
Measurement Science and
Technology

            

TECHNICAL NOTE • OPEN ACCESS

A device for the local measurement of water
evaporation rate
To cite this article: Christopher Hall and Andrea Hamilton 2020 Meas. Sci. Technol. 31 127001

 

View the article online for updates and enhancements.

You may also like
Estimating reservoir evaporation using
numerical weather prediction: Omo Gibe III
reservoir in Ethiopia
Abraham Loha Anebo, Tekalegn Ayele
Woldesenbet and Gebiaw Teshome Ayele

-

Coaxial extrusion bioprinting of 3D
microfibrous constructs with cell-favorable
gelatin methacryloyl microenvironments
Wanjun Liu, Zhe Zhong, Ning Hu et al.

-

Calculation of evaporation rates of all
components in Ag-Pb-Sn ternary alloy in
vacuum distillation using modified
molecular interaction volume model
Yanjun You, Lingxin Kong, Junjie Xu et al.

-

This content was downloaded from IP address 86.27.91.26 on 29/04/2024 at 15:46

https://doi.org/10.1088/1361-6501/abb438
/article/10.1088/2515-7620/acf02d
/article/10.1088/2515-7620/acf02d
/article/10.1088/2515-7620/acf02d
/article/10.1088/1758-5090/aa9d44
/article/10.1088/1758-5090/aa9d44
/article/10.1088/1758-5090/aa9d44
/article/10.1088/2053-1591/ac1001
/article/10.1088/2053-1591/ac1001
/article/10.1088/2053-1591/ac1001
/article/10.1088/2053-1591/ac1001
https://pagead2.googlesyndication.com/pcs/click?xai=AKAOjsudvi7IK53fjIiS-zmxTapsnZ4TzL1mJ5xtK2QtTlv-n7WAmaeWhnPRoY3H0X-gh2MKKpK1Xvz15v2BBen44U5TSQ_kiN0pFOFReTFHaiyIlGYxJBZubEV_we_j4qGt1sMATzW-vFhPyRDn8BCqn12sNwOcQczcU-YggKAGv4SUhlHXLXTOX-JzWK7dCWZIIbH206KjKrUKyKjavjBhDSnxm5AAnjFzzI0fuBNFX_xahkmS_qyk5HVzd432bSvePrzFwi2gUUz7Bm7_aTznw5agA1UfyleJnlmvCgZoEguyxDoRztZGYpF4PyDq9YV0TjsilIz1NcmeOe1P7VZ9uybRwVchBw&sig=Cg0ArKJSzJwjbPXOuw5p&fbs_aeid=%5Bgw_fbsaeid%5D&adurl=https://iopscience.iop.org/partner/ecs%3Futm_source%3DIOP%26utm_medium%3Ddigital%26utm_campaign%3DIOP_tia%26utm_id%3DIOP%2BTIA


Measurement Science and Technology

Meas. Sci. Technol. 31 (2020) 127001 (5pp) https://doi.org/10.1088/1361-6501/abb438

Technical Note

A device for the local measurement of
water evaporation rate

Christopher Hall1 and Andrea Hamilton2

1 School of Engineering, University of Edinburgh, Edinburgh, United Kingdom
2 Department of Civil and Environmental Engineering, University of Strathclyde, Glasgow,
United Kingdom

E-mail: christopher.hall@ed.ac.uk

Received 13 July 2020, revised 18 August 2020
Accepted for publication 1 September 2020
Published 30 September 2020

Abstract
Evaporation plays a central but largely invisible role in the moisture dynamics of buildings and
urban microenvironments. Local evaporation rates control water flux and material damage, and
are altered by climate change. While potential evaporation (PE) (or potential evapotranspiration
(PET)) can be estimated on the large-scale, there are few if any methods of making local PE
measurements. We describe here a simple device (patch evaporimeter) for measuring PE at
point locations on the surfaces of built structures. The device combines a sintered-quartz disc as
a water reservoir and a low-cost remotely-readable humidity sensor to detect the drying time.
The patch evaporimeter may be widely useful in monitoring evaporation rates in a variety of
microenvironments.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Recent analysis [1–3] of moisture dynamics in built struc-
tures shows the central role of evaporation. Evaporation at sur-
faces provides the main process by which water leaves mater-
ial structures, and evaporative pumping actively drives capil-
lary migration within porous fabrics such as brick, stone and
concrete. Evaporation must play the same central role in the
built infrastructure in general. It must likewise be incorporated
in water-balance models in the emerging field of urban hydro-
logy [4–6]. Changes in evaporation rate are known to occur
in response to climate change [2, 7], but relations at the local
scale are unclear, partly for want of field data.
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However, evaporation is largely invisible, and the mag-
nitude of evaporative fluxes has not been fully recognised
in the environmental physics of buildings. Models of mass
transfer invariably require an evaporation boundary condition
to describe water exchange with the environment, but this
is generally formulated in terms of humidity and air move-
ment. These two quantities are not easily measured by sur-
vey at microscale in the field. In any case their use requires an
adequate model of boundary layer transport which is usually
not available.

We have shown elsewhere [2] that a more robust approach
is to use the potential evaporation (PE) to describe the evapor-
ation flux at surfaces. The PE is a direct measure of the evap-
oration from a free-water surface under given environmental
conditions. Using the PE sidesteps the need for a mass-
transfer model of the structure of the boundary layer. Our
analysis shows how such PE data can be used to repres-
ent time-varying boundary conditions in moisture dynamics
models. This approach is particularly effective in describing
the seasonal and geographical variations of stored water and
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Figure 1. Drying kinetics of a Portland stone block, 50× 50× 50
mm, showing stage 1 and stage 2 behaviour. (a) Cumulative
evaporated volume vs time, showing initial stage 1 linearity; (b)
evaporation rate vs mean fractional water content θr, showing
crossover from stage 1 to stage 2 behaviour; θr is the mean volume
water content θ normalized by its saturation value θs. Test carried
out in an environmental chamber under constant environmental
conditions (25 ◦C, 50 per cent relative humidity, constant fan
speed), drying from all faces, loss of water measured
gravimetrically at 30 s intervals.

water flux in walls. Locality-scale or grid-scale PE values
can be obtained from meteorological sources, traceable either
to station measurements of pan evaporation or to established
calculation methods such as the Penman–Monteith equation
[8, 9].

2. Evaporation physics

The drying of a porous material by evaporation of water
(or other liquid) from its surface generally shows two dis-
tinct stages [10–12]. Under constant environmental condi-
tions, stage 1 exhibits a constant rate of evaporation, while
in stage 2 the rate of evaporation falls progressively until the
material reaches equilibrium with the environment, the dry
state. Figure 1 shows the drying kinetics of a Portland lime-
stone block which behaves in this way.

In stage 1, the rate of evaporation is similar [13] to that of
a free water surface, that is to say the PE, since water forms a
more or less continuous film on the porous surface and main-
tains saturated water vapour pressure at the interface with the
external atmosphere. Under these conditions the rate of evap-
oration is entirely controlled by the structure of the bound-
ary layer, and factors such as the temperature and the far-
field humidity. Stage 1 behaviour continues so long as internal
capillarity maintains sufficient water at the surface to support
the evaporation rate. How long this persists depends on the
unsaturated-flow parameters of the material and the thickness
of porous structure beneath the surface, as well as the evapor-
ation rate itself.

In stage 2, the water content at the surface is insufficient to
maintain saturated water vapour pressure at the air interface,
and the surface water content moves to a value at or close to
equilibrium with external atmosphere. The evaporation rate
is now controlled largely by the internal unsaturated flow
or vapour diffusion, subject now to an atmospheric bound-
ary condition set by the external humidity. For many porous
materials such as brick, stone and concrete of importance in
infrastructure engineering, the surface water content is rather
insensitive to the atmospheric humidity and we have an essen-
tially ‘dry’ boundary.

This description of two-stage drying is adequate for our
purposes here, but we note for completeness that some recent
work [14, 15] refines the description of the underlying mass
transfer processes. This elaboration however has no direct
bearing on our discussion.

3. Report

3.1. Design

There are many situations (for example in conservation [16])
in which we need to understand moisture dynamics at a small
scale. In such cases, we wish to acquire data on the potential
evaporation of the immediate microenvironment, and some-
times its distribution over a geometrically complicated struc-
ture. While some evapotranspiration meters are available, they
are used mainly for grassland management and are not well
suited to precise monitoring of microenvironments, especially
at or close to surfaces. The purpose of this short paper is to
describe a device that meets that need.

Our aim has been to develop a simple device which can
measure directly the rate of evaporation of water at point-
locations on building surfaces. Such a device would provide
a measure of potential evaporation more or less equivalent to
that of a meteorological pan evaporimeter. This directly meas-
ured PEwould reflect the local values of the controlling factors
(air speed, humidity and so on) without having to measure
them individually. Such a device should ideally be sufficiently
simple that many could be used simultaneously to make spot
measurements to map the distribution of PE over a small area,
for example over the surface a single structure.

In early tests we developed the concept of a ‘patch evap-
orimeter’, using various meshes and fabrics to hold water. A
requirement was that the device could be attached to a surface
of interest, and should not interfere with the local air-flow or
humidity. This was achieved by using flat patches of absorbent
materials, typically 25 × 25 mm, with an impermeable back-
ing. These patches were saturated with water at the start of a
test, and the PEwas determined from the time taken for them to
dry. The drying of small stone blocks has also been used [16].

Simple patches of this kind provided a useful proof-of-
concept, but they were difficult to saturate reproducibly.
Patches generally lost water at constant rate in an environ-
mental cabinet under constant conditions, but we did not find
an easy and manageable way to detect accurately the time at
which they became dry. Tests using colour changes of col-
oured papers and fabrics were unsuccessful. Manual weighing
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Figure 2. Patch evaporimeter combining a sintered–quartz disc (H
Baumbach & Co, Martlesham, UK) with a Humilog sensor (Grant
Instruments, Cambridge, UK).

was accurate but laborious and impractical for field use. After
many trials, sintered quartz, in the form of discs manufactured
for use as filters, was found to be a better patch material than
meshes and fabrics. Sintered discs, usually 50 mm dia× 3 mm
thickness, and with volume-fraction porosity 0.31, imbibed a
reproducible quantity of water (∼ 2.1 g) in a few seconds, and
had a reproducible dry weight.

An improved device was next achieved by combining a
sintered-quartz disc with a humidity sensor (figure 2). The
sensor first used was a Humilog unit, a compact free-standing
battery-powered logger that reads and stores humidity and
temperature data. In the first realisation of this concept the disc
was mounted on a ring so as to form a sealed cavity between
the back of the disc and the humidity sensor. The sensor there-
fore registers the humidity of the water in the disc, which
remains high and roughly constant until the disc is completely
dry, at which time it falls abruptly.

In a second realisation (figure 3), a much smaller Tempo
DiscTM humidity sensor was used, with the important fea-
ture that humidity and temperature can be read remotely via
Bluetooth, and logged data can be downloaded without disas-
sembling the sensor from the sintered disc. It is therefore easy
to monitor the drying of the disc from a distance. The sintered
disc can be resaturated by a few seconds contact with water.
Occasional check-weighings of the assembled device are easy
to make, for example on a portable 50 g carat balance reading
to 0.001 g. The performance of the Tempo humidity sensor
has been assessed in tests with salt solutions providing known
water vapour pressures [17]. When adjusted by means of a
single-pont calibration (for example at 75 per cent RH at 25 ◦C
using a saturated aqueous NaCl solution), the sensor reports
the relative humidity over the entire RH range 20–95 per cent
to within about ± 1 per cent. In any case, high absolute accur-
acy of RH is not required for this device; the main perform-
ance requirement is that the sensor should be sensitive to small
changes in RH, particularly in the RH range 80–95 per cent.
In this regard, the sensor performs as required, and responds

Figure 3. Patch evaporimeter built on a Tempo DiscTM humidity
sensor (Blue Maestro, London, UK).

Figure 4. Evaporation weight loss and humidity signature in a PE
measurement test: environmental chamber conditions, 24.8 ◦C, 24.5
per cent RH, constant fan speed.

rapidly to changes as small as 0.1 per cent. Similarly, the tem-
perature sensor detects temperature changes of ± 0.1 ◦C.

3.2. Humidity record

We noted earlier that the sensor humidity value falls abruptly
at the time when the disc becomes completely dry. In fact the
humidity record during a complete measurement run has sev-
eral distinctive features (figure 4). When the saturated disc is
first placed in position and evaporation starts, there is an small
decrease in the recorded RH. This occurs because the evapora-
tion causes the disc to cool, as shown by the thermal images of
figure 5. The cooling in turn reduces the water vapour pressure
in the cavity, and this is reported by the sensor as a reduction
in RH since the sensor registers the cavity temperature not the
temperature of the disc. Water evaporation from the disc then
finds a steady state, with steady disc temperature and steady
stage 1 drying rate. Changes in external conditions produce
only small changes in the recorded relative humidity of the
cavity. The sensor RH remains more or less constant during
this time, apart from minor sensor drift. At a time t1, there is a
clear uptick in the recorded cavity RH. This marks the end of
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Figure 5. Evaporative cooling of a sintered disc on exposure to air.

Table 1. Examples of potential evaporation (PE) values measured
with patch evaporimeter.

Time t1 Time t2 PE
Location (min) (min) (mm/day)

Exterior wall (1) 165 220 9.6
Exterior wall (2) 195 250 8.1
Exterior wall (3) 1135 1250 1.4
Exterior wall (4) 745 835 2.1
Interior wall (5) 430 490 3.7
Interior wall/wall/floor
stagnation point 505 560 3.1
Controlled environment
chamber (6) 190 245 6.9
Humidistat (7), 33 per cent RH 595 685 2.6
Humidistat (7), 57 per cent RH 1800 1920 0.88
Humidistat (7), 75 per cent RH 3110 3390 0.50

Notes: All measurements made at location 52.1470 N, 0.1494 E, May–June
2020; sensor screened from rain and direct insolation. (1) Elevation 1.6 m,
day-time, west facing, temperature 18 ◦C; (2) elevation 2.0 m, day-time,
north facing, temperature 22 ◦C; (3) elevation 2.0 m, night-time, north
facing, mean temperature 17 ◦C; (4) elevation 2.0 m, day-night, mean
temperature 17 ◦C, mean relative humidity 65 per cent; (5) temperature 20
◦C, relative humidity 40 per cent; (6) temperature 25 ◦C, relative humidity
25 per cent, constant fan speed; (7) temperature 25.0 ◦C, no forced
convection

stage 1 drying, when the rate of evaporation falls sharply. As a
result the evaporative cooling of the disc decreases, the vapour
pressure of the water remaining in the disc rises: this is detec-
ted by the sensor as an increase in RH. Finally, at time t2 the
cavity RH starts to decrease sharply, and rapidly approaches
the external RH of the environment. Time t2 therefore marks
the point at which the disc becomes completely dry. In fig-
ure 4, we show a complete humidity record on which is super-
imposed the mass of water in the disc obtained by manual
weighing. It is clear that times t1 and t2 are well defined, and
correspond closely with the end of stages 1 and 2 of the drying
process. It is from these times (either or both) that the PE value
is estimated by a simple procedure.

3.3. Estimating PE

The sintered-quartz disc used here loses about 90 per cent
of its water by stage 1 drying. This occurs over the time t1.
This provides a direct measure of the average PE over this
time interval. We then have PE= (βwsat/ρwAdt1), where the
constant β ≈ 0.90, wsat is the total weight of water imbibed
by the dry disc at saturation, Ad is the disc area, and ρw is
the density of water. Alternatively, we can estimate PE from
the time t2, since the stage 2 drying depends also weakly
on external conditions, and we find for this device that t2 ≈
1.07t1 + 30min. Examples of measured PE values are given
in table 1. In these diverse conditions, we are able to measure
a twentyfold variation in PE. Direct measurement errors are
small. No uncertainty arises from the measurement of clock
time, and uncertainty from weight measurement is at most
∼0.3 per cent. The sensitivity of the device to small changes
in relative humidity is of greater importance than the absolute
accuracy, and our experience is that the sensor reliably and
rapidly detects changes of relative humidity as small as 0.1 per
cent in the important range 80−95 per cent.

3.4. Calibration and traceability

The device we describe measures the evaporation rate dir-
ectly from a time signature and a known mass of water, as
shown in figure 4. Therefore the estimated evaporation rate
does not require independent calibration. However, as our
immediate aim is to provide a method to estimate stage 1
evaporation rates of porous materials, we show results of sev-
eral such tests in figure 6. This has immediate confirmatory
value, as it demonstrates that the evaporation rates of sev-
eral representative porous building materials and a free-water
surface are in close agreement with that given by the patch
evaporimeter.

Of course, if an evaporimeter of the kind we describe were
to be widely used, we should want to compare its perform-
ance with that of other methods of obtaining evaporation rates.
This would be methodologically difficult, as existing methods,
both by instrument and by calculation, work on the large scale,
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Figure 6. Water evaporation rates: comparison of evaporated
volume per unit area i=∆w/(ρwA) vs time for patch evaporimeter, a
water pan, and several porous materials. Data obtained in
controlled-environment chamber at four evaporation rates (mm/day)
A, 9.5; B, 8.0; C, 5.2; D, 1.3. Symbols: + patch evaporimeter;⃝
water pan; □ calcium silicate hydrate [18]; △ Frome limestone.

and do not probe local behaviour. Ultimately, a traceable com-
parison with a reference evapotranspiration method [9] is also
desirable, but it is outside the scope of this note.

4. Conclusions

Our results and our experience show that the patch evapori-
meter is a workable device for estimating potential evaporation
at point locations. In the implementation described, it is inten-
ded for making spot measurements rather than continuous
measurements, typically providing a PE value averaged over
some hours. The value obtained is an average over the dura-
tion of the test, but this can be varied by using sintered discs
of different thicknesses. The device is easy to reset to make
repeat measurements. It is sufficiently simple and low-cost
that it is practical to use a number of them simultaneously to
map the variation of evaporation rate within a complex struc-
ture. Immediate applications lie in surveys of historic build-
ings for conservation purposes, but the patch evaporimeter
may be widely useful in monitoring evaporation rates in a vari-
ety of microenvironments. If widely used, then a comparison
with reference PET protocols will be useful.

Acknowledgment

We thank Charlotte Pugh (University of Edinburgh) for devis-
ing exploratory tests within an undergraduate project; and

Hong Zhang (University of Oxford) for obtaining drying data
on a Portland limestone block.

ORCID iD

Christopher Hall https://orcid.org/0000-0002-6372-3535

References

[1] Hall C and Hoff W D 2007 Rising damp: capillary rise
dynamics in walls Proc. R. Soc. A 463 1871–84

[2] Hall C, Hamilton A, Hoff W D, Viles H A and Eklund J E 2011
Moisture dynamics of walls: Response to microenvironment
and climate change Proc. R. Soc. A 467 194–211

[3] Hall C and Hoff W D 2012 Water Transport in Brick, Stone
and Concrete 2nd edn (London: Taylor and Francis)

[4] Grimmond C S B, Oke T R and Steyn D G 1986 Urban water
balance: 1. A model for daily totals Water Resour. Res.
22 1397–403

[5] Marasco D E, Hunter B N, Culligan P J, Gaffin S R and
McGillis W R 2014 Quantifying evapotranspiration from
urban green roofs: A comparison of chamber measurements
with commonly used predictive methods Environ. Sci.
Technol. 48 10273–81

[6] Marasco D E, Culligan P J and McGillis W R 2015 Evaluation
of common evapotranspiration models based on
measurements from two extensive green roofs in New York
City Ecological Eng. 84 451–62

[7] Milly P C and Dunne K A 2016 Potential evapotranspiration
and continental drying Nat. Clim. Change 6 946–9

[8] Monteith J L and Unsworth M H 2013 Principles of
Environmental Physics 4th edn (Oxford: Academic)

[9] Suleiman A A and Hoogenboom G 2009 A comparison of
ASCE and FAO-56 reference evapotranspiration for a
15-min time step in humid climate conditions J. Hydrol.
375 326–33

[10] van Brakel J 1980 Mass transfer in convective drying Adv.
Drying 1 217–67

[11] Hall C, Hoff W D and Nixon M R 1984 Water movement in
porous building materials – VI. Evaporation and drying in
brick and block materials Building Environ. 19 13–20

[12] Lehmann P, Assouline S and Or D 2008 Characteristic lengths
affecting evaporative drying of porous media Phys. Rev. E
77 056309

[13] Hess T M 1996 Evapotranspiration estimates for water balance
scheduling in the UK Irrigation News 25 31–6

[14] Or D, Lehmann P, Shahraeeni E and Shokri N 2013 Advances
in soil evaporation physics—a review Vadose Zone Journal
12 1–16

[15] Thiery J, Rodts S, Weitz D A and Coussot P 2017 Drying
regimes in homogeneous porous media from macro- to
nanoscale Phys. Rev. Fluids 2 074201

[16] D’Agostino D 2013 Moisture dynamics in an historical
masonry structure: The Cathedral of Lecce (South Italy)
Building Environ. 63 122–33

[17] Greenspan L 1977 Humidity fixed points of binary saturated
aqueous solutions J. Res. Natl Bur. Stand.
81A 89–96

[18] Hamilton A and Hall C 2005 Physicochemical
characterization of a hydrated calcium silicate board
material J. Building Phys. 29 9–19

5

https://orcid.org/0000-0002-6372-3535
https://orcid.org/0000-0002-6372-3535
https://doi.org/10.1098/rspa.2007.1855
https://doi.org/10.1098/rspa.2007.1855
https://doi.org/10.1098/rspa.2010.0131
https://doi.org/10.1098/rspa.2010.0131
https://doi.org/10.1029/WR022i010p01397
https://doi.org/10.1029/WR022i010p01397
https://doi.org/10.1021/es501699h
https://doi.org/10.1021/es501699h
https://doi.org/10.1016/j.ecoleng.2015.09.001
https://doi.org/10.1016/j.ecoleng.2015.09.001
https://doi.org/10.1038/nclimate3046
https://doi.org/10.1038/nclimate3046
https://doi.org/10.1016/j.jhydrol.2009.06.020
https://doi.org/10.1016/j.jhydrol.2009.06.020
https://doi.org/10.1103/PhysRevE.77.056309
https://doi.org/10.1103/PhysRevE.77.056309
https://doi.org/10.2136/vzj2012.0163
https://doi.org/10.2136/vzj2012.0163
https://doi.org/10.1103/PhysRevFluids.2.074201
https://doi.org/10.1103/PhysRevFluids.2.074201
https://doi.org/10.1016/j.buildenv.2013.02.008
https://doi.org/10.1016/j.buildenv.2013.02.008
https://doi.org/10.6028/jres.081A.011
https://doi.org/10.6028/jres.081A.011
https://doi.org/10.1177/1744259105053280
https://doi.org/10.1177/1744259105053280

	A device for the local measurement of water evaporation rate
	1. Introduction
	2. Evaporation physics
	3. Report
	3.1. Design
	3.2. Humidity record
	3.3. Estimating PE
	3.4. Calibration and traceability

	4. Conclusions
	Acknowledgment
	References


