴƻǘ ƴŜŎŜǎǎŀǊȅΦ ¢ƘŜ 

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. The pre-saturator is a vertical 
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cylinder partly filled with water or ice. It is partially immersed in the liquid bath resulting in the 

pre-saturator been at an elevated temperature to the final saturator, resulting in gas that is 

supersaturated with respect to the final saturation temperature. Water vapour is either 

condensed or evaporated in the pre-saturator depending on the range of use. The 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 reaches the final saturator it is close to 

the desired output humidity. The final saturator is a box shaped vessel with a baffle plate 

inside it to increase the path length of the air flowing through it. It ensures final saturation of 

the gas with respect to the temperature of the saturator. The saturation temperature is 

measured by two platinum resistance thermometers (PRTs), one of which is inserted through a 

tube into the saturation chamber and measures the water or ice temperature. The tube has a 

small outwards air flow to minimize the stem conduction effect of the PRT. The other PRT 

measures the liquid bath temperature near to the final saturator. The outlet tube which draws 

gas from the saturator to the UUT contains a coil so that any vapour that condenses in the 

outlet tube does so at a temperature near the saturation temperature making the output 

dew/frost point still near to the saturator temperature. 

The high range generator is similar to the low range generator with some exceptions: The 

humidifier is located 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 humidifier and it is used throughout the range (with no option to bypass it). The heated 

enclosure heats the humidifier to a sufficient temperature to ensure that it saturates air to 

well above the final generated dew point temperature. Since the pre-saturator is now mainly 

used as a condenser it is fully immersed in the liquid bath. The heat exchanger continues to 

cool the gas to the final saturation temperature and as it does so excess water vapour 

condenses. The final saturation temperature is measured by two PRTs immersed in the liquid 

bath near the final saturator. Gas is drawn off from the high range saturator to the UUT by a 

straight vertical tube (with no coil). 

 

Laboratory for Metrology and Quality (LMK), Slovenia: 

The two primary dew point generators described in [17], designed and used at LMK, are single 

pressure generators with the option to be used in single pass, partial recirculation or full 

recirculation modes of operation. The system consists of a low range generator capable of 

generating dew/frost points from -50 °C to 20 °C and a high range generator for the 20 °C to 

95 °C range. The high temperature generator consists of a pre-saturator a heat exchanger and 
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a final saturator while the low temperature generator consists of just a heat exchanger and 

saturator. The pre-saturator allows gas to bubble up through water bringing it 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 high temperature 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 unit is made from stainless steel to allow welding of other stainless steel 

components to the unit, and is polished to prevent corrosion. Brass has significantly better 

thermal conductivity and more thermal mass than stainless steel which could potentially 

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

The pump used for full recirculation is a diaphragm pump with a stainless steel body which 

reduces the main water vapour leakage area to the diaphragm itself. The diaphragm is made of 

ethylene propylene diene monomer (EPDM) which has a low water vapour transmission rate. 

The pump used for partial recirculation is a magnetically coupled centrifugal pump. The pump 

contains an impeller which is magnetically coupled to the driving motor rather than being 

directly driven by the motor via a shaft. This has the advantage of improved leak tightness and 

less risk of contamination since it avoids the use of seals where the shaft enters the pump 

housing. Different bushings and bearings for use in the centrifugal impeller were studied in 

order to avoid the use of lubricants which could contaminate 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 wear. The pressure drop across the 

pump was found to be less than 100 Pa at different flow rates. All the inner parts were 

electropolished to reduce adsorption and desorption effects and were thoroughly cleaned with 

solvents to prevent contamination. 
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3.4. Theory 

3.4.1. Calculating dew/frost point for a known pressure drop 

The mole fraction of the gas in the saturator (at higher pressure than the UUT) can be 

calculated using Eq. 2.18 in terms of the saturator temperature Ὕ and pressure ὖ, 

ὼ  
ὩὝ ȢὪὝȟὖ

ὖ
 Ȣ (3.3) 

In a 2-P generator the gas is then expanded before reaching the UUT. In a 1-P generator a 

small pressure drop will occur between the saturator and UUT. The mole fraction will be equal 

to the mole fraction in the saturator if no water vapour is added to or removed from the gas 

between the saturator and UUT. The mole fraction can also be expressed in terms of the dew 

point at the point of measurement, 

ὼ  
ὩὝ  ȢὪὝȟὖ

ὖ
 ȟ (3.4) 

where Ὕ is dew point temperature at the point of measurement and ὖ  is pressure at the 

point of measurement. 

For a 1-P generator;  Ὕ  Ὕ  and ὪὝȟὖ 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, Eqs. 3.3 and 3.4 can be combined to give; 

ὩὝ      
ὩὝ ȢὪὝȟὖȢὖ

ὪὝȟὖ ȟὖ
 Ȣ  

In the case of a two pressure generator where Ὕ Ὕ the following arrangement of the 

formula can be used, 

ὩὝ ȢὪὝȟὖ      
ὩὝ ȢὪὝȟὖȢὖ

 ὖ
 ȟ (3.5) 

which takes into account the difference in the enhancement factors at the different pressures 

and saturation temperatures of the saturator and the point of measurement. The component 

ὩὝ ȢὪὝȟὖ  can be solved for Ὕ iteratively from Eq. 2.13 and 2.15. This is the equation 

that will be used to correct for pressure differences in the NML 1-P dew point generator as it is 

more correct than the previous approximated form and can continue to be used if the 

generator is operated in a two-pressure mode. Equations 2.13 and 2.15 are used and 

iteratively solved because their 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 through a dew point generator is controlled at the dry air input to the generator 

so that the conditions of use for the mass flow controller are similar to the calibration 

conditions in dry air and to provide the necessary pressure drop across the mass flow 

controller. The mass flow rate after saturation is greater than the mass flow rate at the input 

due to the water vapour that is added to the gas. For low frost points this effect will be 

negligible. However, for high dew points the effect is significant. It is important that the flow 

rate through the reference hygrometer remains constant since its response is flow dependant. 

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

The mass flow rate will be set at the dry air inlet by a mass flow controller which is calibrated 

for use with dry air, in units of ls/min. This is the number of litres of air passing per minute, at 

293.15 K and 101.325 kPa, so if the gas being controlled is an ideal gas then the standard 

volumetric flow at the input Ўὠ   can be converted to input molar flow rate Ўὲ  with the 

following equation, 

Ўὲ  
Ўὠ   ὖ

Ὑ Ὕ
 ȟ (3.6) 

where  Ὕ  is standard temperature (293.15 K), ὖ  is standard pressure (101.325 kPa) and Ὑ 

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 hygrometer is 

defined to be equal to 1 ls/min for frost points and 0.5 ls/min for dew points. This is 

ambiguous since 0.5 ls/min dry air has a different mass flow rate to 0.5 ls/min humid air, since 

the molar mass is not standardized as the temperature and pressure are. Additionally, the flow 

meter used to set the flow rate through the hygrometer during calibration will likely be 

calibrated for dry air and produce an error when used with humid air. This is of little 

importance, provided that the mass flow through the hygrometer stays approximately 

constant and an uncertainty is applied to measurements based on the variation of flow 

through the hygrometer. For calculations made in this thesis the discrepancy in mass flow rate 

due to the change in the molar mass of humid air is not significant. Additionally, the flow rate 

through the hygrometers is user-defined so for this work it will suffice to define the flow rate 

at the output based on a flow rate through each hygrometer of 0.5 ls/min regardless of the 

water vapour mole fraction. This results in the following equation for the molar flow rate at 

the output Ўὲ , 
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Ўὲ  
Ўὠ   ὖ

Ὑ Ὕ
 ȟ (3.7) 

where Ўὠ   is the standard volumetric flow rate at the output. 

The molar mass ὓ of humid air is found from, 

ὓ ὼ Ȣὓ  ρ ὼ Ȣὓ  ȟ (3.8) 

where ὓ  is the molar mass of H2O. 

The mass flow rate at the output Ўά   can then be found from, 

Ўά     Ўὲ ὓ  Ȣὼ  ὓ ρ  ὼ  Ȣ (3.9) 

Knowing the total output molar flow rate Ўὲ  and knowing the output mole fraction ὼ  

from Eq. 2.18, the molar flow rate of water vapour at the output Ўὲ  can be found from, 

Ўὲ  ὼ  Ȣ  Ўὲ  Ȣ (3.10) 

The molar flow rate of dry air entering the saturator is equal to the molar flow rate of dry air 

exiting the saturator, so; 

Ўὲ  Ўὲ  Ўὲ  Ȣ  

The molar flow rate of dry air Ўὲ  is found from, 

Ўὲ  Ўὲ   Ўὲ  Ȣ (3.11) 

Knowing the molar flow rate of air entering the saturator and the mole fraction of air entering 

the saturator ὼ , Eq. 2.17 can be rearranged to give an expression for the molar flow rate of 

water vapour entering the saturator ὲ , 

ὼ  
ὲ 

ὲ  ὲ
 ȟ  

ρ

ὼ
 ρ  

ὲ

ὲ 
 ȟ  

Ўὲ    
Ўὲ  Ȣὼ

ρ  ὼ
  Ȣ (3.12) 

Now the total molar flow rate at the input Ўὲ  can be found, 

Ўὲ  Ўὲ Ўὲ  Ȣ (3.13) 

Equations 3.10, 3.11, 3.12 and 3.13 can now be combined to give an expression for input molar 

flow rate as a function of output molar flow rate, 
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Ўὲ  Ўὲ  ρ  ὼ   ὼ
ρ   ὼ

ρ ὼ
 Ȣ (3.14) 

This equation can now be combined with Eqs. 3.6, 3.7 to give the same expression in terms of 

standard volumetric flow, 

Ўὠ  Ўὠ  ρ  ὼ   ὼ
ρ   ὼ

ρ ὼ
Ȣ (3.15) 

Equation 3.15 can therefore be used to calculate input mass flow rate for a given output mass 

flow rate, provided that the input and output mole fractions are known. In many cases ὼ  is 

very small and can be considered negligible. If dry air is supplied to the input then Eq. 3.15 

simplifies to, 

Ўὠ  Ўὠ  ρ  ὼ  Ȣ (3.16) 

The equation can be used to 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 small changes in height Ўὖ is given by, 

Ўὖ  ”ὫὬ ȟ (3.17) 

where ” is density, Ὣ is acceleration due to gravity and Ὤ is the difference in height. 

The density will be calculated from the ideal gas law as, 

”  
ὖὓ

ὙὝ
 Ȣ (3.18) 

The molar mass of the humid air in the pressure measurement tubing is found from Eq. 3.8. 
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4. Design and simulation of the new NML saturator 

4.1. Overview 

The new NML primary dew point generator is intended to operate as a single pressure, single 

pass dew point generator with the possibility to modify it to operate in complete recirculation 

and/or partial recirculation. It is also intended that the generator will be capable of being used 

at pressures above atmospheric pressure so that in the future the generator could be tested at 

pressures up to five bars to determine the maximum pressure range that it could be operated 

at whilst maintaining suitable precision. However, it will initially be used only at near 

atmospheric pressure as a single pressure (1-P) generator. 

The initial temperature range of operation is limited by the range of the chilled mirror 

hygrometer used to characterize the generator. The hygrometer is an MBW 373 HX with a 

range from -50 °C fp to 95 °C dp and is calibrated over a range from -40 °C fp to 90 °C dp. The 

thermostatic bath has a temperature range from -90 °C to 130 °C so the lower range of the 

generator can be extended to -90 °C fp in the future. The design considers effects that limit the 

precision at frost points as low as -100 °C as well as dew points approaching 100 °C in order to 

maximise the precision of the instrument and allow the widest operating range to be achieved 

in the future. 

The generator consists of a pre-humidifier, pre-saturator, heat exchanger and final saturator, 

as shown in figure 4.1. 

 

Figure 4.1: NML dew point generator overview schematic. 
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The pre-humidifier is heated for high dew points and can be bypassed for low dew/frost 

points. It conditions the air to be close to the final output dew point in order to reduce the 

latent heat loading on the pre-saturator and final saturator. The pre-saturator is immersed in 

the temperature controlled bath and conditions the air to be very near to the final dew point. 

The heat exchanger ensures that the temperature of the pre-saturated 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 measured at this level of saturation in order to determine the output 

dew point temperature. 

The design of a saturator should be such as to maximise the planar surface area of water or ice 

and to have the maximum path length of air flowing through the saturators. They are also 

designed to hold enough liquid so that they can be operated at dew points as high as 95 °C for 

a convenient amount of time without needing to be refilled. Since it is very important for the 

gas and condensate to be in thermal equilibrium and the temperature inside the saturator will 

be affected by thermal and latent heat loading; the saturator design should be optimized to 

provide sufficient heat exchange with the temperature controlled liquid bath. To investigate 

the proposed ǎŀǘǳǊŀǘƻǊǎΩ ǇŜǊŦƻǊƳŀƴŎŜ ŀǎ heat exchangers each proposed design was 

simulated in order to analyse the thermal performance and flow properties. The saturator is 

designed to allow accurate temperature and pressure measurements to be made, in order to 

determine the dew point of the output gas. This should be achieved without compromising the 

leak tightness of the system. The validity of temperature measurement at different locations in 

the saturators, the temperature difference between the water/ice surface and the gas, and the 

temperature homogeneity in the saturators was investigated by computer simulation. 

Several saturators were designed and compared in respect of the desired qualities mentioned. 

The cost of manufacture, the material properties and the implication of different combinations 

of saturators and pre-saturators was investigated. The reason for modelling different saturator 

designs is not just to determine the most potentially accurate saturator but also to find the 

design that will cause the least problems during fabrication and will be cost effective, without 

compromising the quality of measurements produced. 
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4.2. Calculations and modelling 

4.2.1. Mass transport of H2O, latent heat and rate of evaporation 

An expression for the evaporation rate of H2O can be used to find the rate of mass transport of 

H2O, the rate of heat loss due to the latent heat of vaporization and the rate of volumetric 

water loss from the saturator. It will be necessary to determine these quantities in the 

designing of the saturator to ensure that the saturator will be fit for purpose. Some of these 

quantities will be needed for CFD simulation of the saturators. 

The molar flow rate of water vapour at the output can be found from Eq. 3.10 and the molar 

flow rate of dry air can be found from Eq. 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 input can be found using 

Eq. 3.12. The rate at which moles of H2O leave the saturator by evaporation Ўὲ  is equal to 

the number of moles of H2O leaving the saturator minus the number of moles of H2O entering 

the saturator, 

Ўὲ  Ўὲ  Ўὲ  Ȣ (4.1) 

This can be combined with Eqs. 3.10, 3.11 and 3.12 to give an expression for Ўὲ , 

Ўὲ    Ўὲ  ὼ    ὼ
ρ   ὼ

ρ ὼ
 Ȣ (4.2) 

The rate of mass of H2O evaporated Ўά   can be calculated by multiplying the rate of moles 

of H2O evaporated by the atomic mass of H2O, 

Ўά     ὓ  Ўὲ ὼ    ὼ
ρ   ὼ

ρ ὼ
 Ȣ (4.3) 

The rate of water volume lost 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 

needed in the saturators to allow continuous operation for a sufficient time. 

The rate of heat absorbed due to evaporation in the saturator ὖ  can be calculated by 

multiplying the rate of mass of H2O evaporated by the latent heat of vaporization ЎὌ  of 

H2O at the saturator temperature, 

ὖ   ЎὌ  ὓ  Ўὲ ὼ    ὼ
ρ   ὼ

ρ ὼ
 Ȣ (4.4) 

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

using Eqs. 2.10 and 2.13. 
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4.2.2. Reynolds number 

¢ƘŜ wŜȅƴƻƭŘΩǎ ƴǳƳōŜǊ is a dimensionless quantity and is the ratio of inertial to viscous forces 

in a fluid. It relates the fluid flow speed ό, the characteristic length ὒ (e.g. the diameter of a 

pipe), the density ” and the dynamic viscosity ‘ ƻŦ ŀ ŦƭǳƛŘ ǘƻ ǘƘŜ wŜȅƴƻƭŘΩǎ ƴǳƳōŜǊ ὙὩ which 

can be used to predict the occurrence of turbulences in a fluid [27], 

ὙὩ  
όὒ”

‘
 Ȣ (4.5) 

If the flow is in a circular tube the characteristic length ὒ is equal to the inner diameter of the 

tube. For a square tube the hydraulic diameter can be calculated from the following equation 

[27]; 

ὒ  
τὃ

ὴ
 ȟ (4.6) 

where ὃ is the cross sectional area and ὴ is the perimeter of the square. 

Combining Eqs. 4.4 and 4.5 gives; 
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For air at 20 °C the dynamic viscosity is approximately equal to 1.846 x 10-5 kg m-1 s-1 and the 

density is approximately equal to 1.177 kg m-3 [28]. Equation 4.6 will be used to predict the 

existence of turbulence in the proposed saturator designs which is of interest as turbulence 

can be used to provide mixing which is necessary for efficient saturation. 

 

4.2.3. Rayleigh number 

The Rayleigh number, Ὑὥ, is a dimensionless quantity and it is the ratio of buoyancy forces to 

viscous forces and thermal diffusivity and is given by [29]; 

Ὑὥ  
‍ ЎὝ Ὣ Ὠ

’ ‌
 ȟ (4.8) 

where ‍ is the thermal expansion coefficient, ЎὝ is the temperature gradient, Ὣ is acceleration 

due to gravity, Ὠ is the layer thickness, ’ is the viscosity of the fluid and ‌  is the thermal 

diffusivity. 
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For fluids with a high thermal expansion coefficient, high temperature gradient and low 

viscosity, the Rayleigh number is high. If the fluid has a Rayleigh number above the critical 

value of approximately 1708 [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 mixing which is necessary for efficient 

saturation. 
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4.3. Simulations using Ansys 

In order to test the performance of the proposed saturator designs they will be simulated in 

Ansys using a computational fluid dynamics (CFD) conjugate heat transfer (CHT) model, a 

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

The goal of the saturator is to output air that is completely saturated with water vapour at a 

stable measured temperature with known uncertainty. The uncertainty of the output dew 

point is directly related to the temperature stability within the saturator. The performance of 

the saturator as a heat exchanger and the temperature homogeneity within the saturator is 

therefore a very good indication of how well the saturator will perform as part of a dew point 

generator. Each saturator design will therefore be simulated to determine how well it 

conducts heat between the air flowing through it and the surrounding thermostatic liquid 

bath. The temperature homogeneity in the final section of the saturation path and the 

temperature difference between the air and the ice will also be investigated as these factors 

also directly affect the uncertainty of the output dew point. 

Different temperature measurement methods will be investigated. A common method to 

determine the air temperature in the saturator is to measure the temperature in the liquid 

bath near the outlet of the final saturator. This method requires that the temperature 

difference between the output air and the liquid bath be characterized and incorporated into 

the uncertainty calculation. A more accurate method to measure the air temperature is to 

place a temperature probe directly in the stream of air leaving the saturator. This will require 

the probe wiring to be fed through a leak tight seal somewhere in the saturator or the outlet 

tubing. Another method will be tested which avoids the use of leak tight seals: A 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 that net evaporation is occurring in the saturator resulting in heat loss from the 

saturator. In order to simulate evaporation a multiphase model would have to be used which 

would significantly complicate the simulation. Instead of simulating evaporation the latent 

heat resulting from saturation of air from the input dew point to the output dew point will be 

included as a negative heat flux on the surface of the water or ice inside the saturator. The 

simulation of evaporation will not be necessary as it would not be metrologically accurate 

enough to be meaningful for a primary humidity standard. In the following simulations the 

thermal performance will be investigated, which is directly related to the precision of the 
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humidity output of the saturators. It is unknown where in the saturation path most 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 more evaporation will occur at the input 

of the saturator since the less humid air at the input will cause an increased rate of 

evaporation and as the air travels along the path and approaches full saturation the rate of 

evaporation decreases relative to condensation. This will be assumed to be true for these 

simulations and will be investigated further by experiment with the final design. It is not 

known at what gradient the rate of evaporation will occur over. This will also be investigated 

by experiment with the final design but to simplify the model the latent heat loading due to 

evaporation will take place over an area of the saturation path near the input. This area will be 

kept constant throughout the comparison of the different designs so even though it is not 

identical to the situation in reality, it should still serve as a suitable comparison assuming that 

most of the saturation takes place over some area at the input of the saturator. 

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

not occur, then the air closest to the water surface will be saturated while the air further from 

the water may not become saturated resulting in incomplete saturation of the output gas. 

Mixing can be increased by using recirculation (described in section 3.2) which causes an 

increase in the Reynolds number of the flow within the saturator. If the Reynolds number is 

high enough then the flow will become turbulent and mixing will be increased, thereby 

increasing the saturation efficiency. Another method to provide sufficient mixing is by using 

convective flow within the saturator. If the flow speed is low and the convective force is large, 

then the Rayleigh number for the flow will be high and turbulence will occur. However even 

without convective turbulence the 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 flow speed of air and the large dimensions of the saturation path. However a 

Reynolds averaged Naiver Stokes k-˖ ǎƘŜŜǊ ǎǘǊŜǎǎ ǘǊŀƴǎǇƻǊǘ ƳƻŘŜƭ ό{{¢ύ ǿƛƭƭ ōŜ ǳǎŜŘ ǘƻ ǘŜǎǘ if 

any turbulence is created due to the geometry of the saturators. Streamlines will be plotted 

for each simulation to test if convective forces will provide sufficient mixing of air in the 

saturators at the desired flow rate. The range of flow rates at which mixing is sufficient will 

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

Computational fluid dynamics is based on three fundamental principles: Conservation of mass, 

bŜǿǘƻƴΩǎ ǎŜŎƻƴŘ ƭŀǿ ƻŦ Ƴƻǘƛƻƴ ŀƴŘ ŎƻƴǎŜǊǾŀǘƛƻƴ ƻŦ ŜƴŜǊƎȅΦ /C5 ƛǎ ōŀǎŜŘ ƻƴ ŜȄǇŜǊƛƳŜƴǘǎ ŀƴŘ 

theory and can also be used to validate experiment and theory so the three disciplines are 

interlinked. The fundamental principles that CFD is based on must be applied to a suitable 

model of flow which breaks down the overall flow into 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 space with different molecules passing through it 

or moves with the fluid and always contains the same molecules of fluid. The fluid flow 

equations that are obtained by applying the fundamental principles to the volume are in 

integral form which can be manipulated to give the preferred partial differential form. If the 

equations are describing the control volume that is fixed in space the equations are said to be 

in the conservation form and if they describe the control volume that moves with the flow 

they are the non-conservation form of the governing equations. An infinitesimal fluid element 

is an infinitesimally small volume that is still large enough to contain a huge number of 

molecules so that it can be modelled as a continuous medium. By applying the fundamental 

principles to this model of flow, the governing equations are obtained directly in partial 

differential form and can be given in conservation or non-conservation forms as before. 

The substantial derivative  is frequently used in aerodynamics, it is the same as the total 

derivative with respect to time in calculus and is defined as [30]; 
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where ὸ is the time elapsed, ὠᴆ is the velocity vector and ό, ὺ and ύ are the velocity 

components along the ὼ, ώ and ᾀ axes, respectively. 

In Eq. 4.9,  is the local derivative; the time rate of change at a fixed point and ὠᴆȢɳ is the 

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

properties are spatially different. 

The three governing equations of fluid dynamics are the continuity equation, the momentum 

equation and the energy equation. The continuity equation is based on the physical principal 



44 

that mass is conserved. By applying this principal to an infinitesimal fluid element that is 

moving with the flow (non-conservation form) the following equation is obtained [30]; 

Ὀ”

Ὀὸ
  ”ɳ Ȣὠᴆ ȟ (4.10) 

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

The ƳƻƳŜƴǘǳƳ Ŝǉǳŀǘƛƻƴ ƛǎ ōŀǎŜŘ ƻƴ bŜǿǘƻƴΩǎ ǎŜŎƻƴŘ ƭŀǿ ƻŦ ƳƻǘƛƻƴΦ !ƭƭ ƻŦ ǘƘŜ ŦƻǊŎŜǎ ƻƴ ǘƘŜ 

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 directly on the volumetric 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 imposed by the surrounding fluid by means of 

friction. By taking account of all the forces acting on a moving infinitesimal fluid element 

bŜǿǘƻƴΩǎ ǎŜŎƻƴŘ ƭŀǿ ƎƛǾŜǎ [30], 
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where Ὢ is the body force per unit mass acting on the element, ὴ is the pressure, †  is the 

normal stress in the x-direction, †  is the shear stress in the x-direction on a plane 

perpendicular to the y-axis and †  is the shear stress in the x-direction on a plane 

perpendicular to the z-axis. 

Equation 4.11 is the x-component of the momentum equation in non-conservation form. Along 

with the y and z components these equations are called the Navier-Stokes equations. The 

normal and shear stresses in Eq. 4.11 can be found from [30]; 
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where ‘ is the molecular viscosity and ʇ is the bulk viscosity coefficient. 



45 

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 with Eq. 4.11 gives the 

complete Navier-Stokes equation in the x-direction. 

The energy equation is based on the physical principal that energy is conserved [30], 

ὃ ὄ ὅȟ (4.15) 

where ὃ is the rate of change of energy within the fluid element, ὄ is the net flux of heat into 

the element and ὅ is the rate of work done on the element due to body and surface forces. 

The rate of work done by body forces is equal to the 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 

adding all the pressure and stress forces on the element in each direction (x, y and z). 

Combining the rate of work done by body forces and surface forces gives [30], 
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(4.16) 

The net heat flux into the fluid element is due to volumetric heating such as absorption and 

emission of radiation, and conductive heating due to heat transfer across the element due to 

thermal gradients. The net heat flux into the element is found by summing the volumetric and 

conductive heating in each direction (x, y and z) and rearranging knowing that heat transfer 

due to thermal conduction is proportional to the local temperature gradient [30], 
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where ή is the rate of volumetric heating per unit mass and Ὧ is 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 mass is given 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 by [30], 
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where Ὡ is the elements internal energy per unit mass and ὠ is the scaler velocity of the 

element. 

Equations 4.16, 4.17 and 4.18 can be substituted into Eq. 4.15 to give the energy equation in 

terms of flow field variables, in non-conservation form. Combined with Eqs. 4.10 and 4.11 

these are the three fundamental equations of computation fluid dynamics. 

The purpose of the simulation of the proposed saturators 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 used. The heat transfer in a solid is due 

onƭȅ ǘƻ ŎƻƴŘǳŎǘƛƻƴ ŀƴŘ ƛǎ ƳƻŘŜƭƭŜŘ ōȅ CƻǳǊƛŜǊΩǎ ƭŀǿ [31], 

ή  Ὧ ɳὝ  ȟ (4.19) 

where ή is the local heat flux density, Ὧ is the thermal conductivity and ɳὝ is the temperature 

gradient. 

For time dependant problems the heat transfer by conduction through solids can be modelled 

by the transient form of the heat equation [31], 
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where ὗ is the heat generated. 

In a fluid convection can be a significant means of heat transfer as well as conduction. Heat can 

also be generated by viscous effects or pressure effects as modelled by the following transient 

equation for heat transfer in a fluid [31], 
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where ‌  is the thermal expansion coefficient, ὴ is the absolute pressure, † is viscous stress 

tensor and Ὓ is the strain rate tensor. 

Equation 4.21 models heat transfer in a fluid by accounting for the 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 to viscous heating, the heat transferred by conduction and 

the heat added to the system, respectively. 

Slight temperature differences in a compressible fluid can cause natural convection. This is 

modelled by accounting for changes in density due to the temperature field in the momentum 

equation (Eq. 4.11). The pressure and body force components are rewritten as [32], 
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Where ” is the operating density and ὴ  ὴ  ” Ὣ ὼ. 

This model assumes constant density and is suitable if the density gradients are small. 
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4.5. Design and simulation of final saturator 

A number of parameters will be kept constant throughout the simulations of the alternative 

saturator designs and a number of parameters which give an indication of the performance of 

the saturators will be measured for each design and compared. Ansys AIM Academic is the 

software package that will be used to run the simulations. A conjugate heat transfer model as 

described in section 4.4 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 buoyancy effect will take place 

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

air above it and the evaporation of water will not be simulated. A laminar flow model will be 

used since the Reynolds number for the flow is low, so turbulence is not expected. The run 

time at 95 °C will also be calculated for each design at a common maximum water level using 

Eq. 4.3. The value will be a conservative estimate since in reality a pre-humidifier will also be 

used. 

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

final saturator are listed in table 4.1: 



49 

Table 4.1: Common parameters for CHT comparison of final saturators 

Parameter Symbol Value 

Water level  10 mm (40 mm air path height) 

Bath temperature Tbath 95 °C 

Input air temperature Tair in 95 °C 

Input air dew point Td in 94 °C dp 

Latent heat loading per unit time Platent -2.32 W 

Area of latent heat flux  0.0096 m2 (at the input) 

Air flow rate  0.5 ls/min 

Air outlet pressure  101325 Pa 

Bath flow rate  0.03 kg/s 

Bath outlet (ambient) pressure  101325 Pa 

Operating density  1.135 kg m-3  

Acceleration due to gravity g 9.8 m/s 

Number of elements  1 x 106 

 

The number of significant figures given in table 4.1 is inconsistent but the output 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 water level is set at 10 mm in depth out of the total 50 mm of height in the saturation 

path. For most dew points this water level gives a convenient run time so it is likely to be a 

commonly used water level during use. When a final design is chosen the effect of varying the 

water level and flow rate will be further investigated to choose a suitable range of operation. 

The bath temperature is set to 95 °C to simulate the generation of dew points of 

approximately 95 °C. This temperature is chosen as it is the maximum temperature that the 

generator may operate at and is the most challenging set point to achieve complete 

saturation. The working range of the generator will be chosen based on tests after 
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construction and will likely not extend to 95 °C. However 95 °C dew point generation will be 

simulated to see how the saturator will perform at a demanding dew point for latent heat 

loading and to choose a design based on these conditions. The bath water will flow from 

bottom to top to simulate an upwelling bath such as the one that generator will 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 input air temperature is set to 95 °C since the simulation is of the final saturator so the air 

will have been passed through the pre-saturator and heat exchanger by this point, making it 

very close to the bath temperature. This input air will be at 94 °C dew point. This is chosen 

because according to simulations of the pre-saturator designs; the pre-saturator should 

saturate the air to within 0.2 °C dp of the final dew point. The pre-saturator may perform 

worse in reality due to factors that will not be simulated however it should also perform 

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

accounted for in the simulation. Therefore, an input dew point of 94 °C to the final saturator is 

ŀ ǊŜŀǎƻƴŀōƭȅ ŎƻƴǎŜǊǾŀǘƛǾŜ ǘŜǎǘ ƻŦ ǘƘŜ Ŧƛƴŀƭ ǎŀǘǳǊŀǘƻǊΩǎ ǇŜǊŦƻǊmance. The effect of the increase 

in dew point of 1 °C dp will be simulated by applying latent heat loading (found from Eq. 4.4) 

to an area of the water surface, as described in section 4.3.  

The mass flow rate of air through the saturator will be set to 0.5 ls/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 0.5 ls/min for dew points, and are calibrated at this flow rate. In order 

to be simulated this will be converted to units of kg/s using Eqs. 3.6 and 3.9. Different mass 

flow rates will be simulated in the final design to determine the appropriate range of use. 

The air outlet and the bath outlet pressure are set to atmospheric pressure. 

The operating density is used to simulate the buoyancy effect and is taken as the density of air 

near ambient conditions. The density at 95 °C dp differs from this value but since the purpose 

of the simulation is to provide a comparison this value held constant will suffice. For future 

simulations the operating density can be found from Eqs. 3.17 and 3.18 from the mole fraction 

of water vapour at the dew point in question and the temperature and pressure of the gas. 

The most important measurements that will be made in each simulation include temperature 

measurement of a platinum resistance thermometer (PRT) in the circulating air flow at the 

output of the saturator Ὕ , temperature measurement of a standard platinum resistance 

thermometer (SPRT) immersed in the liquid bath near the output of the saturator Ὕ , 

temperature measurement of a PRT inserted into the thermal well near the output Ὕ , 

measurement of the temperature uniformity of an area of water surface near the outlet 
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ЎὝ  , temperature measurement of different areas of the water surface Ὕ  ȟȟ 

where approximately the first ¼ of the total surface area is not measured and the final area is 

divided evenly into Ὕ  ȟȟ with Ὕ   been the water surface near the outlet. The first ¼ 

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 capsules of the PRTs that will be used. For 

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 capsule. Self-heating of the PRTs 

will not be simulated as the reason for simulating the PRTs is not to analyse temperature 

measurement uncertainty but to demine the effect of measuring at different locations and the 

relative difference to the condensate/vapour temperature at different locations. The 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 each saturator design. 

The temperature Ὕ  will be taken to be the most accurate approximation of the output air 

temperature and so for each simulation its difference from Ὕ  and Ὕ  will be found as 

ЎὝ  and ЎὝ  respectively. The 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 temperature. Therefore the difference between Ὕ   and Ὕ  will be 

found as ЎὝ  for each simulation. The water surface area ὃ  will also be measured 

for each design as a greater surface area will increase the likelihood of complete saturation. 

The temperature of the thermostatic bath water at the output Ὕ   will be measured as it 

may affect other measured parameters if a large temperature gradient is present and it may 

indicate if a greater flow rate of temperature controlled bath water is needed. 

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

the number of nodes will be recorded for each simulation. 
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4.5.1. Spiral design 

Figure 4.2 shows a computer-aided design (CAD) model of the saturator design that will be 

referred to as the spiral design. 

Figure 4.2: Image a of CAD model of the spiral saturator design. 

This design consists of a path of approximately 1.9 m in length, in a spiral shape going from the 

outside to the centre of the saturator. The saturator has a hole in its centre which improves 

thermal contact with the bath, allows tubing to be fed through it and allows temperature 

measurements to be made near the outlet of the saturator. The base can be machined from 

brass and the lid can be machined from 316 stainless steel. Brass is chosen for the base 

because of its machinability and high thermal conductivity and thermal mass. Brass will 

corrode in water so must be plated with a corrosion resistant material like gold. 316 stainless 

steel is used for the lid to allow welds to be made to tubing and other components. The lid will 

also be electropolished to improve its corrosion resistance and to undo any damage and 

oxidation that may occur during welding. The lid will be bolted to the base at a number of 

points around the outside walls of the saturator. An indium gasket made from 0.7 mm 

diameter indium wire will be used to create a seal between the base and lid. The surface of the 

lid and base are precision machined so both surfaces are very flat, making a seal with high leak 

tightness possible. The walls creating the spiral path can be sealed using the same indium 

gasket material 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 higher flows rates and elevated 

pressures the sealing of the walls of the path may become necessary. 
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The dimensions and internal structure of the saturator are chosen in order to maximize the 

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 height 500 mm. The benefit of this design 

is that the gas is forced to follow a minimum path length of 1.9m and the path is wide and tall 

enough (17 mm x 50 mm) that for a low flow rate (1 to 3 ls/min) the flow speed will be low 

allowing convective mixing to occur within the saturation path. The fact that the saturation will 

occur on a single consistent path means that the temperature and dew point of the gas can be 

monitored at intermediate points along the path and used to estimate the saturation 

efficiency. As mentioned previously, the design also includes thermal wells inserted through 

the lid into the saturation path, at the midpoint of the path and at the end of the path near the 

outlet of the saturator.  

The CAD model was simplified for the simulation. The geometry will be effectively the same 

without needless complexities that are not expected to affect the simulation results. The 

model used for simulation is shown in figure 4.3. 

 

Figure 4.3: CAD model of spiral saturator used for simulations. 

The CAD model used for simulations has the same dimensions as the detailed CAD model 

except that it is a solid part (not a base and lid), there are no holes for fixings and the only 

ŀǘǘŀŎƘƳŜƴǘǎ ƻƴ ǘƘŜ ǎŀǘǳǊŀǘƻǊ ŀǊŜ ǘǿƻ ǇƛŜŎŜǎ ƻŦ ѹέ ǘǳōƛƴƎ ŀǘ ǘƘŜ ƛƴǇǳǘ ŀƴŘ ƻǳǘǇǳǘ ŀƴŘ ƻƴŜ 

thermal well near the output. A specified level of water is also added in the interior of the 

saturator. Figure 4.4 shows an image of the streamlines in the spiral saturator plotted as a 

result of the simulation. 
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Figure 4.4: Streamlines representing the path taken by air molecules and air temperature 

within the spiral saturator design when used as a final saturator. 

Figure 4.4 shows 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 saturator regularly, indicating that sufficient mixing will take place under these 

conditions. This can also be seen in figure 4.5. 

 

Figure 4.5: Plan view of streamlines in the spiral saturator when used as a final saturator. 

Figure 4.5 also shows that no laminar flow occurs in the saturation path and the streamlines 

follow random directions throughout the flow path. It also shows good temperature 






































































































































































