
ETH Library

Investigation of wind-induced error
of precipitation measurements
using a three-dimensional
numerical simulation

Doctoral Thesis

Author(s):
Nešpor, Vladislav

Publication date:
1995

Permanent link:
https://doi.org/10.3929/ethz-a-001442604

Rights / license:
In Copyright - Non-Commercial Use Permitted

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.

https://doi.org/10.3929/ethz-a-001442604
http://rightsstatements.org/page/InC-NC/1.0/
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use


Diss.EH* £**£>

Diss. ETH No 11060

Investigation of wind-induced error of precipitation measurements

using a three-dimensional numerical simulation

A dissertation submitted to the

SWISS FEDERAL INSTITUTE OF TECHNOLOGY ZURICH

for the degree of

Doctor of Natural Sciences

presented by

Vladislav NESPOR

Dipl. Ing. STU Bratislava

born 3 February 1960

citizen of Slovak Republic

accepted on the recommendation of

Prof. Dr. H. Lang, examiner

Prof. Dr. K. Hutter, co-examiner

Dr. B. Sevruk, co-examiner

Dr. A. Moser, co-examiner

Dr. J.-A. Hertig, co-examiner

1995



Leer - Vide - Empty



iii

Acknowledgments

The present work is a result of extensive studies, measurements, programming and com¬

putations. I would not have been able to solve all the compUcated tasks without being

supported. First of all I would like to thank my advisor Prof. Herbert Lang, and especially
Dr. Boris Sevruk who initiated the project and who took the largest part of the respon¬

sibility for its successful accomplishment. It was Dr. Boris Sevruk who introduced me to

the problems of the precipitation measurements and who provided me with useful knowl¬

edge. I also wish to thank my co-examiners Prof. Kolumban Hutter, Dr. Alfred Moser and

Dr. Jaques-Andre" Hertig for valuable suggestions and discussions of my work. I am grate¬
ful to Dr. Jaques-Andre Hertig and Prof. Themistocles Dracos for making available their

wind tunnel facilities at the 'Laboratoire des Systemes Energetiques', EPF Lausanne, and

the 'Institut fur Hydromechanik und Wasserwirtschaft', ETH Zurich, respectively. I also

appreciated very much the help of Dr. Christos Alexandrou and Dr. Xaver Studerus with

the wind tunnel measurements.

There were many other people who provided me with encouragement and support. I wish

especially to express my acknowledgment to Dr. Marcel Haefliger, Lucas Menzel, Dr. Guido

Muller and Urs Sutter for their continuous support and suggestions, who carefully read

and commented the manuscript. I also would like to thank Roberto Mazzoni for his help
with different tasks connected with computers, Dr. Pierluigi Calanca, Dr. Dietmar Grebner,

Holger Jensen, Dr. Alois Schalin and Dr. Hans Peter Schmid for useful discussions, and Karl

Schroff for the help with the instruments. I am indebted to all my friends who supported me

during my time in Switzerland. The project was financed by the Swiss National Foundation

for Scientific Research in Bern (Project No. 20-5053.86), and partially by ETH Zurich.



Leer - Vide - Empty



V

Abstract

The wind-induced error is the most important source of systematic error in point precip¬
itation measurements using conventional cylindrical gauges. The gauge body acts as an

obstacle to the air flow, the flow is deviated around the gauge and accelerated. Trajectories
of precipitation particles are modified by the disturbed flow, and lighter particles are blown

away from the gauge orifice, which results in a lower efficiency of the gauge.

In the present work the wind-induced error has been estimated using a complex three-

dimensional numerical procedure. The solution procedure has been separated into two basic

steps. In the first step the air flow around the gauge has been numerically simulated in

the cylindrical coordinate system using the fc-e turbulence model. The computational re¬

sults are compared to flow measurements. The two-dimensional measurements of the flow

characteristics above the gauges have been made in wind tunnels using the hot wire/film
constant temperature anemometry. The comparison shows a good agreement between the

computations and the measurements. The results show a velocity increase above the gauges

of approximately 35%, and the highest production of turbulence in the shear layer separating
the recirculating flow inside the gauge collector and the outer main flow.

In the second step the trajectories of water drops have been computed in the numerically
simulated flow fields. For a particular drop diameter and free-stream velocity the partial error
has been estimated from a distribution of drops at the level of the gauge orifice. Subsequently,
the partial error has been integrated over a drop size distribution. The integration results in

a compact formula giving the integral wind-induced error of the gauge as a function of the

free-stream velocity, the rate of rainfall, and the drop size distribution parameter.

The solution procedure has been applied to three operational and six experimental gauges.

From the operational use it is known that there are differences between various types of

precipitation gauges, and the results of the present study confirm this observation. Generally,
the error increases with the increasing outer diameter of the gauge body. Therefore, among

the two gauges used in Switzerland, the ASTA gauge shows a higher wind-induced error than

the Hellmann gauge, the same tendency as observed in field measurements. The majority of

the computations has been made without the influence of turbulence on the drop movement.

Results of an example computation with the turbulence included shows approximately 3

times higher values of the integral wind-induced error. A comparison of computations for

the meteorological conditions at sea level and at an altitude of 2000 m reveals slightly lower

values of the integral error for the higher altitude.
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Zusammenfassung

Bei der Niederschlagsmessung mit konventionellen, zylinderformigen Messgeraten ergeben
sich systematische Fehler, die vor allem auf den Windeinfluss zuruckzufuhren sind. Der

Niederschlagsmesser stellt ein Hindernis fur die anstromende Luft dar, was eine teilweise

Stromungsablenkung und -beschleunigung zur Folge hat. Durch diese Stoning des Wind-

feldes resultieren veranderte Fallbewegungen von Niederschlagsteilchen. Leichtere Tropfen
driften an der Auffangoffnung des Messgerates vorbei und die Messung registriert zu wenig

Niederschlag.
In der vorliegenden Arbeit wurde der windbedingte Messfehier mit Hilfe eines komplexen,

dreidimensionalen numerischen Modells bestimmt. Der dabei verwendete Losungsansatz

gliedert sich in zwei grundlegende Schritte. Im ersten Schritt wurde das Windfeld um

den Niederschlagsmesser mit dem Ar-£-Turbulenzmodell im zylindrischen Koordinatensystem
simuliert. Die Berechnungen konnten mit eigenen Messungen verglichen werden. Zwei-

dimensionale Messungen der Stromungscharakteristika iiber Niederschlagsmessern wurden

in Windkanal-Experimenten durchgefuhrt, unter Zuhilfenahme der Hitzdraht-Anemometrie.

Die Vergleiche zwischen Messungen und Berechnungen stimmen gut iiberein. Die Ergeb-
nisse zeigen eine Zunahme der Windgeschwindigkeit iiber den Niederschlagsmessern von ca.

35%. Die grossten Turbulenzen treten an der Auffangoffnung der Gerate auf, wo sich eine

Scherflache an der Grenze zwischen ausserem Fluss und den im Messgefass auftretenden

Wirbeln ausbildet.

Im zweiten Schritt wurden die Fallbewegungen von Wassertropfen im numerisch simu-

lierten Windfeld berechnet. Fiir einzelne Tropfendurchmesser und verschiedene Windge-
schwindigkeiten wurde der partielle Fehler aus der Tropfenverteilung in Hohe der Auf¬

fangoffnung berechnet. Danach erfolgte die Integration des partiellen Fehlers fiber eine

Verteilung der Tropfengrossen. Die Integrationsschritte fuhrten zur Entwicklung einer kom-

pakten Formel zur Berechnung des windbedingten Niederschlagsmessfehlers als Funktion

der mittleren Windgeschwindigkeit, der Niederschlagsintensitat und des Tropfengrossen-

Spektrums.
Das Bestimmungsverfahren wurde auf drei im Routinebetrieb eingesetzte und sechs

Experimental-Niederschlagsmesser angewandt. Aus Feldmessungen ist bekannt, dass sich

bei Aufstellung unterschiedlicher Gerate auch verschiedene Messresultate ergeben. Diese

Beobachtungen konnen durch die vorliegende Arbeit bestatigt werden. Im allgemeinen

steigt der Messfehier mit zunehmendem Aussendurchmesser des Niederschlagsmessers an.

Im Vergleich unter den beiden in der Schweiz iiblicherweise eingesetzten Geratetypen zeigt
daher der sogenannte ASTA-Niederschlagsmesser einen hoheren, windbedingten Fehler als

die Bauart nach Hellmann. Auch hier bestehen gute Ubereinstimmungen zwischen den Simu-

lationsrechnungen und Feldmessungen. Die Mehrzahl der Berechnungen wurde unter Ver-

nachlassigung des Einflusses der Turbulenz auf die Tropfenbewegung ausgefiihrt. Ergebnisse
einer Beispielrechnung, welche die Turbulenz beriicksichtigte, ergaben einen etwa drei mal

hoheren integrierten, windbedingten Messfehier als die Berechnungen ohne Berucksichtigung
der Turbulenz. Vergleichende Berechnungen unter mittleren meteorologischen Bedingungen
fur zwei sehr unterschiedliche Hohenlagen erbrachten etwas geringere Werte des integrierten
Fehlers fiir 2000 Meter Hohe gegeniiber Meeresniveau.
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1 Introduction

The knowledge of the amount and distribution of precipitation with respect to time and

space is an essential element of water and energy balance studies in hydrology and climatol¬

ogy. Moreover, precipitation data are an important input also to various engineering design

computations. Yet the precision of these data is disproportionate to the importance they
have.

The precipitation data can be obtained by different means. The oldest and the most

common method is a point measurement using can-type precipitation gauges. The spatial
distribution of precipitation is then determined from simultaneous measurements by several

gauges bound into a network. The quality of information, obtained in this way, is dependent
on the accuracy of the point measurement and, because of large spatial variability of precip¬

itation, also on the density of the network and representativity of the areal distribution of

gauges (e.g. Sevruk, 1985).
Other methods of obtaining precipitation data are based on modern remote sensing tech¬

niques. In contrast to the discrete nature of point measurement by gauges, radar and satellite

images of areal precipitation give continuous information in space and time. Unfortunately,

especially in the case of satellite sensing technique, the precision of areal estimates of pre¬

cipitation is not accurate enough, and the resulting data have to be calibrated against the

'ground truth' determined by the point measurement (e.g. Sevruk, 1989a). Prom the above

it can be concluded that the precision of the conventional point measurement by gauges

plays the most important role in obtaining reliable precipitation data.

1.1 Point precipitation measurement

There is a variety ofprecipitation gauges commonly used worldwide at the present. Generally,

they differ in size, shape and other construction parameters, as well as in the way they are

installed at the observation site (Sevruk and Klemm, 1989).
A typical precipitation gauge has the form of an upright cylinder with an opening at the

upper side. It consists of the collector and the container, where accumulated precipitations
are stored between the observations. The gauge orifice area is strictly defined in size. To

prevent its possible change by deformation, the upper edge of the gauge is reinforced with a

thicker orifice rim. Precipitation gauges are protected against the insplash and drifting snow

by positioning the orifice above the ground. Depending on the type, the precipitation gauge
is usually standing on the ground, or it is fixed to a rod and elevated above the ground.

The relatively simple arrangement of precipitation measurement results in low cost of

the instrument, but as a consequence, the measurement is subject to random and systematic

errors. The random error can be due to small variations in meteorological conditions caused

e.g. by topographic irregularities across the gauge site (Sevruk and Klemm, 1989). Another

source of random error can be the method of observation (the measurement of collected

precipitation), and in some cases the person responsible for the observation (e.g. Tihlarik,

1993).
The basic sources of the systematic error of the gauge are the deviation of precipita¬

tion particles due to wind field deformation around the gauge, wetting of inner walls of

the gauge, evaporation of water accumulated in the gauge container, and splashing of rain

drops or blowing of snow flakes out or into the gauge. The magnitude of the systematic
error depends on the type and construction parameters of the precipitation gauge, on dif¬

ferent meteorological conditions, and on the method of observation. The most important

component of systematic error is the wind-induced error. According to Sevruk (1985) the

mean value of the wind-induced error can reach 2-10% for rain and 10-50% for snow, and

the mean estimates of other error components are 2-10% for the wetting error, and 0-4%
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for the evaporation error. A more detailed discussion about various errors of precipitation
measurement can be found e.g. in Sevruk (1989a).

1.2 Estimation of the wind-induced error

Prom an aerodynamic point of view, the body of a precipitation gauge elevated above the

ground acts as an obstacle to the air flow. The resulting flow field deformation above the

gauge causes the deviation of precipitation particles from their original trajectories. The

particles redistributed in this way have lower areal densities over the gauge orifice compared
to the undisturbed flow. This effect is emphasized with increasing wind speed, decreasing
weight and increasing aerodynamic drag of particles, and it results in the wind-induced error

of the precipitation measurement. The undercatch of a precipitation gauge caused by the

wind action is also commonly called the gauge exposure problem.

Generally, the estimation of the wind-induced error of a particular gauge can be based

on: (i) field intercomparisons, (ii) wind tunnel measurements, or (iii) numerical simulations,
and their combination.

In field intercomparisons investigated precipitation gauges are installed in the operational

position and exposed to meteorological conditions with their natural variability. The col¬

lected amount of precipitation is then compared to some reference measurement, which is

supposed to be uninfluenced by the wind (Sevruk, 1993). The standard reference measure¬

ment for rain is made using a pit gauge — a precipitation gauge installed in a pit so, that its

orifice is level with the ground (Sevruk and Hamon, 1984). In the case of snow the standard

reference measurement is made using the Double Fence Intercomparison Reference (DFIR)
— a shielded Tretyakov type of precipitation gauge additionally protected by two octagonal
lath fences (Yang et al., 1994).

A significant disadvantage of field experiments is the long period of observation neces¬

sary to obtain a sufficient data set. Moreover, the better understanding of the relationship
between the wind-induced error and the influencing meteorological variables (e.g. the wind

velocity, the type and structure of precipitation) demands more complex measurements in

shorter observation time intervals.

The advantage of wind tunnel measurements is that the process around a precipitation

gauge can be investigated in controlled laboratory conditions. The possibility of setting a

constant free-stream velocity in the tunnel allows to obtain a basic information about the

velocity and turbulence field above the gauge. This information can be further used for

the computation of precipitation particle trajectories resulting in the wind-induced error

assessment (e.g. Folland, 1988). Another possibility is to replace real precipitation particles

by artificial ones and to estimate the wind-induced error by a direct measurement of the

collecting efficiency of the gauge (e.g. Hall et al, 1993).

However, the wind tunnel measurements are not free of difficulties. The detailed mea¬

surement of velocity vector field, necessary for particle trajectory computation, is a rather

complicated process requiring longer periods, and sophisticated and expensive equipment.
In the case of artificial particles the difficulty is that, for realistic results, they should closely
simulate properties of precipitation, which is not easy to achieve.

The process of the wind-induced error assessment can be significantly accelerated by
numerical simulations. Similarly to wind tunnel measurements, the gauge error can be

estimated either from a computation of the two phase-phase flow (Carlsson and Svensson,

1984), or from a separate computation of the air flow, and subsequently, the precipitation

particle movement. In contrast to measurements, the flow simulation on computers gives
a complex and detailed information about the flow field in a more convenient, faster and

cheaper way. There is also the possibility to change easily e.g. properties of the air, important

shape parameters of the gauge and other boundary conditions, and to investigate their

influence on the wind-induced error.
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But numerical simulations do have also limitations. Generally, the validity of the results

is dependent on simplifications built in the physical models incorporated (e.g. solution

of turbulent flows using turbulence models), and on the precision of solution procedures

used. Therefore, the most important results from numerical simulation should be verified by
measurements.

1.2.1 Terminology related to the wind-induced error

The expression wind-induced error is usually used for the volume deficit by point precip¬
itation measurement resulting from longer observation periods. However, a more precise
estimation of this error, based on the numerical simulation of the particle movement, in¬

volves the determination of two additional types of wind-induced error. If only relative

values are used for all types of error it would be difficult to distinguish them. Therefore, to

avoid possible confusion, it is practical to assign to them short, characteristic but slightly
different names. In the present work the term wind-induced error will be used in a more

general sense and it will refer to any type of wind-induced error.

Partial wind-induced error. Prom here on the term partial wind-induced error, or simply

partial error of the gauge, will be used for the error computed from a precipitation formed

by particles of a unique constant diameter with a known initial areal distribution, and for a

constant free-stream velocity — the velocity at the level of the gauge orifice. This error will

be given only as a relative number. It can be expressed as the difference between unity and

the relative partial efficiency of the gauge. The relative partial efficiency is the ratio of the

number of precipitation particles of the unique diameter actually crossing the gauge orifice

to the number of particles which would cross the same area defined by the orifice without the

disturbing presence of the gauge. The number of particles actually crossing the orifice can

be determined by computing the trajectory of each particle starting from a reference level

above the orifice plane and ending inside the gauge. Naturally, these particle trajectories
are influenced by the flow field deformation around the gauge, and they differ from particle

trajectories in undisturbed air flow. The initial areal distribution of particles at the reference

level has an influence only on the accuracy of estimation of the partial error, and not directly
on the error itself. Therefore, for a given gauge and properties of the air, the partial error

can be considered as a function of the free-stream velocity and the precipitation particle
diameter.

Integral wind-induced error. The term integral wind-induced error, or simply integral
error of the gauge, will be used for the error obtained by integration of the partial error over a

known precipitation particle size spectrum. The particle size spectrum defines the volumetric

integral fraction of the total incident precipitation as a function of particle diameter. For a

given particle diameter the corresponding integral fraction equals the ratio of the volume of all

particles smaller or equal to the given diameter, divided by the total volume of all particles.
The shape of the particle size spectrum depends on the rate of precipitation (precipitation

intensity) and on the type of precipitation (e.g. orographic precipitation, thunderstorm).
If the integral error of the gauge is given as an absolute value, it can be considered as the

missing volume of incident precipitation per unit time and unit area. Therefore, it has units

of precipitation intensity and the corresponding relative value of the integral error can be

obtained by dividing the absolute value by the original precipitation intensity. For a given

gauge and properties of the air, the integral wind-induced error is a function of the free-

stream velocity, the precipitation intensity, and the type of precipitation. Because these

parameters are varying in time, the integral error is also dependent on time.
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Total wind-induced error. Finally, the term total wind-induced error, or simply total

error of the measurement, will be used for the error resulting from integration of the integral
error of the gauge in time. In other words, the absolute value of this error can be understood

as the missing volume of the precipitation measurement per unit area for some period of

observation (e.g. duration of a single precipitation event). The relative value can be obtained

by dividing the absolute value of the total error by the 'true' precipitation amount computed
from the known time distribution of precipitation intensity.

1.2.2 Some historical notes on wind-induced error estimations

The problem of undercatch of an elevated gauge has been known for a very long time. There

have been plenty of studies and publications on the topic up till now, and to make a complete
review of all of them is practically impossible. Therefore, only few works will be mentioned

here, those dealing with computational assessment of the wind-induced error, and thus most

related to the solution procedure in the present work. For a more complete list of historical

references see e.g. Sevruk (1982).
Only recently the development of measurement and computational techniques made it

possible to estimate the wind-induced error more precisely. Green and Helliwell (1972)
investigated the effect of wind on the rainfall catch of the British Meteorological Office 5-inch

precipitation gauge (Mk2). Their study was based on wind tunnel measurements of the flow

above the gauge, and on field intercomparisons. In the tunnel they measured the velocity

magnitude by a single hot wire probe connected to a constant temperature anemometer,
and flow directions were determined from smoke traces. In these experiments wind tunnel

free-stream velocities ranged from 0.7 to 15.1 m s_1. Subsequently, the information about

the flow was used for simple two-dimensional trajectory computations of raindrops having
diameter from 0.5 to 3 mm.

In addition, because of the relatively large height (4.6 m) of the wind tunnel, Green and

Helliwell could also observe free fall of real water drops of known diameter. The drops of 1.2,
2.2 and 3.5 mm diameter were released from the top of the tunnel, and their trajectories were

determined from photographs. Practically, the vertical fall of drops was only between 2 and

3.3 m, and this distance was still not enough to allow larger drops to reach their terminal

velocities.

The partial error of the gauge was roughly estimated as a ratio between the gauge orifice

area and a circular area determined by two trajectories of drops, influenced by the presence

of the gauge, which, if released from the same positions in an undisturbed flow, would pass

through the points on the front and rear rim of the gauge. For the sake of a comparison
with field experiments, Green and Helliwell made estimates of the total wind-induced error

for different rainfall events directly from computed partial errors. The estimates were made

using the mean drop diameter of a particular event. This diameter was determined by a

filter paper in the field. Because of larger total wind-induced errors obtained from field

experiments they concluded that in the lower layers of the atmosphere raindrops do not fall

at their terminal velocities.

The computational estimates of the total wind-induced errors, made by Green and Helli¬

well (1972), are only of moderate accuracy. For example, the maximum increment of relative

velocity magnitude above the gauge between 15 to 20%, resulting from measurements, seems

to be too low. This is probably because of the large spacing (25 mm) between the mea¬

surement points which is insufficient to reflect the steep variation of the velocity magnitude
above the gauge. The other source of inaccuracy was in using the mean drop diameter of

a precipitation event for the assessment of the total wind-induced error from the partial

error. The partial error is not linear, and for smaller diameters it increases rapidly with the

decreasing drop diameter. Therefore, the mean drop diameter can be hardly considered as

a representative value for the determination of the total error.
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Mueller and Kidder (1972) used flow measurements and computations of drop trajecto¬
ries for the determination of the partial wind-induced error of an 8-inch diameter rain gauge.

They measured the flow in a three-dimensional grid of data collection points above and up¬

stream of smaller scale models of the gauge. The models were placed in a wind tunnel having
a relatively small cross section of 0.6 m x 0.6 m. Velocity components in all three directions

were measured using a three-channel constant temperature hot film anemometer. The re¬

sulting components were divided by the horizontal free-stream velocity and the normalized

values were extrapolated to the scale of the real gauge. The actual flow fields for the drop
movement computation were obtained by multiplying the normalized velocity components

by different free-stream velocities ranging approximately from 1 to 15 m s-1. The partial
wind-induced error was evaluated from trajectories of water drops having diameters between

1 and 5 mm.

Although Mueller and Kidder (1972) did not publish the results of the flow field mea¬

surement and details about the computation of drop trajectories, the major source of the

low accuracy of their estimates of the partial wind-induced error seems to be in the velocity
measurement. Similarly to Green and Helliwell (1972), the large spacing between the grid

points (| of the model gauge orifice diameter) could not reflect the steepness of the velocity
variation above the gauge.

Probably the most complete and detailed study on numerical assessment of the wind-

induced error was made by Folland (1988). To compute trajectories of raindrops he used

measurements of the flow above the Mk2 gauge and above an inverted 45° cone of the same

orifice diameter, made by Robinson (Robinson and Rodda, 1969). In the case of the Mk2

gauge, the measurements were similar to those ofGreen and Helliwell (1972), but with slightly
different results. The major difference was in the maximum increment of relative velocity

magnitude which was in Robinson's measurements up to twice of Green and Helliwell's

results. Because Robinson moved his hot wire probe along lines with constant velocity, he

was believed to detect the maximum velocity increment more precisely. Similarly to Green

and Helliwell, the flow directions were determined by smoke traces.

Folland estimated the partial wind-induced error of the Mk2 precipitation gauge from

the computation of two-dimensional motion of falling raindrops. All drops started at their

terminal velocities from a reference level 0.35 m above the gauge and the horizontal distance

between drops in the flow direction was ^ of the orifice diameter. The partial error was

evaluated for a range of drop diameters from 0.04 to 5 mm and free-stream velocities 0.5, 2,
5 and 20 m s-1.

The integral wind-induced error was evaluated from the sum of partial efficiencies for 41

sets of drops completely covering the given drop size distribution. The drop size distributions,
used for the summation, were based on Best's and Ulbrich's families of distributions (Best,
1950; Ulbrich, 1983). Folland compared the integral errors from the Mk2 gauge, obtained for

rainfall intensities 0.1, 1 and 10 mm h_1 and different types of rain events, with a statistical

model of the total wind-induced error from cylindrical Hellmann gauge, derived by Allerup
and Madsen (1980) from daily values of rainfall intensities and free-stream velocities.

The same procedure of the wind-induced error estimation was used also in the case

of the 45° conical gauge model. The model gauge showed considerably larger efficiency
in comparison with results of the Mk2 gauge. This led Folland to the suggestion of a new

precipitation gauge collector in the shape of a flat champagne glass. Finally, all precipitation

gauges were placed in the field for their efficiency intercomparison.

Although Folland's pioneering study is a large step towards a complete quantitative

description of the wind-induced errors of conventional cylindrical gauges, his results also

suffer from inaccuracies. First of all, his interpretation of the magnitude of the relative

particle to air velocity resulted in magnitude components in each direction, which is not
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correct.1 This mistake effected the equations of drop motion and the evaluation of the

Reynolds number used for the determination of the drag coefficient of the drop. The same

mistake in the equations of drop motion was also made in preliminary computations of

the present study (Nespor, 1993). Later computations for low velocities and smaller drops
showed that this mistake was responsible for an unrealistic increase of the relative partial

efficiency of the gauge over 1.0, and this increase was also reported by Folland.

Another inaccuracy seems to be in the determination of the partial fractions2 of the

total incident rainfall associated with each set of drops. This partial fractions, used for

computation of the integral wind-induced error, were chosen fixed for four different ranges of

integral fractions of the total volume of drops in the air. It would be much more precise to

evaluate the partial fractions of the total incident rainfall from formulas of the corresponding
family of drop size distributions and from drop terminal velocities.3

Recent developments in computational fluid dynamics made it possible to apply even

more sophisticated approaches to the solution of the gauge exposure problem. In addition

to field experiments, Carlsson and Svensson (1984) tried to predict correction factors for

snow using a two-dimensional simulation of two-phase flow around a standard Swedish pre¬

cipitation gauge equipped with a wind shield. The computations were made in a vertical

plane parallel to the flow. The computational domain around the gauge was discretized by
a non-uniform Cartesian grid, and flow field quantities were computed using the k-e tur¬

bulence model. Their solutions were obtained for snow flakes ranging from 3 to 15 mm

and free-stream velocities 2, 6 and 10 m s_1 using PHOENICS, a general software for fluid

dynamics computations. The partial gauge efficiency was evaluated as ratio of the flux

of snow through the gauge orifice to the undisturbed flux through the upper boundary of

computational domain.

The flow around a precipitation gauge is fully three-dimensional. Therefore, Carlsson and

Svensson's two-dimensional simulation of this flow was a serious simplification introducing an

uncertainty in the results. Moreover, they used a relatively coarse grid for the computational
domain discretization, and the extent of the domain (approximately one gauge diameter to

each side of the gauge with the shield) was too small to cover the whole potential region of

the gauge influence on the air flow. In spite of these limitations resulting in the low precision
of computations, Carlsson and Svensson showed a promising way to achieve the solution of

the gauge exposure problem.

1.3 Contribution of the present work

The main goal of the present work was to investigate the physical process around a precipita¬
tion gauge leading to the wind-induced error of measurement, and to develop a procedure for

a more convenient classification of various types of gauges with respect to the wind-induced

error.

In most cases the volumetric density of precipitation particles in the air is relatively low.

Therefore, the following two basic simplifications were adopted in the present work:

• the motion of particles does not affect the air flow, so the computation of the air flow

and of the particle motion can be separated, and

• the moving particles do not influence each other, so their trajectories can be simulated

individually.

The solution was restricted to the wind-induced error of the rain measurement, although
most of the partial results have a general validity, and they can be used for snow as well.

*For the correct formula see equation (4.3) on page 72.

2The partial fraction equals to the ratio of the volume of all particles having the given diameter, divided

by the total volume of all particles.
3For the formulas related to integral rainfall parameters see Section 5.1 on page 87.
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To achieve the main goal of the work the following tasks had to be solved.

• The two-dimensional flow fields above a precipitation gauge were measured in a wind

tunnel. The constant temperature anemometry was used to determine the air flow

characteristics in vertical profiles situated in the central plane parallel to the flow. The

basic measurements were made for the free-stream velocity of 3 m s-1 in the frame

of two different experiments. In the first case a single sensor probe was used. This

measurements resulted in the velocity magnitude and turbulent kinetic energy fields

above the gauge. In the second case two-dimensional measurements of the velocity
vector using an X-probe resulted in an additional information about the horizontal

and vertical velocity components, and Reynolds stress quantities.

The main aim of wind tunnel measurements was to obtain a basic description of the

air flow above the gauge suitable for later verification of results from the numerical

computation of the flow. The additional information and results from wind tunnel

experiments can be found in Section 2 (page 10).

• The three-dimensional flow fields around various precipitation gauges were numerically
simulated using the commercial computer program PHOENICS. Because of incorrect

computation, it was necessary to make several changes in the original code, and to

adapt it for the present computations. The flow above the gauge was assumed to be

symmetrical with respect to the vertical plane of symmetry parallel to the flow. The

computational domain was extending vertically 3.5 outer gauge diameters above and

horizontally 2.75 diameters to each side of the gauge. The domain was discretized by a

cylindrical grid. Solutions were obtained using the k-e turbulence model for free-stream

velocities ranging from 1 to 12 m s""1. The solution procedure resulted in the three-

dimensional fields of pressure, velocity vector, turbulent kinetic energy, and dissipation
rate of turbulent kinetic energy.

The main aim of these computations was to obtain a complex description of the air

flow around the gauge and to generate flow fields suitable for the particle movement

simulation. Section 3 (page 37) contains the more detailed information and results

related to the flow field computations.

• The partial wind-induced error of a gauge was determined for a given free-stream

velocity and drop diameter by computing water drop trajectories in the numerically
simulated three-dimensional flow field. The majority of computations were made with¬

out the influence of turbulence on drop movement, and the influence of turbulence was

estimated only as an example. In the computation the distribution of drops at the level

of the upper boundary of computational domain was represented by a rectangular uni¬

form grid. The partial efficiency of the gauge was computed from a transformed grid

representing distribution of drops at the level of the gauge orifice. The transformation

of the grid was determined by computing water drop trajectories starting in each grid
node of the original uniform grid and ending at a horizontal plane level with the gauge

orifice. The drop diameters were in the range from 0.09 to 2.5 mm.

The aim of these computations was to study the influence of the flow field defor¬

mation on water drop trajectories, and to determine the dependence of the partial
wind-induced error on drop diameter and free-stream velocity. This topic is treated in

Section 4 (page 71).

• The integral wind-induced error of a gauge was determined by an analytical integration
of the partial wind-induced error over a given drop size distribution. The integration
was based on the Ulbrich's family of drop size distributions (Ulbrich, 1983), and on

an approximation of the partial wind-induced errors and terminal velocities of water
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drops by a gamma probability density function. The integration resulted in a compact

formula giving the integral error of a particular gauge as a function of free-stream veloc¬

ity, precipitation intensity and parameter of Ulbrich drop size distribution determined

from a known type of rain.

The aim of this part was to provide a fast method for estimation of the integral wind-

induced error of a given gauge without any further flow field and drop movement

computations. This problem is described in Section 5 (page 87).

The procedure was verified on examples of nine gauges, summarized in the following section.

The results of the verification are given in Section 6.

1.3.1 Characteristics of the investigated precipitation gauges

The precipitation gauges investigated in the present work can be divided into the group of

the gauges in operational use, and the group of the experimental gauges used for the study
of the influence of the orifice area and the thickness of the rim on the wind-induced error.

The investigated operational gauges were the British Meteorological Office Mk2 gauge, and

the Hellmann and ASTA gauges used in Switzerland. In the operation the Mk2 gauge is

positioned on the ground, and the Hellmann and ASTA gauges are elevated usually between

1.5 and 2 m above the ground. The experimental gauges were formed by a simple upright

cylinder having either a thin rim (gauges Fl, F2 and F3), or a thick rim (gauges Dl, D2,

D3). Figure 1.1 shows schematic vertical cross sections of the three operational gauges, and

Figure 1.2 shows typical shapes of the gauge rims. The basic dimensions are listed in Table

1.1. The outer diameters d0 were chosen as a characteristic diameter of the upper part of

the gauges. For all gauges except the Dl, D2 and D3 gauges the outer diameter was taken

as

d0 = d{ -f x\ — X2i

where dj is the inner gauge diameter and xi and x<i are dimensions according to Figure 1.2.

In the case of the Dl, D2 and D3 gauges the vertical height of the rim was larger, and

therefore, the outer diameter was chosen as

Mk2 Hellmann ASTA

Figure 1.1: Schematic vertical cross sections of the operational precipitation gauges investigated in

the present work.
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Figure 1.2: Details of typical rims of the precipitation gauges investigated in the present work.

Table 1.1: Dimensions of the investigated precipitation gauges according to Figures 1.1 and 1.2.

Gauge Rim
Dimensions in [mm

di d0 /ii h2 h3 Xi Xz £3 Xi Zl •Z2 zs *4

Mk2

Hellmann

ASTA

A

B

A

127

160

160

136.6

188

216

490

445

445

118

220

160

36

50

75

4.8

15

30

1.5

1

2

2

2

20

2.8

12

8

5

15

35

15

6

16

1.5

45

13.5

Fl

F2

F3

A

A

A

120

155

194

125

160

200

500

500

500

500

500

500

—

2.5

2.5

3

—

2.5

2.5

3

—

3

3

4

— — —

Dl

D2

D3

A

A

A

120

155

194

157

193

233

500

500

500

500

500

500

—

18.5

19

19.5

16

16.5

16.5

2.5

2.5

3

—

25

25

25

203

200

203

— —
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2 Wind flow measurements

The wind tunnel measurements give the possibility to study the flow around a precipitation

gauge in controlled laboratory conditions. On the other hand, they can not be expected to

explain completely the behaviour of the gauge placed in the free atmosphere and exposed to

meteorological conditions with their natural variability. In contrast to the free atmosphere
the tunnel has a limited height and width. Possibilities to simulate large velocity fluctuations

are also limited in the wind tunnel. Therefore, the major purpose of the present wind tunnel

measurements was to study the characteristics of the flow above a precipitation gauge, and

to obtain reference data for further verification of numerical flow simulations.

2.1 Thermal anemometry

Thermal anemometers are laboratory instruments used in fluid mechanics research for the

measurement of gas and liquid flows. They are mainly used to determine the direction and

speed of a fluid particle, to make turbulence measurements, and to measure fluid temper¬
ature. Measurements can be made in various fluids, such as air, water and oil. Thermal

anemometers are characterized by excellent sensitivity and frequency response, and very

good spatial resolution (Lomas, 1986).
A thermal anemometer consists of two basic parts — a probe and an electronics package.

The probe is equipped by at least one electrically heated sensor, and it is connected to the

electronics package by cables. In addition to these basic parts, commercial manufacturers of

thermal anemometers (e.g. TSI4 and Dantec5) usually offer different probe supports, shields

and other accessories, and also traversing and calibration equipment.

Probes. There are two types of probes — hot film probes and hot wire probes. The sensor

of a hot film probe is formed by a thin layer of nickel or platinum deposited onto variously

shaped bodies of quartz, and connected to the electronics package by leads attached to the

ends of the film. The film is usually protected by a thin coating of quartz or other material to

prevent damage by abrasion or chemical reaction. The sensor of a hot wire probe is formed by
a fine wire, usually made of tungsten or platinum, attached between tips of support needles

by welding or soldering. It may be also protected against chemical reaction by thin plating
of a different metal. Support needles are often gold plated to improve electrical conductivity.

Figure 2.1 shows an example of a probe having a single cylindrical sensor.

Electronic packages. The electronics packages used in thermal anemometry differ in the

way they are working with sensors and how the fluid velocity is determined. The most

common is the constant temperature anemometer, which supplies variable heating current

to maintain constant sensor resistance and, thus, constant sensor temperature. Less often

the constant current anemometer is used which supplies constant heating current to the

sensor. In these two cases the fluid velocity is determined from the anemometer output

voltage which is proportional to the cooling of the sensor by the fluid passing over it. A

third type is the pulsed wire anemometer. In this type velocity is measured via a spot of the

fluid momentarily heated by a wire upstream. The heated spot is convected downstream to

a second wire that acts as a temperature sensor. The fluid velocity is determined from the

time which the heated fluid needs to pass the distance between wires.

The frequency response of the constant temperature anemometer is high when compared
with the frequency response of an uncompensated constant current anemometer. Therefore,
the constant temperature anemometer is more suitable for turbulence measurements. An¬

other disadvantage of the constant current anemometer is the possibility to burn out the

4TSI Incorporated, 500 Cardigan Road, P.O. Box 64394, St. Paul, MN 55164 U.S.A.

5Dantec Elektronik, Tonsbakken 16-18, DK-2740 Skovlunde, Denmark.
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Figure 2.1: A single cyJindrical sensor probe. The sensor can be formed either by a thin film of

nickel or platinum deposited onto quartz Bber, or by a fine wire of tungsten or platinum.

sensor by reducing the cooling velocity, e.g. by turning off the wind tunnel. This is avoided

in the case of the constant temperature anemometer which keeps the sensor temperature

constant. System configurations based on a constant temperature anemometer and cylindri¬
cal sensor probes (hot film and hot wire) were used for the measurement of the flow around

the precipitation gauges.

2.1.1 Constant temperature hot wire/film anemometry

The constant temperature anemometer electronics contains a Wheatstone bridge circuit and

a differential feedback amplifier. The bridge consists of two fixed resistors on one side, and

the probe and one adjustable resistor on the other side, as shown in Figure 2.2.

Probe

Anemometer ( /)
outputvoltage \^S

Figure 2.2: The simplified block diagram of a constant temperature anemometer.

The adjustable resistor is used to set the sensor operating resistance which corresponds
to a certain constant operating temperature. The sensor overheat ratio can be defined as a

resistance ratio

Ri
On =

iV
(2.1)
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Figure 2.3: The yaw angle of velocity vector for a single cylindrical sensor probe.

where Hi is the sensor operating resistance — the resistance of the heated sensor at its

operating temperature, and Rq is the sensor cold resistance — the resistance of the sensor at

the temperature of the ambient fluid. Usual values of the overheat ratio for measurements

in the air are between 1.5 and 1.8. Lower overheat ratios prolong sensor life, but, on the

other hand, the usage of too low values can result in a reduction of velocity sensitivity.
Before the whole system is placed in operation, the actual sensor cold resistance is mea¬

sured and the adjustable resistor is set to the value of the corresponding sensor operating
resistance. When the anemometer is turned in operation, the feedback amplifier increases

the sensor heating current, the sensor reaches the operating resistance and, thus, the bridge
becomes balanced. During the measurement the sensor is cooled by the passing fluid and the

bridge becomes temporarily unbalanced. The feedback amplifier responds to changes in the

sensor resistance rapidly and, by changing the heating current, keeps the sensor temperature

virtually constant.

The constant temperature anemometer output voltage, Ea, measured across the bridge
is proportional to the effective cooling velocity, vc. Following King's heat transfer law for a

cylinder of infinite length the relationship between Ea and vc can be written as (e.g. Perry,

1982; Lomas, 1986)

E2a=a + bv?, (2.2)

where a, b and n are sensor dependent coefficients. Equation (2.2) represents calibration

data well except at low velocities, where free convection effects caused by buoyancy of the

fluid heated by the sensor result in a decrease in probe sensitivity (e.g. Perry, 1982; Lomas,
1986; Stainback and Nagabushana, 1993).

An important characteristic of a sensor is its aspect ratio defined as

as = ^, (2.3)
ds

where ls is the sensor length, and ds is the sensor diameter. A lower aspect ratio reduces

the probability of sensor breakage due to vibration, or impact of a particle. On the other

hand, long sensors have a smaller loss of generated heat due to conduction to the support

needles resulting in a more uniform distribution of temperature along the sensor. For the

best performance the sensor aspect ratio should be in the range 200 < as < 400, and most

of the commercial probes do satisfy this condition (Lomas, 1986).
In the plane of support needles the velocity vector of the fluid, v, passing the sensor can

be decomposed to the transverse component, ujv, normal to the sensor, and the longitudinal
component, vp, parallel to the sensor, as shown in Figure 2.3. These two velocity components
do not contribute equally to the cooling velocity. According to Hinze (1975), for sensors

having the aspect ratios as < 600, the relationship for the effective cooling velocity is

2 2 , i2 2
vc =vN + kyVp, (2.4)
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which can also be written as

v2 = v2m(cos2d + k2ysm2e). (2.5)

In the above equation 9 is the yaw angle — the angle between the velocity vector and the

normal to the sensor, both lying in the plane of support needles (Figure 2.3), ky is the sensor

dependent yaw factor, and vm is the magnitude of the velocity vector defined as

= |v| = (•v2N + v2P) (2.6)

Apart from the yaw angle sensitivity, expressed by equation (2.5), the cylindrical sensor

is also partially sensitive to changes in the pitch angle — the angle between the velocity

vector and the plane formed by the sensor and support needles. The pitch angle sensitivity

includes the additional cooling coming from the flow disturbance by the support needles

(Lomas, 1986). For most cases this influence is relatively small, and therefore the pitch

angle sensitivity was not taken into account in the present work.

The yaw angle sensitivity of a cylindrical sensor can be utilized for the determination

of the direction of the flow, but an array of sensors has to be used. In the case of two

dimensional measurement the usual is a X-configuration of sensors arranged perpendicularly

to each other, as shown on Figure 2.4. Because the sensors are perpendicular, the velocity

component normal to the first sensor is parallel to the second one and vice versa. Therefore,

if 6 is the yaw angle of the first sensor then | — 0 is the yaw angle of the second sensor (see

Figure 2.5), and using equation (2.5) effective cooling velocities of the sensors vc\ and vci

will be

(2.7)

(2.8)

«ci = <(cos 0 + sisin 0),yi

yc2
= <(sin20 + /^2cos20),

where kv\ and ky2 are yaw factors for the first and the second sensor, respectively. Using the

yaw angle 6 the horizontal velocity component uo, and the vertical velocity component ruo,

expressed in the coordinate system of sensors are

u0 vm cos

\4
~

/ ="/f um (cos^ +sin^), (2.9)

Figure 2.4: Details of X-probes used for two velocity component measurements of the Row above a

precipitation gauge. The left one is the TSI standard X-probe, and the right one is the TSI boundary

layer X-probe. The sensors of both probes are perpendicular, and they are formed by tungsten wires.
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1st sensor 2nd sensor

Figure 2.5: The yaw angle of the velocity vector for a X-probe.

too = vm sinf — — 01= — vm (cosO — sm8).

In this case the magnitude of velocity vector is

vm = v (t*o + o)2
From the above two equations we get

sin0 = — («o - wo),

\/2 1
cos 0 = — (uQ + wo)-

* vm

(2.10)

(2.11)

(2.12)

(2.13)

Subsequent substitution of expressions (2.12) and (2.13) into equations (2.7) and (2.8), and

solving the emerging equation for uq and wq yields (Studerus, 1982)

where

v2 / .i i\

t0° = ~2~ V ~B2j'

^ _
Vcl

~ ^yl ^2
1 - Jfc2 fr2 '

B _

vc2
~ ^y2 vcl

1 _ fcyl fcy2

(2.14)

(2.15)

(2.16)

(2.17)

The above equations give velocity components uq and too in the coordinate system of the

sensors directly from effective cooling velocities vc\ and vC2-

2.1.2 Data acquisition and processing

An equipment for data acquisition and processing of any random data consists of (i) a trans¬

ducer which is a device that translates some measure of a physical phenomenon of interest

(e.g. velocity, or pressure difference) into an analog continuous signal (usually voltage) with
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a known relationship, (ii) an analog-to-digital converter which converts values of analog sig¬
nal to discrete numbers in defined instantaneous points in time, and (iii) a digital computer

for final storage and processing of data.

The constant temperature anemometer with a hot wire/film probe is an example of a

transducer which translates the fluid velocity into the continuous output voltage.6 Because

of the presence of turbulence in the flow above a precipitation gauge, the anemometer output

voltage is a random signal with different frequencies according to different size of vortices

passing over the probe sensor. Therefore, for correct representation of the continuous signal,
it is necessary to determine the sampling time interval, At, or the sampling frequency, fs, of

the data digitization by the analog-to-digital converter. The sampling frequency is defined

as

/s=2/c=i? (2-18)

where fc is the so called folding frequency (Bendat and Piersol, 1986). The folding frequency
is the highest frequency that can be defined by the sampling interval At. Data at frequencies

higher than /c would be confused with data in a lower frequency range. This effect is called

aliasing and, because the signal can contain very high frequencies due to some electrical noise,
the constant temperature anemometer electronics has the possibility to restrict frequencies
above fc by setting a low pass filter cutoff frequency.

The folding frequency fc can be determined by inspecting the frequency spectrum of a

typical signal sample. The value of /c should be set somewhat above the expected highest

frequency of the original data. The sampling time interval, or the sampling frequency can

be then determined from equation (2.18).
An analog-to-digital converter can usually work with several multiplexed channels simul¬

taneously. For example this is the case when a X-probe is being used, or the wind tunnel

free-stream velocity is continuously determined during the measurement. To minimize the

influence of the time interval between the sampling of each channel the analog-to-digital
converter uses sample-hold circuits which simultaneously sample all input data channels and

then hold the signals until the converter multiplexing switch passes them. The analog-to-

digital converter sampling frequency is then the actual sampling frequency of each individual

channel multiplied by the number of channels.

During the sampling period, which has to be very long compared to the lowest frequency

component in the data, the wind tunnel free-stream velocity is assumed to be constant.

Therefore, instantaneous values of anemometer output voltage, resulting from digitization,
can be supposed to be stationary random data. The basic statistical descriptive properties of

random data are the mean and mean square values. The instantaneous values of anemometer

output voltage can be written as

Eai = E~a + E'ai, t = l,...,AT (2.19)

where N is the number of data samples, E'ai is the fluctuating part and Ea is the mean

defined as

_ 1
N

^ =

JV E E«- (2-2°)

The mean square value, E'a2, of fluctuations is then

,
n

E'2 = — V E2-E~2
a M 2-~i at a '

i—l

6In some cases the wind tunnel free-stream velocity was determined using a Pitot tube connected to a

pressure transducer which translates the input pressure difference into the output voltage.

(2.21)
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Naturally, the main interest is in the statistical descriptive properties of velocity data.

In the case of velocity measurements using a probe with one sensor perpendicular to the

velocity vector and the plane of velocity fluctuations, the sensor effective cooling velocity vc

is equal to the velocity vector magnitude vm, and equation (2.2) can be written as

El = a + bv^. (2.22)

The instantaneous values of velocity magnitude can be written as

vmi = v^ + v'mi, i = l,...,iV (2.23)

where v^ is the mean and v'mi is the fluctuating part of the instantaneous velocity magnitude.
To save computer time, instead of computing of each instantaneous value of vmt- from Ea{

using equation (2.22), it is quite often assumed that the calibration relationship is locally

linear about the mean value of velocity magnitude v^ (Lomas, 1986). Thus, equation (2.22)
can be written as

Ea^kEVm + Eao, (2.24)

where Ego is the intercept and He is the slope of the tangent to the calibration curve (2.22)
in Ufa. Because of this local linearity, the mean of the velocity magnitude can be evaluated

directly from Ea using equation (2.22) as

^=(^b^)"- (2"25)

For instantaneous values Eai and vmi the equation (2.24) is

Eai = kEvmi + Ea0, t = l,...,JV (2.26)

and because the above equation is valid also for the mean values Ea and v^H, substitution of

expressions (2.19) and (2.23) into (2.26) and rearranging gives

vL: =
1

kE
at

E'ai- (2.27)

Subsequently, the mean square value, v'm ,
can be evaluated directly from the known value

of£^as
^?=p-^F> (2-28)

KE

where the slope of the tangent to the calibration curve (2.22), kg, in terms of the mean

values Ea and t% is

kE =
dEa

dVr,

nbv, -n-l
m

(2.29)
Vm=Vm

^ bjg,

The turbulence intensity, /, often used in connection with turbulence measurements, is

defined as

vL
I = -^-, (2.30)

where v'm is the root mean square (RMS) value of velocity magnitude fluctuations

v'm = (<?)k- (2-31)

The turbulent kinetic energy, which will be later used for the intercomparison with results

from the numerical flow simulation, is defined as

Jfc = i (^2+^2 + ^, (2.32)
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where u'2, w'2 and to'2 are mean square values of fluctuations of velocity vector components

u, v and w in the coordinate system of the gauge. If we suppose that velocity fluctuations

parallel to the sensor (perpendicular to the plane of measurement) are negligible then the

value of fe can be estimated from the mean square value of velocity magnitude as

k=\lC- (2-33)

The approach which is based on the locally linear calibration relationship saves computer

time by avoiding transformation of instantaneous values of anemometer output voltage to

the corresponding values of velocity magnitude. On the other hand, it introduces an error

into the basic statistical descriptive properties of velocity data estimated from the mean

and mean square values of anemometer output voltage. This error is usually negligible and
becomes larger only in those cases when the mean velocity magnitude is very small and large
velocity fluctuations are present.

If a sufficient computational capacity is available, it is more accurate to convert the

instantaneous values of anemometer output voltage to velocity values using the nonlinear

calibration relationship, and then to compute the basic statistical properties. In the case

of two dimensional measurements using X-probe, the velocity components in the coordinate

system of the sensors are determined from two simultaneously sampled anemometer output

voltages. The voltages are first converted to the corresponding effective cooling velocities

vci and vC2 using equation (2.2), and then the velocity components «o and too are obtained

using expressions (2.14) and (2.15).
The instantaneous values of uqi and wqi can be written as

uot = wo + *4> i = l,...,N (2.34)

woi=wo + w'oi, i=l,...,N (2.35)

where u^ and to^ are the velocity fluctuations, and the mean values uq and too axe

_

1
N

1
N

W = JjY,wu- (2-37)
1=1

The turbulence Reynolds normal stress quantities are

i
if

< = 1v£u0t-W2, (2-38)
t=i

1
N

H2 = ]yE^Oi-^o-2> (2-39)
i=l

and the turbulence Reynolds shear stress quantity is

N

1_
7f

u'o *°o = Tf Yl Uoi Woi ~ u° WQ- (2-40)
i=l

Because of the low precision of the X-probe sensors at large yaw angles, the probe has

to be properly aligned with the mean velocity vector. This can be achieved by the probe
rotation as shown in Figure 2.6. If #o is the probe rotation angle then the above statistical

properties in the probe coordinate system (subscript 0) can be recalculated to the statistical
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Figure 2.6: The rotation of a X-probe.

descriptive properties in the gauge coordinate system using the following transformation

formulas

u = uq cos 6q — wq sin 6q (2-41)

w — uq sin Oq + wq cos 6$ (2.42)

u'2 = u'02 cos2 0o-2 u'0w'Q sin0o cos 60 + w'Q2 sin2 00 (2.43)

w'2 = u'Q2 sin20o + 2u'0w'0 sm00 cos0O + to02 cos2 0O (2.44)

u' w' = u02 sin#o cos #o + u'Q w'0 (cos2 0q — sin2 ^o) — w>02 sin^o cos 6q (2.45)

If we again suppose that velocity fluctuations, perpendicular to the sensors (perpendicular
to the plane of measurement), are negligible then the value of k can be estimated from the

Reynolds normal stress quantities as

A; =1(^2 + ^2). (2.46)

2.2 Measurement of the flow above a precipitation gauge

The wind tunnel measurements of the flow field above a precipitation gauge, presented in

this section, were made for the Mk2 gauge7 and a free-stream velocity, Vf, of approximately
3 ms"1 using a constant temperature anemometer. The reason for choosing the Mk2 gauge

was that there were reference measurements for this type of gauge available from previous
studies. In these studies, measurements were made of the velocity vector magnitude in the

plane of symmetry (Robinson and Rodda, 1969; Green and Helliwell, 1972), vertical velocity

profile in the gauge centre (Hall et al., 1993), and velocity and turbulence in the windward,
centre and leeward profiles (Sevruk et al., 1989; Tettamanti, 1990; Sevruk et al., 1991).

The present measurements were made in the frame of two different experiments. In the

first experiment, hereafter referred as the Lausanne experiment, a single cylindrical sensor

probe was used (see Figure 2.1). This Dantec fiber-film probe had a sensor formed by a

nickel film deposited on 3 mm long quartz fiber having a diameter of 70 /xm. The sensor

was gold plated at the ends to provide an active sensing length of 1.25 mm. The sensor was

operated at an overheat ratio a0 — 1.5. The measurements were made in the wind tunnel

of 'Laboratoire des Systemes Energetiques', EPF Lausanne, and as a result the velocity

magnitude and turbulent kinetic energy fields above the Mk2 gauge were obtained.

TFor the dimensions of the Mk2 gauge see Section 1.3.1.
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In the second experiment, hereafter referred as the Zurich experiment, the TSI boundary

layer X-probe (see Figure 2.4, right) was used to measure horizontal and vertical velocity

components, and Reynolds shear and normal stress quantities. The TSI boundary layer

X-probe was formed by two tungsten wire sensors of 4 fim in diameter. The active sensing

length of 1.25 mm was determined by the copper plating at the ends of the wires. The

spacing between sensors was 1 mm. Again an overheat ratio a0 = 1.5 was chosen in order

to prolong the life of the sensors. This experiment was made in the wind tunnel of 'Institut

fur Hydromechanik und Wasserwirtschaft', ETH Zurich.

2.2.1 Probe calibration

The goal of a calibration is to determine the relationship between the anemometer output and

the flow characteristics of interest. In our case this means to fix the relationship between the

anemometer output voltage and the corresponding effective cooling velocity by finding the

calibration coefficients a, b and n, and for the two-dimensional measurements with X-probe
and also by determining the yaw factors kyi and ky2-

There are two methods to calibrate a probe (Perry, 1982; Lomas, 1986). In the static

calibration method the calibration curve is constructed from values of anemometer output

voltage recorded at discrete velocities, or from the continuously recorded output voltage for

the fluid velocity slowly varying with time. This can be done either by holding the probe

stationary while the fluid passes over it, or by traversing the probe through the still fluid.

Not so often used is the dynamic calibration method in which the probe is oscillated back

and forth in the streamwise direction.

The static calibration method was used for probe calibrations in the present study. The

probes were placed in the wind tunnel and turns of ventilating mechanism were changed in

a step-wise manner. In each step the magnitude of the calibration velocity vm in the tunnel

was determined by a Pitot tube and related to the anemometer output voltage Ea.
In the case of the single sensor probe the sensor was perpendicular to the velocity vector8

and the coefficients a, b and n in equation (2.22) were directly determined from measured

values of Ea and vm using the Levenberg-Marquardt method for nonlinear least-squares
fit (e.g. Press et at, 1986). A typical calibration curve of a hot wire sensor formed by a

platinum wire having a diameter of 5 /xm and a length of 2 mm is shown in Figure 2.7. In this

particular case the coefficients in equation (2.22) were a = 3.8694 V2, b = 2.2603 V2 m-n sn,
and n = 0.4545.

In the case of the X-probe, both sensors had to be calibrated also for the yaw angle

sensitivity. In the present study this was done by rotating the probe 90° with a calibration

yaw angle increment of 2.5° for each calibration velocity. An example of the yaw angle

sensitivity of a tungsten hot wire sensor is shown in Figure 2.8.

The expression to approximate the sensor calibration data for different yaw angles can

be obtained by substituting equation (2.2) into equation (2.5), thus

El = a + b9vnm, (2.47)

where the coefficient bg can be written as

b9 = b [l + (fej - 1) sin2(0c - A9C)]*. (2.48)

In the above expression 6C is the calibration yaw angle recorded during calibration, and A0C
is the difference between the calibration yaw angle and the 'true' sensor yaw angle, 9, so,

that

A0C = ec-9. (2.49)

8For the sensor perpendicular to the velocity vector the yaw angle is 0°, and the effective cooling velocity
of the sensor is equal to the magnitude of the calibration velocity.
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Figure 2.7: A typical calibration curve of a hot wire sensor — the dependence of the anemometer

output voltage, Ea, on the calibration velocity, vm.
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Figure 2.8: A typical dependence of the anemometer output voltage, Ea, on the calibration yaw

angle, 6C, for a constant calibration velocity.

The coefficients a, n and ky are supposed to be independent on the yaw angle. This assump¬

tion is usually accepted, although some studies showed a slight dependence of the coefficient

ky on the yaw angle for some probes (see e.g. Lomas, 1986).9
The coefficients a, b$ and n in equation (2.47) can be determined from calibration data

using the least squares method. For a given value of coefficient a each subset of data, based

on a unique yaw angle, was fitted using the optimum value of n. This optimum value was

found by iterative computation of the sum of deviation squares ^2 X2 a8 a function of n. The

resulting values of $3 X2 and n are plotted as functions of a in Figure 2.9. The curve of the

sum of deviation squares clearly reaches its local minimum for n close to 0.5. Finding this

minimum by an iterative computation resulted in optimum values of coefficients a and n for

all yaw angles, and values of b$ for each subset of data having the unique yaw angle.

Subsequently, the parameters 6, ky and A0C in equation (2.48) can be determined us-

9For very low velocities, there is deviation from calibration curve expressed by equation (2.47) due to

free convection (e.g. Haw and Foss, 1990; Stainback and Nagabushana, 1993), and this can appear as a

dependence of coefficient o on the yaw angle.
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ing the Levenberg-Marquardt method for nonlinear least-squares fit to values of be plotted

against the calibration yaw angle 9C, as shown in Figure 2.10. The example in Figures 2.9

and 2.10 is for a tungsten wire having a diameter of 4 /xm and an active sensing length
of 1.25 mm. In this particular case the optimum values of the calibration coefficients were

a = 3.0467 V2, b = 1.5157 V2 m~n sn, n = 0.5215, ky = 0.1506 and A0C = -0.094°. Values

of bg for yaw angles larger than 70° were influenced by the disturbance from the windward

support needle, and therefore excluded from data in order to obtain better fit for values of

yaw angles around 45°.

Determination of coefficients a and n
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Figure 2.9: Determination of coefficients a, b, and n for a sensor of X-probe. Figure shows the

dependence of the sum of deviation squares 52 X2 aad corresponding values ofn on coefficient a.
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Figure 2.10: Determination of coefficients ky and A<?e for a sensor of X-probe. Coefficients b$ are

plotted as a function of the calibration yaw angle 0C, and Sited using formula (2.48).

An example of resulting calibration curves is shown in Figure 2.11. They approximate
the calibration data well except at low velocities and high yaw angles. At high yaw angles
the theoretical calibration curves slightly deviate from measured data. This is probably due

to the local fluid acceleration caused by the blockage of the flow by the windward support
needle.
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Calibration curves for different yaw angles
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Figure 2.11: An example of approximation of calibration data for different yaw angles by equations

(2.47) and (2.48).

Notes on the calibration. One of the problems in using a wind tunnel for probe calibra¬

tion was to maintain a constant free-stream velocity. Especially for velocities below 2 ms"1

it was difficult to keep the revolutions of the tunnel ventilating mechanism stable for a longer
time.10 Therefore, the measurement of each value was repeated twice in a short time interval.

The yaw angle sensitivity calibration of the TSI standard X-probe (see Figure 2.4, left)
indicated a significant flow disturbance of the windward support needle of the first sensor,

more distant from the probe body, influencing the measurement of the second sensor, closer

to the probe body. The influence was largest for the second sensor yaw angle between 0°

and 40°. These angles correspond to the position of the windward support needle of the first

sensor in front of the second sensor. The disturbance is clearly visible in Figure 2.12 where

yaw angle sensitivities of both sensors are compared. Unfortunately, it was not possible

to eliminate this problem and therefore, the TSI standard X-probe was unusable for two

dimensional measurements.

Another problem was connected with the influence of the calibration equipment and the

probe holder on the yaw angle sensitivity calibration of the boundary layer X-probe (see

Figure 2.4, right). An experiment without probe, but with a fixed Pitot tube positioned in

the measurement point of the probe sensors showed a decrease in velocity magnitude11 for

calibration yaw angle approaching 0°. The original traversing system used for the calibration

had a distance of 0.1 m between the main parts of the holder and the sensor measurement

point. By windward holder inclination of 45°, corresponding to the calibration yaw angle 0°,

the velocity decrease was estimated to be more than 5%. To eliminate this error new holders

were made and the distance between the holder and the sensors was increased to 0.2 m. The

influence of the calibration equipment with the new holder on the calibration velocity was

reduced to approximately 2%, as shown on Figure 2.13.12

2.2.2 Setup of the experiments

The Lausanne and Zurich experiments were similar in many aspects, but there were also

differences. The differences were in the methods of measurement, as well as in the used

10Calibration velocities were usually between 1.5 and 8 m s_1.
11 There can be also expected change in velocity direction.

12The influence of probe holders on calibration velocity is also partially visible in Figure 2.11 where cali¬

bration velocities tend to be slightly lower for calibration yaw angles approaching 0°.
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Figure 2.12: Comparison of yaw angle sensitivities of two sensors of the TSI standard X-probe.
The disturbing influence of the windward support needle of the first sensor on the second sensor,

manifesting by the decrease of anemometer output voltage, is most visible for sensor yaw angles
between 0° and 40°.

equipment. A short description of both experiments follows.

Wind tunnel. The wind tunnels in Lausanne and Zurich were both of the suction nonre-

circulating type. The cross section (widthxheight) of the tunnel test section was 1 mx 1.25 m
in Lausanne, and 1.2 mxl.4 m in Zurich. Both tunnels had smooth walls, and there were

no roughness elements for the boundary layer buildup. The Mk2 gauge was placed in the

tunnels, so that the gauge orifice was elevated 0.53 m above the tunnel floor. At this level

the free-stream turbulence intensity without presence of the gauge was approximately 0.025
in the Lausanne wind tunnel and approximately 0.01 in the Zurich wind tunnel. In both

tunnels the velocity and turbulence profiles were almost uniform at the level of the gauge
orifice.

Traversing mechanism. In the case of the Lausanne experiment the traversing mecha¬

nism allowed a computer controlled vertical probe manipulation, and a manual horizontal

(streamwise) gauge positioning. The vertical movement of the probe was done by an electric

motor fixed on a toothed iron rod. The movement for a demanded distance was controlled

by powering the motor for a given time interval. The time interval was obtained by calibrat¬

ing the motor movement against time. The actual vertical sensor position was determined

by a variable resistor. The resistor was fixed on the traversing part and smoothly adjusted
according to the probe motion by a small gear running on the toothed rod. The relative

longitudinal placement of the probe was done by moving a wooden board with the gauge
fixed to it along two iron profiles (rails) on the tunnel floor. The relative horizontal position
of the sensor was obtained by reading on a scale marked on the rail. The body of the single
sensor probe (see Figure 2.1) was oriented vertically downwards (cross flow).

In the case of the Zurich experiment a more sophisticated traversing system was used.

Potentially, this system allowed a fully computer controlled vertical and horizontal (cross
stream) probe movement, and a yaw and pitch probe rotation. This was done by precise
stepper motors. Practically, only the vertical and yaw probe movements were used. The

probe was precisely positioned by moving the motors for a given number of steps. One

step of the motor corresponded to approximately 0.001 mm in the vertical direction and to

approximately 0.0015° in the yaw direction. The relative longitudinal placement of the gauge
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Figure 2.13: An example of the influence of the calibration equipment with the new probe holder

on normalized calibration velocity, (um)„, for different yaw angles, 6C. The example is from the

calibration of the TSI boundary layer X-probe. The yaw angle 0C — 0° corresponds to the probe
holder inclined 45° windward and 6C = 90° corresponds to the holder inclined 45° leeward. The

calibration velocities were normalized by the mean for yaw angles between 45° and 90°.

was done in the same way as in the case of the Lausanne experiment. The boundary layer

X-probe (see Figure 2.4, right) was oriented vertically downwards (cross flow) and upstream,
and it was rotated around the horizontal axis perpendicular to the plane of symmetry and

going through the sensor crossing.

Distribution of the data collection points. The flow around the gauge was supposed
to be symmetrical with the vertical plane of symmetry parallel to the flow and going through
the centre of the gauge. Therefore, all measurements of the flow characteristics were made

in discrete data collection points in vertical profiles lying in the plane of symmetry.
In the Lausanne experiment measurements were also made inside the gauge.13 The

profiles started 0.09 m below and ended approximately 0.36 m above the gauge orifice. The

vertical distance between the points increased from 3 mm at the lower part to 35 mm at

the upper part of the profile. Originally, the vertical distance between points at the orifice

level was approximately 8 mm. This spacing was not dense enough to reflect the steep

space variation of flow characteristics above the gauge. Therefore, to increase the vertical

density of points, additional measurements were made in short profiles. The profiles started

0.018 m below and ended approximately 0.04 m above the gauge orifice. The horizontal

spacing between the profiles was 10 mm above the gauge orifice and 5 mm near the orifice

rim. The horizontal extent of the area of measurement was approximately 0.12 m upstream
and 0.07 m downstream from the gauge centre. The overall distribution of data collection

points is shown in Figure 2.14 (top).
The distribution of data collection points in the Zurich experiment was different from

the Lausanne experiment. There were no measurements made inside the gauge in Zurich.

The profiles above the gauge started at the orifice level and they were 0.18 m high. The

vertical distance between points was only 2.5 mm in the region close to the orifice, and the

horizontal distance between the profiles was 20 mm above the gauge. The horizontal extent

of the area of measurement was 0.16 m upstream and 0.09 m downstream from the gauge

centre. The distribution of data collection points for the Zurich experiment is shown in

13The measurements inside the gauge were of a low precision because of the disturbing influence of the

probe and its holder on the internal recirculating flow.
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Figure 2.14 (bottom).

Data collection and evaluation. In Lausanne the free-stream velocity in the tunnel was

not continuously monitored during the experiment. The air velocity of approximately 3 m s-1

was set at the beginning of the experiment using a Pitot tube connected to a sloping tube

water manometer. The Pitot tube was positioned at the orifice level in the tunnel without

presence of the gauge. All measurements were made without interruption in operation of

the tunnel in order to keep the free-stream velocity constant. The sampling frequency was

set to 275 Hz and the sampling time was 30 s.

For the data evaluation the calibration relationship between the anemometer output

voltage and the calibration velocity was assumed to be locally linear about the mean value

of the calibration velocity. Therefore, the instantaneous values of output voltage were used to

compute first the voltage mean and mean square values from formulas (2.20) and (2.21), and

subsequently, the velocity mean and mean square values using formulas (2.25) and (2.28).
The turbulent kinetic energy of the flow was evaluated from expression (2.33).

In contrast to the Lausanne experiment, during the Zurich experiment the air velocity in

the tunnel was continuously measured by a Pitot tube connected to a pressure transducer.

The Pitot tube was positioned at the gauge orifice level 0.128 m to one side and 0.16 m

upstream of the gauge centre. At the beginning of the experiment the air velocity in the

tunnel was set equal to approximately 3 m s_1, and as in the Lausanne experiment, there

was no interruption in operation of the tunnel during the measurements.

Before placing the gauge in the tunnel the initial zero yaw angle of the X-probe was

determined. The probe was positioned at the centre of the tunnel cross section, the free-

stream velocity components were measured, and the probe was aligned with the velocity
vector. In Zurich the sampling frequency was set equal to 2500 Hz and the sampling time

equal to 40 s. The measurement at each data collection point started with the actual yaw

angle of the probe from the previous data collection point. After the first 5 s of measurement

the computer program, controlling the experiment, evaluated the new yaw angle. If this angle
was larger than 5°, the measurement was interrupted, the probe was automatically aligned
with the velocity vector, and the measurement was initiated from the beginning.

Unlike in the Lausanne experiment, the evaluation of the statistical descriptive properties
of velocity was preceded by a conversion of the instantaneous values of anemometer output

voltages to the instantaneous values of velocity components using formulas (2.2), (2.14) and

(2.15). The means of velocity components and Reynolds stress quantities were first evaluated

in the probe coordinate system using formulas (2.36) - (2.40), and then converted to the

gauge coordinate system using transformation formulas (2.41) - (2.45). The turbulent kinetic

energy of the flow was evaluated from expression (2.46).

2.2.3 Measurement results

The results of the present experiments showed the expected air flow pattern above the orifice

of the Mk2 precipitation gauge. Generally, they confirmed the results of previous studies of

the flow above the same type of gauge. However, the present results give a more complete
information about the air flow, especially about the turbulence field above the gauge.

The air flow around the gauge can be divided into the internal recirculating flow inside

the gauge collector, and the external main flow around the gauge. These two flows are

separated by a thin shear layer above the gauge opening. Due to a blocking effect of the

gauge the external air flow is deviated around the gauge and accelerated. The strongest

production of turbulence above the gauge occurs in the shear layer along the separation
surface between the internal and external flows (see e.g. Figure 2.15).
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Figure 2.14: Distributions of the data collection points above the Mk2 gauge in the Lausanne (top)
and Zurich (bottom) experiments. The distances were normalized by the outer gauge diameter. The

direction of the measured Bow was from left to right.
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In order to make a direct comparison of results from measurements for slightly different

wind tunnel free-stream velocities,14 it is necessary to normalize measured data using some

reference velocity. Ideally, the free-stream velocity, v/, at the orifice level of the gauge should

be taken as the reference. If this velocity is not continuously monitored during the profile

measurement, the only possibility is to approximate it from profile velocity data.

The detailed analysis of measured data showed that the characteristic vertical velocity

profiles above the gauge orifice (windward, centre and leeward) were parallel from a height
of approximately 2 outer gauge diameters above the gauge (Nespor et a/., 1994). The subse¬

quent intercomparison with new flow simulation results indicated that the profile velocity at

this height was approximately 2.5% larger than the free-stream velocity at the orifice level of

the gauge. Therefore, the free-stream velocity for a given profile above the gauge orifice can

be approximated by the profile reference velocity equal to the velocity value, interpolated
from the profile data at the height of two outer gauge diameters and multiplied by the factor

1.025.

In the case of the Lausanne experiment the free-stream velocity, Vf, at the level of the

gauge orifice was determined only at the beginning of the experiment. Therefore the profile
values had to be normalized by a reference value obtained from each profile. Unfortunately,
there were difficulties in determining the profile reference velocity from the velocity value at

the height of two outer gauge diameters. This was caused by the variation of wind tunnel fan

speed resulting in small variations of free-stream velocity, v/, during the profile measurement.
Therefore a simplified procedure was adopted, and the velocity value at the highest point
of each profile (approximately 2.6 outer gauge diameters above the gauge orifice) was taken

as the reference value. The values of velocity magnitude were normalized by the reference

velocity and the values of turbulent kinetic energy were normalized by the square of the

reference velocity.

The contour lines of normalized velocity vector magnitude, resulting from the Lausanne

experiment, are shown in Figure 2.15 (top). They show a maximum velocity higher than

1.3 Vf and a steep vertical gradient of velocity magnitude above the gauge orifice. Because

of the low velocities and the disturbing influence of the probe on the internal recirculating
flow, resulting in a low accuracy of measurement, the contour lines inside the gauge give only
a limited qualitative information about the flow. The contour lines of normalized turbulent

kinetic energy are shown in Figure 2.15 (bottom). They indicate the largest production of

turbulence in the shear layer above the gauge.

In the case of the Zurich experiment the wind tunnel free-stream velocity was continu¬

ously determined from the reference measurement at the gauge orifice level. Unfortunately,
there was some discrepancy between velocity magnitudes determined from this reference

measurement and from the X-probe measurement. The discrepancy was probably caused

by the small change in the cold resistance of one of the sensors. Therefore, the reference

velocity was determined from the profile data, and the reference measurement was used only
for evaluation of the relative change of the free-stream velocity during the profile measure¬

ment. The normalization procedure was again simplified and the reference velocity was taken

from the highest point in each profile (1.3 outer gauge diameters above the gauge orifice).
The velocity values were normalized by the reference velocity and the Reynolds stresses and

turbulent kinetic energy by the square of the reference velocity.
The Zurich experiment showed similar results compared to the experiment in Lausanne

as far as the normalized magnitude of velocity vector is concerned (see Figure 2.15 and

Figure 2.16, bottom). The normalized magnitude of velocity vector was computed from

horizontal (streamwise) and vertical velocity components. The velocity components provide
an additional information about the flow (Figure 2.17). The contour fines of normalized

1
Because of difficulties with the setting of a given velocity value in the wind tunnel, the free-stream

velocities differ between experiments.
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Figure 2.15: Results of the measurement of the air flow above the Mk2 precipitation gauge — the

Lausanne experiment. Contour Jines of normalized values of velocity vector magnitude (top) and

turbulent kinetic energy (bottom) for free-stream velocity of approximately 3 m s_1 are plotted in

the plane of symmetry. The velocity values were normalized by the corresponding profile reference

velocity and values of turbulent kinetic energy were normalized by the square of the reference velocity.
The distances were normalized by the outer gauge diameter (see Table 1.2). The direction of the Bow

is from left to right.
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Figure 2.16: Results of the measurement of the air Row above the Mk2 precipitation gauge
— the

Zurich experiment. Velocity vectors (top) and contour lines of normalized values of velocity vector

magnitude (bottom) for free-stream velocity of approximately 3 m s_1 are plotted in the plane of

symmetry. The velocity values were normalized by the the actual free-stream velocity. The distances

were normalized by the outer gauge diameter (see Table 1.2). The direction of the Bow is from left

to right.
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Figure 2.17: Results of the measurement of the air Bow above the Mk2 precipitation gauge — the

Zurich experiment. Contour hnes of normalized values of horizontal velocity component (top) and

vertical velocity component (bottom) for free-stream velocity of approximately 3 m s-1 are plotted
in the plane of symmetry. The velocity values were normalized by the the actual free-stream velocity.
The distances were normalized by the outer gauge diameter (see Table 1.2). The direction of the Row

is from left to right.
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Figure 2.18: Results of the measurement of the air flow above the Mk2 precipitation gauge —

the Zurich experiment. Contour lines of normalized values of turbulent kinetic energy for free-stream

velocity ofapproximately 3 ms"1 are plotted in the plane ofsymmetry. The values of turbulent kinetic

energy were normalized by the square of the free-stream velocity. The distances were normalized by
the outer gauge diameter (see Table 1.2). The direction of the flow is from left to right.

vertical velocity component (Figure 2.17, bottom) show the strong upward deviation of the

flow above the windward rim of the gauge. This can be also seen on velocity vectors derived

from measured horizontal and vertical velocity components (Figure 2.16, top).

The major difference between the Lausanne and Zurich experiment is in the normalized

turbulent kinetic energy. The maximum values measured in Zurich are approximately twice

as high as values of the normalized turbulent kinetic energy resulting from the Lausanne

experiment (see Figure 2.15 and Figure 2.18). This discrepancy could be caused by reduction

of frequency response of the single sensor probe used in Lausanne due to attachment of dust

particles to the sensor. Before the measurements of the flow around precipitation gauge

the Lausanne wind tunnel was used for particle experiments, and although it was carefully
cleaned the air remained partly contaminated by fine dust particles from tunnel walls.

The contour lines of normalized Reynolds normal and shear stress quantities, shown in

Figures 2.19 and 2.20, give an additional information about the turbulence above the orifice

of the Mk2 precipitation gauge.

Notes on the measurements. There were several difficulties influencing the accuracy of

the results of both experiments. In the case of the Lausanne experiment there were problems

with the precise determination of the sensor position using the variable resistor. Various tests

indicated that the resistance of the variable resistor was sensitive to changes in temperature

and humidity of the air. This resulted in an incorrect determination of the vertical distance

traversed by the probe, and in some cases the error was up to 5%. Later the problem was

partly removed by a frequent recalibration of the probe vertical movement. In contrast to this

problem, the probe positioning in the Zurich experiment was very accurate. The precision

of the longitudinal sensor positioning was approximately 0.2 mm in both experiments.
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Figure 2.19: Results of the measurement of the air Row above the Mk2 precipitation gauge —

the Zurich experiment. Contour lines of normalized values of Reynolds normal stress quantities for

free-stream velocity of approximately 3 m s_1 are plotted in the plane of symmetry. The values of

normal stress quantities were normalized by the square of the free-stream velocity. The distances

were normalized by the outer gauge diameter (see Table 1.2). The direction of the How is from left

to right.
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Figure 2.20: Results of the measurement of the air flow above the Mk2 precipitation gauge —

the Zurich experiment. Contour lines of normalized values of Reynolds shear stress quantity for

free-stream velocity of approximately 3 m s-1 are plotted in the plane of symmetry. The values of

shear stress quantity were normalized by the square of the tree-stream velocity. The distances were

normalized by the outer gauge diameter (see Table 1.2). The direction of the flow is from left to

right.

The other problem of the Lausanne experiment was connected with the normalization

of profile velocity and turbulence data. The free-stream velocity was not monitored contin¬

uously during measurements, and therefore, it had to be determined from the profile data.

Unfortunately, there were small changes in the velocity of the flow in the tunnel during the

profile measurement. Therefore, the reference velocity, determined from the highest mea¬

surement in the profile, was not fully appropriate for all profile data. Moreover, at the higher
positions above the gauge orifice, where the reference velocity was taken, an influence of the

tunnel roof on flow can be expected.

The problem with the determination of the reference velocity was only partly removed

in Zurich by measuring the free-stream velocity at the orifice level continuously during the

experiment. This reference measurement was used to evaluate the relative change of the

reference velocity during the profile measurement.

The most serious problem in the Zurich experiment was in a small drift of the cold

resistance of one of the sensors, detected during measurements. This drift was probably
caused by the sensor oxidation and it was difficult to estimate its influence on the precision
of the measurement. Unfortunately, there was not enough time to replace the sensor and to

repeat the measurement.

As far as the density of data collection points is concerned, the evaluation of the exper¬

iments showed that, for the correct representation of steep changes in flow characteristics

close to the gauge orifice, the spacing between points should be 2.5 mm in the vertical and

10 mm in the horizontal direction. In the present experiments the spacing between points
was not always sufficiently small. Therefore, especially between the profiles, the construction

of contour lines was based on the assumption that they run approximately parallel to the

surface separating the internal recirculating and external main flows.
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2.3 Comparison with previous measurements

Velocity magnitude and turbulence intensity data were directly available only from two wind

tunnel studies of the flow above the Mk2 gauge (Tettamanti, 1990; Sevruk et al., 1991).
In these studies, similarly to the Lausanne experiment, the measurements were made using
a constant temperature anemometer with a probe having a single cylindrical sensor. The

measurements were made for wind tunnel free-stream velocities of approximately 3 m s_1 in

the plane of symmetry in three vertical profiles above the gauge orifice. The windward and

leeward profiles were at the distance of 10 mm inward from the orifice rim, and the centre

profile was identical with the centre axis of the gauge.

The intercomparison of windward, centre and leeward profiles of the normalized velocity

magnitude and the turbulent kinetic energy is shown in Figure 2.21 and Figure 2.22. The

values of velocity magnitude were normalized by the profile reference velocity, and the

values of turbulent kinetic energy were evaluated using expression (2.33) and normalized by
the square of the profile reference velocity. The profile reference velocity was determined

for each profile separately, and it was equal to the velocity value, interpolated from the

profile data at the height of two outer gauge diameters and multiplied by the factor 1.025.

In the case of the Zurich experiment, there were no measurements made in the precise

position of windward and leeward profiles. Therefore, the complete intercomparison of all

four measurements was made only for the centre profiles.
All profiles in Figures 2.21 and 2.22 differ slightly in the vertical position of velocity

and turbulence maxima. Although all technical details of the previous measurements of

Tettamanti (1990) and Sevruk et al. (1991) were not available, it seems that the differences

were caused by the imprecise determination of the vertical sensor position. The two previous

measurements, as well as the Lausanne experiment, were all made in the same laboratory at

EPF Lausanne probably using the same vertical traversing mechanism.15

The largest discrepancies between all measurements are in the maximum values of nor¬

malized turbulent kinetic energy. In the Zurich and Lausanne experiments the discrepancy

can be explained by the low sampling frequency chosen in the latter case.16 The sampling

frequencies used in the previous measurements of Tettamanti (1990) and Sevruk et al. (1991)
are not known, and therefore, it is difficult to explain the low maximum values of normalized

turbulent kinetic energy in profiles.

15
For comments on the precision of vertical sensor positions see notes on page 31.

16For details about the sampling frequencies see Section 2.2.3.
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in the plane of symmetry above the Mk2 precipitation gauge. The positions of the windward and
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orifice. The values of velocity magnitude were normalized by the profile reference velocity. The

distances were normalized by the outer gauge diameter (see Table 1.2).



36 2. WIND FLOW MEASUREMENTS

0.6

Normalized turbulent kinetic energy - windward profile
HTTTTrr III! I T T I I 1 I '"TTTTIT I TH

-0.2 nn i i i i i i t
. f

o-e-o Sevruk ef a/. (1991)
AA-A Tettamanti (1990)
A-A Lausanne experiment

' < * i 11 i 11 11 i i

0.000 0.010 0.020 0.030 0.040

normalized turbulent kinetic energy k„

80

60

E
E

40
"

<D
O
c
CO

20 I

--20

0.050

Normalized turbulent kinetic energy - centre profile
T I I I I I I ' I I I I ) I I 1 I '

I I I 1 I I I I I '
I I > I I I I I

& >-o Sevruk et al. (1991)
AA-A Tettamanti (1990)
- Lausanne experiment

•- •-• Zurich experiment

0.000 0 010 0.020 0.030 0.040

normalized turbulent kinetic energy k„

80

60

40
""

<D
O
C
CO

20 I
co
o

0 §

--20

0.050

•o

"8
N

"co
E

0.6

0.4

02

00

Normalized turbulent kinetic energy - leeward profile
Li i i i i i i i i i i l ; \ i ) i

'
> i l \ i t t i l '

i i l i l \ i \ '

O e-o Sevruk et al (1991)
AA-A Tettamanti(1990)
- Lausanne experiment

- A 0

&< J?
* ^ / i i i i

--A

1 * * ' ' i i i i i-0.2

0.000 0 010 0.020 0.030 0.040

normalized turbulent kinetic energy k„

80

60

E
E

40
"

CD
O
c
CO

20 I

t:

0 8

20

.050

Figure 2.22: Intercomparison ofdifferent measurements ofverticalprofiles of turbulent kinetic energy

in the plane of symmetry above the Mk2 precipitation gauge. The positions of the windward and

leeward profiles were at the opposite sides of the gauge orifice 10 mm from the rim inside the gauge

orifice. The values of turbulent kinetic energy were normalized by the square of the profile reference

velocity. The distances were normalized by the outer gauge diameter (see Table 1.2).
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3 Wind flow computation

A fully three-dimensional description of the flow around a precipitation gauge is essential for

a realistic simulation of particle movement, and subsequently for a correct assessment of the

wind-induced error. To obtain this description from wind tunnel measurements is extremely
difficult and time consuming. Moreover, in some region around the gauge, measurements

using a hot wire or a hot film probe are not possible at all because of a disturbing influence

of the probe on the flow. From this point of view a numerical simulation of the flow seems

to be a more convenient alternative, giving complex information about the flow for various

types of precipitation gauges and wind velocities in a faster way.

3.1 Flow-simulation software PHOENICS

For the purpose of solving the flow around a precipitation gauge a general flow simulation

software, called PHOENICS, was chosen. This software (version 1.6.6) was available at

the Swiss Federal Institute of Technology in Zurich. PHOENICS is a general computer

code developed by CHAM (Concentration Heat and Momentum Ltd.).17 It is dedicated

to simulate fluid-flow, heat-transfer, chemical reactions and related phenomena (Spalding,

1981).

3.1.1 Structure of PHOENICS

The PHOENICS package consists of three parts — the pre-processor, processor, and post¬

processors.

• The pre-processor is an interpreter which, from instructions provided by the user,

creates an input data file for the processor. The instructions for this interpreter have

to be written in the special PHOENICS input language allowing complex specification
of the problem.

• The processor is the main flow-simulation code which reads the input data file re¬

sulting from the pre-processor and performs the corresponding computation. The

resulting flow-field variables are written in a file PHIDA which can be later used by

post-processors.

• Post-processors in the PHOENICS package serve for interactive visualization of flow-

field variables18, and for transfer of resulting data between grids of different fineness.

Most of the subroutines available in PHOENICS are precompiled in libraries and not acces¬

sible to users. The programs, accessible to users, are FORTRAN codes serving usually as

'junction boxes' between different parts of the program. Here it is possible to make limited

changes in PHOENICS computational practices such as changing dimensions, adding data

setting and other special features.

3.1.2 Equations solved by PHOENICS

Following the explanation in Patankar (1980) and Spalding (1991), all dependent variables of

interest obey a generalized conservation principle. If <f> = $(x, t) denotes a dependent variable

depending on the position vector x and time t (e.g. mass fraction of chemical species, the

17CHAM, Bakery House, 40 High Street, Wimbledon Village, London SW19 5AU, UK.
18
Because of the known structure of the result file created by the processor, the visualization of flow-field

variables can also be done by another suitable software independently of PHOENICS.
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velocity, the turbulent kinetic energy) then the general partial differential equation19 in the

conservative vector form may be written

§1 {p<t>) + V • (pv <f>) = V • (I> V^) + S,, (3.1)

where p is the density and v is the velocity vector. In the above equation f^ is the diffusion

coefficient and 5^, is the source term, and they have specific meaning depending on the

variable <j>. The terms in equation (3.1) are the unsteady term and the convection term on

the left, and the diffusion term and the source term on the right hand side. The quantity
pv (f> represents the convection flux, and /^ V<£ is the diffusion flux of <f>. Not all the diffusion

fluxes are governed by the gradient of variable <f>. In PHOENICS whatever cannot be included

into the diffusion term is formally expressed as a part of the source term (Spalding, 1991).
The general validity of equation (3.1) can be illustrated by the conservation of mass,

momentum, and internal energy (e.g. Peyret and Taylor, 1983). If we replace <j> in equation

(3.1) by 1 (mass fraction of the fluid) and S^ — 0 then we obtain the mass-conservation

equation (the continuity equation) in the conservative form, which is

^ + V>v) = 0. (3.2)

Similarly, if we replace <f> by v then we obtain the momentum-conservation equation in the

conservative form

jt (p v) + V • (p v v) = V • (TV Vv) + Sv, (3.3)

where the diffusion coefficient TV and the source term Sv in this context stand for

r^ = fi (3.4)

and

Sv = -Vp + V-[A(V-v)I + /i(Vv)«]. (3.5)

In the above equations p is the pressure, I is the unit tensor, p is the molecular dynamic

viscosity, A is the bulk viscosity coefficient20, and the superscript t denotes the transpose of

a tensor. The often used kinematic viscosity is defined as

v=±. (3.6)
P

For a perfect gas with constant specific heats Cp (at constant pressure) and c„ (at constant

volume) by replacing <f> by the specific internal energy, e, we get the energy-conservation

equation in the conservative form

^ (pe) + V • (p v e) = V • (Fe Ve) + Se, (3.7)

Here the diffusion coefficient re is

re = ^, (3.8)

where kc is the thermal conductivity coefficient, and the source term Se stands for

Se = -pV-v + A(V-v)2 + /xG. (3.9)

In the above expression the G function is defined as

G = \ [Vv + (Vv)'] • [Vv + (Vv)'], (3.10)

where the superscript t again denotes the transpose of a tensor.

19Here it is supposed that the properties of the fluid are continuous functions of space and time and

sufficiently differentiable in some domain of space and time.

20The bulk viscosity coefficient is approximated by Stokes relationship as A = — | (i.
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3.1.3 Turbulence models in PHOENICS

Almost all flows of practical interest are turbulent, characterized by highly random, unsteady
and three-dimensional fluid motion. For turbulent flows the equations in Section 3.1.2 express

the conservation for instantaneous values of dependent variables and it is assumed that they
describe all the details of the turbulent motion. Although there are numerical procedures

available to solve these equations for simple geometries, present-day computers are still not

powerful enough to allow a solution for practical turbulent flows.21 Therefore, a statistical

approach is adopted, and the instantaneous value of the dependent variable <j> is written as

a sum of the mean part, <j>, and the fluctuating part, <{/ Thus

where the mean is defined as

<$> = <$> + </>', (3.11)

t^-l—ftdt. (3.12)
*2 _ H Jh

The averaging time ti — t\ is supposed to be large compared to the time scale of turbulent

fluctuations and, in unsteady problems, small compared to the time scale of the mean flow

(e.g. Launder and Spalding, 1974; Rodi, 1980). Introducing equation (3.11) inequation (3.1)
and subsequent averaging gives the general equation for the time-averaged mean quantity <f>
in the form

^ (pt) + V • (pv0) = V • (J> V^ - pV?) + SV, (3.13)

where J^j stands for the laminar exchange coefficient (covered by formulas in Section 3.1.2).
The additional term pv' <^, appearing in equation (3.13) as a result of averaging, represents

the transport of quantity <\> due to turbulence. Although transport equations can be derived

for unknown correlations between velocity and dependent variable fluctuations pv' <f/, they
contain unknown correlations of higher order. In order to obtain a closed set of equations a

turbulence model has to be introduced which approximates the correlations of a certain order

in terms of lower order correlations and mean-flow quantities (Rodi, 1980). In PHOENICS,
correlations between velocity fluctuations and scalar fluctuations are approximated by means

of a gradient-transport hypothesis (Spalding, 1981), thus,

pv'^ = -/VV<£, (3.14)

where r^ is the turbulent exchange coefficient

r* = &-. (3.15)

In the above expression o^t is the turbulent Prandtl number, and fit is the turbulent dynamic

viscosity, both being local properties of the particular flow, rather than of the fluid. The

total (effective) diffusion coefficient /"^ is then the sum of laminar and turbulent exchange
coefficients.

There are several turbulence models implemented in PHOENICS, namely

• the constant effective-viscosity model

• the Prandtl mixing-length model

• the Prandtl energy model

• the k-e model

• the Reynolds-stress model

21
In order to resolve small scales of turbulence, a direct numerical simulation requires very fine discretization

of computational domain and short time steps resulting in large demands on computer memory and on number

of arithmetic operations.



40 3. WIND FLOW COMPUTATION

The turbulence models differ in the way they approximate the Reynolds stresses pVv' and

other correlations, resulting from the averaging. The first three models are relatively simple
and not very suitable for turbulent flows with a larger complexity. The most advanced

is the Reynolds-stress turbulence model, which can predict non-isotropic characteristics of

turbulence. But this model is still not sufficiently tested in PHOENICS. On the other hand

the k-e model is reliable and probably the most used turbulence model at the present time.

Therefore, the k-e model was chosen for computation of the flow above precipitation gauges.
In the k-e turbulence model (see e.g. Jones and Launder, 1972; Launder and Spalding,

1974) the turbulent dynamic viscosity is computed using the following formula

Ht = pvt = Ctlp
k2

(3.16)

where vt is the turbulent kinematic viscosity, fc is the turbulent kinetic energy defined by

expression (2.32) and e is the dissipation rate of turbulent kinetic energy. The transport

equation for k is

~ (pk) + V • (pvfc) = V • (A Vft) + Sk, (3.17)

and for e

- (pe) + V • Gove) = V • (A Ve) + S£. (3.18)

In the above equations the diffusion coefficients Jfc and Te are defined as

(3.19)

(3.20)

where ak and ae are Prandtl numbers for A; and e, respectively, and the source terms Sk and

Se are

Sk = ntG-pe, (3.21)
-2

(3.22)

rk =
>

<?k

A =

Se = Cx^tG-C2jp.
Here the G function is governed by equation (3.10) for v, and values of various coefficients

appearing in the equations for the fc-e turbulence model are summarized in Table 3.1.

Table 3.1: Values of the coefficients in the standard k-e turbulence model according to Launder and

Spalding (1974).

Cf! Ok CFe C\ Ci

0.09 1.0 1.3 1.44 1.92

3.1.4 Solution method in PHOENICS

The discretization method employed in PHOENICS is based on the control-volume formula¬

tion. In this method the computation domain is subdivided by a grid into a finite number of

non-overlapping control volumes (subdomains) and the discretization equations are obtained

by integrating the governing differential equations over each control volume. An advantage
of this approach is that in the resulting solution the integral conservation of dependent vari¬

ables is satisfied over any group of control volumes and this is true independently of the

number of control volumes used for subdividing the computational domain.22

22
Although even for the coarse-grid solution the integral balances are satisfied it does not mean that this

solution is a satisfactory approximation to the exact solution of differential equations.
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In PHOENICS three different kinds of grids can be used for the computational domain

discretization. They are cartesian, cylindrical polar, and curvilinear (body-fitted) grids.
Which kind ofgrid is the most suitable and details ofthe subdivision ofthe domain depend on

the task being solved. All dependent variables, except the velocity components, are computed

in the centres of the control volumes. The velocity components are evaluated at the midpoint
of the control volume interfaces, so that only the component perpendicular to the interface in

question is computed. This strategy is called the 'staggered-grid' arrangement. It eliminates

the difficulty arising from representation of pressure gradient and other derivatives of first

order in the discretization equations (e.g. Patankar, 1980).

The discretized equation can be constructed directly from the general differential equation

(3.1) for any dependent variable, except pressure. In the case of pressure the task is more

complicated. There is no obvious equation for obtaining pressure and the pressure field

is only indirectly specified via the continuity equation. Therefore, the algorithm for the

computation of pressure is associated with the continuity equation and it is based on the

'predict and correct' approach (for details see Patankar, 1980).

For the complete definition of a flow simulation it is necessary to specify boundary con¬

ditions. The construction of an integral balance of the dependent variable over each control

volume involves the computation of convective and diffusive fluxes at the control-volume in¬

terfaces. This implies that convective and diffusive fluxes of dependent variables have to be

specified at the boundary of the computational domain. The only exception is the pressure

variable associated with the continuity equation. In this particular case, the boundary condi¬

tion is specified by the mass flux normal to the surface. In PHOENICS boundary conditions

are practically treated as a kind of source in the corresponding discretization equation. This

allows a relatively easy specification of fluxes, or boundary values of the quantity in question.

The application of the discretized equations and boundary conditions results in a set of

algebraic equations where basic unknowns are the values of dependent variables in a finite

number of locations in the computational domain. They are nonlinear and multiply coupled.
In PHOENICS the nonlinearity is handled by iteration and the linearization is done, so

that in each iterative step parameters in discretized equations are temporarily treated as

constant. Details of the algorithm used in PHOENICS are not explained in manuals. The

basic principles can be found in the work of Patankar (1980).

3.2 Computation of the flow around a precipitation gauge

The goal of the computation of the flow around a precipitation gauge was to obtain a complete

description of the flow in terms of the dependent variables pressure, velocity vector, turbulent

kinetic energy and dissipation rate of the turbulent kinetic energy. The resulting flow fields

were mainly used as an input to the computation of precipitation particle trajectories.

3.2.1 Setup of the computations

The setup of a flow simulation in PHOENICS involves various specifications. In particular,
it involves the specification of the geometry and the extent of the computational domain,
the domain discretization and the blockage by inner objects, variables and the terms in

equations to be solved, properties of the fluid, boundary conditions, and methods of solution.

In addition to these basic specifications, there are many other 'switches' and 'tuning knobs'

influencing the computation. Usually, they are all specified as an input to the PHOENICS

pre-processor either interactively, or in form of sequences of instructions written in the pre¬

processor input file called Ql. The second possibility is to add a FORTRAN coding in the

accessible parts of the main PHOENICS code.
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Domain of computation. To represent adequately the shape of the investigated precipi¬
tation gauges the cylindrical coordinate system (<j>, r, z) was used. The angular <j> and radial

r directions were chosen to lay in the horizontal plane and the vertical z axis was set to be

identical with the central axis of the gauge. Similarly to measurements, the flow around the

gauge was assumed to be symmetrical with the vertical plane of symmetry parallel to the

flow and passing through the gauge centre. Therefore, only one half of the flow had to be

solved which resulted in large savings of computer memory and CPU time. The extent of the

half-cylindrical computational domain surrounding the gauge was for all gauges 3.5 times

the outer gauge diameters23 above the gauge, and 2.75 times the outer gauge diameters to

each side of the gauge. In the case of elevated gauges (the Hellmann and ASTA gauges) the

computational domain additionally extended twice times the outer gauge diameter below

the gauge.

The computational domain was discretized by a cylindrical grid. Generally, the grid
had an uniform spacing in the angular direction, and a nonuniform spacing in the radial

and vertical directions. The radial density of the grid was higher over the walls and inside

the gauge. Outside the gauge the grid spacing was increasing with a power law and it was

uniform over the gauge orifice. The vertical density of the grid was higher over inclined parts

of the gauge and in a thin layer, extending 0.2 times the outer gauge diameter just above

the gauge, where the steepest variations in the flow characteristics were expected. Above

this layer, as well as between inclined parts of the gauge, the grid spacing was increasing

again with a power law. There were several grids of various densities used for a particular

gauge at different stages of computation. The refinements of the grid, especially above the

gauge, proved to be necessary because of a significant false diffusion24 occuring in the shear

layer in the case of coarse discretization. The details of the final discretization for the case

of the Mk2, Hellmann and ASTA gauges in the plane of symmetry are shown in Figures 3.1,

3.2 and 3.3. The final domain discretizations are summarized in Table 3.2, where the total

number of grid cells in each direction, and the partial number of cells of uniform spacings
inside and in the layer just above the investigated gauges are given.

Table 3.2: The final discretization of the computational domain around the investigated gauges.

The table gives the total number of cells in angular, radial and vertical directions, and the partial

number of uniform cells in the radial direction inside the gauge and in the vertical direction over the

thin layer just above the gauge.

Type of gauge

Number of grid cells

total radial inside

the gauge

vertical layer just
above the gaugeangular radial vertical

Mk2

Hellmann

ASTA

40

40

40

60

65

65

110

120

114

30

30

30

36

36

36

Fl, F2, F3

Dl, D2, D3

50

40

65

60

100

88

40

30

48

36

Representation of the gauge body. The solid gauge body was represented in the way

of total blocking of selected cell faces and cell volumes inside the computation domain. In

23For dimensions of gauges see Section 1.3.1.
24
The false diffusion is an additional diffusion to the real physical diffusion, basically caused by the practice

of treating the flow across each cell face as locally one-dimensional. It occurs in those regions where the

flow is oblique to the grid coordinates and where steep gradients of dependent variables are present. As a

negative result, these steep gradients are partly smoothed. The false diffusion can be reduced by using finer

discretizations. A detailed explanation can be found in Patankar (1980).
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Figure 3 1 Details of the computational domain discretization of the Mk2 precipitation gauge m

the plane of symmetry The cross section of the gauge is indicated by shaded area The bold line on

the rim details (bottom) represents the cell faces blocked by porosity
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Hellmann gauge - discretization detail of the collector
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ASTA gauge - discretization detail of the collector
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the plane of symmetry. The cross section of the gauge is indicated by shaded area. The bold line on
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PHOENICS this can be done by using porosity factors. The boundary of the blocked volume

of the computation domain was identical with the vertical and horizontal parts of the surface

of the gauge body. The inclined contours, the rim and the gauge funnel, were represented

by small steps according to the discretization grid. Although the blocked cell faces and cell

volumes were not identical with the inclined parts, they were always following the gauge

surface from the inner side of the walls, as it is shown in the discretization details of the Mk2

gauge rim in Figure 3.1 (bottom).

Solved variables, boundary conditions, and properties of the air. The basic de¬

pendent variables solved in the computation of the flow around a precipitation gauge were

the pressure p, and the velocity vector v having in the cylindrical coordinates components

114, vr and tUz.25 In addition, the turbulent kinetic energy k and the dissipation rate of

turbulent kinetic energy e, resulting from the implementation of the k-e turbulence model,
were solved. All computations were made by using the standard values of coefficients in the

k-e turbulence model, summarized in Table 3.1.

Although the flow around the gauge was solved with steady boundary conditions, the

transient term was included in the governing differential equations to achieve a faster con¬

vergence of the solution procedure. The inflow boundary condition was specified at the

windward half of the cylindrical surface of the computational domain. At the inflow surface

the pressure was fixed to zero, and a simplified vertical velocity profile was assumed. In the

profile the free-stream velocity vector was horizontal (wz = 0), parallel to the plane of sym¬

metry, and the velocity magnitude Vf was constant with height. The turbulence variables

were assumed to be constant with height at the inflow. The turbulence intensity, defined by

equation (2.30), was set to 0.03. Subsequently, the constant inflow value of k was evaluated

using formula (2.33), and the value of e was determined by rearranging formula (3.16) in

which the turbulent dynamic viscosity /x^ was set to be equal to the dynamic viscosity of the

air /ia.

At the leeward half of the cylindrical surface of the domain the outflow boundary condi¬

tion was assumed. The values of variables at the outflow were ascribed relatively free in the

PHOENICS input specifications. Therefore, they were automatically adjusted during the

computation, and finally, they resulted as a part of the flow simulation solution. At the top

and bottom surfaces of the computational domain, as well as at the plane of symmetry the

slip boundary condition was assumed and the convective and diffusive fluxes were taken as

zero for all solved variables. This is the default boundary condition in PHOENICS.

At the cell faces of the completely blocked volumes representing the gauge body, the

no-slip boundary condition was applied and the mean and fluctuating velocities were taken

as zero. Furthermore, the appropriate wall functions for tangential velocity, k and e (see

e.g. Rodi, 1980) were activated automatically by specifying the k-e turbulence model. The

only exceptions were the inclined walls of the gauge body. These parts were represented by
small steps, and the implementation of the wall functions led to a local overestimation of

turbulence production. Therefore, the production of turbulence was disabled in the cells,

adjacent to the inclined walls.

The computations were performed for different properties of the air based on two exam¬

ples of meteorological conditions, as summarized in Table 3.3. The first case was for the

standard meteorological conditions at sea level, according to Beard (1977), and the second

case was based on the U.S. standard atmosphere at an altitude of 2000 m, according to Lil-

jequist and Cehak (1984). The density and the dynamic viscosity of the air were evaluated

by using the approximating formulas according to Brutsaert (1982) and Wobus et al. (1971),
respectively.

The values of dependent variables are time averaged, and from here on the overbars, indicating this, are

dropped for brevity.
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Table 3.3: Two different meteorological conditions and the corresponding dynamic /x0 and kinematic

va viscosities of the air used for the computation of the Sow around precipitation gauges.

Altitude Temperature Pressure
Relative

humidity
Density

Dynamic
viscosity

Kinematic

viscosity

M [°C] [kPa] [%1 [kgm"3] [kg m_1 s-1] K s"1]
0

2000

20

2

101.325

79.490

50

50

1.204

1.006

1.818 xlO"5

1.728xl0-5

1.510xl0-5

1.718xl0"5

Solution procedures. PHOENICS iteratively solves sets of algebraic equations resulting
from the discretization of differential equations and boundary conditions. The default con¬

struction of the algebraic equations is based on the fully-implicit formulation and on the

hybrid upwind differencing scheme. Although there are many other possible selections avail¬

able in PHOENICS, the default settings were used in the present computations because of

their reliability. In addition the iterative solution of the algebraic equations can be influenced

in many ways. However, in this case, there are no generally valid settings, which would guar¬

antee a smooth and rapid convergence of the solution procedure, and the optimum values

have to be found for each solved task separately.

In the present computations, the solution procedure for a particular precipitation gauge

and boundary conditions was separated into many stages. The basic practice was to perform
the computation in a sequence of relatively short runs. In each run the computation started

from results of the previous successful run. The advantage of proceeding in this way was that

a fine tuning of different settings, influencing the convergence, was possible. Although the

flow above a gauge was assumed to be steady, the time-marching computation was chosen to

promote the convergence. This step was found to be necessary because of difficulties with the

selection of under-relaxation parameters for the steady-flow simulation. The time steps were

usually between 3 s at the beginning and 0.001 s at the end of each restarted computation.

First computations were made for the Mk2 gauge and the free-stream velocity of 3 m s_1

set at the inflow boundary of the computational domain. These computations were made

without turbulence using a relatively coarse grid, and only later the k-e turbulence model

was initialized. The very first run started from zero initial values. In this stage upper and

lower limits on the solved variables were applied to protect them from reaching unrealistic

values in the course to the final solution. Later, when good initial values were available for

the next restart, the limits on variables proved to be unimportant, and they were removed.

After having obtained a converged solution on the coarser grid, the discretization of the

computation domain was refined and computations were restarted for the new grid. The

initial values of dependent variables on the new grid were obtained by an interpolation from

the coarser-grid solution. The refinements of the grid were repeated till the influence of the

false diffusion in the shear layer above the gauge was minimized.

The initial values of a new computation for the same gauge but a new free-stream ve¬

locity were obtained from the converged solution for the closest lower free-stream velocity

by normalization. The dependent variables of the converged solution were divided by corre¬

sponding normalization values, summarized in Table 3.4, and then recomputed using the new

free-stream velocity. A similar procedure for the determination of initial values was also used

for the computation of a new gauge having different shape parameters. The starting values

of the dependent variables for the first free-stream velocity were obtained from the converged
solution for a similar gauge. In this case, except dependent variables, also distances were

recomputed and the result was interpolated on the new grid.
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Table 3.4: Values used for the normalization of different quantities. The reference values are the

outer gauge diameter d0, the magnitude of free-stream velocity Vf, the density of the air pa, and the

kinematic viscosity of the air va.

Distance Dependent variables

Normalized quantity x,y, z P U^, Vr, V)z k e Vt

Units [m] [Pa] [m s-1 [ma s'*] K s-3] \ml s-1]
Normalization value d0 PaV2f Vf •? v)d^ "a

3.2.2 Corrections made to PHOENICS

The first solution of the flow above the Mk2 precipitation gauge using the k-e turbulence

model showed an imprecise computation of the turbulence quantities at the plane of symme¬

try and near the central axis of the gauge. The imprecise computation was most severe in the

shear layer above the gauge as it can be seen in Figures 3.4, 3.5 and 3.6. The contour lines

of normalized turbulent kinetic energy and its dissipation rate (Figure 3.6) indicate that the

production of turbulence was strongly overestimated at the central axis and underestimated

at the plane of symmetry inside the gauge collector, windward from the gauge centre. As

a consequence, the flow was partly blocked and deviated around the central axis. This can

be also seen on the artificial bending of the contour lines of the normalized velocity vector

magnitude and horizontal velocity component at the centre (Figures 3.4 and 3.5). Test

computations of a parallel flow in the polar coordinates and a detailed analysis of results re¬

vealed that the imprecise computation of the turbulence quantities was mainly caused by the

incorrect evaluation of the partial derivatives of the velocity components in the G function.

In the cylindrical coordinates the G function, defined by equation (3.10), can be written as

*-[e$+*H£),+(£)l
+ (^ + I^_!S)2+(^ + I*£)2+f^+^2. (3.23)

\ or r oq> r ) \ oz r o<p ) \ or z J

From the above equation it is evident that any inaccuracy in the numerical evaluation of

the terms divided by the radius r will be emphasized near the vertical z axis where r -» 0.

The calls to subroutines, computing the partial derivatives of velocity components, were in

the accessible part of PHOENICS code. Therefore, it was possible to replace the incorrect

subroutines by a new FORTRAN code and to improve the precision of computation.
In addition to the newly programmed G function, directly influencing the computation of

turbulence quantities, there were other small changes made to the original solving procedure.
For example, in the original computation the flow in the centre seemed to be still slightly

blocked, and the plane of symmetry appeared as having a slowing effect on the adjacent flow.

Therefore, during the computational run the values of dependent variables in the first radial

row to the vertical z axis were being replaced by values interpolated from neighboring cells

in the horizontal layer. A similar correction was applied to the windward part of the plane
of symmetry. The resulting improvement of the computation is evident from the comparison

of Figures 3.4, 3.5 and 3.6, and Figures 3.7, 3.8 and 3.9.
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Figure 3.4: Results of the computation of the air flow above the Mk2 precipitation gauge by using
the original version of PHOENICS. Velocity vectors (top) and contour lines of normalized values of

velocity vector magnitude (bottom) for v/ = Z m s_1 and the standard meteorological conditions

(Table 3.3) are plotted in the plane of symmetry. The velocity values and distances were normalized

by the values in Table 3.4. The direction of the Bow is from left to right.
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Computation - normalized horizontal velocity component
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Figure 3.5: Results of the computation of the air flow above the Mk2 precipitation gauge by using the

original version of PHOENICS. Contour lines of normalized values of horizontal velocity component
(top) and vertical velocity component (bottom) for »/ = 3m s_1 and the standard meteorological
conditions (Table 3.3) are plotted in the plane of symmetry. The velocity values and distances were

normalized by the values in Table 3.4. The direction of the Bow is from left to right.
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Figure 3.6: Results of the computation of the air flow above the Mk2 precipitation gauge by using
the original version of PHOENICS. Contour lines of normalized values of turbulent kinetic energy

(top) and its dissipation rate (bottom) for v/ = 3 m s-1 and the standard meteorological conditions

(Table 3.3) are plotted in the plane of symmetry. The velocity values and distances were normalized

by the values in Table 3.4. The direction of the flow is from left to right.
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3.2.3 Computation results

The computations of the flow above the investigated gauges were made for different free-

stream velocities and properties of the air, corresponding to the two cases in Table 3.3.

At sea level, the flow was computed above the Mk2, Hellmann and ASTA gauges for free-

stream velocities 1, 2, 3, 4, 5, 6, 8, 10 and 12 m s-1, and above the experimental gauges for

Vf = 3 m s_1. As an example at the altitude of 2000 m, the computations were made for

»/ = 3m s_1 and the Mk2, Hellmann and ASTA gauges.

Figures 3.7, 3.8, 3.9 and 3.10, Figures 3.11, 3.12, 3.13 and 3.14, and Figures 3.15, 3.16,
3.17 and 3.18 show examples of results of the computation of the flow above the Mk2,
Hellmann and ASTA gauges for the free-stream velocity of 3 m s-1 and properties of the

air corresponding to the standard conditions at sea level. Velocity vectors in Figures 3.7,
3.11 and 3.15 (top) clearly show deviation of the external main flow above gauges and the

internal recirculating flow inside gauge collectors. Centres of internal vortices are positioned
in the upper part of gauge collectors leeward of the gauge central axis. The patterns of

the corresponding quantities, normalized by values in Table 3.4, are very similar above all

gauges. The external main flow is accelerated, and the velocities are approximately 35%

higher than the free-stream velocity above the gauge orifices. The highest values of k and

e are in the shear layer, separating the external main and internal recirculating flows (see
Figures 3.9, 3.13 and 3.17).

Figures 3.19 and 3.20 present a direct comparison of windward, centre and leeward profiles
of the normalized velocity vector magnitude and the normalized turbulent kinetic energy, cor¬

responding to the computation for the Mk2, Hellmann and ASTA gauges for Vf = 3 m s~l

and the standard meteorological conditions. The windward and leeward profiles were ex¬

tracted from computed data at the distance of 0.07874 times the inner gauge diameter,
inward of the orifice rim.26 The profiles show only small differences between the gauges.

The only exceptions are the windward and partly the centre profiles, where the maximum

values of the normalized turbulent kinetic energy are larger in the case of the ASTA gauge

(see Figure 3.20).
Slight differences between the Mk2, Hellmann and ASTA gauges are visible only as far

as the normalized turbulent kinematic viscosity is concerned. In the case of Vf = 3 m s-1

and the ASTA gauge, the contour lines in Figure 3.18 show up to 110 times larger values of

turbulent kinematic viscosity of the flow, ft, compared to the kinematic viscosity of the air,

va, inside the gauge collector, while the Mk2 gauge shows only approximately 80 times larger
values (Figure 3.10). However, these differences are a natural consequence of normalizing
the turbulent kinematic viscosity by va and not by Vfd0. The kinematic viscosity of the air

was chosen as the normalization value in order to show the relative increase of the kinematic

viscosity inside the gauge collector.

As far as the results of the computation for different properties of the air are concerned,
there were only very small differences between the normalized dependent variables. There¬

fore, it seems that it would be possible to use the computed flow fields also for other meteo¬

rological conditions.

Notes on the computations. Generally, the computations of the flow above the precip¬
itation gauges using PHOENICS were characterized by a relatively slow convergence. After

the application of the corrections to the original code, the results seem to be reasonable.

However, the problems with the imprecise computation were not completely solved. Espe¬

cially the replacement of the computed values at the plane of symmetry and at the centre

vertical axis by values interpolated from neighboring cells in the horizontal layer has to be

26In the case of the Mk2 gauge the distance of 0.07874 times the inner gauge diameter is equal to 10 mm,
and this corresponds to the positions where the windward and leeward profiles were measured in the Lausanne

experiment.
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taken only as a temporary solution. The complete correction of the imprecise computations
is difficult because of the inaccessibility of the majority of the PHOENICS code.

The problem with the false diffusion, occuring in the shear layer above the gauge, was

minimized, but not completely solved by the fine discretization. An alternative would be the

usage of body-fitted coordinates, copying the gauge body in the radial and vertical directions,
but with horizontal grid fines parallel to the flow in the shear layer. Unfortunately, the tests

using the body-fitted coordinates also showed an imprecise computation of the turbulence.

The imprecise computation was very similar to the one in the cylindrical coordinates using
the original uncorrected version of PHOENICS.

Because the velocity profile was almost uniform at the level of the gauge orifice in the

wind tunnel, the assumption that the inflow velocity profile was constant with height was

close to the conditions of the measurements, allowing a direct comparison of the results from

the measurements and computations. However, the constant free-stream velocity profile is a

simplification of the real wind velocity profile, and this simplification can have some influence

on the computation of the precipitation particle trajectories, especially for gauges standing
on the ground.
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Figure 3.7: Results of the computation of the air flow above the Mk2 precipitation gauge by using
the corrected version of PHOENICS. Velocity vectors (top) and contour Unes of normalized values

of velocity vector magnitude (bottom) for D/=3m s_1 and the standard meteorological conditions

(Table 3.3) are plotted in the pJane of symmetry. The velocity values and distances were normalized

by the values in Table 3.4. The direction of the flow is from left to right.
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Computation - normalized horizontal velocity component
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Figure 3.8: Results of the computation of the air flow above the Mk2 precipitation gauge by using the

corrected version ofPHOENICS. Contour lines ofnormalized values ofhorizontal velocity component

(top) and vertical velocity component (bottom) for v/ = 3 m s-1 and the standard meteorological
conditions (Table 3.3) are plotted in the plane of symmetry. The veJocity vaJues and distances were

normalized by the values in Table 3.4. The direction of the flow is from left to right.
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Computation - normalized turbulent kinetic energy
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Figure 3.9: Results of the computation of the air flow above the Mk2 precipitation gauge by using
the corrected version of PHOENICS. Contour Unes of normalized values of turbulent kinetic energy

(top) and its dissipation rate (bottom) for v/ = 3 m s-1 and the standard meteorological conditions

(Table 3.3) are plotted in the plane of symmetry. The velocity values and distances were normahzed

by the values in Table 3.4. The direction of the Bow is from left to right.
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Computation - normalized turbulent kinematic viscosity
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Figure 3.10: Results of the computation of the air flow above the Mk2 precipitation gauge by
using the corrected version ofPHOENICS. Contour lines of normalized values of turbulent kinematic

viscosity for v/ = 3m s_1 and the standard meteorological conditions (Table 3.3) are plotted in the

plane of symmetry. The velocity values and distances were normalized by the values in Table 3.4.

The direction of the flow is from left to right.
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Computation - velocity vectors
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Figure 3.11: Results of the computation of the air How above the Hellmann precipitation gauge by

using the corrected version of PHOENICS. Velocity vectors (top) and contour Jines of normalized

values of velocity vector magnitude (bottom) for v/ = 3 m s_1 and the standard meteorological
conditions (Table 3.3) are plotted in the plane of symmetry. The velocity values and distances were

normalized by the values in Table 3.4. The direction of the How is from left to right.
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Figure 3.12: Results of the computation of the air flow above the HeJJmann precipitation gauge by

using the corrected version of PHOENICS. Contour lines of normalized values of horizontal velocity

component (top) and vertical velocity component (bottom) for v/ = 3 m s-1 and the standard

meteorological conditions (Table 3.3) are plotted in the plane of symmetry. The velocity values and

distances were normalized by the values in Table 3.4. The direction of the flow is from left to right.
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Figure 3.13: Results of the computation of the air How above the Hellmann precipitation gauge by

using the corrected version of PHOENICS. Contour lines of normalized values of turbulent kinetic

energy (top) and its dissipation rate (bottom) for v/ = 3 m s_1 and the standard meteorological
conditions (Table 3.3) are plotted in the plane of symmetry. The velocity values and distances were

normalized by the values in Table 3.4. The direction of the Sow is from left to right.
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Figure 3.14: Results of the computation of the air Row above the Hellmann precipitation gauge by

using the corrected version of PHOENICS. Contour lines ofnormalized values of turbulent kinematic

viscosity for c/=3m s_1 and the standard meteorological conditions (Table 3.3) are plotted in the

plane of symmetry. The velocity values and distances were normalized by the values in Table 3.4.

The direction of the flow is from left to right.
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Figure 3.15: Results of the computation of the air Row above the ASTA precipitation gauge by using
the corrected version of PHOENICS. Velocity vectors (top) and contour lines of normalized values

of velocity vector magnitude (bottom) for u/ = 3m s-1 and the standard meteorological conditions

(Table 3.3) are plotted in the plane of symmetry. The velocity values and distances were normalized

by the values in Table 3.4. The direction of the Bow is from left to right.
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Figure 3.16: Results of the computation of the air flow above the ASTA precipitation gauge by

using the corrected version ofPHOENICS. Contour lines of normalized values of horizontal velocity

component (top) and vertical velocity component (bottom) for Vf = 3 m s-1 and the standard

meteorological conditions (Table 3.3) are plotted in the plane ofsymmetry. The velocity values and

distances were normalized by the values in Table 3.4. The direction of the Bow is from left to right.
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Figure 3.17: Results of the computation of the air Bow above the ASTA precipitation gauge by using
the corrected version of PHOENICS. Contour Unes of normalized values of turbulent kinetic energy

(top) and its dissipation rate (bottom) for v/ = 3 ra s-1 and the standard meteorological conditions

(Table 3.3) are plotted in the plane of symmetry. The velocity values and distances were normalized

by the values in Table 3.4. The direction of the Sow is from left to right.
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Figure 3.18: Results of the computation of the air Qow above the ASTA precipitation gauge by

using the corrected version of PHOENICS. Contour lines of normah'zed values of turbulent Idnematic

viscosity for v/ = 3 m s_1 and the standard meteorological conditions (Table 3.3) are plotted in the

plane of symmetry. The velocity values and distances were normalized by the values in Table 3.4.

The direction of the How is from left to right.
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Figure 3.19: Intercompaxison of the computed vertical profiles of velocity magnitude in the plane
of symmetry above the Mk2, Hellmann and ASTA precipitation gauges for Vf = 3 in s-1 and the

standard meteorological conditions (Table 3.3). The positions of the windward and leeward profiles
were at the opposite sides of the gauge orifice at the distance of 0.07874 times the inner gauge

diameter. The values of velocity magnitude and the distances were normalized by the values m Table

3.4.
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Figure 3.20: Intercomparison of the computed vertical profiles of turbulent kinetic energy m the

plane of symmetry above the Mk2, Hellmann and ASTA precipitation gauges for vf = 3 m s_1

and the standard meteorological conditions (Table 3.3). The positions of the windward and leeward

profiles were at the opposite sides of the gauge orifice at the distance of0 07874 times the inner gauge

diameter. The values of turbulent kinetic energy and the distances were normalized by the values in

Table 3 4
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3.3 Comparison of measurements and computations

The comparison of the computed flow field in Figures 3.7, 3.8 and 3.9 with the results from

the measurements in Figure 2.15 and Figures 2.16, 2.17 and 2.18 shows a relatively good
agreement. However, the flow fields above the Mk2 gauge are not completely identical. It

seems that the numerical simulation overestimates the inner recirculating flow. In the case of

the measurement results, the values of normalized magnitude of velocity vector and vertical

velocity component are lower just above the leeward gauge rim, where the flow, resulting
from the computation, is more deviated downwards into the gauge collector. The comparison
of the contour lines of normalized turbulence kinetic energy also shows differences. The

computed turbulence in the shear layer (Figure 3.9, top) is slightly higher than the values

measured in the Zurich experiment (Figure 2.18). In the results from the computation the

total maximum of turbulent kinetic energy is positioned more streamwise in comparison to

the measurement.

The direct comparison of measured and computed windward, centre and leeward profiles
of the normalized velocity magnitude and turbulent kinetic energy above the Mk2 gauge

is shown in Figures 3.21 and 3.22. In the Zurich experiment the measurements were not

made in the position of 10 mm inward of the gauge rim, where the windward and leeward

profiles were measured in the Lausanne experiment. Therefore, for the sake of the compar¬

ison with the results of the computation, different profiles were selected in the case of the

Zurich experiment. These profiles were measured at the distance of 23.5 mm inward of the

windward and leeward part of the gauge rim. The measurements were normalized by the

profile reference velocity (see Section 2.3), and the computed profiles were extracted from the

flow-simulation solution at the corresponding positions and normalized using the free-stream

velocity of 3 m s_1.

The profiles of normalized velocity magnitude (Figure 3.21) show a relatively good agree¬

ment between measurements and computation as far as the profile maxima is concerned. Dif¬

ferences are only in the height of the velocity maxima above the orifice level in the windward,
and especially in the leeward profile. In the profiles of normalized turbulent kinetic energy

(Figure 3.22) the computed maxima are always positioned lower than the measured maxima.

Moreover, except for the windward profile, the computed maxima of turbulent kinetic energy

are significantly larger than the measured values. These differences could be caused by the

slight overestimation of the internal recirculating flow inside the gauge collector, and by an

underestimation of the dissipation rate of turbulent kinetic energy in the shear layer above

the gauge in the computation by PHOENICS. In spite of that the flow fields, resulting from

numerical simulation, seem to be suitable for the computation of the precipitation particle

trajectories.
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Figure 3.22: Intercomparison ofcomputed and measured vertical profiles of turbulent kinetic energy
in the plane of symmetry above the Mk2 precipitation gauge. The positions of the windward and

leeward profiles were at the opposite sides of the gauge orifice at the distance of10 mm and 23.5 mm

from the rim inside the gauge orifice, as indicated in the legends of figures. The computed values of

turbulent kinetic energy, and the distances were normalized by the values in Table 3.4. The measured

values of turbulent kinetic energy were normalized by the square of the profile reference velocity (see
Section 2.3).
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4 Estimation of the partial wind-induced error

4.1 Numerical simulation of particle movement

The movement of liquid or solid particles in the air is a two-phase flow with the air being
the continuous phase and the particles the dispersed phase. The air as the continuous phase
is described by the Eulerian formulation; in the case of the particulate phase, there are

two possibilities: (i) the Lagrangian formulation describing the flow of number of discrete

particles by tracking them one by one, and (ii) the Eulerian formulation taking particles

as a continuous phase (Astrup, 1992). The Lagrangian formulation is relatively simple, and

it can easy handle any size distribution of particles. When the particle dispersion is of

interest, tracking a statistically significant number of particles is computationally expensive.
The Eulerian formulation is more sophisticated and it gives smoother results. On the other

hand, the mechanisms of interphase transfer of mass, momentum and energy, entering the

Eulerian formulation, are still not adequately described, and therefore, they have to be

approximated. Moreover, the Eulerian formulation has a rising complexity in the case of size

distributed particles.

Usually, precipitation particles have relatively low volumetric densities. Therefore, it can

be assumed that the particulate phase does not influence the continuous phase (the air), so

these two phases can be simulated separately. Moreover, the interference of particles can be

neglected, and each particle can be considered as being alone in the flow. Prom this point
of view, the Lagrangian formulation seems to be more suitable for the simulation of the

precipitation particle movement.

4.1.1 Basic equations of particle movement

Similar to Astrup (1992) but without neglecting the buoyancy the linear momentum equation
for a single particle moving in the air is

Vppp&p= I ns<rpdS + Vp {pp - pa) g (4.1)
Js

where Vp is the particle volume, pa and pp are the densities of the air and the particle,

respectively, ap is the particle acceleration, its is the outward unit vector, normal to the

particle surface, <rp is the stress tensor and g is the acceleration due to gravity. In the above

equation the term on the left-hand side corresponds to the force necessary to accelerate

the particle. The first term on the right-hand side of the equation is called the surface

stress integral and the second term is the external volumetric force due to gravity minus the

buoyancy force. Generally, the determination of the surface stress integral is rather difficult

and it can be accomplished by solving the outer flow (the air) around the particle and, in the

case of liquid droplets, also the inner flow inside the particle (e.g. Kolesnikov and Karpov,

1989). The total force acting on the particle can be then determined from the pressure and

shear distribution at the particle surface.

The situation can be partly simplified by decomposition of the total force to forces for

different situations. Many partial forces have been derived and in some cases it remains

unclear to which extent they can be superposed and to which extent they express the same

thing (Astrup, 1992). In general, the following basic forces27 can be taken into account for

slow motion of a spherical particle (e.g. Hinze, 1975):

• the Stokes force — a steady state viscous drag force due to the velocity difference

between the particle and the fluid,

• the 'stationary' force — a force due to the pressure gradient in the fluid surrounding
the particle, caused by acceleration of the fluid,

"Additional forces and a detailed description can be found in the work of Astrup (1992).
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• the added mass force — an inviscid force due to the relative acceleration of the fluid

and the particle,

• the Basset force — a viscous force due to the transient deviation of the fluid flow

around the -particle from the steady state situation.

According to Hinze (1975) the 'stationary' force, the added mass force and the Basset force

are important only if the density of the fluid is comparable to or higher than the density of

the particle. In the case of precipitation particles this condition is not satisfied, and only the

Stokes drag force can be safely taken into account. Thus, equation (4.1) can be written as

Vppp&p = -Cd Af pa -(vp - va)|vp - va| + Vp (pp - pa)g, (4.2)

where Cd is the particle drag coefficient, Af is the particle frontal area, and vp and va are

the velocity vectors of the particle and the air, respectively. The positive orientation of the

z axis is upwards and values of velocity and acceleration components are considered to be

positive in the positive directions of the axes. In the above equation vp — v0 is the relative

particle to air velocity with the norm (magnitude of the velocity vector)

|vp - va| = [(Up - ua)2 + (vp - va)2 + (wp - to0)2]2 . (4.3)

Prom equation (4.2) the balance of vertical forces acting on a particle falling with the

vertical velocity wp in the air having the vertical velocity component wa can be written

Vp pp az = -Cd Af pa - (wp - ioa)|vp - va| + Vp (pp - pa) g, (4.4)

where az is the vertical particle acceleration, and g = —9.81 m s-2 is the acceleration due

to gravity. From equation (4.4), by expressing Vp and Af by using the equivalent spherical
diameter of the particle28 D, the particle acceleration az can be expressed as

Pp
~

Pa
.

3-, 1 pa

pp 4 D pp
az = -E——-g- -Cd —-^ (wp - wa)\vp - va\- (4.5)

Similarly, for the horizontal directions x and y the particle accelerations ax and ay will be

a,x = --:Cd — — («p-«a)|vp-vfl|, (4.6)
4 L) Pp

ay = -^Cdjjy{vp-va)\vp-Va\, (4.7)

where up, ua and vp, va are the velocity components of the particle and the air, corresponding
to the directions x and y, respectively.

4.1.2 Drag curve and terminal velocities of water drops

The particle drag coefficient Cd depends mainly on the flow regime around the particle,29
characterized by the particle Reynolds number

28The equivalent spherical diameter is the diameter of a sphere with the same volume as the particle.
29An illustrative description of observed flow regimes around a rigid sphere can be found in the work of

Beard (1976).
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where va is the laminar kinematic viscosity of the air. The drag curve, the dependence of Cd

on Rep, for a given type of precipitation particles can be determined from known meteoro¬

logical conditions (known values of va, pa and pp) and terminal velocities of particles having
different equivalent diameters D. In stagnant air when the particle reaches its terminal ve¬

locity wt, the acceleration az is zero and from equation (4.5) the particle drag coefficient

4^-p^ _1
3 pa wr |wr|

The corresponding Reynolds number from equation (4.8) is

In this way the drag curve can be derived for any type of precipitation particles (rain drops,
snow flakes, hail etc.) by supposing that the terminal velocities and the meteorological
conditions are known.

The movement of water drops in the air is of great interest in atmospheric physics. Very
small droplets, falling freely in the air, have a spherical shape and they obey the Stokes

law regime. With increasing drop size a flattening occurs and larger drops {D > 1 mm)
deviate from the spherical shape, which results in the significant increase of the drag force

and finally in the breakup of the drop. Therefore, for larger water drops the resulting drag
curve deviates from the standard drag curve for rigid spheres (e.g. Grace and Wairegi, 1986).

There are many different empirical formulas for an approximation of the drag curve.

Most of them are more general and they are not sufficiently precise for water drops (e.g.
Narasimhamurty et ai, 1986). In the study on the numerical estimation of the wind-induced

error of precipitation measurement Folland (1988) used a relationship between Cd and Rep
based on the experimental terminal velocities of rain drops in stagnant air, tabulated by
Mason (1971). These formulas are as follows

Rep < 0.01

0.01 < Rep < 2.00

2.00 < Rep < 21.0

21.0 < Rep

For given meteorological conditions the terminal velocities and the corresponding drop di¬

ameters can then be evaluated by using equations (4.9) and (4.10).
Beard (1977) developed approximation formulas for the determination of terminal ve¬

locities of water drops covering different meteorological conditions. The approximation is

based on the experimental reference data of terminal velocities of distilled water drops for

the standard meteorological conditions measured by Gunn and Kinzer (1949). The standard

meteorological conditions at sea level are given in Table 3.3 on page 47, and the quantities

referring to these conditions will be denoted by the subscript S. The terminal velocities tor

[m s_1] for the new meteorological conditions are related to the velocities wts [m s_1] for

the standard meteorological conditions by using an adjustment factor /

wt = fwTs- (4-12)

The velocities wts [m s_1] can be computed by using the approximation formula

wts — 10-2eY,

where Y is evaluated from the polynomial

m

Y = Y.CJX^ (4-14)

(4.10)

Cd = 2547

Cd = 1.06 {24 Re~x + 2.400 Re~0M5)
Cd = 1.06 (24 Re'1 +2.640 Re'0190)
Cd = 1.06 {24Re-1 + 4.536 Re'0-368).

(4.13)
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and X is related to the equivalent spherical diameter of the drop D [m] as

X = \n{102D). (4.15)

The coefficients Cj in formula (4.14) for different ranges of D are summarized in Table 4.1.

Table 4.1: Coefficients Cj in formula (4.14), according to Beard (1977).

Coefficient
0.001 x 10~3 < D < 0.04 x 10-* m 0.04xl0-3<.D<6xl0-3m

m = 3 m = 9

Co 0.105035 xlO* 0.706037xlO1

Cj 0.108750 xlO1 0.174951 xlO1

c2 -0.133245x10° 0.486324 xlO1

c3 -0.659969 xl0~2 0.660631 xlO1

c* — 0.484606 xlO1

c5 — 0.214922 xlO1

c6 — 0.587140x10°

c7 — 0.963480 xlO"1

C8 — 0.869209 xlO-2

c9 — 0.330890 xlO-3

The adjustment factor / in equation (4.12) can be determined for different ranges of D

from the following formulas

(a). 0.001 xlO-3 < D < 0.04xlO-3 m:

(b). 0.04xlO"3 < D < 6xlO-3 m:

/ = 1.104es + -i- (1.058ec - 1.104es) (5.52 + InD) + 1.
5.01

(4.16)

(4.17)

The mean free path of air molecules I is

l = h
VaS /PS PaS\ 2

fc I? Pa J (4.18)

where Is = 6.62xl0~8 m is the mean free path of air molecules for the standard meteorological
conditions. Further, the velocity deviations for the Stokes drag ea, and for the constant drag
coefficient ec are

es =
HaS

Ma
1,

-(^f-

(4.19)

(4.20)

In the above formulas p is the pressure, \ia is the dynamic viscosity, and pa is the density of

the air, and they refer to the new meteorological conditions for which the terminal velocities

are computed. The drag curve for water drops can be then obtained from the computed
terminal velocities by using equations (4.9) and (4.10).

Comparison for the standard meteorological conditions in Figure 4.1 shows a very good
agreement of the measured terminal velocities (Gunn and Kinzer, 1949) and the computed
velocities using the approximation formulas according to Beard (1977). On the other hand,
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Figure 4.1: The drag curve for water drops (top) and terminal velocities for the standard meteoro¬

logical conditions (bottom) as measured by Gunn and Kinzer (1949) (circles) and computed by using
the approximation formulas according to Folland (1988) (dash-dotted line) and Beard (1977) (solid
line).

the approximation used by Folland (1988) has an acceptable precision only for the drop
diameters less than approximately 1.5 mm, and above this limit the terminal velocities are

overestimated.

Comparison of the terminal velocities for different meteorological conditions in Figure
4.2 shows an increase of velocities for decreasing pressure, and a slight decrease of velocities

for decreasing temperature of the air. The change in the relative humidity of the air had no

significant influence on the terminal velocities.

4.1.3 Influence of turbulence on particle movement

According to Hinze (1975) the behavior of discrete particles in a turbulent flow depends

largely (i) on the concentration of the particles, and (ii) on the size of the particles with

respect to the scale of the turbulence of the fluid. For the precipitation particles the con¬

centration is relatively low, and, therefore, interference of the particles can be neglected and
each particle regarded as being alone in the turbulent air flow. If the particle is large com¬

pared to the smallest scale of turbulence, the major effect of the turbulence on the particle
motion will be to increase its drag, and the particle will tend to follow the low frequency



76 4. ESTIMATION OF THE PARTIAL WIND-INDUCED ERROR

Terminal velocities - influence of meteorological conditions
121 ' ' ' ' ' ' '— '

10

J=

|
>

78
c

0.000

Meteorological conditions:

p=101.325kPa T=20°C

p=101.325kPa 7= 2-C

p= 79.490 kPa r=20*C

p= 79.490kPa T= 2*C

0.002 0.004

drop diameter D[m]
0.006

Figure 4.2: Terminal velocities of water drops for different meteorological conditions. The bold lines

correspond to the pressure at sea level and the thin lines correspond to the altitude of 2000 m.

movement of the turbulent flow. If the particle is very small compared to the smallest scale

of turbulence, it will tend to follow all turbulent fluctuations (Hinze, 1975). The smallest

scale of turbulence at which the dissipation takes place is the so called Kolmogorov scale

defined as (e.g. Hinze, 1975; Astrup, 1992)

*l =
K

(4.21)

where ua is the kinematic viscosity of the air, and e is the dissipation rate of the turbulent

kinetic energy. Figures 4.3 and 4.4 present an example of the computed Kolmogorov scale of

turbulence above the Mk2, Hellmann and ASTA gauges. The values of tj were evaluated from

the simulated flow for the free-stream velocity of 3 m s-1 and the standard meteorological
conditions. The contour lines show a decrease of the turbulent scale from the value of

approximately 0.0043 m in the free stream to the values lower than 0.0002 m in the shear layer
above the gauge orifices. The lowest values of r\ were approximately 0.0001 m. Therefore,
the largest influence of turbulence on the particle movement will be in the regions of the low

values of r\.

The influence of turbulence on the movement of the water drops was simplified in the

present work. The dispersion of drops, resulting from the interaction with the turbulent flow,
was not computed. Instead, the turbulence was supposed to have an averaged influence on the

drop trajectory. Tracking a sufficiently large number of drops for evaluation of the dispersion
would enormously expand the computations, and the task would become unmanageable.
The next simplification was that the effect of turbulence on the drop movement was only to

change the drag coefficient of the drop. The change was approximated by the modification

of the particle Reynolds number. The particle Reynolds number in the turbulent flow was

evaluated by replacing ua in formula (4.8) by the sum of the laminar and the turbulent

kinematic viscosity. Thus, the new particle Reynolds number was

Rep =
D |vP - Val

va + vt
(4.22)

where vt is the turbulent kinematic viscosity which can be evaluated from the simulated

flow field using formula (3.16). The new value of the drag coefficient Cd for the known Rep
can then be obtained from the drag curve, and the corresponding new terminal velocity can
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Computation - Kolmogorov scale of turbulence tj [m]
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Figure 4.3: Contour lines of the Kolmogorov scale of turbulence plotted in the plane of symmetry
The turbulent scale n [m] was evaluated for the Mk2 and Hellmann gauges from the Bow fields

computed for the free-stream velocity of 3 m s-1 and the standard meteorological conditions.
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Figure 4.4: Contour lines of the Kolmogorov scale of turbulence plotted in the plane of symmetry.

The turbulent scale r\ [m] was evaluated for the ASTA gauge torn the Sow fields computed for the

free-stream, velocity of 3 m s-1 and the standard meteorological conditions.

be computed from equation (4.9). In this way of approximation, the largest influence of

turbulence on the drop movement can be expected in the shear layer and inside the gauge,

where the highest values of vt occur (see Figures 3.10, 3.14 and 3.18).
The influence of turbulence on the terminal velocities of water drops is shown in Figure

4.5. Generally, the present approximation results in a decrease of terminal velocities for

small drops and in an increase of velocities for very large drops. The increase of terminal

velocities is caused by the reduction of Cd with decreasing Rev as shown at the right part of

the drag curve in Figure 4.1 (top).

4.1.4 Computation of the particle trajectory

For a given equivalent particle diameter D the trajectory can be determined by computing

changes in the particle position in a stepwise manner. In each step the changes between the

starting and ending particle positions are

Ax = X2 — x\ — (upi + \ax At) At,

Ay = ?/2
-

Vi = (vpi +\ay At) At, (4.23)

Az = z2 - z\ = (wpi +\az At) At,

and the changes in the particle velocity are

Aup — uP2
—

Upi = ax At,

Avp = vp2
-

vpi = ay At, (4.24)
Awp = wP2

-

wpi = az At.

In these equations At is the time step and subscripts 1 and 2 denote the quantities in the

starting and ending particle positions, respectively. The determination of Cd from Rep,
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Figure 4.5: Terminal velocities ofwater drops for the standard meteorological conditions and different

levels of turbulence. The solid bold line represents the terminal velocities in the stagnant air (vt =

0), the solid thin line the terminal velocities for the free-stream turbulence used in the present

computations (vt = i/a), and the dashed line is for vt = 5ua.

and the subsequent computation of ax, ay and az are based on the particle-air velocity
difference vp

— va and, in case of included turbulence, also on the turbulent kinematic

viscosity ut corresponding to the time step At. In the present computations these quantities
were evaluated as averages between the values at the starting and ending positions. Because

the evaluation of the particle accelerations involves quantities in the unknown final position,
an iterative computation had to be used.

For a given particle position the velocity components of the air and the turbulent kine¬

matic viscosity can be determined from the simulated flow field by using the spatial trilinear

interpolation in the discretization grid. The trilinear interpolation can be illustrated in carte¬

sian coordinates.30 If h3 are values of the interpolated quantity in the corners of the unit

cell according to Figure 4.6, then the value in the interpolation point is

8

3=1

where the unit polynomials q3 are

9i = (1 - xr) (1 - yr) (1 - Zr), q5

q2 = xr(l-yr)(l-Zr), %

q3 = (l-xr)yr(l-zr), q7

94 = Xryr (1-Zr), <?8

and xr, yr and zr are local coordinates of the interpolation point within the unit cell.

In the present work the computation of the drop trajectory started from the undisturbed

flow at the cylindrical and top boundaries of the domain of the numerically simulated flow

field. The initial condition was that the drop entered the domain with the horizontal velocity

component equal to the free-stream velocity of the air vj, and with the vertical component

equal to its terminal velocity xvr- For a given drop diameter D the terminal velocity was

evaluated by using approximation formulas according to Beard (1977), and in the case of

computations with the influence of turbulence, the terminal velocities were evaluated by

using the approximation outlined in Section 4.1.3. The initial time step At was chosen to

30The same interpolation procedure is valid also for the cylindrical coordinates.

(4.25)

(1 - Xr) (1 - yr) Zr,

Er(l-yr)Zr,
(l-xr)yrzr,
xr Vr %ri

(4.26)
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Figure 4.6: Numbering of the unit cell corners for the three-dimensional interpolation.

correspond to the distance of 3 x 10~3 m passed by the drop having the initial velocity.
Refinements of At were necessary near the gauge body in order to achieve a higher precision
of the computation. In addition, At was automatically adjusted if the next drop position was

not found in four iterative steps. The next drop position was determined with the tolerance

of5xl0-6 m. The computation of the trajectory was terminated either if the drop intersected

the gauge body, or if it was blown sufficiently behind the gauge.

4.2 Determination of the partial wind-induced error

For a given type of precipitation gauge, drop diameter D and free-stream velocity Vf, the

partial wind-induced error e^ was estimated by computing the transformation of a horizontal

rectangular uniform grid from the undisturbed flow above the gauge to the level of the orifice.

The position of the initial grid was at the top of the computational domain. A trajectory
of a drop starting from a grid node of the initial grid was modified by the disturbed flow

around the gauge, and the last intersection of the trajectory with the horizontal plane at

the level of the gauge orifice was recorded as a nodal point of the transformed grid. The

computation was repeated for all nodes of the initial uniform grid. The size of the cells of

the original grid was between 0.0025 m x 0.0025 m for the gauges having small diameters,
and 0.0045 m x 0.0045 m for large gauge diameters.

Examples of results from the computation of the drop trajectories and transformed grids
at the orifice level of the Mk2 gauge are shown in Figure 4.7. The trajectories of water

drops without the influence of turbulence on the drop movement (dashed lines), and with

the influence of turbulence (solid lines) are compared to the original trajectories in the

undisturbed flow (dotted lines, Figure 4.7) .31 In these examples the trajectories uninfluenced

by the turbulence are only slightly deviated by the flow acceleration above the gauge. The

influence of turbulence is visible on the apparently smaller horizontal angle of the solid

lines, resulting from the modification of terminal velocities, and on the larger deviation of

trajectories in the shear layer above the gauge orifice.

The transformed grids, resulting from the computation without the influence of turbu¬

lence, show only a small deformation in the examples in Figure 4.8. In the windward part

of the gauge orifice the slightly stretched grid lines indicate lower densities of drops. The

situation is significantly different for the computation influenced by the turbulence (Figure
4.9. Some drops, crossing the orifice level are again blown up, falling in new positions further

31
In order to reduce the density of lines on the plots the horizontal distances between the starting points

of trajectories were set to 0.03 m.
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in the streamwise direction, and some drops may even loop inside the gauge collector. This

effect is emphasized with decreasing diameter of the drop and it results in discontinuities in

the transformed grids. For smaller drops the discontinuity stretches over the whole orifice

causing zero efficiency of the gauge. Similar but less complicated discontinuities occur also

for the trajectories uninfluenced by turbulence, but for much smaller drop diameters. For

the precise evaluation of the partial error it is necessary to determine the boundaries of

the discontinuities in the transformed grid. The computation of these boundaries is diffi¬

cult, especially for the case of the influence of turbulence, where the drops have complicated

trajectories in the shear layer and in the gauge collector.

The computations of transformed grids were made for all cases of numerically simulated

flows around the investigated precipitation gauges. The computations were made without

the influence of turbulence on the drop movement. The influence ofturbulence was computed

only as an example for the Mk2 gauge and the free-stream velocity of 3 m s-1. The drop
diameters were between 0.09 and 2.5 mm. The larger drops (D > 2.5 mm) were practically
uninfluenced by the flow deformation above the gauge. The partial wind-induced error was

evaluated as a ratio of the sum of the transformed grid cell areas inside the gauge orifice to

the orifice area of the gauge.

Figure 4.10 shows examples of the partial wind-induced error evaluated for the Mk2,
Hellmann and ASTA gauges, and different free-stream velocities. Generally, the partial

error steeply increases for drop diameters below approximately 0.6 mm, and from a certain

limit value of the drop diameter £>i, which depends on the free-stream velocity, the efficiency
of the gauge is zero. The detailed comparison of the plots indicates that the partial error

depends on the type of the precipitation gauge, and that it is smallest for the Mk2 gauge,

and largest for the ASTA gauge.

The influence of the two different meteorological conditions (see Table 3.3) for the Mk2

gauge and cj = 3m s_1 is presented in Figure 4.11 (top). The computation for the standard

conditions at sea level shows slightly larger values of ep than for the altitude of 2000 m. This

difference is mainly because of higher terminal velocities of the drops at 2000 m, and not

because of the small differences in the numerically simulated flow fields. The comparison in

Figure 4.11 (bottom) shows a large effect of turbulence on the computation of the partial
wind-induced error for the Mk2 gauge and vj = 3 m s_1. In the case with turbulence the

differences are caused by the reduction of terminal velocities, and by the increase of the

drag coefficient in the shear layer above the gauge. Examples of differences in values of ep

computed with and without the influence of turbulence are given in Table 4.2. The values

are related to the cases in Figures 4.7, 4.8 and 4.9.

Table 4.2: Differences between computation of the partial wind-induced error without and with the

influence of turbulence on the drop movement for the case of the Mk2 precipitation gauge and the

free-stream velocity of 3 m s-1. The values are related to the examples in Figures 4.7, 4.8 and 4.9.

Drop movement
Partial wind-induced error

D = 0.3 mm D = 0.4 mm

without turbulence

with turbulence

25.6%

98.1%

11.0%

49.3%
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Figure 4.7: Examples of computed trajectories of water drops for the Mk2 gauge, for the free-

stream velocity ti/ = 3m s_1 and drop diameters D = 0.3 mm (top) and D = 0.4 mm (bottom).
The trajectories are plotted in the plane of symmetry. The dotted lines represent the undisturbed

trajectories, the dashed lines the trajectories uninfluenced by turbulence, and the solid lines the

trajectories influenced by turbulence. The direction of the flow is from left to right.
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Figure 4.8: Examples ofcomputed transformed grids for drop movement uninfluenced by turbulence.

The computations are for the Mk2 gauge, for the free-stream velocity Vf = 3 m s-1 and drop diameters

D = 0.3 ram (top) and D = 0.4 mm (bottom). The transformed grids are plotted in the horizontal

plane at the level of the gauge orifice. The direction of the Bow is from left to right.
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Figure 4.9: Examples of computed transformed grids for drop movement influenced by turbulence.

The computations are for the Mk2 gauge, for the free-stream velocity v/ = 3 m s_1 and drop diameters

D = 0.3 mm (top) and D = 0.4 mm (bottom). The transformed grids are plotted in the horizontal

plane at the level of the gauge orifice. The direction of the flow is from left to right.
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Figure 4.10: Results of computation of the partial wind-induced error ep for the Mk2, Hellmann

and ASTA gauges without the influence of turbulence on the drop movement.
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Figure 4.11: Results of the computation of the partial wind-induced error ep for the Mk2 gauge and

Vf = 3 m s_1 with and without the influence of turbulence on the drop movement (top), and for the

two cases of meteorological conditions in Table 3.3 also without turbulence (bottom).
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5 Estimation of the integral wind-induced error

5.1 Integral rainfall parameters

Because of the sensitivity of the radar signal to the size of drops, the drop size distribution

has a great importance for the remote sensing of precipitation using the radar equipment,
and for the subsequent assessment of different rainfall parameters. A common way is to

express the drop size distribution by using formulas giving no [m-3 m-1], the number of

drops per unit volume of air and unit drop size interval, having equivolume spherical diameter
D [m] (Dmin < D < Dfnax). The number of drops per unit volume of air with diameters

Dmin <D<D0is

ND= I
°

nDdD, (5.1)
JDmin

and the total number of drops per unit volume of air is

rD

JDm

w

N= nDdD. (5.2)
J Dmin

The multiplication of no by the drop volume and subsequent integration gives Wd [m3 m-3],
the partial volume of drops with diameters Dmin < D < Dq per unit volume of air, in the

form

WD = ^ I
°

nDD3dD, (5.3)
6 JDmin

and W [m3 m-3], the total volume of drops per unit volume of air as

=
-r / nDD3dD. (5.4)
6 JDmin

The fraction of the total volume ofdrops in the air formed by drop diameters Dmin < D < Dq
is denned as

The rate of rainfall (the rain intensity) R& [mm h_I], formed by the drops with diameter

Dmin 5: D < Dq, can be obtained by multiplying ri£> D3 at the right side of equations (5.3)
and (5.4) by the drop terminal velocity tor [m s_1]> thus

K fD° o

Rd = Cr- / nDDzwTdD. (5.6)
6 JDmin

The total rate of rainfall R [mm h_1] is

7[- fDmax
= Cr- nDD3wTdD. (5.7)

b JDmm

In the above two equations Cr = 3.6 x 106 mm h-1 m_1 s is the factor for the conversion

of the rate of rainfall from [m_1 s] to [mm h-1]. Similarly to equation (5.5), the fraction

of the total volume of incident rainfall, formed by drop diameters Dmin < D < Do, can be

expressed as

Ed = ^- (5.8)

Because of the variation of the terminal velocity with the drop diameter, the drop size

distribution on the ground differs from the drop size distribution in the air. Therefore,
expressions (5.5) and (5.8) give different values of F& and Ep.

According to Ulbrich (1983) the lower and upper limits of integration in the above equa¬

tions can be chosen as Dmin — 0 and Dmax = oo, respectively. The error introduced in

this way is under certain conditions negligible, and because these conditions are satisfied

in most meteorological situations (Ulbrich, 1983), the same assumption about the limits of

integration was also used in the present work.

R
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5.1.1 Gamma probability density and distribution functions

Commonly, no is expressed as a gamma probability density function. The gamma probability
density function can be written as (e.g. Sutcliffe et al., 1975)

g(y) = yp-1e-y, (5.9)

where p > 0 is the shape parameter. The corresponding distribution function is then

ryo .

lip, Vo) = G{yo) = / y""1 e"' dy, (5.10)
Jo

where j{p, yo) is the incomplete gamma function. Additionally, the integral

/•oo

T(p) = 7(p, oo) = / y*-1 e~y dy (5.11)
Jo

is the so called complete gamma function. If the substitution given by

y = axn (5.12)

is used in equation (5.10) the latter becomes

rxo

<y(p,ax%) = F(x0)=nap / xnp~l e~ax dx, (5.13)
Jo

with the corresponding probability density function

f(x) = naJ,xnp-le-axn. (5.14)

For given values of o, p and n the above integrals have to be evaluated by numerical inte¬

gration (e.g. Press et al., 1986).

5.1.2 Functional approximation of terminal velocities of water drops

In the case that no is given as a gamma probability density function, for an easy integration
of the formulas for the rainfall parameters it is convenient to express also the terminal

velocities in a similar form. The approximation of the terminal velocities of water drops in

the form of expression (5.14) can be written as

wp = aiDa>e-Q3Dn, (5.15)

where wr [m s-1] is the resulting terminal velocity, D [m] is the drop diameter, and an, 02, az

and n are parameters. The above approximation in different forms is often used for derivation

of the integral rainfall parameters. For example, Ulbrich (1983) used an approximation in

the following form of a power function

wT = 386.6 D067. (5.16)

Uplinger (1981) approximated the terminal velocities measured by Mason (1971). The ap¬

proximation was in the form of a gamma probability density function

wr = 4854.1 De~l95D. (5.17)

Comparison with the measurement of Gunn and Kinzer (1949) in Figure 5.1 shows that the

approximation of Ulbrich (1983) does not represent the measured terminal velocities very

well. On the other hand, the approximation by the gamma probability density function
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Figure 5.1: Two approximations of terminal velocities of water drops. The measurements are those

of Gunn and Kinzer (1949).

gives better results, and therefore seems to be more suitable for the derivation of the integral
rainfall parameters.

In the present work the gamma probability density function was used to represent the

terminal velocities for the two cases of meteorological conditions in Table 3.3, and for the

terminal velocities modified by the turbulence. The turbulence was characterized by the

turbulent kinematic viscosity i/t = va. The fit by equation (5.15) for n = 1 was made

by using the Levenberg-Marquardt method (Press et a/., 1986). The resulting coefficients

are summarized in Table 5.1. The top part of Figure 5.2 shows the comparison of the

approximations by the gamma probability density function with values of terminal velocities

computed for the two cases of meteorological conditions, according to Beard (1977) (see
Section 4.1.2). The bottom part of Figure 5.2 shows the comparison of the approximations
with terminal velocities modified by the influence of turbulence according to Section 4.1.3.

Table 5.1: Coefficients in equation (5.15) for different cases of terminal velocities of water drops.

Altitude Turbulence
Coefficient

<*i a2 <*3

0m

2000 m

0m

no

no

yes

6855.1

7763.7

8677.5

1.0525

1.0588

1.1213

208.84

208.37

158.09

5.2 Different drop size distributions

The drop size distribution depends on many factors such as the rate of rainfall, the type of

rain, the relative humidity, etc. Because of the lack of data, in many studies the drop size

distribution was regarded as a function only of the rainfall intensity. This over-simplification
was later improved, and the drop size distribution was also related to other meteorological
parameters.

> * >

-OOOOOO-

o o o measurement

Utt>rich(1983)
Uplinger (1981)

J I L_
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Figure 5.2: Approximation of the different cases of terminal velocities of water drops. The points

represent the computed values and the lines represent the fit by the gamma probability density
function using equation (5.15).

5.2.1 Marshall and Palmer exponential drop size distribution

Marshall and Palmer (1948) proposed an exponential formula for no which was in good

agreement with their observations, except for diameters less than approximately 0.0015 m.

The formula is

nD = riQe'AD, (5.18)

where D [m] is the diameter of the drop and no is the parameter with the constant value

no = 8x 106 m~3 m_1 for any rate of rainfall. The parameter A [m_1| is given as

A = 4.1xl03iT02\ (5.19)

where R [mm h-1] is the rate of rainfall.

Substituting formula (5.18) into equation (5.3) and using formula (5.13) gives an expres¬

sion for the partial volume of drops per unit volume of air with diameters 0 < D < Do in

the form

(5.20)WD = ^j(A,AD0),
and a similar procedure applied to equation (5.4) gives the total volume of drops in the form
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(r(4) = 6.0)

* = *% (5-21)

From equations (5.20) and (5.21) the fraction of the total volume of drops in the air is

FD =4 7(4, A A))- (5.22)
0

The further substitution into equations (5.6) and (5.7) and using expression (5.15) for n = 1.0

gives the rate of rainfall formed by drops with diameters 0 < D < Dq in the form

HD = CR^^l7(Pi,aD0), (5.23)

where the parameters a and pi > 0 are

a = 03 + A,

Pi = «2 + 4.
(5.24)

The total rate of rainfall is

R = CR\^T{Pl). (5.25)

The fraction of the total volume of drops reaching the ground is

7(pi,aD0)
f

.

ED=-p^r- (5-26)

If at least one of the parameters no or A is made dependent on the rate of rainfall R then the

same value should also result from equation (5.25). For instance, if the terminal velocities

are approximated by using equation (5.15) with coefficients for sea level conditions (Table
5.1), then the expression for A [m-1] derived from equation (5.25) would be

A = 4.4414 x 103 iT0-19792 - 208.84. (5.27)

The above formula differs from the original equation (5.19). This implies that the Marshall

and Palmer formulas for no and A would need some improvement.

5.2.2 Best drop size distribution

Best (1950) proposed a formula for the fraction of the total volume of drops per unit volume

of air formed by diameters 0 < D < Dq, in the form

FD = l-e-ADo, (5.28)

where D [m] is the drop diameter. Formula (5.28) can also be written in the form

/•A)

FD = nA Dn-le-ADndD = 7{l,AD%). (5.29)
./o

In the above equations the parameter A [m_n] is given as

A = c0iTQ, (5.30)

where R [mmh-1] is the rate of rainfall. Best (1950) proposed also a separate formula for

the total volume of drops per unit volume of air W in the form

W = cbR0. (5.31)
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Table 5.2: Mean values of drop size distribution parameters according to Best (1950).

Parameter Value

n 2.25

ca

a

3.1162 xlO6

0.522

Cb 6.7 xl0-s

0.846

The mean values of the drop size distribution parameters n, c„, a, q, and /3 are summarized

in Table 5.2. According to Best (1950), there may be a large variation of the parameters
from the mean values for showers and orographic rains, particularly of the parameter n.

Using expressions (5.29) and (5.15), and supposing that the exponent n in both cases

has the same value, the rate of rainfall formed by drops with diameters 0 < D < Dq is

RD = CRWai— 7(P2,aDj),

where a is given by formula (5.24) and the parameter p2 > 0 is

n + a2
P2

n

The total rate of rainfall is

R = cRWax — rfpa),

and the fraction of total volume of drops reaching the ground is

7(P2,«#?)
Ed =

r(P2)

(5.32)

(5.33)

(5.34)

(5.35)

Naturally, in this case the rate of rainfall R, resulting from equation (5.34), should also be

the same as used for the computation of A and W from approximation formulas (5.30) and

(5.31). Although this is not the case, the results are better than in the case of the Marshall

and Palmer exponential drop size distribution.

5.2.3 Ulbrich gamma drop size distribution

Ulbrich (1983) proposed a formula for no in the form of the gamma distribution as

nD = n0DKe-AD, (5.36)

where D [m] is the drop diameter and the parameter k depends on the type of rain. Its typical

range is — 1 < k < 1. A more complete classification of the types of rains and approximate
values of k are in Table 5.3. In the above equation the parameter no [m-3 m-"-1] is given
by the following formula

no = 6xl02K+6e3-2,c. (5.37)

In order to derive an expression for the parameter A [m_1] in equation (5.36), Ulbrich (1983)
used the power law approximation of terminal velocities given by equation (5.16). The

resulting formula is

A-(j R

where R [mm h_1] is the rate of rainfall and k > —4.67.

7.2872 x 108 ^ r(/s + 4.67)]
"'+4.67

(5.38)
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Table 5.3: Approximate ranges of the parameter k for different types of rain according to Ulbrich

(1983).

Type of rain K

Orographic rain

Thunderstorm rain

Widespread or stratiform rain

Showers

-2 < k < 0

0<k<2

-1<K<5

-4 < k < 5

Typical range -1<k< 1

Substituting formula (5.36) into equation (5.3) and using expression (5.13) gives the

partial volume of drops per unit volume of air with diameters 0 < D < Dq in the form

^=6^7(K + 4'AA))- (5.39)

Here the condition on the parameter k is k > 4. Similarly, the total volume of drops per

unit volume of air is

^=^r{K + 4)- (5"40)

The fraction of total volume of drops in the air is

FD
7(« + 4, A Dp)

T(« + 4)
' (5.41)

The rate of rainfall formed by drops with diameters 0 < D < Dq can be obtained from

equation (5.39) by using expression (5.15). The resulting formula is

Rd = Cr- -^-± 7(p3, a Dq),
o aP3

where a is given by formula (5.24) and the parameter pz > 0 is

P3 = « + «2 + 4.

The total rate of rainfall from equation (5.40) is

and the fraction of the total volume of drops reaching the ground is

7(p3, a Dq)
ED

r(p3)

(5.42)

(5.43)

(5.44)

(5.45)

In contrast to the previous two drop size distributions, formula (5.38) for the parameter A

was derived from equation (5.44), and therefore the rate of rainfall resulting from equation

(5.44) is exactly the same as that used for the computation of A. An improvement of the

original formula (5.38) can be obtained by using the gamma probability density function

instead of the power function for the approximation of the terminal velocities. For example,
in the case of standard meteorological conditions at sea level (the coefficient values in Table

5.1), the resulting formula for A [m-1] is

A= (1.2922 xl010-^r(« +5.0525) J -208.84, (5.46)

where R [mm h *] is the rate of rainfall.
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Figure 5.3 shows the dependence of the fraction of the total volume of drops reaching the

ground on the drop diameter. The dependence was evaluated for different rates of rainfall,
and for the parameter k = — 1, typical for an orographic rain, and « = 1, typical for a

thunderstorm rain. For the low rates of rainfall the Ulbrich drop size distribution shows

much larger fraction of smaller drops for the orographic rain than for the thunderstorm rain.

Therefore, the orographic type of rain can be expected to cause a larger wind-induced error.

Fraction of the total volume of drops reaching the ground
1.01 <—

0.8
Uj

-§ 0.6

o

£ 0.4
c
o

t)

* 0.2

0.0u

0.000

K= 1.0

K = -1.0

0 002 0.004

drop diameter 0[m]

0.006

Figure 5.3: Fraction of the total volume of drops reaching the ground as a function of drop diameter

for the rate ofrainfall 0.1, 1.0 and 10.0 mm h_1, and for the parameter k = 1 and k = -1, according

to Ulbrich (1983). The parameter A was computed from equation (5.46).

5.3 Functional approximation of the partial wind-induced error

For the further integration over a given drop size distribution it is convenient to approximate
the partial wind-induced error in a form of the gamma probability density function. Similarly

to formula (5.15) for the terminal velocities the approximation can be written as (n = 1)

eD = 1.0 0 < D < Di

ep = (3lD^e~^D Dx < D < DQ,
(5.47)

where ep is the partial wind-induced error and Di is the limit drop diameter. Drops with

diameters smaller than D\ are all blown away from the gauge orifice giving zero efficiency of

the gauge.

For a particular gauge and a given free-stream velocity the coefficients (3\, 02 a^d 0% in

equation (5.47) were obtained by a fit to the computed values of the partial wind-induced

error for different drop diameters. This was done by using the Levenberg-Marquardt method

for nonlinear least-squares fit (e.g. Press et a/., 1986). Because of a large stretching of the

transformed grid for the small drop diameters, the computations resulting in very large par¬

tial errors (ep > 0.8) were of a lower precision. The tests showed that the fit to the computed

values of partial error for smaller drop diameters can be improved by using weighting factors

in the form

wf = (l- ePY (5.48)

For the Mk2, Hellmann and ASTA gauges, the standard meteorological conditions and

without the influence of turbulence on the drop movement the resulting values of the param¬

eters /?2 and 0% were plotted against the corresponding free-stream velocity and the values
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of ln/?i were plotted against parameter fy. These plots indicated that there is a clear de¬

pendence of parameters (h and fo on Vf, and suitable functions expressing these relations

are

p\ = Cq vj + C2 Vf + C3

/% = C4 vj +CQVf+C7

where Vf is the free-stream velocity, and cq,. .. ,cr are coefficients. The values of the co¬

efficients can be found by using again the Levenberg-Marquardt method. In the case of

parameter /?i the following linear expression seems to be valid

(5.49)

ln/3i =c8/32 + c9, (5.50)

where eg and eg are further coefficients.

The values of the coefficients cq,. .. ,cg, resulting from the first fit, failed to correctly

reproduce the computed values of ep for all free-stream velocities. The problem was caused

by a scatter of points around the best fit by equation (5.49). To remove this problem
one degree of freedom was removed by finding first coefficients c$ and cq and fixing the

relationship between parameters /?i and /%. The modified version of equation (5.47) is

ep = 1.0 0 < D < Dx

ep = D& ec« ft+<*-0»D Dx<D<Dq.
(5.51)

Results of the best fit of parameters /31? fe and fa for the Mk2 precipitation gauge by using

equation (5.51) are shown in Figure 5.4.

The advantage of the functional approximation of the partial wind-induced error is that

the value of ep can be computed for any drop diameter and any free-stream velocity in the

range from 1 to 12 m s"1. The coefficients co,...,co,, obtained for the Mk2, ASTA and

Hellmann precipitation gauges and the standard meteorological conditions at sea level by

using the above described procedure, are summarized in Table 5.4.

Table 5.4: Coefficients Cq,. .. ,cg in equations (5.49) and (5.50) for the determination of parameters

fix, fa and 03 in equation (5.47) for the computation of the gauge error ep.

Coefficient
Type of precipitation gauge

Mk2 Hellmann ASTA

A)

Cl

c2

c3

1.2644

-0.95577

-0.020665

-2.5807

1.4093

-0.99266

-0.021512

-2.5914

1.4665

-1.00196

-0.027794

-2.5710

c4

c5

cq

c7

1.0097x10*

-5.0433 xlO"1

4.1157X101

-3.9549 xlO3

1.1454x10*

-4.1467X10"1

6.9528 xlO1

-5.5213 xlO3

1.1475x10*

-4.5315 xlO"1

6.1925 xlO1

-5.1514xl03

eg

eg

7.8499

-1.3636

7.6942

-1.5395

7.7836

-1.2043

Figure 5.5 shows the comparison of the computed values of the partial wind-induced error

and the approximation by using the coefficients in Table 5.4 for the Mk2 precipitation gauge.
The agreement between the computation and the approximation is very good except for low

free-stream velocities and small drop diameters giving the partial error ep > 0.8. This may

be caused by the too large stretching of some cells of the transformed grid at the level of the

gauge orifice resulting in a lower precision of the computation.
The following computations were made only as examples for the free-stream velocity of

3 m s_1. Therefore, it was not possible to construct interpolations for different values of
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Figure 5.4: An example of the dependence of the parameters p2 and p3 on the free-stream velocity,
and dependence of In 0i on pV The points represent values determined by the best fit to computed
discrete data of the Mk2 gauge error ep for the particular value ofv/ and the lines correspond to the

fit by equation (5.49) and (5.50), respectively.
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Figure 5.5: An example of the approximation of the precipitation gauge error ep by a gamma

probability density function. The points correspond to computed values by numerical simulation and

the lines are drawn by using equation (5.47).

Vf and to determine the coefficients Co,... ,cg in equations (5.49) and (5.50). The computed

values of ep were approximated using equation (5.47) and the resulting parameters 0i, /%

and 0z are summarized in Table 5.5.

Table 5.5: Values of the parameters 0i, 02 and 03 in equation (5.47) for different cases of the

approximation of the partial wind-induced error.

Gauge type Altitude Turbulence
Parameter

A A 03

Mk2 Om yes 4.0559 xlO"10 -2.7324 1104.4

Mk2

Hellmann

ASTA

2000 m

2000 m

2000 m

no

no

no

2.3098x10-8

2.4188xl0-8

2.8119x10-8

-2.0739

-2.0847

-2.0810

2596.4

2484.1

2496.5

Fl

F2

F3

Dl

D2

D3

Om

0m

Om

Om

Om

0m

no

no

no

no

no

no

1.1554 xlO"7

7.2687 x 10~r

2.1658 xlO~6

1.9269x10-8

6.7781 x 10-8

1.5263x10-8

-1.9050

-1.7124

-1.5978

-2.1220

-1.9881

-1.9016

2825.5

3143.8

3252.1

2289.9

2488.2

2549.4

5.4 Determination of the integral wind-induced error

For the computation of the integral wind-induced error it remains to determine the limit

value of the drop diameter D\. This can be done for known parameters 0i, 02 aQd 03 by

rearranging formula (5.47) to the form

A = (£***)*. (5.52)

From this equation the value of D\ can be computed in an iterative manner. If the first

guess of D\ is close to the expected value, the result can be obtained after a few iterations.

Substituting equations (5.47) and (5.15) in equation (5.6) gives R*D [mm h_1], the rate

of rainfall for drop diameters 0 < D < Dq which corresponds to the missing volume of rain
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per unit area and per unit time interval. The resulting expressions are

R*d = Rd, Dq<Du (5.53)

R*d = cr\[(
°

epnDDzxoTdD- j \ev - l)nDD3wrdD ) , D0 > Dx. (5.54)

In the case of the Ulbrich drop size distribution, equation (5.54) can be written as

7T

R*d = Cr g- n0 "1 — l(pz,aDl)

+
A

7(^4, (a + /%) Dq) - 7(p4, (a + #,) Dx) (5.55)
(« + /%)*

where a is given by formula (5.24), p3 by formula (5.43), and the parameter p4 > 0 is

p4 = k + a2 + p\ + 4. (5.56)

The parameters ai, 0:2 and 03 are from the approximation of terminal velocities, and the

parameters fix, p\ and p\ are from the approximation of the partial wind-induced error. The

total missing rate of rainfall R* [mm h-1] is

R* = CR^lrepnDDzwTdD- f \ev - l)nDD3wTdD)
, (5.57)

and the corresponding expression for the Ulbrich drop size distribution is

r(p4)-7(p4, (<* + &) A)] . (5.58)
7T

R* = CR- n0 ay
0

^7(P3,a£i) + ^-)p4L
The integral wind-induced error of the precipitation gauge for a given free-stream velocity,

rate of rainfall, drop size distribution and meteorological conditions is

e« =

R
(5.59)
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6 Results

The integral wind-induced error ei was evaluated as a function of the rate of rainfall for all

investigated precipitation gauges by using formula (5.58). The parameters in formula (5.58)
were determined for a particular gauge, free-stream velocity Vf, rate of rainfall R, parameter

k in the Ulbrich drop size distribution, and given meteorological conditions using the gamma

function approximations of the terminal velocities of water drops and of the computed values

of the partial wind-induced error.

Figure 6.1 presents the comparison of the integral error of the operational gauges Mk2,
Hellmann and ASTA computed for different values of free-stream velocity and parameters

k. The computations were made without the influence of turbulence on the drop movement

and for the standard meteorological conditions at sea level in Table 3.3. Generally, the

integral error increases with the decreasing rate of rainfall. The increase is especially steep
for R < 1 mm h-1. The computations showed the expected increase of the integral error for

increasing free-stream velocity. In addition, the integral error is higher for k = —1 than for

n — 1. For example, for the Mk2 gauge (Figure 6.1, top), Vf = 5 m s-1 and R = 1 mm h-1

the integral error is e* = 2.3% for n = 1, while ei — 4% for k = —1. This can be explained

by a larger fraction of smaller drop diameters in the total volume of the incidental rainfall

for k = —1. According to Ulbrich (1983), n — —1 and k = 1 are typical values for the

orographic and thunderstorm rains, respectively.
Direct comparison of the integral wind-induced error of the Mk2, Hellmann and ASTA

gauges is presented in Figure 6.2. The computations were made without the influence of

turbulence on the drop movement, for sea level conditions and for different values of Vf
and k. The results indicate that there are differences between the gauges. Generally, the

differences are increasing with increasing Vf and decreasing n (see Figure 6.2, top). The

lowest integral errors were computed for the Mk2 gauge, and the highest for the ASTA

gauge. For example, the Mk2 gauge for Vf = 5 m s_1, R = 1 mm h_1 and k — — 1 shows an

error of e{ = 4%, whereas the Hellmann gauge shows an error of et = 4.8% and the ASTA

gauge one of ej = 5.3% (Figure 6.2, top). In the same increasing order are also the outer

diameters d0 of the gauges, given in Table 1.1 on page 9. The Mk2 gauge has the smallest

outer diameter, while the ASTA has the largest one. On the other hand, the difference in

the integral error between the Hellmann and ASTA gauges can not be explained by the inner

gauge diameter Jj, because these two gauges have the same size of d{.

As far as the relation of the integral error and the outer gauge diameter is concerned, the

results are the same for the experimental gauges. For both groups of experimental gauges

with the thin orifice rim (Fl, F2 and F3) and the thick rim (Dl, D2 and D3), the outer

diameter increases with increasing gauge number (see Table 1.1 on page 9). Comparison in

Figure 6.3 confirms that the integral error is increasing with increasing d„. The computations
were made without the influence of turbulence, for sea level conditions and for Vf = 3 m s~l.

In Figure 6.4 is an example of the dependence of the integral error of all investigated

gauges on the inner gauge diameter (top) and the outer gauge diameter (bottom). The

integral errors in this example were computed without the influence of turbulence, for sea

level conditions, and for values u/ = 3ms_1,« = —1 and R = 1 mm h-1. The values of the

integral error for the experimental gauges Fl, F2 and F3, as well as the gauges Dl, D2 and

D3 are connected with dashed lines. The plots show a clear dependence of the integral error

on the gauge diameter, especially in the case of the outer diameter d0. Therefore, it can be

concluded that the outer diameter of the cylindrical precipitation gauges plays an important
role in the gauge performance.

Figure 6.5 shows a comparison for two special cases computed for the Mk2 gauge, and

for Vf = 3 m s-1. The top plot compares the influence of the two meteorological conditions

as presented in Table 3.3 on page 47. The integral wind-induced error is slightly smaller for

conditions at an altitude of 2000 m than for sea level. This can be explained by the higher
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Figure 6.1: The integral wind-induced error e, of the Mk2, Hellmann and ASTA precipitation gauges
is plotted as a function of the rate of rainfall R. The error was computed without the influence of

turbulence on the drop movement for the free-stream velocities v/ = 1.0, 3.0 and 5.0 m s-1 (labels
in the plot), for the Ulbrich drop size distribution parameter k = — 1 and k = 1, and for standard

meteorological conditions at sea level.
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Integral wind-induced error: k = -1.0
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Figure 6.2: Comparison of the integral wind-induced error of the Mk2, Hellmaxin and ASTA pre¬

cipitation gauges for the Ulbrich drop size distribution parameter k = —1 (top) and k = 1 (bottom).
The error was computed without the influence of turbulence on the drop movement for the free-

stream velocities v/ = 1.0, 3.0 and 5.0 m s_1 (labels in the plot), and for the standard meteorological
conditions at sea level.

terminal velocities of water drops at 2000 m (see Figure 4.2), resulting in the higher horizontal

fall angles. The bottom part of Figure 6.5 shows the comparison of the computation with and

without the influence of turbulence on the drop movement for the standard meteorological
conditions at sea level. The computed values of the integral error for the case with turbulence

are approximately 3 times higher than for the case without the influence of turbulence.

Therefore, the influence of turbulence on the movement of precipitation particles has to be

taken into account for a more realistic computation of the integral wind-induced error.
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Figure 6.3: Comparison of the integral wind-induced error of the experimental gauges Fl, F2 and F3

(top), and Dl, D2 and D3 (bottom). The error was computed without the influence of turbulence on

the drop movement for the free-stream velocity v/ = 3.0 m s_1, for the Ulbrich drop size distribution

parameter k = -1 and k = 1 (labels in the plot), and for the standard meteorological conditions at

sea level.
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Figure 6.4: An example of the dependence of the integral wind-induced errors on the inner (top)
and outer (bottom) gauge diameters. The dashed lines connect the error values of the Fl, F2 and F3,
as well as the Dl, D2 and D3 experimental gauges. The errors were computed for all gauges without

the influence of turbulence, for Vf = 3.0 m s_1, k = — 1, R = 1 mm h_1, and for sea level conditions.
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Figure 6.5: Comparison of the integral wind-induced error for the two cases ofmeteorological condi¬

tions in Table 3.3 (top) (no inBuence of turbulence), and for the case with and without thejnBuence

of turbulence on the drop movement (bottom) (the standard meteorological conditions at sea level).
The error was computed for the Mk2 gauge, for the free-stream velocity Vf = 3.0 in s-1, and for the

Ulbrich drop size distribution parameter k = -1 and n = 1 (labels in the plot)
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7 Summary and conclusions

In the present work the wind-induced error of various types of operational and experimental

precipitation gauges was estimated using a complex three-dimensional numerical procedure.
The solution procedure was characterized by a computation in two basic steps. In the first

step the flow around the gauge was numerically simulated. In the second step the wind-

induced error was estimated by the computation of the movement of water drops in the

simulated flow field.

In the first part of the work the flow around the precipitation gauges was investigated.
The investigations were made in two stages. First, the flow field characteristics were measured

above the British Meteorological Office Mk2 gauge in two experiments. The experiments were

made in the wind tunnel of 'Laboratoire des Systemes Energetiques', EPF Lausanne, and

the wind tunnel of 'Institut fur Hydromechanik und Wasserwirtschaft', ETH Zurich. Veloc¬

ity and turbulent quantities were measured by using a hot wire/film constant temperature

anemometry. The measurements were two-dimensional, and they were made in a vertical

plane, parallel with the flow and going through the centre of the gauge. In the second

stage the three-dimensional flow fields were numerically simulated around the Mk2 gauge,

the Hellmann and ASTA gauges, used in Switzerland, as well as around six experimental

gauges with different orifice diameters and orifice rims. The simulations were made by using
a commercial software for fluid dynamic computations. Because of imprecise computations
of the turbulent quantities, some parts of the software were newly programmed.

The measurements and computations of the flow showed similar qualitative results. Be¬

cause of the blocking effect of the gauge body, the air flow is deviated and accelerated around

the gauge. The velocity increase above the gauges was approximately 35%, and the highest
production of turbulence was in the thin shear layer separating the outer main flow and the

recirculating flow inside the gauge collector. Generally, the results confirmed measurements

of the flow characteristics from previous studies (e.g. Robinson and Rodda, 1969; Green

and Helliwell, 1972; Tettamanti, 1990; Sevruk et al., 1991). The present results of the mea¬

surements were two-dimensional, and not suitable for a three-dimensional simulation of the

particle movement. A full description of the flow by three-dimensional wind tunnel measure¬

ments would be difficult and time consuming. Moreover, not all regions around the gauge

are accessible by the hot wire/film probe.
On the other hand the numerical simulation can give a complex three-dimensional de¬

scription of the flow around the gauge in a more convenient way. The initial problems
with the precision of the computation proved that it is necessary to compare computational
results with a physical experiment. The present comparison of the computations and mea¬

surements showed good agreement as far as the velocity fields are concerned. There were

larger differences only in the turbulence, especially in the case of the Lausanne experiment.
The differences were very likely caused by the chosen sampling frequency of measurement in

Lausanne, which was too low. However, the comparison of the computations and measure¬

ments confirmed that the computed velocity vector and turbulence fields are suitable for the

simulation of the precipitation particle movement.

In the next part of the present work the computed flow fields were used for the simulation

of the water drop movement, and for subsequent evaluation of the partial wind-induced

error as a function of the drop diameter and the free-stream velocity. The partial error was

estimated from a transformation of a uniform grid from the undisturbed flow above the gauge

to the level of the gauge orifice. The transformation was determined by the computation
of the drop trajectories starting from grid nodes of the uniform grid. The trajectories were

modified by the disturbed flow around the gauge, and the nodes of the transformed grid were
defined as the last intersection of the trajectory with the horizontal plane at the level of the

gauge orifice.

The computations of the drop trajectories were mainly made without the influence of the
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turbulence on the particle movement. The influence ofturbulence was included in a simplified
form only in an example computation. The computation with included turbulence showed

larger modifications of the drop trajectories compared to the case without the influence of

turbulence, especially in the shear layer above the orifice and inside the gauge collector.

Subsequently, the integral wind-induced error was obtained by an integration of the

partial error over a given drop size distribution. The integration was based on the Ulbrich

drop size distribution, and on an approximation of the computed partial wind-induced error

and the terminal velocities of the water drops by a gamma probability density function. The

integration resulted in a formula which gives the integral error as a function of the free-stream

velocity, the rate of rainfall and the parameter of the Ulbrich drop size distribution.

The derived formula was used for the determination of the integral wind-induced error of

the investigated operational and experimental gauges. Generally, the results confirmed the

observation from field measurements, that there are significant differences in the performance
of various types of precipitation gauges. For example, from the operational use it is known

that the ASTA gauge has a higher wind-induced error than the Hellmann gauge (e.g. Sevruk,

1989a), although they have the same size of the orifice area. The same tendency resulted

also from the present computations. Generally, the computed integral wind-induced error

increased with increasing outer diameter of the gauge. The absolute extent of the disturbed

region of the air flow around the gauge depends mainly on the size of the blocked area.

The larger gauge diameters result in the larger extent of the flow disturbance, and thus,
the movement of the precipitation particles is influenced on longer trajectories. Therefore,
the relatively higher error of the ASTA gauge in comparison to the Hellmann gauge can be

explained by the larger outer diameter of the ASTA gauge body. A precise determination of

the influence of other shape parameters of the gauge would need additional computations.

Comparative computations for the meteorological conditions at sea level and at an al¬

titude of 2000 m showed slightly smaller integral errors for the higher altitude. This can

be attributed to the higher terminal velocities at 2000 m. Therefore, it can be expected
that the relative errors of precipitation measurements for the same free-stream velocity, rate

of rainfall, and the parameter in the Ulbrich drop size distribution will be lower for higher
altitudes than at sea level.

The influence of the turbulence on the particle movement was studied only in the example
of the Mk2 gauge. The results showed approximately three times higher integral errors for the

case where the turbulence is included than for the case without the influence of turbulence.

These higher values of integral error seem to be much closer to the approximate values of

the total wind-induced error for the Hellmann gauge determined from the field data (Sevruk,

1989b), in spite of the limited comparability because of the different gauges used. Therefore,
it can be concluded that for the more realistic determination of the absolute values of the

integral wind-induced error the influence of turbulence on the particle movement should be

included in the computation.
The present procedure for the estimation of the integral wind-induced error can be used

for further computations. First of all the integral error can be computed for different precipi¬
tation particles, especially for snow. The flow fields, computed for sea level conditions and for

the altitude of 2000 m, did not show significant differences. Therefore, it seems that it would

be possible to use directly the simulated flow fields for the computation of the movement

of snow flakes. Another possibility would be to use the present procedure for investigations
of the influence of different wind shields on the performance of the precipitation gauges. In

this case it would be necessary to simulate new flow fields, and computations would result

in partial improvements of the gauge shape parameters, and possibly in the design of a new

precipitation gauge with reduced wind-induced error.
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