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Abstract 
The AquaFlux is a newly developed instrument for the non-invasive measurement of water vapour 

flux density from arbitrary surfaces. We present a brief description and theoretical analysis using a 

one-dimensional analytical model, complemented by a more realistic three-dimensional finite 

element model of the temperature and vapour density distributions within the measurement 

chamber, from which the main instrument properties can be calculated. This, together with 

experimental measurements provide a detailed description of the capabilities and limitation of this 

approach to water vapour flux density measurement. Its capabilities in practice are illustrated with 

measurements of the rate of drying of a pre-soaked block of softwood in ambient air. 

 
Introduction 
Whilst the measurement of water vapour content of air is commonplace, the measurement of the 

rate at which water vapour enters the air is much less so. The main applications of the latter 

measurements are currently in the biosciences. The measurement of transepidermal water loss 

(TEWL) from in-vivo and in-vitro human and animal skins has long been used to characterise their 

barrier properties. Perspiration measurements are becoming increasingly important in sports 

science, for example. Other areas where water vapour flux density measurements could be used 

include sorption and desorption of water from surfaces and the permeation of water vapour through 

membranes such as textiles and food packaging materials, where current techniques are 

predominantly based on measuring integrated weight loss rather than time-resolved flux. 

 

Several approaches have been developed for measuring water vapour flux density. Methods that 

have been developed into commercial instruments include the Nilsson open chamber diffusion 

gradient method [1], flowing air methods such as [2] and stagnant chamber methods such as [3]. In 

this paper, we focus on a new measurement principle [4-5], used in the AquaFlux. It uses a 

cylindrical measurement chamber of 8mm diameter and 12mm length, one end of which is in 

contact with the surface of interest. Water vapour from this surface diffuses towards the opposite 

end of the measurement chamber, where it is removed by freezing onto an electronically cooled 

condensing surface. To a first approximation, a steady vapour flux gives rise to a linear distribution 
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of vapour density along the length of the measurement cylinder. According to Fick's first law of 

diffusion, the flux density can be determined from the gradient of vapour density. In the AquaFlux, 

this gradient is measured by means of humidity and temperature sensors. The use of an 

electronically stabilised condenser provides the added benefit of maintaining the humidity adjacent 

the measured surface at precisely known values, irrespective of ambient conditions. This, together 

with its accurate gravimetric calibration and immunity from ambient air movements provides new 

levels of accuracy and flexibility, ensuring that measurements performed at different times or with 

different instruments, indoors or outdoors, can be meaningfully compared. 

 

Analytical Model 
The AquaFlux measurement chamber has the form of a cylinder, whose interior space is assumed 

small enough for convection and other forms of mass transport to be damped out by boundary 

losses, leaving diffusion as the only transport mechanism. Its geometry, illustrated schematically in 

Figure 1, is open at one end and closed at the opposite end.  
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Figure 1  Schematic cross-section through the AquaFlux measurement chamber. 

 

The open end acts as a measurement orifice, which can be placed in contact with a test surface in 

order to measure the water vapour flux emanating from it. The closed end is a metal surface, acting 

as a condenser whose temperature is maintained below the freezing point of water in order to 

remove water vapour from the air in its immediate vicinity. The geometry is described by a 
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cylindrical co-ordinate system with the z-axis coincident with the axis of the measurement chamber. 

The measurement orifice and test surface are at the origin (z=0), and the condensing surface is at 

. A combined sensor for relative humidity (RH) and temperature, referred to as an RHT 

sensor, is located at , typically half way between the test and condensing surfaces. 

CLz =

SLz =

 

During a measurement, water vapour from the test surface enters the air in the measurement 

chamber and diffuses towards the condenser, where it is deposited as ice. In the absence of natural 

convection and other forms of mass flow, molecular diffusion remains as the only transport 

mechanism, described by the one-dimensional form of Fick’s first law 
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In Eq.(1), J (kgm-2s-1) is the flux density, DVA (m2s-1) is the mass diffusion coefficient for water 

vapour in air and ρV (kg/m3) is the water vapour density. If the test surface emits a constant flux 

density, then a steady-state water vapour distribution is eventually established within the 

measurement chamber, where all of the water vapour entering the measurement orifice at  is 

removed by the condenser at . This steady state solution of Eq.(1) leads to a linear 

distribution of water vapour density with position, given by 
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where  is the water vapour density at the condenser. VCρ

 

The temperature distribution within the measurement chamber can be approximately modelled 

using the one-dimensional form of Fourier’s law of thermal conduction 
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where Q is the heat flux density and kA is the thermal conductivity of air. This model assumes that 

heat exchange with the walls of the measurement chamber can be neglected compared with heat 
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exchange between the test surface and the condenser. The temperatures of the test surface and 

condenser are assumed to be unaffected by this heat flux. Since Q is constant once thermal 

equilibrium has been reached, Eq.(3) can be solved subject to the boundary conditions 

( ) at the test surface and  at the condenser. The linear temperature 

distribution along the axis of the measurement chamber is then give by 

( ) 00 θθ ==z ( ) CCLz θθ ==
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Eqs.(2) and (4) define the microclimate within the measurement chamber, which depends on 

external conditions through J and  only. 0θ

 

Since the vapour density distribution of Eq.(2) depends linearly on J and z, J can be calculated from 

known values of vapour density at any two points separated by a known distance parallel to the z-

axis. The two points used in the AquaFlux are  at LVSρ S and  LVCρ C. The value of  is calculated 

from measurements of local relative humidity and temperature furnished by the RHT sensor located 

at z=L

VSρ

S. Thus, 
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where  and  are respectively the fractional relative humidity and temperature at z=LSχ Sθ S. ρVE is 

the equilibrium (or saturation) vapour density, which can be computed from a parameterisation of 

the saturation vapour pressure curve (eg [6]) and the ideal gas law. 

 

The value of  at z=LVCρ C is known from the conditions in the immediate vicinity of the condenser, 

where the vapour is fully saturated. Thus using  at temperature  0.1=Cχ Cθ

 

( CVEVC θρρ =          (6) 

 

Substituting Eqs.(5) and (6) into Eq.(2) and re-arranging gives 
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which allows the flux density to be determined from measurements of , and . Sχ Sθ Cθ

 

Numerical Model 
The one-dimensional analytical theory above was tested by means of a numerical model using 

Finite Element Analysis (FEA). The model exploits the cylindrical symmetry of the measurement 

chamber to reduce the dimensionality of the representation from three to two. The test surface and 

condenser are represented as isothermal surfaces. The walls of the Teflon measurement chamber are 

realistically dimensioned. Heat exchange between the chamber wall, the test surface, the condenser 

and the air within is allowed for. However, an adiabatic boundary condition is imposed between the 

outer wall of the measurement chamber and the air outside, since the effect of this on the processes 

within were found to be negligibly small. The physical parameters of the air within the 

measurement chamber are treated as temperature-dependent variables. 

 

The numerical calculations of vapour density distribution parallel to the axis of the measurement 

cylinder were found to agree closely with the linear vapour density distribution of Eq.(2). Maximum 

deviations were typically of the order of 1-2%, caused by the temperature dependence of DVA. The 

vapour density distribution in the radial direction was found to be uniform, with typical deviations 

from uniformity of 0.1% or less. However, the temperature distribution was found to deviate 

markedly from the linear distribution of Eq.(4). This also affects the distribution of relative 

humidity, but since relative humidity and temperature are measured at the same place, the 

calculated vapour densities are unaffected. The time taken for the temperature distribution within 

the measurement chamber to settle were found to be strongly influenced by the thermal properties 

of the measurement chamber. Settling times of ~15 minutes were typical for the Teflon chamber 

used in the current implementation. This has little influence on the settling time of the vapour flux 

density measurements, which is determined by the much faster settling time of the vapour density 

distribution. A 1/e settling time of ~5s was found for this. In practice, the time resolution of 

measurement may be somewhat slower than this, because of the comparable or larger response time 

of the capacitative RH sensor used. 
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Results and Discussion 
The signals from the RHT sensor during a typical measurement of TEWL from the volar forearm 

are shown in Figure 2. 

 

 

Figure 2:  Typical signals from the RHT sensor, together with the flux density calculated from them. 

 

Note how the temperature of the RHT sensor rises from an ambient temperature of 210C to 250C, 

because of the higher than ambient skin temperature. The relative humidity changes at a similar 

rate, but the calculated flux density settles more quickly, because the time constant for temperature 

equilibration of the chamber is longer than that for vapour density equilibration within it. 

Measurements of noise under constant flux conditions gave an estimated standard deviation of 

. 12810 −−−≈ smkg

 

The instrument was used to study the drying dynamics of a block of softwood, as commonly used in 

the building industry. A sample was left to dry out over a period of one month in the laboratory, 

after which baseline measurements of weight and flux density from all six surfaces were made. The 

block was then immersed in a tank of water for 35 days and the changes in these parameters 

measured during a subsequent drying period. The results show that the wood block gained 54% in 
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weight due to the soaking and returned to within 3.6 % of its dry weight after seven days in ambient 

laboratory conditions. Figure 3 shows the changes of flux density along and across the grain of the 

wooden block as it dried out. Immediately after soaking, there was a 66% increase in flux density 

across the grain and a 54% increase along the grain. These high values are similar initially, because 

of the high concentration of water close to the surface. They show sharp transitions to levels close 

to pre-soaking levels after 2 days (across the grain) and 4 days (along the grain). The sharpness of 

these transitions was surprising, especially as no similar transition was apparent in the weight-loss 

curve. They indicate a transition from an evaporation rate governed initially by the presence of free 

water close to the surface and subsequently by the rate of diffusion of liquid water within the wood 

towards the surface. The reason why the higher flux rate is maintained for longer along the grain is 

probably the higher diffusion rate in that direction. 

 

Figure 3:  Drying dynamics of a block of softwood in ambient conditions. 

Conclusion 
The main properties of the AquaFlux instrument for measuring water vapour flux have been 

explored by means of analytical and numerical modelling. Measurements of the drying dynamics of 

a block of softwood has been used to illustrate its versatility. 
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