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ABSTRACT

An instrumentation package for_sensiné rainfalll am-
odhf and ipfensity with fine time and space resolﬁtion is
described. The package c;mprisés a drop counter precipita-
tion sensor, a micrqcompdter—based data acquisition syséem,
ané an intelligent data decoder. The accuracy of the pre-
cipitétion sensor and the paraﬁeters that affect it are dis-
cussed. The feliability is reviewed and typical rainfall
data are included. A comparison is made between the perfor-
manée and accuracy of the npew precipitation sensor and con-

ventional tipping bucket raingauges. The merits and demer-

its of the new system are discussed.
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PART ONE: BACKGROUND REVIEW

CHAPTER 1

INTRODUCTION

The first quantitative hyérometeoroiogical measure-
ment made was for rainfall; rainfqll records date back to
the fourth Century B.C. énd their use indicates knowledge
of rainfall aﬁounts, crop_requiremgnts and forecasting tech-
nigues. Since the inceptioh of the raingauge, both the
princip%ﬁst; and the purpose have remained unchanged:
collect precipitation over a known area to measure the am-
‘ount- of water -falling and express this amount in un@ts of
depth. It is assumed that this depth of water collected is
representative of the depth of rain falling in the surround-
ing area.

Many existing raingauge networks are capable of mon-
itoring the --amount of rainfail, but unless the network is
dense and the data processed by a'computer sys£em, the spa-

tial and temporal distribution of rainfall cannot be'deter-

mined accurately and rapidly.
Appropriate knowledge'of the precipitation phenome-
non is essential for efficient management of our water re-

sources. Water resource management has been complicated by

1



several factors such- as the continuous groﬁth of urban
areas, rigorous water quality regulations and the need for
control of urban flqbdihg, and economic use- of hydroelectric
potential. As a result, the hydrometeorologist needs better
ingtrumentation .. to collect, store, communicate and process
rainfall infoiﬁ#tion.

Rainfall is not only different from one event to
ano%her; it also varies continuously throughout a storm.
Intensity varies frop the beginning to the end of a rain-
storm and from point to point in the area covered by the
storm. Consequently, 1t'ia essential to provide amount,

time of onset and cessation, and time and space distribution

of rainfall. o
The Secretary General-elect of the World Hefeorolog-
ical Organization (WMO), Dr. Godwin P. pbasi,.recently
commented [l] about the ’jed for better meteoroiogical ob-
servation networks and improvements in collecting and using
those observations. Dr. Obasi pointed out the need for im~
proving the network of data collection stations all Qéer the
globe. He observed that more conventional stations zate
often less costly and easier to' maintain than satellites.
A It is customary fﬁr hydrologists  to design their
field network in a way which minimizes capital and maintq-
nance costs. Costs for individual instruments, in 'present

use are significant,” being of the order of $1000.00 for a

complete monitoring staiion. Operating costs are high,



since. conventiondl data collection and processing require a
high labor content. As a result, the data collected tends

to be insufficient.

Typically civil engineers use a methodology for hy- -
dro;oéy that is based on simplified assumptions, such as un-
iformrspatial distribution of rain over large catchment
areas. Dynamic tr?cking of storms, storm models based on
the kinematics of a éell within the rainstorm, and similar
improvements, have had to await the advent of better spatial
and temporal sampling of rainfall. It has been shown [2]
that thesé observations and models of storms lead to consid-
erable improvements in estimates' of runoff and pollutant
washoff, a matter of great impoftance in municipal enéineér-

ing and flood management.

e

(/ This thesis describes an innovative precipitation
instrumentation package for monitoring rainfall intensity

with fine time and space resolution. The package consists

of a drop counter = precipitation sensor, a
microcomputer-based data acquisition system, and an intelli-

gent data decoder.

]

The operation of the package is as follows: the
precipitation sensor collects' rainfall in a funnel which
channels it through a stainless steel tube. The fain water
leaves the tube in the form of drops, the drops beiﬁg of al~

most constant size. The falling drops close :2//E1ectrical

¢ircuit, enabling them to be counted. Given t drop volume
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and the number of drops counted during a certain time inter-
val, rainézll amount and intensity can be calcilated.

The data acquisition system senses the drops and
counts them over a programmable time interval, writing the
counts temporarily in the microcomputer memory. The acqu?-
sition system also procesgés the data and stores it on stan--
dard audio tassette tapes.

The /cassettes are removed and’ transportea ts the
central site Whefe they are interpreted by the data decoder.
The time interval between cassette removals can be many
months. The data decoder retrieves the information stored
on tape, then verifies énd communicates the‘ rainfal; time
series to a central computer where the data is procesééd
further. The rainfall data collected by the'system is used
to éalculate‘ total amounts and intensities of rainfall, as

wgll as the time of onset and cessation of rainfall events.

The content of this fhesis has been divided into

‘three parts. Part one presents_the definition of the prob-
lem and a review of rainfall monitoring gauges and drop for-

mation theory.

-

The discussion 6f the problgm is ptesented‘ in
Ch;pter 2. The problem is presented from three different
points of view: the need for h;gjglpgigzs to bettdr under-
stand the precipitation phenomenon, the nature of |precipita-
tion, and the use of computer programs to procesé the .data

collected to produce the information desired.
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Chapter 3 describés‘gye types and characteristics of
different rainfall monitoring systems, with emphasis on
point precipitation measurement gaqges. An early history of
raingauges is included.

Drop’ formation theory, which is relevant to the op-
eration of the drop counter precipitation sensor, is intro-
dured in Chapter 4.

Part two presents the development of the uélements
ipcluded in the precipitation instrumentation package,
Details of the precipitation sensor configuration and opera-
tion are présen;ed in Chapter 5. Bxperimeﬁtal results obta-
ined with the sensor and.the effects on its performance re-
sulting from variations in'design and opération parameters
such as nozzle diameter and length and rain water tempera-
ure are included. |

Chapters 6 and 7 deai with the hardware and software
design of ‘the electronic instrumentation included in the
paékage. Cgfpter 6 describeé the microcomputer-based data
acquisition system and the versions that have been developed
to satisfy specific data collection requirements. Chapter 7
details the design of the data decoder. Listingé of the mi-

. J
crocomputer program for the data acquisition system and data

4

decoder are included in Appendices B and ¢ respectively.

Data processing is the subject of Chapter B, A sam-

Ple of the data collected and the processes involved in ob-

taining of the hyetographs is shown. Part three (Chapter 9)



discusses the overall performance of the precipitation pack-
age and leads to some conclusions together with suggestions
for further improvements.

The research and development described by this
thesis have been widely disseminated through journals and
conferences. A paper‘[3] describing the operation of the’
system was published in the IEEE Transactions on Instrumen-
gifion and Measurement. Up to now, the work has been pre-
sented at four conferences [4-7], two of them by invitation.
In these conferences, the.possible improvements in Qtormwa-
ter 'managemeﬂt mode}ling as a result of‘automated, low-cost
- and higE reéolution rainfall monitoting systems were empha-
sized. As a consequence, enquiries from a'variéty of spe-
cialists have been_received, seue;al concerning the possi-
bility of acquiring a complete instrumentation package with
various remote monitoring systems, while others asied for
samples of the system for ev&luation purposes.

At the present time, four rainfall monitoring net-
works have‘-been set up as a result of joint projects with
different uﬁiversi;ies and government organizafions; two in
Toronto, one in Ottawa and one in Halifax. Systems for eva-
lvation have been sent. to Calgary, Kentucky, Norway and Mex-
ico. Due to the increasing use of the system, operation and

maintenance user's manuals for each of the three components

of the'precipitation package have been produced [8-11].



CHAPTER 2

SCOPE OF THE THESIS

Water is an indispensable and potentially damaging

resource, its effective management is an important duty of

‘our society. Effective planning and management will -result

only if the hydrologist is able to understand the continuous
process by which water is stored ‘or transported.

Hydrauiic structures such as dams, bridges, chan-
nels, and outfalls are used to control flow. Reliable ma-
thematical models are necessary to evaluate and predict the
performance of hydraulic structures under expeéted or known
conditions.

1Y

2,1 PRECIPITATION

) Water is one of the most important elements on
earth, covering nearly three fourths of its surface. It has-
played a decisive role in human history. The existence of
qitiés, for example, has depended on the availability of

pre |

Wiater is continuously ﬁoving through a cycle -~ the’

this resource.

hydroloegical cycle [12] which encompasses the process Bf mo-
tion, loss, and recharge of the earth's waters. It shqyld

be recognized that the hydrological cycle-has neither begin-
'3

7
( ' - wr
- —_//v - ( .



ning nor end. Water evaporates‘from the land, qceans, and

other water sgrfaces to become‘part of the atmosphere, The
moisture evaporated is lifted, carried, and temporarily
stored in the atmosphere until, under the proper conditions,

the vapour condenses to form clouds and finally precipitates

. and returns to the earth.

The precipitation which falls upon land is dispersed

in several ways: the greiﬁer part is temporarily retained °

in the soil as. soil moisture, and ultimately given off by~

L .

plants and r%fdrned to the ;tmosphere by evaporation:’ a
porfion of the water finds its way over the surface soil to
stream channels (surface runoff); while other water pene-
trates farther into the ground to become part of the gfound-
water supply. Under the influence of gravity, both surface
streamflow and groundwater percolate to deeper zones and may

eventually be used by plan;s'oi discharged into the oceans.

Finally, the water is evaporated into the atmosphere to com-

_blete the cycle.

The primary source of our fresh water supplies is
precipitation ané its recorded data are the basis of many
investigations and decisions relating to supplies, floods,
drought, irrigation, and reguiating structures. The incre-
asingvdemand for water in thé-face of a relat{veiy_ constanﬁ
supply necessitates én efficient supply of this data.

Precipitation can be defined as particles of. solids

or liquids that fall from the atmosphere and reach the



ground. Some kind of moisture is always present in the at-
mosphere, even on cloudless days or in the most arid condi-
tions. For water precipitation to occur; cooling and con-
densation of the water vapour must ffrst take place to form
clouds. The éooling needed for significant amounts of 'pre-
cipitation is achieved by lifting the air, and this is ac-
comélished by convective or convergence systems resulting
from unegual radiative heating of the earth's surface and
atmosphere or by orographic barriers. The c¢loud dfpplets
and ice. crystals formed by the condensation must then grow
by some means until they are large enocugh to fall.
Precipitation is often labeled according to the fac-
‘tor mainly respons{ble for lifting the air to effect the
Alqrge scale cooling required for significant amounts of pre;
cipitation. Some of the precipitation types are cyclonic,
warm-front, cold-front, convective, and orogrqphic. There
are various form§ of precipitation, bué the most important
are drizzle, rain, glaze, fr;st, snow, snow pellets, hail,
and ice -pellets.- The total amount of precipitation in a
stated period is expressed as the depth to -which it would
cover a ho;ifontal projection of the Earth's surface if

there were no losses.by evaporaéion, runcff, or infiltration

113]. .
Rain consists’of liquid water drops mostly larger
than 0.5 mm. in diameter. Rainfall usually refers to am-

ounts of liquid precipitation and is classified in North Am-
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erica in three intensities [12]):
1. Light. For rates of fall up to 2.5 ﬁm./hr.
inclusive. BN ‘
-2. Moderate, From 2.5 to 7.6 mm. /hr.
‘3. Heavy. Over 7.6 mm./hr.

Rainfall is classified as excessive when amounts R
in millimeters, for durations T from 5 tﬁ 180 minutes,
equals or exceeds those givenAbf

R =5+T/4

Precipitation varies gedgraphicallx, temporally, and.
seasonally. It is a:Lo highly variable in space and time
(14 15)and therefore, difficult to measure accurately. The
amount, intensity and areal distribution of precipitation in

the form of rain and snow are essential factors in hydrolo-

gy- 8 ‘ : .

- The requirements for collected precipitation data

depend, to a high degree on the purposes for which the dataf~

is collected. In hydrological design it is very often ne-.
cessary to examin; critically how precipitation measurements

were made, and how accurately they represent the true vo-

lumes of water involved. There are two main objectives in .

prectpitatiop gauging. - The fi:st is to ensure that the
gauge. collects the same amount of rain that would have re-
ached the ground had the gauge not been there, i.e., to ob-
tain ;_:épresentative sample at each‘gauge site. The secona
is to estimate accurately the amount and distribution of

-

L d
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precipitation over a given area (watershed) by meaéi of the
data collected by the gauges at a number of locations,
2.2 HYDROLOGICAL PROBLEM

"H¥drology treats of the waters of the eartb,l.their
oécurrence, circulation, and distribution,Lxhé&; chemical
and.physical ;:;’:}ties, and their relation with the "~envi+
rbnhent, includE;g their rﬁIa;ion to living things. }he_do—
main of'hydrology embraces the full life history of water én
the Earth" [16], Hydrology is ﬁsed in‘engiﬁeering mainly in
connection with the desigﬁ and operation of .hjaraulicai
structures. -“Civil enginee;s in“pydrauliés and hydrology
are concefned with the planning, des}gn, constructioﬁ, and
operation 'prdcgdures cdﬁvpcted with the conserva}iqn, con-
t:ol,.anh utilization of water to satisfy—the sdciaﬁ, aesth-
efic, economic, and -physical needs of people“tl7]. Civil
engineers are interested in more than just obtaining-+a quali
'itativé understanding of the hydrological cycle and measur~
}ng the guantities of water in transit in this eycle. They
must -deal quantitatively with the interrelations between the’
various facﬁors to accurately predict the influence of
:ﬁan-mgae works on these relégionshipst

LinsleytlZl notes two basic steps in hydrological
studies:’ d;ta collectfbn and hethods of data analysis. It
is difficult to treat hydrological p?ocesgbs by rigorous def

ductive reésoniﬁb due to. the complex features of the natural



/-\

-

ki

~ A . .
. ’ . .
‘Processes involved. It is necessary to start with observed

facts, andb;hrough their analysis, to establish the system-
atic patterns that goﬁern these events. As a refult, with-

out adeguate historical data for the particular problem, the

E

hydrologist is in_ a difficult position. _
Typical‘hydrological éroblems involve making esti-

mates of extremes not observed in'a:bmall data sample, hy-

drological characteristtcs at locations where no data has

¥

been collected (such locations are more numerous than sites
€ .

with data), %na.the effects of man's action on the hydrolog-

ical characteristics of an area.

-

The pPlanning, organization, implementation, and ma-

-

intenance _of rainfall data and its integration.into compre-

hensivgéﬂ tabases, constitute'!ﬁe central point of hydrologg)
ical inf tmat1on System design[lsl. To properly 1ntegrate a

database, atfention should hgapa1d to the starting point -

lpata entry. Computer compat1b1e systems providing rainfall

t1me series are esasntial if large quantities of data are to
be stored. Oncé a dat: base haf'peen properly integrated.
its content can Be efficiently pProcessed }n several' ways.
Rainfall ﬁatabases are the starting point }or most hydrolog-
ical studies. For example,'rainfaLI data is needed by the
modelsﬁgaed to evaluate the quantity and quality of storawa-

ter runoff and combined sewer overflows. These in turn - are

necessary for finding strategies for'minimizing pollutant

.zoadings to receiving waters([19-21}.

.

r

._, ,..*_.......v.
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Conventional rainfall data is typically averaged
over long time periods and as such, do not reflect fluctua-
tions in rain intensity which are critical in urban pollu-
tant washoff.  Since rainfall data is averaged, the results
obtained on pollut;nt washoff are also averaged. This type
of data provides poor estimates of peak concentrationg which
often represent shock loads for the aquéfzc life [22].

Although shock loads may not be sustained for a sufficiently

-

long time to kill the aquatic 1life, 'they may impair it.
There is insufficient information on the combined effects of
time and heavy metals on aquatic life due to. urban shock
loads to draw definite conclusions. However, rainfall in-
formétion as’short time intervals is essential for accurate-
ly siﬁulating observed pollutant washoff from urban areas.

One of the most important infra-structures to be

coilection, transport, and treatwment system. The design of
this infra-structure should be based, among other things, on
land use, soil type, meteorological zone, and types of pol-

lutants expected to be washed off by the runoff. This-ana-

lysis does not stop once the drainage system has been built.

The iﬁformation is essential for deﬁeloping new criteria for
future developments in the axnga.

" Combined sewer.overflows and stormwater discharges
are typical Jproblems of stormwater management. Stormwater

flows through combined sewers to 5"sewage treatment plant

consideréd in the developmett of cities is the stormwater

~
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(5TP) . A plant will have limited capacity for wastewater
treatﬁent. During high rainfall events the amount of flow
éo the STP is controlled by means of diveﬁsion structures.
The purpose of these structures is to divert flow in excess
of the STP capacity to the r;ceiving waters. The water di-
verted is untreated and carries large pollutant 1loads thus
cOntaminaéing the feceiving waters. One way to reduce the
pollutant loads to‘the reqeiving waters is by means of a
more effiéient control of the diversion structures,

Rsal—time control of an urban drainage system re-
quires a synchronized data collection network with control
devices operating automatically {[23]. The operation of
these devices is dependent on some decision criterion, typi-
cally the depth of flow and the amount of rain at a control
loc€{1o§} . A real-time control ;ystem must 1ntegrate the
available data with a predictor model fQr the decision vari-
able. i o ,

Thunderg;oims cause the most frequent and severe
urban floodihé. This is lgfgeIYSdue to high rainfall inten-
sities ggg_volume;-over a“bbort period of' time; usually

. )
less than®™ one ur. Thunderstorms exhibit single ‘and

multi-celdwlar str¥ictures, each cell being circular or oval

in horizontal cross-section. As the cell develops, it var- .

i

: ies in intensity and spatial distribution. Several programs
— : .

J

hav;‘ been developed to analize storm cell movement and dis-

tribution. STOVEL (STOrm VELocity) [24,25) is a program de-

Bt e me et b o

e A e t o e b 7
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veloped to analyze point rainfall records using hyetographg
as basic input. It determines a storm ﬁelocity vector con-
sisting of direction and speed which is necessary for ana-
lysis of cell motion, and cell growth and decay mechanisms.
From the Cartesiag.co—ordinates of gt least three raingauges
and the relative fime-of—peak at each site, STOVEL calcu-
lates the direction and speed of a storm cell. Once the ra-
infall data has been pre-processed by STOQEL, other programs
called THOR4DPT and THOR4D are implemented usin;'STOVEL out-
put data directly._ THOR4ADPT models a kinematic storm cell
and computes synthetic rainfall at a raingauge sfation. The
usgr'then compafes‘the computed and . observed hyetographs
focusing on characteristics such as total prgcipitatidn,
peak rainfall ihtensity, shape, and duration. Program
THOR4D simulateg "rainfall in each Separate subcatchment.
This is achieved by developing a spatial and time-avéraged
hyetograph assumed to be the average rainfall falling on the
subcatchment. In this manner ,-every discretized subcatch-
ment will have .a distinct hyetograph associated with it.
Spatially gvéfaged hyetographs ihtegrated odﬁt the compufa-
tional time. step are used as input to hyd:ologicél simula-
.tion models.

Tyéically, engihee:ing hydrologists use a simplistip
approach to determine‘the spatial and temporal distribution
of rain over significantlf large catchment areas. This

methodology is based on assumptions such as uniform spatial

4
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distribution. The use of such a methodology is mainly due
to the relatively high cost of the instruments in present
use. Also, the maintenanpe costs are - high, since conven-
tional data collection 'systems require a high labour con-
tent. In the recent past, it has. been customary for hydro-
meteorologists‘to design.their field networks in a way thch
minimizes system cost (capital and maintenance).

Advanced storm analysis, sﬁch as dynamic tracking of
storms, storm models based on kinematics of cells within the

rainstorm, and similar improvements have had to await the
advent of better spatial and temporal sampling of rainfall,
It has been demonstrated [26] that these st;rm models lead
to considerable imprermen;s in daily, ﬁonthly, and annual
estimates of runoff and pollutant washoff, a matter of great
imbortanée in municipal engineering and flood hanﬁgeﬁﬂht.
h -

2.3 MATHEMATICAL MODELS FOR STORMWATER MANAGEMENT

aydrological design methpdology is changing ‘rapidly
as a resu{; of the reduced cost of high speed digital com-

. puters. Mathematical approaches, such as synthesis and sim-
ulation éfe practical engineering procedures to investigate
the design and Lperation of thrauljc structures to varying
dedrees ofvc;;blexity..

Synthesis is used in Hydroiogy to.estiﬁate the value

of missing data from historical records. This procedure re-

lies on the statistical properties of the existing data.
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Simulation is the mathematical description of the real world
system that imitates its behavior. Simulation may be used
to review histofical events or predict the response of the
physical system to a specific action.

A lafge number of computer.models have been devel-
oped for simulating the various phases of the hydrological
cycle [27,28). Somelof the models used in estimating quan-
tity and quality of storm water runoff Erqm urban drainage
areas and othe? small watersheds are the Storm Water Manage-
ment Model (SWMM), the Storage, Treatment, Overflow, Ruﬁoff
Model (STORM) , and the University of Cincinnati Urban Runoff
Model (UCUR). o
h A very widely accepted and applied stormwater simu-
lation model is SWMM (29}. This model %s desiéned to simu-
late real storm events on the basis of rainfall inputs (hye-
tographs) and system characterization (catéhment, convey-
ance, storage/treatment, and receiving waters) to predict
outcomes in the form of quantity and quality values. This

program is divided into five main subroutine blocks. Each

block has a specific function, and the results of each block

are stored to be used as part of the input to other blocks.

The function of the blocks is as follows:

. - - ¢

1. EXECUTIVE BLOCK: this block is the first and last
‘to  be used, and performs all the necessary inter-

facing between the other blocks.
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2. RUNOFF BLOCK: in this block, the drainage area is
characterized by features such as size, degree of
imperviousness and slope. The rainfall is assumed
evenly distributed over the catchment and routed
through gutters and pipes to in%ets after the in-
filtration and surface storage have been satisfied.

This block also provides time-dependent pollutional

‘graphs.

3. TRANSPORT BLOCK calculates the system infiltration
and the water quality of the flows in the system.
It also determines the quality and quantity of dry

weather flow.

4. STORAGE/TREATMENT BLOCK simulates the changes in

the hydrographs and pollutographs of the sewage as
it passes through an optional wastewater treatment

”

facility. '

5. RECEIVING WATER BLOCK models the water guality . ef-

fect of the efflhent from the medelled sewer systém

on the receiving waters.

FASTSWMM [30]‘is a computer program package that
makes it possiple to :uﬁ parts of the SWMM program from a
terminal in a pseudo-conversational mode.

n

The fundamental first'Step in organizing a simula-
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tion model involves a detailed characterization of all of
the components of the system and the collection of appropi-
ate data.

If the potential value of the models is to be real-
ized, the mathematical functions employed and the data col-
lected must represent the real woglé as closely as possibie.

Linsley states that "While it may seem desirable to subdi-
videL:ﬁq watershed into many subafeas so that tﬁe variab}e
chfracteristics of soil, topography, and vegetation may be
correctly represented, little real advantage may result if
the precipitation én all subareas must be estimated from a

single rain gage." P
. .

The use of appropiate rainfall data acquisition in-

strumentation and a properly constituted network, regarding -

the number of gauges and their location, may greath improve
the development of these simulation models[15,28],

The uses for which precipitation data are intended
should determine network density and raingauge characteris-
tics; a relatively sparse hetwork of stations would suffice
for determining monthly or annual'abéragés over large catch-

ment areas, while a very dense network of gauges with very

high time and gquantitative resolution is required to deter-

mine the spatial and temporal distribution of storm event

rainfall.

Most rainfall intensity monitoring is at present

based on tipping bucket raingauges (TBRG). and chart record-

-
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ers. TBRG's and recorders are large, cumbersome, and expen-
sive, The equipment incorporates systematic and ;andOm er-
rors due to timing limitafions and manual data processing.
Missing data occur due to mechanical failures. Time and
quantity resolution of the system is low (usually 5 to 10
minutes and 0.2 millimetegs per hour tegpéé?}yely). The
data collected from a raingauge network based on TBRG's and
chart recorders héve been inadequate for stormwater model-
ling. Con;equently, the main purpose of this study is -to
produce an- automated, low-cost, high-resolution, reliable,

and intelligent system for rainfall intensity data measure-

ment, acquisition .and presentation.

»
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CHAPTER 3
MEASUREMENT OF PRECIPITATION

A large variety of instruments and techniques have
been developed for gathering information on the ;;riods
phases of precipitation. Instruments for measuring amount
and intensity of precipitation are the most , important.
Other instruments include devices for measuring raindrop
size distribution, the time of onset and cessation of pre-
cipitation (pluvioscope), and devices designed to determine
the " direction from which the rain is coming (vectﬁpluviome-
ters) [(31). .

The most widely used instrument for méasuring am-
ounts and intensities of precipitation ig the raingauge.
The raingauge, which has been called hyétométet,‘ ombrometer
and ﬁluviomete:, is the oldest meteorological insfrument
giving gquantitative results. In theory, it is probably the
simplest of the meteorological iﬁst:uments, yet a great gdeal
of research and experiment has been done to make it an accu-

*

rate.instrumentl

From its inception, a raingauge has been s;mﬁly ,an
. open receptacle exposed to the sky. After rain, tﬁe'ﬂepth
of water in the receptacle was measured with a measuring

stick. In the 17th century it was found that the reading of
- 21 '
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the gauge could be made easier and more accurate by leading
the rainwater from a relatively large surface into a recep-
tacle-of smaller area. This observation started further
studies related to the diménsions and shape of the instru-
ment.

The early history of the raingauge[31-33)shows that
it was invented independently in India, Palestine and China.
The first measurement dates bﬁck to the fourth century B.C.
and is attributed to the minister-of Chandragupta, founder
of the Maurya Dynasty of India. The earliest reference to 2
raingauge was made by Kautilya in his book "Arthasastra®
{the science of politics and adminidtratioh;, which was
piobably written in the fourth centur§ B.C. [34,35)

The raingauge used was simply a bowllwith a diameter
of about 45 centimeters (the approximate distance from the
elbow to the fingertips). Rainfall was measugkd by the In-
dians for two reasons; as an important aid in determining
the annual crop to b; sowh,_and ﬁecause lands were taxed ac-
cording to the amount'qf rainfall they received every year.
There is no indication that the Indians of \this period had

thought of expressing the rainfall as thiof water.

The next mention of rainfall measurement appears in

a Palestinian book of religious writings called Hishgah".
The book records the Jewish activities from thé second cen-
tury B.C. to the second century A.D. {36]. Like the Indian

practiée, rainfall was measured in Palestine primarily be-
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‘cause of its importance to agriculture. Biswas observes

that 'there seems to be no connection between the 1Indian
practice and the Palestinian development. Both were inde-
pendent and isolated practices aﬁd did net “continue for a
long time.

In China, the flooding of rivers and canals has al-
ways been a serioué problem, and hence, it is not surprising
to find that raingauges were used asﬂ-early as 1247 A.D,
{37). Biswas observes that "fhe book "Shu Shu Chiu Chang" (a
mathematical treatise in nine-sections) by Chhin Chiu:Shao
has a series of problems concerning the shape of raingauges.,
called thien Chhih Tshe yu. The raingauges he described
were conical- or barrel-shaped gessels. There was one in-
st#lled at every provincial and district capital.; Chiu-Shao
also discussed a method of determining the amount of rain-
fall over a given area from the obseivations_of point pre-
cipitation. ‘

The first attempt to build a recording raingauge
seems to have been made in England/by Sir Christopher Wren
in 1662 [33]). fThere is no evidence to icate that the ra-
ing;uge was used for obtaining'regular obgervations of rain-
fall. He déscribed two types of r¢cording raingauges. One
of them was a vessel which, empties itself when a certain am-

cunt of water had flowed into it. This was the first ver-

sion of the Tipping Bucket raingauge which is now wldely'

used. The principle of operation of the Tipping Bucket was

[ &
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known before Wren's time by the Arabs, in the dark ages, but

there is no evidence to indicate that any Tipping Bucket ra-
ingauge was built before the time of Sir Christopher Wren. |

Presently,’three different types of instruments are
used to estimate the amount and 1ntensit}]of=p;ecip1tation:
raingauge (in-site gauging), radar, and satellite (remote
gauging). Each has its own characteristics gnd is suitable

for specific applications.

3.1 REMOTE MEASUREMENT OF PRECIPITATION

3 Radar has been used extensively as a research and

"observation instrument . by meteorologist since the late
i9403. The \real-time application of radar was limited to
the determ ation of the direction, range, motjon, and qual-
itative estimates of precipitation. The advent and use of
high speed ‘digitalfcomputezs has bgeﬁ essential in the det
velopﬁent oflradar and satellite systemé for the measurémeﬁt
of <rainfall. The computers, for example, translate the di- .
gital radar data into the rainfall estimates'by integrating

_the radar signal.. They ‘alsoc calculate the motion and space
distribution-of a storm.

. A radar transmits pulses of eleqtroﬁa;netic energy

A[33;391 The .radi;ted wave is pa:tially;reflected by watet.
droplets and ice crystals and returns t& the raga:. The am- .

. 4 . . . .
ount of energy returned depends on such factars as drop size

distribution, number of part{cles per unit volume, phgsicall
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’
state, shape of the individual elements; *etc. The time in-

et .
.. terval betwéen emission of the pulé} and® appearance of the
- . Yo .

echo is a measure of the distance of the target from the
. )

radar.

‘Radar is being used with increasing frequency in the

4

solution of hydrological problems. The information obtained

-

cdan be used to delinedte the‘area and relative intensity of
{ : T
storm activity over lagge areas (usually within 200 km.

depending on radar characteristics) and is_therefore a very

~

uéefpl hydromgteorological instrument.

Because of factors that affect returned power, the

.accuracy of radar measurements qf precipitation varies with

~f

duration,-area, storm type, and digtance. Numerous compari-

sons [40,41]vsquest that raagr meagurements éf rainfall are
(,»”hithin one half to twice the gauge mehpsurements within a 119
km. ranée,. with lafger ~deviatiofis fg; lénger distances.
Since measurements by ordinary gauge éﬁws;ks e appre-
ciably in error as a- result of ipadequate samgling, and

: sincg'fada: can detect and estimate pkecipitation between

sampling -gauges, conjunctive Use of radar and gauge network
" - .
- 8hould yield more accurate measurements\tﬂcn can be obtained
Y

from ‘either aloﬁe.

Meteorqlogical satellites yield information on pre-
cipitation over large areas where gauge networks or radar

are inadéquate or nonexistant, such as over oceans. The
- by

leading problem in satellite information is that sétellites_

-~
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cannot measure rainfall directly, and the-sblu%ﬁg? requires
evaluation of a rainfall coefficient on thé basis_of the am-
ount and type of clouds, the probability of .rainfall, and

likely™ rainfall ‘intengity associated with each cloud type.
[

A majq;Tpxoblem is that satellite photographs often do not
show flqﬂpitatlon-producing clouds because of overlaying
cloud layérs. Satellxte—boqﬁe microwave radiometers, which
can be used to calculate the liquid-water content of clouds,
may provide\the ultimate an;wez to precipitation measure-

ments from space[39].

-

__\;.2 POINT PRECIPITATION HEAS&REM&&T

Point precipitation‘is’measured by gauges at specif-
ic 1ocati;ns. The résultiqg data permit the estimation of
the amount and intensity of precipitation in the vicinity of
the, gauge. Point preC1pitation datawmare widely used to es-
timate areal variability of precipitation. N

The instrument used to measure point precipitation
is the rainfall gauge. Rainfall gauges in theirtf}mpleut

form are containers, mosgt of them hollow cylinders wich are

open  at Epne efd. They cggsist basically of three

components: collector, funnel, and receiver. The rim of

the lector has a sharp edge which islbeveliedlpn the out- -

-8 nd falls away vertically on the insidé_£9/6g;;;??e the
collection. Funnels have been added to aid in colYecting

and they are shaped to prevent splash loss. The cdllected

~ . P ¢
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rain is channeled into the receiver where it is stored. The
receiver has a narrow neck and is Rrotected from radiation

50 as to minimize evaporation loss. "\The amount of rain col-

lected is determined by measuring the water contained in the

receiver.
Any open receptacle with vertical sides may be used

as a raingauge, but for purposes of optimizing rainfall col-

lection and méking measurements of different gauges compar-

able, some standards have been set. Standards for field in-
strumentation have typically been established by meteorolo-

gistsA at the national level. Huff [42] and Jones [43] have

shown that the amount of rain collected depends on the size®

shapé, and exposure of the raingauge.
Because of the large variatioﬁ'in'inténsity of rain-

fall,. it 1is very difficult to=measure the whole iqnge ade-

quately with only one type of raingauge. Accordingly, a

" latge variety of instruments have been developéd} The two
" most impoitant types are 1) rainfall gauges that sense the

amount ' of rain that falls in a given per1od of time, and 2)

rainfall 1ntensity gauges or‘.ate—of-ra1nfallv—gﬁu§€;n which

measure the intensity of. rainfall at any 1nstant.

Rainfall gauges are used prlmarxly to determine the
'ghmé;' of onset and cessation of rain, and the amounts which
havé fallen in each part of the period covered, e.g., -the
amounts in each hour ef. a daiix recﬁrd. In addition, the

iﬁtenéiﬁy of rainfall can be found approximately by measur-

A

g
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in§ the slope of the trace of the record from a recording

raingauge. Intensity is a measure of the quantity of rain -

falling in a given time, e. g.; mm of rain per hour.
Raingauges can be further divided 1nto two main
classes; non-recording and recording.
The non;recozding gaudes, usuvally called standard

Y A .
raingauges, storage gaugif or simply totalizers, are hollow

- cylinders and comprise the usual three basic components:

collector, funnel, and  receiver. Totalizers are used to
. .
measure amounts of seasonal precipitation in remote sites

where frequent servicing is impractical. The gauge receiver
. 3

has a large capacity, usually 1500 to 2500 mm.

are.lpbtained eith;;‘ with' a ruler, scalé
weighing; ‘The Canadian gauge [44) haa
din.) dlameter orifice, and when moun has its orTfice at
Its capacity ﬁs

114 mm. (4.5 in.}, a value which has been found'tq-bé small

for some applications. .

Recording gauges have been designed to provide a re--

cord on a. chart, puncheiﬁcards or magnetic fape showfng the
1nciéence of pfécipitation-qs a function of timé. The most
common typés‘of recording raingauges are the wéighing type,
the float type and the tipping bucket. Because of their
bulk and exposure, recording gaugés tend to thch i;s pre-
cxp1tatioq)th£"‘3tandard gauges.

‘.

In the weighxng type, the weight of the receiving

a 9§.6 mm., | (3.57
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container plus the rain which has fallen is recorded. This
éype_of gauge normally has no provision for emptying itself;
'henqe the scale value is limited and wifh large periods of
rain some records may be losg. Thege gauges are designed to
preévent excess;vé evapération losses. Some difficulties are
caused by 6scillafion 6f the balance in stroﬁg winds. These
types of gaugps»are,recbmmended for accurate snowfall meas-

urements. .~

In\gbe‘float type gauge, rain is led into a float
chaﬁber containing a light,' hollow float. As the water
level rises the vertical movement of the float is recorded,
By adjusting the dimensions of the instrumedt any desired
scale can be obtained. To provide a record over allong per-
iod of time the float chamber has to be very large.l:In this
case a comﬁressed scale on the chart is required or some
means has to be provided for emptying the chamber .

The tipping bucket raingauge, which is the mosf
widely used, is based on a very simple principle of opera-
tion. A short description of the gauge given by the -Worid
Meteorological Organization [45) follows: “fhe rain is led
from a conventional collector to a light metal container, or
huqket, divided in tﬁo compartﬁenbs. This container is so
balqnced‘that when one compartment holds a bredetermgﬁed
weight of water. the coﬁtainer tilts allowing the compartment

to empty and the rain to’fall into the other compartment.

This tilting process is repeated each time the predetermined
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sample has been collected. The tilting - of the bucket is
counted electrically and recorded on a moving chart".
Figure 3.1 shows a tipping bucket raingauge. The Canadian
tipping bucket ;aingauge (46,47} has a 254 mm. (10 in.)

collection diameter and tilts at evety 0.25 mm. (0.0) in,)

of rain.

i | | Buckets \\

N
N
Calibration
~ : screw .

T 4

Magnet

Magnetic
switch -

Figure 3.1 Tipping bucket raingauge diagram

The output signal of the tipping bucket is usually

-

recorded on'strip chart recorders. Commonly used models of

this typé of gauge require chart changes on a daily or sev-
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eral days basis. A typical instrument has a 24 hour chart

with a 0.5 mm. of rain by 10 minutes grid.

lows:-"*

Two advantages of this type of raingauge are as fol-

The output it produces can be transmitted over long
(=4

The comparability of measurements that can be made

distances,

because of.its wide use.

Its disadvantages are:-

The instrument is not very suitable for use in very
light rain because of the discontinuocus nature of
the record. The times of onset and cessation of
rain cannot be accurately determined.

Evaporation losses of the water in the buckets in

Q .
hot weather may be a relatively large percentage of

light rainfalls.

The gauge must be serviced regqularly to ensure good

per formance,

The balance mechanism tends to deteriorate because

of use, time, and humidity [48],
-



5. In rainfall of 125 to 150 mm./hrf the bucket tips
every 6 to 7 seconds. About 0.3 secopds is re-
quired to complete the tip, duzing vhich some water
is still pouring into théialready fiiled compart-
ment. This may cause the recorded rate to be as

much as 5 percent too low [(49]).

ﬁhile in principle the instantaneous rate of rain-
fall can be measured from the slope of the record of a re-
cording raingauge, in practice fﬁe rate of fall varies so
widely that it is not feasible to do this for heavy rains
and at the same time provide a legible record of light rain.

+ In order to provide accurate readings of the instan-
taneous rainfall rate, it is necessary that the measurement

" device respond faster than any variations in the parametér
being measured. However, since very little data is avail-
able to .indicate the rate at which rainfall could vary, the
instruments are designed to respond as rapidly as is practi-

cal. R 4

In spite of the fact that rate-of-rainfall rain-

.gauges are not widely used, several prototypes have been

constructed for special purpose studies. The most common
e .
are: P : \
'S 14
' . —~

. le. Capdcitor type [50,511: fThe collected water is
channeled to flow between two rod-shaped electrodes

of a capacitor which constitutes one arm of an RC
s

_
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bridge. The capacitance increases with the rain
rate. The AC voltage. across the bridge 5&5 pro-
cessed to give a DC output which is nearly propor-

tional to the rainfall raﬁfx

' d
2. Turbine type [52]: Thg:;ettical motion of the col- .
o
it leaves the noz-

. "lected water is arrested befq\*

zle of the funnel so that the d opé eave the noz-
zle  with no kinetic energy. The potential energy

delivered as the water falls is coupled to the

o

water turbine, and the angular speed of the turbine

is linearly related to the flow rate of the water.

3. Drop-generatq; type [53-55]: The Srinciple of the
instrument is very simple. Ehe amount or intensity
of rainfall is measured .by converting éhe rain
water into drops \bf almost équal Bize which are

counted by an electronic device. :

-

Middleton in his book "Invention of the Meteorologi-
cai ihstrgment" 131]; pbéerves that Qheifirsé'drop cbunter
type rate-of-rainfall faingaugc¢ ‘ras described by W.v J. E.
thn;e in 1892, He us;d a. very small funnel with a piece of
cambric with the iYea of pto@ucing uniform size drops. ‘The

’

drops fall one | by one onto a plate and make a‘homgntary

electric contact. Each drop produced®was supposed to Acogj’,a
‘ g \ -

fespond- to 0 inches of rairm: Some rﬁime latgx W.
- .
_ \ .

4
R .
‘ ‘ )
. -
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¢ Gallenkamp used a largef funnel and more_ frequent drops.
The apparatus used was a sort of tipping bucket that tipped
sat individual drops. .- |
Sprung in 1907 built a Gallénkamp drop counter and
found that Ahe could do it without moving parts by letting
thL drops fall into the space between two electrodes.
Middleton pointed_ouf that Sprung did not make any observa-
t;;n about the constancy of drop size at different tainfalf
rates. , It is rather surprisihé that the idea has not been
more widély investigated.
In general and for all types of raingauges, precipi-
‘ éation measurements aif subject to various errors, caIleé
local errors (56,57]. Most of these errors are. smal{) but
have a general tendency to yield measurements that are too
low. These errors include splash in énd‘out of the gauge,
evaporation losses, losses in wetting of the surface,.and

inaccuracies due to improper levelling of the instrument.

These errors are an order of magnitude smaller than the

major error caused by the effect of wind . about * the 'gauge.’

‘The stronger the wind, the greater the effect for a given

shape and ‘size,

. N -

Wind interacts with features of the gauge's sur-

roundings and particularly with the gauge itself. The vert-

. ical acceleration of ajir forcedﬁupgaré'over a‘hauge ‘iﬁpatts
an upward ' accelaration to pregibitation'abodt to' enter the
gaug?;?nd results in a deficient catch. The. deficiency is

(J o I ‘
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greaier for small raindrops than for large andbis thus gre-
ater for light rain than for heévy.

There are ways to reduce the effects of wind
[44,56,58]. Since wind increases with height above ground,
it is advantageous to keep the Qauge ori?}ce as low as pds-
sible. Pit gauges essentialy reduce the orifice level to

that of ground level; however, they are seldom practical

~for watershed use., An alternative way toc overcome the wind

is through the use of shields. Two basic types of shields
are in general use; rigid (Nipher) and flexfble (Alter,
Shasta). The latter has been adopted as a standard in North

America.

The location of the raingauge is very important for

accurate measurement of precipitation [59). According to

Kurtyka ([60], a poorly exposed raingauge will - undeEestimdte

the toté& precip1tat1on_py 5 to 80 percent. A major édnsi-

'lderatxon in gauge location is vandalism, and‘raingauges are

often fixed to roofs for this reason.
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CHAPTER - 4 . l

DROP FORMATION PROCESSES ‘ ‘

. -
- B -

The theory of-liguid drop formation and subsequent

dispersion from a simple nozzle into an immiscible fluid is

essential to the drop cdhnter precipiﬁationJ sensor. 'B:

n:zggﬁﬂﬁf workers have studied the format1on of drops from a
zle.

These studies have been per formed mainly to measure

the surface tension of a liquid and to improve - the

spray-drying process. A chronological review ~of the most

4

outstanding work is presented here.

- The physical variables governing drop ferﬁation are

- »

assumed - tdf be. nozzle  design, inciuding shape and "size;
density and v1scos1ty of both dispersed and " continuous
phases; surface tensionj 'and velocity of the dispersed
‘phase through the nozzle. ' The u}timate effect of changing
. these variebles is a change in‘t@e average size and unifor-

mity of dtops.

-

Thzs chapter consxders the low flow velocity :egioh‘

prior to jet formation, where unlfo:m drops are formed at

‘where a jet of liquid issues from ‘the nozzle. Under normal
Lo .

conditions, the precipitation sensor Operates in these re-
gions. /\\~

36

the nozzle tip, and the region just above the jetting - point
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4.1 REVIEW OF DQB%QFORMATION THEOQRY

A drqp is a self-contained body separateg,—§kom the
surrounding lmedium by a recognizable interface d whose
dispersed phase is in the liquid state [(61]. Drops assume
sphericq% shapes if either surface tension forces or contin-
uous phase.viscbus:fozces are gonsiderably larger than iner-
tial effects.

The p;ocess’pf drop formation at very low flow rates.
has been widely fnvestigated because it, is the foundation 65
the drbp;weight’methaé for the measuremgnt of surface t8&n-
sion. The drop-weighf ‘method consists in weighing drops
7 //-

Surface tension of a liquid is defined as the ten-»

falling from the end of a vertical tube.
sion trying to minimiée the suffhce area. ‘It is the tensionﬁ
that must be bgoken to create new particleé. In general,
Fﬁe surfacé éension decreases with increasing temperature,
and varies wflh the:presence of impurities. The'.aécgrate
determiﬁation of surface tension is of greét importaﬂce in
investigations on theories of ;urfade‘struéture, éhe strué-
ture of liquids, and in various fields of technicalichemis;
try. <
Drops attached to a surface with a gravitational
forcé'.actingl to pull};hem awaf are called "pendant drops”.
Drops resping on a surface are termed "seisile' drops".

Small size drops are usually called “droplets". Drops are

usually formed by forcing the liquid through small orifices.
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A wide variety of atomizers, spray nozzles and sprinklers .. -
have been devised to generate’ drops. The characteristic °
features of these ‘dévices are the capacity, measured in
liters per second, and the guality, which depends on the me-

- .

dian size and spread in drop size.
If a liquid isqgo;ced through a horizontal orifice
into an immiscible continuous phase, dféps‘will form at the v
. orifice or at the end of a disintegrating cylind;ical jeé. .
Keith; and Hixson [62] describe thé formation of drops, as a
function of the flow fate, as follows: - L }
- "At loé‘flow'(rates), drops™form individually at the-
nozzle ‘tip and grow in size until the buoyance force over-
comes the interfacial tension and the drop iskteleased. At
increased flow iate, a éoint is teacheé where ; very short
continuous neck of liquid exists between the nozzle ti% and
the‘_point of drp§ dﬁfachment; .this'velocity will be c{}alledT
the jetting point. Further increases rapidly lengthen ghe

jet, 3hich appears as a smooth column of liquid with occa--.

.f_ji.onal transient lumps (Rayleigh jet). ‘Pinally, the Jjet

akes on a ruffled appearance at its, outer end and the drobs
formed are less uniform than in the earlier séages; ‘ this
occurs‘ at or near the .maxiﬁum length of the jet‘énd is 7
‘called the critical velocity. Increasing the fiow further
decreases Ehe ﬁet length and increases dr;p nonuniszmity
untii}ﬁhe jet breakup point retreats to the _nozzle tip and a -

nonuniform épray- of rather small drops results; this last

‘b .- . -.\\\\’ | : T
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point will be called the disruﬁtive velocity (point of atom-
ization)." Figure 4.1 is a plot of jet length versus flow U

rate, as described above.
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Figure 4.1 Jet 1éAgth as a function of flow rate

(From Brodkey, [63]) - o

The buoyant force is defined as the resultant force -
exerted on a body by a ;tatic’fluid i;ﬂwhich it is submersed
or floating. The buoyant force alwayg acts vertically -up-
ward. '

-The actual mechanism of drop formation' }s complex.
Hauser [64]des¢zibeé'the phenomenon of drop formation from a
nozzle as-follows:. "The drop grows longer and larger on the

end . of the tip. Instability sets in - and a neck forms

(B | | | | .
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between the part of the drop remaining on the tip and® the

- . - .
émrt that eventually falls off. This neck grows longer and
' ‘ ~

!-
narrower until the drop finally separates. At this point

the\drop is slightly ellipsoidal with the long axis verti-

cal. The neck®f liquid connecting the two parts of the:

dr9p narrows #down to a point at the point of separatién.-

-Thie main drop then separates and, owing to the slight ten-

sion caused by attachment to the sqéngit f1atte3;/3ﬁt some-

what imﬁediately after separatioh takes pléce. The main os-
cillation is' rred slightly by sécondary oscillations set
up at the sgze time, so that the dtop assumes somewﬁat ig-
fegular shapes, though the qpxn effect is a single osc111a-
tion about its form of equilibrium, a sphere." The continu-
ous phase is considered stagnant excépt for motion caused by
flow of the dispersed phase.

A drop may break up dge to,resonange; velocity gra-
dients, turbulent flow fields, anﬂLflectrical forces.

-Various attempts have been " made to fo;mulate the
theoretical equations that make possible the calculation of
surface ténsion from the volume of a pendant drbp.
Unfortunately, most of these ﬁormulations_ were ‘based on

. .
false assumptions. ~

. : ’ :
Hauser notes that Tate was the first to investigate

the existing relationship’ between thq~diameter of)a circular
nozzle of radius r and the weight of the drop. /ﬁg§ experi-

ments led him to the conclusion that "Other things being the

_’,? 4
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same, the weight %f/a’drop of liquid ié proportiohal to the
_diameter of the tube in which it is formed," without himself
actually going so ﬁar“as to state that the weight of a drop
falling from a tip is eq;al to the product of tﬁe circumfer-

ence of the tip and the '‘surface tension, or:

W= Mg = 2nry , . (4.1)

where

W = Drop weight (Kg-m/s?]

a ﬁ = Drop mass [Kg]

g = Acceleration of gravity [m/s?]

r = Nozzle radius [m] -

Y = Surface'tension {N/m) A »
This conclusion assumes that sufficient g?me must be ailowed
for éhe formation of the drop. " In Tate's experiments the

period was never less than 40 seconds [66]. Hauser does not

indicate if’' the radius considered by Tate was the internal

or external radius. -

‘Tate's conclusion would be true only when the pen-

dant dr;)<\is supported entirely by the surface tension and

when all of the pendént drop falls, but this is far from the
truth. Tate's law fails to- recognize the fact that the
weight of the arop is also a function of its shape.

Guthrie [65]cafried out experiments on_ d;op forma-

" tion from a solid sphere and summarized the results of his

S
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observations in 7 laws. Three are of interest here:
drop-size depends on.
"the rate of dropping. Generally, the quicﬁ;r the
succession of the drops, the greater is er d;opf"
(Law 1); |
"the chemical nature of the dropping liquid, and

little or nothing upon its density}"'(paw 3).

"temperature; generally, the hijher the températu;e
. { ) e

-

the smaller ghe drop." . (Law 6).

-
Rayleigh [66) considered that "The magnitude of the

drop delivered from a tube, even when the formation up to

the phase.of instability is infinitely slow, cannot be cal-

culated a priori." But, he observed that although a complete

solution of the dynamical problem is impracticable, inter-

ésting information may be obtained from the prinfigle of dy-.

_- namical similarity.

:To inves;igate how far Tate's Iéw can - be relied
upon, Rayleigh performed various experiments giving special
atténtion to the effects of tube thickﬁess on the drop size.
He found that for low flow rates and up to an external diam-
efer of one centimeéer, the size of fhe bore 1is of little

consequence. For larger diameters, the weight of the drop

in thick wall tubes is sensibly less than in tubes with thin

walls,

Ragleigh considered that the results obtained by

Tate were erroneous and discovered that the weight of. a drop

ittt e w8
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of any liquid of which the density and the -surface tension

" are known can be calculated as follows: '

W= 3.8 fa. : (4.2)

where 1
a = Dimension of the tube (external radius in the

- case of water delivered from a glasg tube) [m].

Note that 3.8 replaces the coefficient 2T used by

Tate. Rayleigh found that this formula is applicable only
if the viscosity may be - neglected and the " ratio of the
internal radius to a is near unity and constant.

° It is possible to observe that at zero velocity

thfough the nozzle not all of the drop will fall, but a por-

tion of it will remain at ﬁhe nozzle. Harkins and Humphery

[67) refer to researches of Lohnstein who estimated the por-
tion of the drop that remaﬁns in the nozzle.éfter the drop

breaks off. By doiﬁg-fhis, he was able to reduce the piob:

lem, which would otherwise be of kinetic forﬁ, to a problem_

" in statics. The magnitgde of the falling drop is the

difference between the magnitude of the hanging drop just

before it falls and the remainder left in the tip aftea the

fall. The volume predicted is a function of the radius of

the tip, the square&roqt.of the capillary constant, and the

surface tension 4

A

.
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W = 2nxry £(r/a) (4.3)

—~
where - ' ’ ]
r . " . T
.a = Square root of the capillary constgn?;[m]
f(x/a) = A function of r/a
A procedure for determining the sur face tensiqn of a
1iquid' is the capillary rise method. This method is based
on- the, height (h) to which the liquid inside a _narrow tube
of‘~rédiﬁs r will rise. Tﬁe-product hr is called the.capil-
lary constaét which'for a given'liguid.gusing different tube

diameters, is constant{

Lohnstein determined f(r/a) for different values of

r/a, and his calculations of these corrections, from a theo-

retical stand}oint, make it possible to uée the 'drop-weight
method for the determination © of surface  tension.
Lohnstejn's'values are only accurate to 4%. |

| Morgan [68) carried out experimental ihvéstigation of
Tate's law and concluded that.under certain definite condi-
tions "The surface tension of any 1i§uid at any temperature
is equal to its falling drop weight from any one tip at the
same temperature, times'a constant, the vhlge of which Iis
found once for all for that tip, and is equal to the ratio
of the suifaqe tension of some standard liquzj
weight of that kgsuid, bpth‘at'some one, like, temperature."

Harkins and Humpherxy, ‘using Tate's law as a point of

-

to the :drop
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departure,:extended Lohnstein's inve;tigation to such an ex-
tent as to make the data a basis for arméthodwgé>ca1culating
accu;ate values of surface tension. They obsesved that var-
iations in density over a wide range and in viscosity ovér a
moderate range, did not affect the drop formation.

Harkins and Brown (69] derived an expression for cali'
culating t:fj//drop volume at negligibly small flow rates by
equating tife buoyancy and interfacial tension forces and
correcting, the volume for the fraction of the liquid which

remains attached to the nozzle after the drop breaks off.

The new equétion, similar to that of Lohnstein, is

W= 2nry.F(r/Vl/3) (4.4)

—

&

where F(r/v;/3) i§ the Hargins-and Brown cbrrection factor
which is a¥unction of the shape of the drop. The shape de-
pends on the ratio of some linear dimension of the. tip (such.

as’ r) and a linear dimension Of the drop (such as the cube

root of Sﬁﬁ/::I;me of the drop which actually falls).
This equation is more, easily \applied " than
Lohnstein's: equation since all of the factors are obtained

by direct experfhent or by reference to a table’ Qf values,

while a in Lohnstein's equation cannot be qbtained from the

direct results of the drop weight measurements, but most be

calculated by methods of apbronimation. They developed an

empirical ¢orrection curve to determine the volume of the

.k |

»
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drop which actually falls if the 'volume. of thé‘Tate‘s

(ideal) drop and the radius of thé tip are known.. Figure

4.2 shows tE»s correction curve. They also pointed out the . Y
necessity- of using a very accurately formed tip, one that is T
truly flat and circular afid with truiy sharp edges. They
observed that the .departure from the circulhr shape of the
.tip and the lack) sharpness are a major source of érro:. \xﬂ/”/

1~

The error becomes moye important as the tip decreaééb in ra-
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Harkins and Brown.conclude ‘that the weight of a drop
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varies rapidly;éﬁéL its t1de of detachment and that the per-

\ \
A -

iod of drop formation should be . 5 fﬁ:nutes or moere. They’
found a ;ar1atzon‘ of the weight of the drop of 0.26% for
ion times over the range of 80 seconds to greater toan
11 ‘minutes. _They pointed out that "when’ﬁhe ratesof” forma-
tion is faster than a drop in 3 minutes, on ordinary sized
‘tips, 'some%\of, the liquid streaming\?}ow the tube éoems to
force ifs wa;kThoo the .falling drop during the time' of de-
ntachment, and consequently, a drop formed rapidly is heavier
than one formed slowly." ; ;//r“““—‘ |
Using a high-speed motion picture camera, Hauser and
co-workers ‘investigated ;fhe Xormation of'drops. “"They ob~_
served that "While the corfolaoion_was not abéolute1§ oer—
fect, it cao be generally said that the drops'in all oasés

observed decrease in size with increase in the time of drop

formation, - being largest when the drop is fo:meg fastest™.

. . They noted tha&:E;conddiy drops are produced by the segmen-

<
tation_of the stem that connécés the two parts of the origi-

. - '.nal drop at the time of drop break off as shown \\\_zgure
4.3; For non;viscous” 11qhxas, they observel- h;k stem

~ léngth. decreases with an increase‘io the time of d:o forha—
tion. It was found that the volume of water of the seconda-
'ry_drops is, on‘avefgge, .12 percent'of the main-drop vo-

. lume. They concluded that he volume of the secéndary'dfops

increases with a decrease in surface tension and does not

' seem to be 1nf1uenced by the v1scos1ty of the 11quxd

-
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Figure 4.3/9{09 formation in the case of a solution
of glyterol and alcobol using tip having a

-cm. (From Edgerton. (701

- . 3

diameter of

Edgerton [70) carried out ex rimentsrw;th different

tip diameters. He observed tn_t,ﬂ or t1ps whose diamgter is

smaller than 0. 5 cm, the pendant d op has a diameter greater

‘than ' the diametér of the t1p. On larger tips, the pendantn

*
drop has a smaller diameter than the" tip on which it is

formed", He concluded that vxscosxty and surface act1v1ty

"have a large effect on the mechanism of drop formatlon_;and

tgat the number of droplets creigjd by drop breakup depends

. .
on the tip size and the nature bf~the liquid. Drops formed

on the smallest tips (up to epproximately 3.43 mm‘of,exter-

Ve
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nal diameter) detached without the formation of any seconda-
, v, ,
ry drops.
-] .
The Jrocess -of drop formation depends to a high' de-
< :

gree on the type of liquid involved. 1In generad, liquids

-

can be divided into: wetting liquids, such a water with

glass, and non-wetting liquids), such as me ry with glass.

For the case of wetting/ liquids, Andreas (71] observed thas_
during drop formation drops may hang from the oqter wall;
from the outer rim, from the flat end, from the inner rim,

or even from the inner wall of thé tube. Regarding the

characteristics of the nozzle, hs poihss out. that "It is de-

51:ab1e that thecend of the tip be made from tubing hawving a.
c1rcular cdoss section, and that the end be cut ogf perpen-

d1cu1ar to the vertical axis. However, m1crosco;ic perfec~

tion is not essential, since the liguid surface tends to

Bﬁidge over any minor‘irregslarities."

- ~

WOrklng with- 11quxd 11qu1d systems, which under cer-

-

taiﬁ c1rcumstances are 51m11ar to liquid-air systems, and
’very 1;w flow rates, Hayworth and Treybal 1721 observed that
drop size is un1form.and.reproduc1ble for a given velocity,
and increases w@th increased. selocity reaching its upper’
limit at very neax tEg jetting‘velocity. Drop size also in-
Creases by increasing nozzle diameter, surface tensi n, vis-"
cosity of the continuous phase and decreased diff;rence in

density between the two phases. - Us;ng»the Harkins and Brown

.volume correction factor, they developed a semi-theoretical

-
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eqhaﬁion which permits prediction of drop size up to 30 ecm

per second velocity through the nozzle. -

Izard and co-workers [73] working with liquid-liquid’

systems gbserved two different patterns of drop fo:mat%oh.

"One resultS‘when the: ,dlscontxnuous phase preferentxally
wets the nozzle, and. the othér when it does not. In ‘the

léiigp/case'the drops'are formed somewhat below the sharp
. . s,

‘edge of the top of the nozzle, whereas in the former case ’

the dxspersed phase liquxd wets the nozzle to the sharp ed

" and may creep beyond te." !

Scheele and Meister [74] also carriedyzgut exﬁtrx-

ments with liquid-liquid systems to obtain the drop volume

as a function of injection velocity and nozzle diameter.

They experimented with systems in wh1ch the dlspersed phasa

was of lower density than the continuous phase and observed

that “"There are four major forces which act on a drop during

the process of formation at a nozzle. The buoyancy force

due to the density difference between the two flulds and the‘

@

‘inertial or kinetic force associated with fluid flowxng out

..

of the nozzle_, act to separate the drop from the nozzle,

while the interfacial tension force at the nozzle tip and

the drag force exerted by the comtinuous phase act to: keep

the diop on the nozzle. When the lifting force exceeds the

restraining force, the drop‘begins to break away from the *

‘. L]
nozzle." ° ) : /;D

/-



. ' © 51

By performing a force balancé of the counteracting
effecﬁs of these forces, they developed the folloﬁing ex--

Sﬁessbog,EoF predicting the volume of the falling drop:

: - 1/3
- F(ejy}/3) | ZxDn . 20u00n _ 4 pQun . , fQ%DnZpy :
vE F(r/v ) [ gap szgAp 3 glp (gﬁp)z

(4.5)

where
| &

Vf = Drop volume after bheiiioff from the nozzle [m3]

L4

" Dn = Nozzle inside diameter {m] *

1

Ap = Difference betweéé densities qf dispersed and

continuous phase [Kg/m3] 3

L 4

-

H =(yiscosity of contifuous phase [Kg/m-s)]

Q = Volume fxfw\rate f dispersed phase [mdys)
Df = Djameter o{..the drop which wo form at the
’ -
o ¢ _ngfzihhvglocity Uj if a jeq d not form (m]
Un = Averagé nozzle velocity . 1.
- o ' b
k -
{ * The terﬁs in the equation account, reépectively, for

: bupyancy and interfacial sgnsion, drag force, kinetic force
and volume added duriﬁg necking. .For continuous .phases of .

low viscosity, such as air, the teérm due to the drag force
-~ 4,

O

hay be neglected.
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The condition for incipient jetting was derived to

be >

A 1/2
Gj = 1.73 L_(l - g—g) /2 (4.6)

J

where Uj = Nozzle veléq;ty at which a jet-fitst forms [m/s].

" The ﬁumericalv coefficients?\"4/3 and 1.73, apply when the
Sigf}ocityfprofilg in the jef at tﬁe orifice_ i§ ‘parabolic;
‘coéfficieﬁts of 1.0 and 2.0 respectively shoulad Se used for
a flat velociﬁyibrgfiie. The par;bolic velocity.ptofile ap-__
pPlies for ‘Re§hpids numbers ih the nozzle sﬁarf;?\than.zloq
(the Reynolds number is the ratio of the inertial to the>
viscuous forces). _ . '

They remark that "Although tﬁe constant; wete‘ obta-
ined only from data in which the dispérsed phase was less
dense than the éontinuous phase, the ghéo:étical analysis
should ‘also be valid in the reverse situatipn 80 long as the
injection is in the vertical plane. The only differegce_ in
the two situations is the direction of the pressure gradient '
in the continuous phase relative to the directioq’ of dis-
persed phase 'injectioh." They conclgdea that the volume of
the'drdb formed depends on the Giscdsity of ‘tﬁe disperged

. - 4
- phase. . . ,

As the flow rate through the nozzle is increased, a .

. M . . A B
.. critical velocity called  the jetting velocity is reached, .

¥
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above which a jet of liquid issues from the nozzle into the

atmosphere and eventually breaks up into drops under the ac-"

tion of diséurbances of its equilibrium. ~ _
Rayleigh [75] made an analytical study of the col-
lapse of a’ 11qu1d jet in the ,varicose region of Jjet flow.
Assuming ax1a1 symmetry, irrotational flow, and a
non-viscous 1liquid, he showed that a small disturbance sym-
mettiqal about the axis of the 5et would cause breakup when
the amplitude of the disturbance grew to 4.4 times the diam-

eter of the undistuﬁbed liqﬁid jet. 'He considered a water

jet issuing into air -and by neglecting fthe vi osity of both

phases, he fou hat the diameter of the dfsp getigrated by
the jet breakup is approximately 1.89‘times the diameter of
the undisturbed jet. Rayieigh's breakup‘theory predicfs one
drop size with no distribﬁtion.

Rayleigh's analysis assumed that surface tenszon\h;s
"the force that controls jet breakup, and therefoxe, the vxs—
c051ty of the liquid was not considered. Some time after,
R§y1e1gh"[76] -modified his'theory to take into account the

viscoéity, which resulted in a reduction of - the rate of

browth of the optimum disturbance.

Tyler and watkin [77) ieé' out ° experiments and
E-o

observed modifications in th aracteristics and upper

critical velocity, as a result' eased viscosity. They
] . .

concluded that "Viscosity and  surface.tension of the jet

fluid are the prime factors controlling the wupper : critical

V‘

Ny * '
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point, drop formation disturbance}lpr©duced at the d:sruptionﬁmf 2\\i;\
point of the jet, gaining accesé is the cause ‘%
of the lower." | h g
Marshall (78] referd to‘/;esear s of Ohnesorge who, 3
"using matﬁematical ¢ correlated the jet breakup be- \4 §
havior in terms of ype © iiquid, orifice size and Rey- | 'g
U n'ol‘ds. number. he are illustrated in Figure W.4 '
- . . e i
. where the three €s of brea up are identified as follows: p
Zone I, the mode o i follows the Rayleigh mechanism. I
"+ Individual drops are [Formed; Zone I, The bfeakup follows, a |
lageral motion with iﬁcreasing amplitﬁde. Thé‘get has(a ) H‘“ﬁ”’

. -
twisted or sinuous appearance; and Zone .III, th9nlﬁi_qi§§5::\~

pears and fthe breakup accurs close to the niijj; (atomiza-

he £ ct of nozzle dxametet in jet breakup Weté\\_ﬂ\_’—;//

1nvest1gated bquﬂerr1 gton and Richardson [79]. They car-

tlon)

ried out experiments wil I liquid-air syS8tems and found that.

Wy \bp size was found to depend only

every case the mean

relative speed, V, of the jet $o the air and on the

.viscosiéy of the liquid. Here ag + d (mean drop diameter)
as 1nverse1y proportlonal to V. Thevﬁozzles used varied in
iameter from 0. 4 to 0. 7 1nch, and éﬁso gave identical re-

sults independent of nozzle sxze.“3 .

- A °

*a small drop.size distribution around the expected

. e :
single diameter, p:gdictquby Rayleigh, was obserVed by Mar-
shall.
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. N 4 .
‘Working with liquid-liquia systems, Keith and Hixson

made o?sergifions which showe@ that just above thg jeftiﬁg
point the drop size is very uniform and reproaucible. They
stated that "Uniformity is definitely a function 3Ff the flow
rate for all the nozzles. Uniformity is be;ter for smaller
nozzles but is also good for lower rates with larger noz-
zles." A decrease in nozzle length decreases uniformity in.

the low gflow rate range when compared to a longef gozzle.

They concluded that a decrease in interfacial tensiod is in-

sufficient to produce a change in the uniformity of drop
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size and that viscosity had no effect on jet breakup.

- ‘Christiansen and Hixson [80] observed that "At flow

rates, bekow the maximum area ﬁoint, jet velocity is such

'_that nodes form too frequently. .Drops formed 'below the

~ critical flow rate were of two sizes; one equal to the

. ideal one-wiave-length a:op and 'one’,ybuble. that s{ze”.

gigure'4.5 éhows the jet breakup at various flow rates where
4

the nodes can be appreciated at the end. of the jet..' They '~

found that the calculated jet diameters for small nozzles
» .

occasionally exceeded the nozzle diaméter.
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Figure 4.5 Jet breakup at various flow rates
F .
(From Christiansen and Hixson, [80})

- | 4
Lee (81], using nonlinear analyses, predicted . the
formafion of satellite_é:oplets (see FigurghiLB). The vo-
lume of the droplets predictpd is about four percent of the

volume of the main drop.

vl e




- 57

The main cause of the production of secondary drops
is the surface’ teésion; it forces. the cylinder into a
spherical pattern. The viscosity of the material, however,
determines }he length and diameter of the jet, and thus the

size and number of secondary drops

4.2 SUMMARY

Basically three types of behavior are observed when
a liquid flows through -a simpie nozzle: (1) at low flow
rates, individual drops are formed directly at the nozzle
tip.  Drop size is uniform and reproducible; (2) at inter-

mediate flow rates, a jet ofrliquid isSues from the nozzle

and eventually breaks.up into dfops. The drops formed are

less uniform th;n in the\previous stage; aﬁd (3) .at fast
flow rates, a nonﬁhifprm)spray of droplets is produced.

" Many equations and models have been pgopoéed. for
predicting drop volume, jet lenﬁth and diameter, and volume
of the secondary dtops; Evén though thésetempirical appro-
aches_ were verified,'théy should be used with caufion ouf-
sid; the operating coﬁditions under which they were “obta-
ined. .

'In thg low flow velocity region, mean drop size de-
pends to a high degree on. nozzle diameter. It increaseg
‘with an increase of nozzle diameter. To a lower degree,
drop size increases with: an increaﬂg,of flow rate and sur-
face tension and a decrease of dispersed phase temperatute.

J

4



To the lowest degree, dr i lepends. on: ,viscosity of

both’ dispersed and continuous phase, difference of density

between the phases, capillary tension, edd)huoyancy force.,
Drop size and drop size uniformity are sensitive to

nozzle design, being more sensitive to variations or imper-

fections as the nozzle decreases in.radius. tThe nozzle must(:g

be truly flar, circular, and perpendicular to the vertical

axis, and with truly sharp edges.

Depending on the interface dispersed phase-nozzle

material, the dispersed phase may or may not wet the nozzle., °

The pendant drop hangs from a number of sections of the noz-
zle relying on the type_of.jn erface.

For nozzle diameterd/imaller than 5 mm, the pendant
drop diameter, in general, is greater than the nozzle diame-

. T . e
- ter. o &\_j\ : '

The formation. of secondary drops depends on nozzle

.- design and type of dispersed phase.. For water-af@ systems

and nozzle diameters smaller than 3.4 mm, drdés detach with-
out the formation of secondary drops; "Their volume is, on
average, 3.12 percent of the mLin-drop volume and . increases
with a decrease of surface tension and it is not affected by
the vxscosxty of the dispersed phase,

In the, intermediate flow velocity region prior to

the critical point, #ndividual drops are formed. Drop size.

is uniform and reproducible under certain given conditions

and depends on the relative speed of the jet to the air, the

LR ]
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i

viscosity of the liquid, and nozzle design.,

Drop size uniformity depends on the veldcity of ';he
- dispersed phase through the nozzle, being better- for low
velocities and Ebr large nozzle lengths. It is' affected
by surface temsion or viscosity of Both phasgs;
. : In general and for small nozzle diameters, the jet
diameter is™ smaller than the nozzle diameter and ;ncreases
with an increase of nozzle diaheter.
The:process of creation of secondary drops ié gov-
é;ned by surface tension qand viscosity of the dispersed
phase. In general, the volume of the secondary drops, is ap-

prokimate1§_4_pezéent of'the main-drop volume,

S
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PART TWO: INSTRUMENTATION SYSTEM DEVELOPMENT . .

CHAPTER 5
DROP COUNTER PRECIPITATION.SBNSOR

: \
The drop counter preqgipitation sensor (DCPS) des-

cribed in this thesis is a rate-of-rain all raingauge. The

high resolution and fast response of the sensor provides an

accurate means of estimating the instantaneous rainfall rate
= . :

and the time of onset and cessation of a precipitation

event ofjThe information gathered from the sensor ‘can also be -

used ;ﬁféstimate total amounts of precipitation by time "in-
- o

tervals. Due to the low cost and fast response of the‘sen-

sor, it can b ed in dense raingauge networks for the
study of s§§:§::i;nd temporal distribution of rain, or storm

dynamics. Cell speed and directibn/cdg*bé derived from the-

 data.

This-~chapter breSenEs.a_detailed description of the
precipitaéion senéqr and fts operation. Experimental re-
sults obtained with the sensor and the. dependency of i&s

response to various parameters such as nozzle size and rain-

fall rate and temperature are discussed.

60 R -
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5.1 SENSOR DESCRIPTION’

During rainfall, the precipitation sensor collects
rain wafer in a funnel wﬁich channels it through a stainless
steel Eube. A stainless steel tube was ‘chosen to avoid oxi-

dation. The water. is released from the tube in the form of

. . lal .
drops; which are of almost constant volume. The falling

drops close an electric circuit resulting in the drops-being
counted. Given-tﬁe'arop volume. and the number of drops-
counted during a certain time interval, the amodnt Sf rain-
®fall can be determired. ‘

| The DCPS is fontained in two cylinders, denoted (1)

N—"

and (2) in Figure >5.1. ‘Cylinder‘(l) contains the‘sensor
while'cylindet {2) is-used;as the base. The cylinders are
easily‘assembied. The precipitatioﬁ sensor housing is a to-
talizer raingauge used by the Atmospheric Environmental Ser-
vics  (AES) of Environment éanada. The use of these iaiﬁ-
gauges simplify the comparability of measurements with ex-
isting networks. The DCPS includes a staﬁdard/;faduated ra-
infall totalizer‘13) which is used to measure total amounts
of raipfall collected bQ the sensor. The rim of cylinder
(1) has a sharp edge which is bevelled on the outside and
falls vertically on the inside.

Inside cylinder (1) there is a plastic funnel (4)

. whose.function is to collect the rain and which is shaped to

prevent loss due to splash. At the base of the funnel there

is a machined nflon plug {S). This plug is held in, place by




" tube (6) that releases the collected -

. 62

o

" a rubber o-ring aliowing easy removal of the plugb for ma-

intenance. The 'nylon'plugfis pierced by a staihless steel

ter by d:ops of al-

most constant size.

| %I%r/ 2
- W ! ! e
5/ : /
’ ’//’3 12 -
- 13
: _
b 3 /
\"1) ’ S e

Figuré 5.1 Drop counter precipitation sensor
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The lower part of the plug supports the sensor {7)
which consists of two electrically ;onducting points. ., The
points.are mass-produced pins which are gold plated to avoid

oxidation. The drop presence is detected by enabling an

electrical current to flow from one tes® point to the other

. t
-

ﬁhrough the watqr drop.
The sensor poinés ;re connected to an amplifier (8)
which boosts the electrical signal produced when the drop is
. fn_contact with the senéor points. Connector (9) is ﬁounted
_ins}de cylinder (L) and provides access to the electrical
signal frog the amplifier. Cglindér (1} may  be separated

' mechanicélly as well as elect?ically from cylinder (2).

] At the top of the funnel,.inside éylinder (1), theré
is a removable coarse mesh screen (10) whose function is to
trab leaves and bugs. Under this séreen, ghere is a remov-
QB}e flne‘gésh screen (ll) to pre&ént dust from‘?ntering the
stainless steel tube.

A clamp- (12) secures tﬁe two-conductor cable (13) to

cylinder (2). The cable feeds the electrical signal to the
o ’

-~

data acquisition system.

Figure 5.2 provides details of the plug. The test
peints point slighély downward, about 30 degrees from the

horizontal, to. reduce the chance of water drops hanging from
the test points.
b .

A

R The length of the stainless steel tube and the dis-

tances between the test points and from the points to the



bottom rim of the tube were determined és follows: The_dis-
tance between the test points must be smalléz than the diam-
eter of the‘drops released from the nozzle, but largér, than
the diameter of the water jet that issues at very high rain-
fall intensities. Test point separation determined in thig
waf_ permits the drbps to be counted and unwanted signals

produced by the water jet to be neglected.

Breather aperture

7

Finq mesh screen

Rubber O-Ring-

Stainless steel.tube

T.lt‘poiqfu
Pigure 5.2 Narrow chambet drop ‘generator plug

w In the precipitation sensor design, the tube is made

of stainless steel; the dispersed phase is water and the

’
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continuous phase is air. Consequently, a nonwéttiqg behavi-
or takes place and the nozzlj}a\iggide df;ﬁeter.is consi-
éered in the calculations.

The nozzle diameter is 1.83 mm (0.072") and the di-
ameter of the drops rgleased, assuming a spherical shape and
a volume of 46 cubic millimeters, is approximately 4.45 mm.
&be jet diameter for thiq size of nozzlé occasionaly exceeds
the nozzle diameter and ;hefefore, they are considered to be
equal. : | 7 } \

Various experiments were performed to corroborate
the validity_ of the theory and it was found that a separa-
tion of 2 tom;-mm is appropriate and satisfiés the require-
ments refer{ed to above. A seéaration_of 2 mm was adbpted.

Even with these conSiderations.a\problem‘in the drop
detection process remaifis: the nodes and drops produced at
the end of the jet. As described in Chapter 4, for flow
rates above the jettiﬁg velocity a jet of liquid issues from
the nozzle into the atmosphere and eéentuélly breaks .up into
drops under the action of‘disturbance; of its equilibrium,
The jet 1ength’depend$ on the flow rate through the nozzle
as illustrated in Figure 4.5. [The .diameter of the drops and

nodes produced is approximatelyL&L89 times the diameter of

v

" the undisturbed jet. ) -

For short length jets, the nodes and drops produced .
may appear at the test poi sfkesulting in an erroneous

readiﬁg. One  characteristic of this phenomena is the short

<
-
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time interval between consecutive nodes of drops. This
characte:}stic is.used in the dgta-acquisition system input 7
© to avoid the nodes or drops being counted if they appeat
~ very close in time (5 milliseconds or less).

The distance between the test points and the bot#
. . Yd .
rim- of the nozzle was established ags follows: it must be

-

larger than the length of the pendant drop, 'such that ? the -
drops are detected only after drop detachment. ﬂowéver,‘the
distance should be kept short to avoid excessive splashing
and the detection of long jets. A distance of 12 mm is

used. ) ;*//‘\\ .
-

It was found experimentally, that nozzle . lengths

between 10 and 15 mm have no effect on Q:js—zize distribu-
//Kion, but in order to reduce tube blockage cau by dust, a

tube of 10 mm is used.

Thye sqpinless steel tube protrudes from the nylon
plug at both ends. At the top the surface configuratign of
the plug provides a settling :ésetvoir éhat reduces duét
entering the tﬁbe. At the bottom, it avoids the capillary |
effect and p:ovfdésra consti;t area for drop generation.ﬂ
,:} The Q;ttdh rim of the tube is flat and polished.

-" The DCPS, since its inception, has "been modified
several times. The modifications were mpd; to avoid the ob-

struction offthe*ﬂ:dp generation tué*, to prbdﬁce dtop‘/f;;\\l

_ : : 4
more constant size and to ease manufacturing and ma:erY

.hance. '
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Two types of plugs are currently being used:
"narrow chamber" and "wide chamb;x“ shown in Figqures 5.2 and
S.3':espectively: It is intended that in the near future
only the widé chamber pludy will be used. The step-like

shape of the wide chamber plug bzovides a spacious lower

chamber and a fixed positioﬁ of the plug inside the funnel.

Bréather aperture

4
%/,
%

Fine mesh screen N

Rubber O-Ring
1

/A

/ Stainless steel tube

Aﬁ%ﬁ?‘

o

Test points

:Figute 5.3 Wide chamber -drop generator plug ._;-?
o : ' . . , s o
—~L ' o CoL - ALt - @
" The lower chamber walls are used to position the -
~ . test points. . When a drop‘falis and collides with the t t h
. . o . 1 ‘e

points, small -dreps (droplets) splash ~in  all direc?jgns. -

~
vy
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Some of the droplets find their way to the walls of the
‘chaﬂber and adhere'to‘it. while. the rest fall away.It is
possible for a large number of dropleé% attached to the
walls to create a water path between the two test points’
: If the electrical conductor bridge occurs, the sensor will
“\ be unable to detect drops. The probability of occurrence of
this phenomenon may be reduced by separating the test points
as much as permitted by tﬁe.drop size, hence reducing --the
amount of water spi;shed and by making the chamber as apa:

\‘ cious as possible while keeping the test points protected.
The cavity created on top of the plug wil¥ always

retain the same amount oE water, if GQS;:}ug is properly in-

stalled inside the funnel. The amount o water necessaty to

+

weﬁ. an initially ary sensdr: is the water, required to- wet

screen and. the top of the plug. The amount of
i
water held depends to a high degree on its cleanliness. It

suggested that the DCPS's in the field be cleaned fre-

;.
L ]

~quently; preferably at least once a month.
After the sensor has Beén wetted, somé water must

build up aboﬁe the plug before ; drop is releas?t from the
o

tube. The stored water greates a pressﬁre head top of

the steel tube. Drops are released from the tube when fhe

sure head is greater than the forces acting upwards on

4

| - :Léﬂd:op. ' A

. - ,Zﬁ spite of the fabt.tha€{;ther methods of\detecting

{

droé‘;exiét, the methéd described was/choE:n becaq it pro-

- . * " + Ld ’
. . 4
N
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vides more data about the,rain than just the amount and  in-
tensity. The -aveiage time a drop remains in contéct with
the test poinﬁs is approximately 15 milliseconds, for water
drops of about 46 cubic millimeters. During this time, it
is possible to measure .the conductivity of the water drop to
estimate the concentration of total dissolved ionizable in-
organic solids, which i; an important.parameter in rainfall
quality anelysis. In the present design only thg drop pres-

ence is sensed but an-inéeresting subject for future im-

provements has been estm
X The field instrumenta installed employs the DCPS

described above. At present, tests are being carried out on

a prug that uses optoelectronic devices to' detect the drops.

Instead -of the st pcints, the new design uses an infrared

light emitter dfode and a phototransist@r aligned in the.
g path. ﬁhig,the ;ater drop falls, it interrupts
the light beam and the phototransistor senses the @is:uptioﬁ
f light. Figure S.tfé:::j the wide chamber plug and optoe-
ldctronic sensor.

N\

Problqmﬁds;éb ag water splash and test point oxida-
tion are'compleéély é;E ed th the optoelectronic pluyg be-
cause thére.is no contact with the water. Although the opt-
ical method has some advantaggs over the contact method,
therg\i;:)also some Qisédvantages due to the poessible drop
breakup¥'during drop formation. As explﬁi::: f% Chapter 4,

. . ' :
dépending on various physical factbrs, the PS can reak
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into smaller fragments. The nomber and size of these frag-
" ments vary widely. If breakup occurs when the drop is de-
tected, the optical sensor may detect more than one drop.
This phenomenon is avoided in the contact method by placing
the test points in such a way that their position and separ-
ation constitute a drop size descriminator, such that only
drops of a given size or larger caﬁ close the electric cir-
cuit between the two points. Errors introduced by splash

TTrm—

are avoided for the same reason.

\ ln}thor aparture

Fine mesh screen

Rubber O=-Ring

e Stainless steel tuﬁo

Il

7 =
L)
~
B S YU
. Sensor ’ ‘
Figure 5.4 Wide.chﬁﬂber drop generator plug ‘(
.y ' r
’ ’ ‘. and optoelectronic sensor .
/"\ - . '
* . o .
. - ’ .' »”
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The electricaf/;ignal produced by the phototransis-
tor is a4positive square pulse, similar to that.produced‘by
thetest points. If the water is clear, a low voltage level

_ appears momentarily at the center of the pulse. This sudden
change in the voltage level of the signal is produced by the
lens effect of the drop when it is aligned with the light
beam path3 Figure 5.5 shouslthe voltage_s{gna% generated by

L

the optoeleéttonic sensor.

szbut(vr
.S - '

= . )
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° Y . .

-
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| . 15 1 o
: < i Y

-

Figure 5.5 Voltage signal generated

. by optoelectronic sensor e

S\f SUMMARY OF TESTS PERFORHED
. Over 6000 tests were carried\out. Depending on the

purposes for“which the tests were perforimed, they have heen-

. divided into four categories, as folIEWET‘ :
. e h "‘\n ' : w

»
. . : . ' . - - ]
l. Tests performed to  determine. the dimensions Tand @
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. characteristics of the sensor, such as nozzle diam-

eter and length, probe separation and drop genera-
tor plug shape. ) . . i 2

’

2. Tests carried out to determine the pezfo:mance

the f:nal design under specific conditions. —
5 . >
3. Tests performed to determine which parameters, such
as rain"water temperature, affect the‘petformance

of the sensor., The degree to which these parame-
: ~—

ters affect the response was also estimated. v
N oot N
4. Tests to corroborate the performance of the system
x\\\ were carried out wifh.vh:inus sensors assembled for .
the field program. '
The main objective in most of the tests was to de-
. -\ . . - .
teiﬂjﬁe theé effects of the factors| considered on the rela-
tionship between drop size ‘and rainfall intensity. In order §

(
to obtain reliable data from the DCPS the drop size produced

7
must not va:y sxgnifxcantly with rthe intens of rainfall,

when all other - factors such as)water tem ature are hela ™

constant. ' ) é“‘.

1 5.2.1 .TEST PROCEDURE

”

Since the DCPS measures rainfall intensity, a method
»

\?r fOf' 51mu1at1ng diffetent intensitxes was needed {2/gzd9€a

r -

s - - : ~ SRS = S — 2




test-and calibrate the instrument. Rainfall ' intensijties

were simulated wusing a 10 ml pipette clamped to a retort

stand as shown in Fiqure 5.6. By adjusting the sloge of the
pipette, different intensities may be obtained. For lower
intensities thabvcan be obtained with the pipette, two cus-
tom-made funnels with reduced nozzle éiameter were used.
The-fgnnels were-.filled with 10 ml of water using ‘the' pi-

pette. Tap water was used for all the experiments.

Clamp-—*\\\

S\__ 10 ml
pipette

'
\ ’
~—- Ratort stand

~— Sansor

-t

Glass L
'funnel

Figure.s.s Testing apparatus

- The: s;muﬁfted ra1nfa11 1ntens1t1es were calculated

. ~ . - L

*w
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[

using the time for the first one hundred drops to cross the

test points and the total number of drops for the 10 ml of

water ’uged. In- the balance of this report, this method for

rainfall intensity estimation will be feferred to as the

100-Drops method. h » ::BNJ/j - N

The information gééuired'to estimate the intensity
was oﬁ;ained with the 4id of a.hand held stopwatch and a
modified version of the data acquisition system, which dis-
plays the numbér of drops counted. 10 ml of water wanhusgd
for the tests because this amount'corgespondﬁ to 1 «mm of

rain collected over the collection arﬁi\jf the sensor (10

000 square millimetersy.

The‘simﬁlated rainfall inténsity in‘millimeters per

//,f\\hour was calculated by conveftiﬁg the 100 drops into mm of

rain (i.e., dividing by number of drops in Bne mm of rain),

~ and then dividing this result by the time, in hours, for the

I

" 100 drops counted. For example, if 100 drops were counted

in 10,2 secondst and e total number of drops. for 1 mm of
rain  was 219.9, then| the intensity would be
(100/219.9)/(10.2/3600) or 160.5 mm/hr. )

The raidfall inténsitigg..simulated for the tests

vwere intensities céErespohding'to 100 drops in' approximately
‘10, 16.5, 20, 26.5, SO and 100 seconds. Later these. times’

were changed to approximately 10, 15, 25, 35, 50 -and 100 to

-

obtain a more even distribution of intensities. The first

: ‘v '
four times were obtained by adjusting the slope of f}e pi- '1{”

- .
“ . e

° f/ \'

. v - e & am e

P e e
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‘pette and the last two by using the two glass funnels.

N ‘ o
"To verify the above procedure for calculatify the

Y

simulated rainfall intensities the f‘llowing tests were per-

formed. For each simulated rainfall intensity, water was

placed in the pipette qng\ffiijgg\jnto the sensorzs funnel.

The numbdr of drops counted at S sedond intervals was re-

.t

cortded. This was repeated 10 times for each intensity. The
_/" . i . .

results of this test for an intensity correspénding to '

100-Diops in 10 seconds is shown in Table S5.1.

For each 5%second inteivil, the average of the drops
) . .

. counted 'during the interval was calculated. The number of

. V] . . .
drops (incremental) was converted.to mm of rain by dividing
- .

by the average from- the 10 tzials of the total number of
drops for 10 ml of ‘water and from this result, the equiva-

lent raxnfall zate was calculg&ed for each 5 second inter-
val. )

' The ihtensities during the last S second 1ntervals
N

‘ .
were lower than the intensities during preceding 1ntervals

foz the 6 s1mulated 1ntens1ties. This behavior is doe~to

the large 1loss in hyd static pressure which occurs as the
water level in the pipezzé\rqgszﬁﬁpthe lower end of the noz-

zle. This effect is more significant for higher }ntensitie;

than for lower intensities, since at lower intensities the

-difference of hydrostatic pressure between the- top of 'the
\
pipette is not as large as the difference for hxgper inten-

7

s1t1es. Tﬂe last cblumn 1nd1cates”Fhe total number of drops

) .o 2 ; . -

. f . . v
R .

. -~ . C
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per 10 ml.

In Figure 5.7 the solid line\shows a plot of the

\\‘ﬁ:\\(numbera of drops counted versus time in 5 second -intervals

for an intensity corresponding to 100 drops in 10 _seconds.
The dashed line shows thélnumberiof drops per mm that would
forasat the nozzle for a rainfall rate of 164.4 mm/hr (1
drop is equivalent to 0.0046 mm of rain). Similar plots for
the remdi%xng intensities are presented in Appendix A.

fhe rainfalY intensities for the ffist’ tests are

properly approximated by the intensities obtained using the

100-Props m&thod. This approximation is .acceptable hp' to

éSt of the'test‘duration and can be considered representa-

tive of the simulated intensity. For the two tests in which

the _glass fdnnels were used an opposite’ response ig
observed; the rainfall‘iggensity calculated for 50 seconds

underestimates. the real intensity, whereas the intensigy"

calculated for 100 seconds overestimates. 4

» Ty

Fromuthese obse’xations. it is possible to ' concﬁ%de

« that thelloo Drops method provides a good approxima;ion for

determining the sim;Thted‘nﬂinfall intensities,

. , ' I
5.2.2 TESTS TO DETERmi:E SENSOR DESIGN .-

Six tests were performed to determine the choice of
nozzle 1nside diameter. Pour differént diameters were kest-

ed: 1.19, 1.6, 1.83, and 1. , 98 millimeters. ) .

]

.
.— q 4
. .,
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Simulated rainfall intensity test results

TEST . 58

53
52

51
54

o .
VW 0 NN N e W N

53

[
o
L]

Avg, 52.6

"8.D. 1.5

Inc. '52.6

e

Rate 173.? 152.1

-

55
. 50

52\

- 54

b 4

.98.8 145.5

2.0 0.9
46.2  '46.7

TIME
10s . 155 20s
95 - 145 190
103 147 . 189 .
99 146 190
99  .-146 189
98 145 188

98 145 187
9 146 191
99 - 145 190
100, 146 190
98 144

188

189.2 212.7 .
1.2

43.7
143.9

Equivalent raiﬁfall rate = 16‘!%9 mm/hr

correspondigs‘to 100 drops in 10 secohds

umber of drops at 5 second intervalg)

25sg @bTAL
212 218
215 © 223

213 \ 218 -

212 217 ©
211 217
210 216
215 -~ 222
213 218
214 220
212 218

218.7 =

1.6 2.3
) .

23.5 6.0

77.4

[
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Figure 5.7 Rainfall intensity test result

N } ) !
corresponding to 100 drops An 10 seconds
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\\\ Test procedure wes as described ﬁrevieusly, but ra-

infall intensities were determined in a different way (these

-

tests were performpd before the 100-Drops method was esta-

blighed). Intensities were obtained by considering\ the time

*

to drain all of the pipette water instead of the

icst 100
drops. - The rates obtained using this method are up to 12%
below the rates obtained using the ;Og-Drops method.

The results of these tests are shown in Figure -8,
It Nis observed that drop size increases eith-increase in

N nozzle diameter. Also, as the nozzle diameter is varied,

drops at high intensities compared to low intensities are

. ' ) lagger for large diameters. and smaller for small diameters.

The smallest drog;eize variat#on in the.reinfall intens;ty
Irange' tested uae found ﬁef the nozzle of 1.83 ° mm;
*consequently this ‘no;zle diameter is used in the f;nel‘deQ
a_sign of the sensor. | |
‘Similar tests were carried out 'to establish the
length of the'nozzle; Three different lendths were tested:
i \,/ 10. 125, and 15 mm. The equivalent rainfall rates were de-
| -te:mined using the 100-Drop method.\
The’ reaults of these tests aze shown in. Figure 5. 9.
It is observed that there is no appreciable difference among_
.. the resglts obtained. Although the 15 ym nozzle- seems to
'p:odnce la:ge: dsgps, the_differeece.is.;o ema113tpat‘it-ie
not considered to be significant, _9 lengih of quah was se-
lected to reduce the probability of nozele bloekipg. g '

NG

’
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Figure 5.9 Nozzle length test results

A precipitation sehqbr that is 1nitia11{.dry_needs to col-
lect' some water on top of the plug before pne‘or more drops
| can pass through the nozzle and colliéé with . the -test po-
ints. At ths end o? a rainfall evenf, th; waﬁer collected
on top of the plug usﬁally evaporates before the next event,
Consequently the amount of water retained ﬁust be kept small
forYaccurate time detectioh-of the beginning of a rainstorm.
This feature will also reduce the amount of water collected
but not counted.

Vafiﬁus tests were performed to determine the amount
of water :etainedf& the sensor. 'I'h_e test procedure was as
follows: the water from a 2 ml pipette was allowed to drip

into a dry sensor. The amount of water placed in the funnel

. before the first‘drop fell from the nozzle as well as the

A
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number of first drops were recorded. The remainder of the
water in the pipette was poured and the total number of
drops :ecbrded; This procedure was repeated with the sensor
wet. It was found thag: when using the " flat mesh screen
shown in Figure 5.2, approximately 17.5 drops (0.08 mm of
rain) are retained on top of the plug.

To reduce the amount of water tetained, the screen
design was modified go that the space below the screen was
filled, as shown in Figure 5.3. The pre;idus test was repe-
ated using the new screen. The results obtained are shown
in Table 5.2. fThe amount retained with the new screen was
‘reduced to 11.4 drops (0.05 mm of rain). This feature im-
proves the ébility of the sensor to respond rapidly, spe-

cialiy durina\\;::;intensity rainfalls, since less water is

needed to wet a sensor.

$5.2.3 TESTS'TQ DETERMINE SENSOR PERFORMANCE

jTen tests were conducted to characterize the perfor-
mance of the sensor at various simulated rainfall intensi-
ties. All the tests were carried out with the same sensor,
plug, and - fine mesh screen.and under controlled conditions.
That is, water temperature,;ambient temperature and simulat-
ed rainfall 1ptensities were kept constant., The results ob-
tained are cgnéideted\to be the standard performance of the
sensor. They are the basis of comparison when variations in

parameters, such as water temperature, are tested. .

e i B T R T e A b e ammmn e . 8
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Table 5.2
Wetting test results.

.(Conical-shaped fine mesh screen)

ml WATER NUMBER  DROPS ml WATER NUMBER  DROPS
-BEFORE OF bROPS FOR 2 ml BEFORE OF DROPS FOR 2 ml
DROP . DROP
0.67 1 36 0.02 1 48
0.62 1 37 0.05 1 49
0.63 3 37 0.05 1 48
0.68 1 36 0.12 L2 47
0.65 B! 36 0.05 1 48
0.65 1 35 0.08 1 48
0.56 1 37 0.03 1 a7
0.63 2 38 1 0.04 1 47
0.61 1 36 0.03 1 48
0.65 1 37 0.05 ! 49
| AVERAGE
0.64 1.3 36.5 0.05 1.1  47.9

Difference 11.4 drops
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The plug used was a narrow chamber type with a noz-
zle inside diameter of 1.83 mm, an outside diameter of 2.41

mm and a length of 10 mm. A flat type fine mesh screen was

used.
e

The data gathered from the tésts was recorded on
data sheets shown in Figure 5.10 (only one of the three
pages of test results is shown). These data sheets are also
used to record the calibration test results of the sensors
assembled for the field program. Each calibration test in-
cludes 60 single trials{ 10 for each one of the 6 rainfall
intensities tested.

The first page of Figure 5.10 summarizes all the in-
formation pertaining to the test performed. The information
includes the nozzle inside diameter, plug identification
number, lower chamber inside diameter, which screens were
used for the tests, the material the plug is made of and
whether the fine mesh screen contained a breathef aperturel
and tube lead-in wire (used in earlier designé). The rema-
inder of thenfront page sﬁmmarizes the results recorded on
the three pages of test results, the average and 3tandard
deviation obtained in the test and the slope and Y-intercept
of the linear regression equation. The slope of the 1linear
regression equation is indicative of variations in drop size
for variations in rainfall intensity.

A summary of the 10 tests, where average drob size

by test can be compared is depicted in Table 5.3.



DROP COUNTER PRECIPITATION SENSOR

! DROP SIZE; CALIBRATION TEST No.

- Test done by Haro and Merlo
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Date .22.06,8)

Tube diameter .1:83 == Plug Nc 2
Light/Contact .CODLACL _ Lower chamber I.D. .32 mm _
Coarss scresn ..1° Nylon/Acrylic oylen
Fine screen .Y®% __  Breather aperture Y%
Tube lead-in PO
TEST SUMMARY:
TIHME [SECONMDS] NUMBER OF DROPS RATE
* (100 DROPS) MEAN DEVIATION [HM/HR)
10.2 219, 9 2.4 160.50
16.4 216.6 2.4 A101.34
20.4 © 216.4 1.3 8l1.55
25.7 215.9 2.4 64,88
53,2 . 217.4 1.2 31.13
101.3 217:0 1.7 - 16.238
Average per 1 mm. of rain.....c.u.. 217.2 (Orops)
Stnndl:d“d.vh’ﬂon.......... 1.42 (Drops}
Linear regression:
Siope (M)enrnnn... 9.0167 _ (pr-r/m? )
Y-intercept...ee..... 215.93 (Drops/mm])

REMARKS

Figure S.lO'Precipitat}on sensor

calibration data sheets

/



EQUIVALENT RATE IHH(HR]

Ho DROPS TINE (S5)
100 DROPS
215 10.4
216 - 10.0
221 10.0
221 10.2 °
223 10.3
222 10.0
219 10.5
221 10.1
221 10.2
218 10.3
(/’
219.9 10.2
2.4 0.2
160.50
COMMENTS

AVG.

5.0.

Page , .L._.

* test No. 1
¥o DROPS TIME (S}
100 DROPS
221 “16.8
216 . 16.2
216 16.6
215 16.3
216 16.0
216 16.2
221 16.7
215 16.8 .
215 16.1
215 16.0.
216.6 16. 4
2.4 0.3

101.34

Figure 5.10 (cont)

iFe

86
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Summary of characterization test results

STANDARD )
o TEST  AVERAGE DEVIATION SLOPE Y-INTERCEPT
T drops/mm drops/mm  drops-hr/mm2 drops/mm
1 217.20 1.42 0.0167 215.93
2 215.40 L 2,74 © 0.0438 211.93
3 215.96 1.32 0.0014 215.85
4 217.95 .48 -0.0074 . 218.51
5 216.48 1.72 0.0009  216.41
6 216.42 2.80 -0.0285 218,61
7 219.42 3.69 -0.0589 .. 223.89
8 214.88 4.00  -0.0752 220.68 |
9 218.38 3.48 -0.0377 221.20 |
10 218.05 5.30 . -0.0838 224.50
Ave.  .217.01 2.795 -0.0229 218.76
S.D. ~ 1.436 1.331 0.0414 /392

: ‘ . .
1 drop equivalent to 0.0046 mm of rain

et e amae e = _

The mean of the-total number of dtops‘¥er 10 ml of

water is 217.01 which corresponds to 0.0046‘mm of rain per

drop. -The standard deviation obtained for 10 ml is an index 'r\\v



88

of the precision of the instru;ent; fhe'value of 3.49 drops
per 10 ml is appropriate for most applications. The coeffi-
cient of variability is 1.6%.

A plot of the averagé performance of the sensor at 6
different rainfall intgpsities is give in Figure 5.11. It
is seen that the number of drops per 10 ml ‘f éain over the -
rainfall intensity range tested:yis almost constant. The
standard deviation of fhe’average nunber of'drops at 6 dif-

ferent rainfall intensities is’approximately‘l.ﬁi arops and

the coefficient of variability is 0.84%.

Rumber of drops/mm
45 {Average)
220 S ——

210 o
200 — . -

190 -+

A\Y
A\

30

20 4

10 -

T T T T 7 7 7 — T I_D
‘ 50 100 : 150
‘Rainfall rate {mm/hr}

Figure 5.11 Precipitation sensor standard performance

To derive statistics on the drop size distribution,

all individual results obtained ip tests 1 to 10 are consi-

dered to be the total population.l Assuming that the drop
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size distribution is normal, the standard deviation is given

by [823.

[ zx2 - (zxy2/n] /2
s = N - 1

where
N * Number of samples
X = Sample value . //

N-1 = Number of degrees of freedom associated with s.

Using the properties of the normal distribution
curve and the-values obtained in the tests for the mean and
the standard deviation, one obtains ;he probability of oc-
currencé of a new observation. The following probabilities

“for 1 mm of rain are calculated usfng drop size x = 217

drops/mm and standard deviation s = 3.492 drops/mm,

i
t+

1%) ) P[215 <=

x =< 219) = 0.4314
(x.* 2v) P[213 <= x.=< 221] = 0.7478
(x * x =< 227] = 0.9958

5%) ' P[207 <=

In others . wordé, the probability of obtaiﬁing
between 207 and 227 drops;_for 1 mm of rain is 0.9958.
Figure 5.12 shows the histogram of test result. The normal

frequency curve corresponding to the above values of mean.

and standard deviation is represented by the dotted line.



The shape of the

normal curve. The following is obtained from the histogram:

'58.66% of
83.88% of

99.33% of

The

results are in the interval
results are in the interval

resul;s are in the interval

histogram conforms approximately to the

215 <= x =< 219

213 <= x =< 221

- 207 <= x =< 227

confidence intervals are given by

99.7% confidence interval 217 ¥ 3,31 drops
95.0% confidence interval 217 ¥ 2.16 drops
88.3% confidence interval 217 ¥ 1.10 drops
Hmmetoft;ﬂw'
100 - -
F‘ﬂ
- —71 Y
I' \\
— ’ A\
\
Y
N A
S Y
\
;| \
S50 — \
\
\
- I \
A
/1 \
- A
Y
F—
AN
- AN
\\
l -
215 220 225
Drops/mm

-

Figure 5.12 Histogram of test results
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In other wdrds,/égz assertion that the population
mean value falls wlthin the relative narrow interval of 214
to 219 has a probabxlity of 0.95.

In addition to the tests previously desctibed, vari-=
ous tests were undertaken to determine the m;ximuh rainfall
intensity (before jetting occurs) permissible in the precip-
itation sensor. The test procedure is described as follows:
a 20 ml pPipette was filled and held apptéximately l om vétt;
ically above the sensor funnel. The water in the pigatte
was released and a stopwatch was started at the time the
first drop was detected by the test points. The time and
number of drops at the time the jet occurred were recorded.
The time recorded wQs extrapolated to the corresponding tiﬁe
for 100 drops. The maximum rainfall rate was found using.
the values obtained and the 100-Drops ﬁéthod.

The results obtained are shown in Table 5.4. The
large variation of the rainfall rates can be attributed to
the nature of the experiment. There are-several parameters
* that may affect the results obtained such as nodes and drops
formed at the end of a liquid jet, satellite droplets pro-
duced by drop breakup, and inaccuracies of the measured
time. If any of the first two cases occur, the number of'
drops counted will be larger than the number of dropé ex-
pected for the volume of water. released. If a larger number
of drops is considered in the calculations, the maximum ra-

infall intensity calculated will be largei than the real in-
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tensity permissible by the sénsor.

The nature of the test is such that it is very easy
to obtain erroneous time measurements. It is not dif &
to determine the time at which the first drop reaches the
tests points; the inaccuracy is mainly due to the manner in

’

which the jet presence is determined. When a jet issues
ftom the nozzley the drop counter is not incremented because
the jet diameter is smaller than the distance ‘between the
test points, and therefore the water bridge created between
the points through the water drop is not formed. During the
tests the jet presence was determined by observing the time
- at yﬁich the drop counter stops counting. The calculations
"do not take into account the fact that there is a reaction '
time between observing that the drop counter has stopped
counting, ané the observefbstopping the stop watch.

The results obtained in these experiments are not
truly representative of the real maximum rainfall rate.
However the results obtained may be uséd to indicate this
rates ‘

The complexity of the determination of the maximum
rate is clearly seen. A better approach can be obtained if
new experiments with more séphisticated equipment are de-
signedtl Equipment with the ability to supply and measure
constant water flows with a precision of 27 cubic millime~

ters " per second would be required to determine the maximum

rainfall rate with a precision of 10 mm/hr.



. Table 5.4
: /
Summary of maximum rainfall intensity test results

.

Average maximum rainfall rate = 327.93 mm/hr

TEST NUMBER TIME TIME RATE
OF DROPS - (s) 100 DROPS mm/hr

1 '93"‘ 4.5 4.8 345.6
2 68 3.5 5.1 325.3
3 65 3.1 4.8 345.6 .
4 56 3.2 5.7 291.1
5. 79 3.9 .9 338.6
6 61 3.5 5.7 291.1

| 7 68 3.2 4.7 353.0
8 82 4.1 5.0 331.8
9 75 4.0 5.3 313.0
10 92 4.8 5.2 319.0
11 66 3.2 4.8 345.7
12 73 3.5 4.8 345.7
13 84 4.0 4.8 345.7
14 88 6“9 5.6 296.3
15 67 3.4 5.0 331.8
AVERAGE 74.4 3,78 5,09 326.22

L SN

L .
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Literature reviewed in E%apter 4 on drop formation
theory included  several formulas to calculate drop weight
and volume! and jetting velocity based on nozzle dimensions
and liquid flow rate. A comparison of the drop volume and
maximum rainfall rate obtained experimentally against the
corresponding calculated values follows.

The following values aré used in the calculations:

A Sensor -collection area 1l E-02 [m)

An Nozzle area 2.63 E-06 (m?]
Dn Nozzle inside diameter - 1.83 E-03 | [m]

g Gravity acceleration™ 9.81 (mr's?)
t Temperature 20 _ (°c)
v Drop volume . 46 E-09 (m3]

(From characterization test)
Y Water surface tension ° 7.36 E-02 [N/m]
0! wWater specific weight 9789 (N/m2)

o

_ﬁp[ Difference between dénsities
of dispersed and
continuous phase © 996,98 [Kg/m3)

p Water density " 998.2  [Kg/m3] .

The weight of the "ldeal" drop given by Tate (Egn

4.1) is

W= Mg = 2urxry
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hence

W = 422.85 x1@¢ & (Kg-m/s?)

where the volume is calculated by

v = ¥ 243,197 x 107 (@?)

Thus the Harkins and Brown correction factor (Egn

4.4) may now be calculated

F(c/v2/3) = %.= 1.066
The.drop volume calculated by means of Tate's formu~

la  is less than the volume obtained- by experimeaﬁption; it

‘was expected t® be larger. Thus the correction factor is

greater than unity (its range is expected between zero and

_one)J This deviation may be attributed to the time of drop

formation; Tate's and Haikins‘and Brown's formulas apply to
drop growth times of at least 3 minutes, while for the drop
volume obtained experimentally with the precipitation sen-
s;r, dfops are formed in approximately:1/10 of a second for
rainfall rates of 164 mm of rain per hour. _

As noted in Chapter 4, when the drop growth time is
faster than oﬁe drop in three minutes, some of the water
streaming from the tube flows inté the falling drop during

the time of detachment and consequently a drop formed rapid-
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ly is heavier than a droé formed élowly;
Using the experimental value of volume V, r/vl/3 =
0,255, The Harkins and Brown correction factor cannot be
estimated from Figure 4.2 because it does not show values of
:/v1/3 below 0.3. For values under 0.3, F(r/vl/3) tends to
1l, indicating that the whole drop falls (No water‘ is reta-
ined in the nozzle after drop detachment)
| Rayleiéh propbsed the foilowing expression to find

the weight of the drop (Eqn 4.2)

W= 3.8 vya

The ratio of radius of the 'nozzle used is approxi-
mately 1.32. Considering the external radius the drop vo-

lume is

. V= 34.47 x 107? (m3) . \
This value is 25% smaller than the drop volume obta-
ined experimentally and the deviation may be attributeé to
the large radius ratio of the nozzle used in the sensor.
| In the Scheele and Meister formula the term due to
the drag force is negligible for low continuous phase visco-

sities (as in the DCPS) so that equation 4.5 bevomes

g . 4p0QUn , Q2pn2py 1/3
VE = P(r/yl/3)| TYDn _ + 4.5(—-———
(x/ ) ‘ghp 3gap (gap) 2
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where the terms account, respectively, for buoyancy and in-
terfacial tension, kinetic force and volume added during
neckiﬁg.

Table 5.5 shows fhe ‘Harkins and Brown correction
factor calculated at various flow rates (assuming that the

flow rate through the nozzle (Q) is equal to the simulated

rainfall rate). -

Y
TABLE 5.5
FLOW RATE EQUIVALENT vE/P(x/vl/3) F(r/vl/3)

(m3/s] RAINFALL RATE ' [m3)

{1 E-09) [mm/hr] - {1 E-09)

47.22 17 : 51.17 0.900
225,00 81 63.41 o 0.727
458.33 _ 165 68.98 0.668
700.21 252 66.43 0.693

These calculations are based én the drop volume ob-
tained from the sensor charactérization tests. The factof
VE/F (x/vl/3) decreases with increase in flow rate. However
it was observed in the tests performed that at least for the

.first three flow rates, the drop volume remains almost con-
stant. The difference may be attributed to the water rema-

ining in the nozzle after drop detachment.
_ ‘ .
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The theoretical maximum rainfall rate permissible in

the precipitation sensor is given by (Egn 4.6)

1/2

s Y _ Dn

Uj = 1.73 | (1 BE) |
Due to the reduced size of the drops produced, one
may assume that the drops have a spherical shape, so that
Df.= 4.45 E-03 m. The Reynolds number at the nozzle is
19.2,  therefore, a parabolic velocity profile is considered
in the calculations. Substituting numerical values results

in

Uj = 266.6.x 103 (m/s)

The volume flow rate of the dispersed phase through

the nozzle is then givqg by

1l

Qj

Uj x An = 700 x 107? (m3/s)

This corresponds to 15.2 drops per second or a maxi-
mum rainfall rate of 252.1 millimeters of rain per hour.

Comparison of the theoretical value of ' the maximum
rainfall and the rate obtained experiqentally shows a
difference of approximately §5 mm per hr‘which is large. As
explained before, the experimental results ﬁay be far from
the real maximum réte. The theoretical rate calculated

should be employed with caution because the equation was ob-

tained using liquid-liquid systems and under specific test
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conditions.

The ‘maximum rainfall rate cannot be determined more
accurately wuntil special instfuﬁentation to perform the ex-
periments is available. The maximum rainfall rate of 180
mm/hr specified in éhe Precipitation sensor technical data
~ sheet. was obtained by means of the 100-Drops method in sev-

L »]
eral of the tests performed for different purposes.

5.2.4 TESTS TO DETERMINE SENSOR SENSITIVITY

Various tests were undertaken to determine the ef-
fects on the relationship between drop size and fainfall in-
tensity of the v#:ia;ion of parametef%, such as water tem-
perature,  fine mesh screen and breather aperture éosition
and size. A summary follows.

One test was performed to determine the‘ﬁensor per-
formancé if no fine mesh screen'is used. The test was car-
ried 6ut at 6 different rainfall intenéities following the
usual procedure.

When water is first applied, .it builds wup betdéen
the outside of the top of the Plug and the 1nsiée wall of
the funnel as shown ip Figure 5.13 (a). As the inflow con-.
tinues the water bulges over the inside edge of the plug as
in Figure 5.13 (b). Just prior to drop formation, this
water storage barsts and fills up;the inside of the top por-
tion of the plug, as illustrated in Figure 5.13 {(c). At

this point, drops begin to fall from the bottom of the noz-
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zle and continue to fall until the rate of drop formation,
i.e., the flow from the nozzle is larger than the flow of

water into the sensor.

(a) (h)

(4}

Figure 5.13 Precipitation sensor performance

(ﬂ_

without fine mesh screen (see text)

Fiéure 5.13 (d) shows the appearance of the sensor
at the time the water has completed fallfng from the nozzle.
As water cont;nues to flow into the sensor, the build up of

1 water around the top of the plug causes drop formation to
commence again.

" The average drop size produced when no fine screen

is used, is approximately 34% smaller fhan the standard drop

size., Very large variations in drop sizé'were observed and

the equivalent rainfall - rates could not be calculated be-

cause of the above unsteady manner in!;gﬁch drops are pro-
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duced,

From the above observations it was concluded. that
the fine mesh screen is needed to maintain a contiquous flow
of water into the noier in addition to stopping small par-
ticulates from entering the tube.

As described earlier in this chapter, the fine mesh
screen has a breather aperture which appears to aid the flow

f water through the screen and into the,tube. This aper-

ure consiste/g{_i/bafg 2.5 mm in diameter, placed near the -

centre of the screen. The hole evidently breaks up the film

of water held on the screen. In order to deterﬁine if| the
breather aperture is needed and if s0, to determine its/size
and position, four different screens wetéhmade. Thely had
the following characteristics: screen No. 1 had no byeath-
er aperture, screen No. 2 had a.3 mm diameter breatWer ap-
érture, screen No. 3 had a 3 mm aperture but plac closer
to the centre of the écreen and screen No. 4 had a 2 mm ap-
erture placed in the same position as screen No. 2. Each
Screen was tested at 6 different rainfall intensities using
the procedure previously described. |

Figure 5.14 illustrates sensor performance for each
of fhe above mesh screens. It is\clear that the ‘average
drop size as well as the precision of e sensor are func-
tions of the size and position of th reather aperture.

Low precision and small size drops are observed when the

fine mesh screen does not contain an aperture.

14
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Figure 5.14 Effect-of fine mesh screen breather
aperture on sensof performance \\*’

The fine screen with an aperture diameter of 2 mm
evidently produces drops of more consistent size over the
rainfall intensity range tested. Little difference is ob-
served when the aperture position is changed, but it seems
tﬁgt increasing the distance from the screen centre'improves
the drop size uniformity.

In the tests performed using the scréen w{thouf a
breather aperture, a small water .build up on top of the
Screen was frequently observed. From these observations, it
was decided tgo .;nclude an aperture of 2 mm in diameter

placed far from the centre of the Screen,
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_Five tests were performed to determine the effect of
water temperature on drop size at different rainfall inten-
sities. The tests were carried out at two different temper-
atures, 0 and 70 degrees Celsius, using the test procedure
described pteviously. ‘ ’

Figure 5.15 shows a plot of sensor performance using
water at the two temperatures as wéll as that obtained for
the characterization test using water at 22 degrees. For
water at 0 degrees, the average drop size’is 4% larger than
that at 22 degrees whereas, for water at 70 deérees; the
average is just 0.8% larger. These results c&rroborate Gu-
thrie's experiments (Chapter 3). The standaxrd deviations
obtained for 0 and 70 degrees are approxipately the same,
but they are larger than the standard deviation obtained at
22 degrees. The drop size variation was expected because
surface tension is temperature dependent.

Because rainfall is formed by melting ice particles,
rainfall temperature is, in general, slightly lower than the
ambient ground-level temperature. Rainfall temperatures
over 20 degrees is only likeLy tp occur in summer.

In‘performing the above tests, it was found that the
time for one hundred drops to cross the test points varied,
depending on water temperature evén though the position of
the pipette and 'funnels were pnot changed. For water at 0
degrees Celsius, the times obtained are longer and hence the

equivalent rainfall intensities lower whereas, for 70 de-



104

i

grees the times are shorter and hence the intensities
‘higher. This time variation is due to the temperature de-
pendence of both the surface tension and viscosity of water;
it Eé more noticeable at very low flow rates whgﬁg,watet
flows through capillaries in the glﬁss  funnels, Water is
released from the glass funnels in the form of dfops whose
size also varies with water temperature.

The precipitation sensors dre not intended for use
below the freezing point and hence the temperature operating
range is approximatély from 0 to 20 degrees Celsius. A var-
iation of about 4% in Ehe drop size is expected in this tem-
perature range; this is considered negligible in most Civil
Engineering applications. This drop size variation can be
corfected in the calculations of intensity and total precip-

. itation if the ambient ground level temperature is known.

5.3 FIELD CALIBRATION TESTS.

A field program was established. Several sampling
sites were settled at different locations throughout the
City of Hamilton. The instrumentation installed comprised a
drop counter precipitation sensor and a data acquisition
system. In some of the sampling locations tipping bucket
raingauges were also included to compare the performange of
both instruments., Data acquisition systems were used to

store the rainfall data from the tipping thketAraingauges.
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Figure 5.15 Effect of water temperature on sensor performance
& Thirty nine precipitation sensors were constructed

and calibrated as part of the field program. Twenty five

sensors included 1.83 mm diameter nozzles {(nozzle A) - where-

as, the remainder used 1.6 mm nozzles (nozzle B).

Seven sensors were operated in the City of Hamilton
during the Summer of 1983, the remainder being used or eva-
luated in Ottawa (6), Halifax (16), Toronto (6), Calgary
(1), Kentucky (U.S.A.) (1), Norway (1) and Mexico (1).

A suﬁmary of the calibration test§- pérformed with
the 39 sensé:s is presented in Appendix A; an evaluation of
the results follows.

The sensors «containing nozzle A were tested at 6 ra-
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infall intensities using the test procedure described be-
fore. Because sensors using nozzle B were tested before the
test procedure was standarized, they were tested at 3 rain-
fall rates. The rates were determined from the total number
of drops per 10 ml and the time required to pour all the
water into the sensor. The difference in the rainfall in-
tensities estimated by both methods is under 12%.

Comparing the results herein obtained with the re-
sults obtained from the.charaéterization test the following
is observed: The average drop size produced by nozzle A is
' agEFox1mate1y 3.7% larger than the standard drop size where-
as,gthe average drop size produced by nozzle B is -22.65%
smaller. The standard deviation'obﬁained for each test with
nozzle B is lérge, i.e., the drop size is extremely
non-uniform (as was observed in Figure 5.8), whereas, the
aﬁerage standard deviation with nozzie A (5.3 drops/mm) is
similar to the standard deviation obtained in the‘character-
ization éest (3.49‘diops/mm). |

From the results obtained with nozzle A; it 'is pos-
sible to "infer that under specific conditions, the perfor-
mance ~of a drop generator plug is similar to tﬁe per formance
of the characterized plug with a possible variation in drop
size. In other words, any plug with the same.dihmeter will
leéd to the same precision, standard deviation, and degree
of. confidence but possibly a different drop size. This

difference has been attributed to variationq in nozzle diam-
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eter. It is expected that variations in average drop size
will not be greater-than 6%,

The precipitation sensor was tested at -Gq different
rainfall rates. The mean of the number of diops per millim-
eter of rain was 217 and the standard deviation was 3,49,
These values are ;pprypriate for most Civil Engineering ap- .
plications. It was show that the average drop size as well
as the precision of the sensor are functions of the size and .
position of the fine mesh screen breather aperture and rain
water temperature. The drop volume obtained experimentally
Qas apéroximately 6% greater than the volume predicted by
Tate's equation, the deviation has been attributed to the
time of drop formation. |

The experimental results obtained in the tests to
determine the maximumar;infall r;te permissible by the sen-
sor are not representative of the real maximum rate. The
accurate determination of this rate is not being undertaken:
until adequate instrumentation to perform the experiment is
available. The value 'of 252 mm/hr was obtained.using the
equation for incipient jetting at the nozzle. The maximum
rate of 180 mm/hr specified for the sensbr was obtained in

several of the tests'performed.for Qifferent purposes.
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CHAPTER 6 ,
DATA ACQUISITION SYSTEM ) . [

A data acquisition system éDkST“is a device designed
to Qytomatically collect large amounts of data from one or
more/éources and store or transmit the dat;‘ for future or ¢
immediate processing. If continuous hydrometeorological\

. data is to be stored at a fine time resolutioﬁ, iarqe quan-
tities accumulate very rapidly and it is1%herefore essential“&
that the mode of storage be computer compatible. _ J{\

This chapter describes the operation of a low-cost,
microcompdteriﬁﬁﬁed data acquisition system designed to
gather data from the drop countér precipitation sensor, par-
tially process the data, and store the information on mag-
netic cassette tapes. The DAS contains only one acquisition
channel, but it 'is possible to expand the system to include
other measurements such as temperature, water conductivity,
and pH.. |

Some of the advantages resulting from the use of¢ a .
microcomputer inélude multiple sampling rates,.data process-
ing, ébntinqous or intermittent operation, and programmabil-

| L

ity to cover other data acquisition needs.

108




- ’ 109

6.1 CIRCUIT DESCRIPTION

- The data acquisition system senses the drops and

coupts them over a programmable time iQ;erval, processes the

time series and stores the results temporarily in the micro-

13

computer data meﬁory. When the memory is full, the informa-

tion is stored on standard audio cassette'ﬁagnepic tapes for

future processing. Figure 6.1 shows a block diagram of the

DAS.
¥

The sensor interface block contains the electronic

circuits necessary to transform the electrical signal pro-

. duced by the DCPS into a positive voltagé pulse compatible

" with the microcomputer specifications. The DAS ciréuit di-

Ll

agram is shown in Figure 6.2.

Every time @Fdrop falls and collides wit) the test

'poipts;’an electrically conducting bridge is created between

\jyé points. The Qprrent flowing through the drop is ampli-
B [

fied by transistor Q2, placed "inside the sensor, and

transmitted to the DAS through an unshielded tweo-conductor

-
A

§
cable.

-

L3

The shape and duration of the pulse generated de-

peéds‘basically on

B
1. the volume of water in the dxop that bridges the

test points. This depends on the drop shape and '

'volume, and on the ﬁest:point shape and separation,

A
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Precipitation
Sensor
-

Sensor

Interface

| . _
Power J . g Cassette
Supply — Hicroc ter

7 Interface

B!

Cassette
r;‘

Battery| Recorder

Figure 6.1 DAS block diagram

g

2. speed of the drop when it bridges. the test points.

The speed of the drop is a function of the rainfall
rate, the stainless steel tube diameter,; and the
distance between the bottom rim of the tube and the

test points.

L .
The amplitude of the pulse depends basically on

1. water conductivity, which is a function of the ion-

izable inorganic dissolved solids,

, b

>
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2. the volume of the water that creates the eléctrical

bridge between the test points, .
' 4
3. test points separation and cleanliness.

" There are other factors that determine the charac-
teristics of the generated pulse, but those listed above are
considered to be the most significant for this. application.
Figure 6.3 shows a typical pulse. On average, the pulse has
a duration of 15 ms for a drop volume of 46 'éubic millime-

ters.

AMPLITUDE
Volts

£

‘ >
+— 15 —F TIME

ms.
, Figure 6.3 Typical'signal generated
by the presence of a drop
Referring to Figure 6.2,)§he input of the 3ensor in;
terface includes resistor (Rl), capacitor (Cl), and voltage
comparator (Al). Rl and Cl form a low-pass filter which at-
tenuvates unwanted high frequency components and converts the

current signal into voltage. Al compares the signal against

the voltage reference Vr, derived by means of R7, R8, and"

C6. Because the output of the voltage cohparator is an un-

ez
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committed collector, a pull-up resistor (R2) is included.

R2 together with D1, R3, C2 and A2, constitute a retriéger—

able monostable multivibrator. This circuit avoids multiple
counts, caused'by a single drop, if drop breakup occurs.

When a drop Suilds a bridge between the test points,
the"output of Al 1is high and capacitor C2 charges with a
time constant 12=R2<R3-C2/(R2+R3) (neglecting'didde resis-
tancerlana voltage comparator input impedance). If the out;
put of Al remains high for at least 1 ms, the capacitor vol~
tage will exceed Vr and the output of A2 will switch to high
state. When the drop leaves,the fest points the output of
Al becomes low and C2 discharges mainly through R3 with a
time constant <t3=R3-C2. The output of A2 will switch to
low if the output of Al .remains low‘for at legst S ms.
Thesg times (1 and 5 ms) were determined based on'ithe the
signal generated when drop breakup occurs which are pulses
of approximately 0.1 to 0.3 ms following the signaligenerat-
ed by the m;in drop. The output of A2 is a positive pulse
slightly delayed with respect to the Adrop generated pulse
and with voltage levels compatible.with the mic}ocdmputet
I1/0 pins. This signal is fed to the microcoﬁputer througﬁ

&

‘input pin Tl. R4 is a pull—up'resisfor.
v ! 3
The cassette interface contains the circuits needed
'to_ control the recorder power supply and to condition the

signal -to be recorded. The recorder is a mass-produced unit

for audio purpose& that has been modified slightly.
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Standard audioc cassette tapes are used.

The microcomputer turns the cassette recorder péwer
supply on and off via output ppEt 2, bit 2 (P22). Voltage
co@parator A4 drives transistor Q1 as an ON/OFF switch., The
collector of Ql is conne;ted to the cassette recorder\Lowe
supply.

In order to record the 'digital signal onto tape,
Frequency Shift Keying (FSK) is used because of the limited
frequency response of the recorder. The Kansas City Stan-
dard [B3) for recording digital information on audio magnetic
tapes is used. The frequencies of the carriers are 1800 and
2700 Hz for logical "0" and logical "1" respectively. The
selection of these frequencies assures that a frequency
transition élways occdrs during a voltage transition of the

£
4

modulated signal.

Thé FSK signal is generated by the microcomputer
using software, and transmitted to the recorder through P20.
The ac-coupled amplifier comprising A3, R5 and C3 connects
rthe microcomputeéer outpup'pin to the cassette recorder input.
The signal recorded is a square wave, but because the fFe-
gquency response of the recorder is that of a bénd-pas;
filter centered about 2000 Hz, the played-back signal |is é
distorted sinusoid.

The bpower sppply includes a rectifier bridge,
filters, -a voltage requlator, and also a self-charging bat-

tery backup. When the primary power source is on, the bat-
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tery charges through R9, D2 being géverse biased. In the
event of primary power source failure, the battery provides
the required current through D2.

The circuit is not intended for battery-only opera-
tion because its high power consumption would Aot allow
Ehis. However,- the microcomputer can be replaced by its re-
cently-introduced CMOS version, if desired.

CThe electronic components are assembled on a 5 cm by
7.5 com single-sided priMted <circuit board. The circuit
board, the transformer, the battery and the cassette record-
er are housed in a 18 cm (W),»lO cm (H) and 30 cm (D) metal
case.

The 8748 single-chip microcomputer {84) inéludes 64
bytes of program memory as depicted in Figure 6.4. The
first 8 locations of the array are designated as working re-

gisters and are directly addressable by several instruc-

tions. The next 16 locations contain the program counter

stack for up to 8 nested subroutines, and the data éollected

reside in :zﬁ/}emaining 40 memory locations. All locations
ly

are indire addressable through either of two pointer,re-
gisters RO and R1.

.Thé crystai—éontrolled oscillator is a high gain re-
sonant circuit whose frequency has been set to 3.579525 MHz.
The output of the oscillator is divided by 15 to provide a

clock’-which defines an instruction cycle of 4.1905 microse-

conds. A TV colorburst crystal is used.
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The reset input provides a means for initialization
of the processor. A reset pulse is generated if push-button

switch (S§2) is depressed for at least 25 microseconds,

Data — 67H 53 )
Time —— 05H
o
5& e
Data — 00H
Time — FOH .
Data — 07H 39 DATA
p » e ARRAY
=« <
Time — 64H
Data —— 12H
TSme — | 63H
Data —— 05H
. Time = 621 24 _<
23
A
o« ’
8 LEVEL
- STACK POINTER
8
Program R7 7 1
loop R6
counter gi DIRECTLY
— > ADDRESSABLE
Rd REGISTERS
Time mark R .
counter -~ . 0
Memory / RO -
pointer

Figure 6.4 Data memory map

The microcomputer includes an 8-bit presettable

timer/event counter which is used to count the number of

drops detected by the sensor. Clocking of this counter is
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via pin ‘Tl; high to lowSkransitions on Tl cause the drop
counter £; increment. The maximum rate at which the counter
may be inéremengfd is once per three instruction cycles (ap-
proximately 80 kﬁz); there is no minimum rate. The 'incre—‘
" ment from maximum count (FFH) to zero results in the setting
of an overflow flag and the generation of an interrupt re-
guest. If the interrupt request is enabled, the counter
overflow will cause a subroutine call to the counter service
routine.

The micéocomputer counts the numbef of drops during
a time period known as rain integration time. At the end of
this time the count is stored in the microcomputer RAM to-
gether with a time mark. Each data word occupies one byte
so that the largest number that can be stored is 255.
However, the precipitation sensor is capable of detecting
more than ten drops per second, which is more thén 600 drops
for a rain integration time of one minute. To cope with
this number, we would require 10 bits registers, so an al-
ternative was chosen: two 8-bit counters, named -DCL
(timer/event counter) and DCH (R3) forllow and high order
réspectively, are used to count up to 64K drops and the
- total number of drops is divided to reduce the range. A
divisioﬁ by two is used for light and moderate rainfall
(Chapter 2) areas and seasons whereas, a division by four is
necessary for sampling heavy rainfalls. The division result

will be smaller than 255 and therefore it can be stored in
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6ne memory location.- Counter DCH is incremented in the
counter service routine when counter DCL overflows.

The instrument resolution (with division by 4) (?2;
0.0184 mm of rain per count. Events over 3 mm per minute
(180 mm/hr) are very unlikely in the areas where the systems
are operating at present (once in 25 years with a duration
of 5 minutes).l The resolution obtained after division is
satisfactory for the preéent central sité’data proeessigg_
software which was designed to take data from tipping bucket
raingauges where the resolution is lower. The microcomputer
performs the division using software; it may therefore be
modified as required by simple program changes.

Every count stored in memory is accompanied by a
time mark ' (data set), as shown in Figﬁre 6.4. In order to '
save spaée in memory and on tape, the acquisition system re-
presents the acquisition time as an incrementally-coded time
mark. The time mark represents "the elapsed time since
start" and ranges- from 1 to 240.

The microcomputer stores data into memory only when
rainfall is detected or when the time mark counter equals
240. The integration time is software geﬁerated and is-
therefore easily modified to meet unusuai requirements. 1In
the éresent system it is one minute.

Every time the memory space is full, the micrccom-
puter turns on the cassette recorder power supply and, at

the same time, it-starts recording 50 synchronization char-
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acters, Approximately, 20 of these characters are recorded
properly because of the time required by the tape transport
mechanism to reach its nominal velocity. After the syn-
chronization block has been fecorded. the information block
is fetched from memory and transferred to tape. At the end
of the recordiﬁg, the microcomputer turns off the recorder
power supply, but some tape is wasted because the tape tran-
sport mechanism does not stdp instantly. Because of the
tape wasted, the tape-use efficiency is just over 50%, The
efficiency may be improved if circuitry to achieve faster
start and stoé of the recorder drive mechanism is incorpo-
rated. Figure 6.5 shows a plot of tape speed versus time.
By replacing the 8748 microcoﬁputer by its pin compatible
8749, which conta{ns 128 locations of data memory, the
tape-use efficiency may be improved to 75% since larger data
blocks can be recorded. ‘

At the same time as the modulated signal is recorded
on tape, the microcomputer transmits the unmodulated signal
through pin P21. In the prese design, this signal is not
being .used but it can eb$ily\be coupled to modems, radio
transmitters or to a line for the\transmission of the col-
lected data. '

Every character recorded or transmitted comprises
eight bits of information, one start bit, one(parity bit aAd
one stop bit. The control bits are used in the data reco-

very stage.
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Figure 6.5 Plot of tape speed against time

The unattended time period of the system depends ba-
sically on the tape capacity. The DAS stores approximately
17 blocks of information (340 minutes of rain or 1360 hours ’
of no rain) on one minute of tape. The amount of data rea*
corded on tape depends on the duration of rain and not dn
the amount of rain. Wwhen the integration time is‘programmed
to be one minute, the system can be left unattended for more
than 7 days of continuous rain.or more than 4 years of no
rain using C-60 tapes. Details of the data acquisition sys-
tem are given in table 6.1.

The microcompﬁter is fﬁlly dedicated to data acqpi;
.sition and storage. However, these tasks use only a small
.fraction of the available time, so the.remaining-timé may be
uysed to perform some data processing. The microcomputer
program and a de§criptioh of its.operation are detailed in

appendix B.
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Tabie 6.1 Data acquisition system technical data -

Microcomputer........ sssesssersslntel B748.
Storage media:
Magnetic cassette tape.......Audio.
Modulation...............;;..Fréquency Shift Keying.
(FSK).
Carriers....ccceceecenanssss.1.8 kHz for logical "o",
2.7 kHz for logical “1°",
Baud rate...eecccccccecccenas300 bits pet-secgnd.
Format.....ceeccceeecepeees.50 bytes per block,
11 bits per byte.
Data block...ecesenesesaesea.10 bytes of synchronisn,
20 bytes of data,‘
20 bytes of timing;
Error relation...............Less than 1 error in
| 1 E06 bits stored.
IIntegration time............;...Programmable.'
Period of unattended operation..7 days of rain
(tape C-~60 one’side).
Operating temperature...........+10 to + So,degreeSfc.-
Power requirements: N
Steady state.ciecececcccncee 75 MA @ 5 V.D.C..
PEaKeueeensanessensineceeansa225 mA @ S V.D.C. ~
. 4 Fogy 3.5 seconds when data

is transferred to tape.
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Battery back-up....... ee-gese17 hrs. Six “C" size
e - rechargable.
- ‘f‘. T ™
Dimensions: A . N\
Height.-_.-...__.--':..-........-10 cm

width-.o-t...-----cc‘---‘..noola cm

Depthecececceccccnnaneacncesadl cm /)

6.2 DATA ACQUISITION SYSTEM VERSIONS

Various versions of the data acquisition system were
-t-'

désigned to satisfy different data collection needs. A des-
« .
criptionr of the characteristics of these versions and of the
differences betwegn them and the original system follows.
One of the desirable 3Bjectives in the design of the
different- versiops was to maintain the original design,-

thereby leading to ease the construction, operation and ma<

intenance of the. systems. ’ N

6.2.1 LOW-POWER VERSION

A version of the DAS (DAS-LP) éhat consumes small
amounts of power aqd may be operated by pattery, was devel-
oped t6/be able to-collect r:infall data at locat;ons whgré
a primary power source is ndt available.
Ianrder to reduce the power consﬁmption, CMOS in-
tegrated circuits were used (the DAS-LP was designed before /
the CMOS version of the m1crocomputer became available).

-

CMOS 1ntegrated circuits are well knowh for thexr lownpower o
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supply requirements, high noisg iﬁmunity, and operation
under large variations of power supﬁi@;volfage.

- The difference between the DAS-LP and the originsl
versigp ' is basically that the CMOS microcomputer, although
pin by pin compatible,- does not include program memory.
Therefore . program memory is céntained in a CMOS
Erasable-Progihﬁgble Read-Only Memory (EPROM). Fig#re 6.6
shows the circuit diagr;m of the interconection between the

microcomputer and the memory. The latch 1is used to time

&emultiplex the address/data bus of the microcomputer.

ALE Enabl
__;&D e |
* ::j::i> Address
LATCH .

MICROCOMPUTER ' " PROGRAM
. MEMORY
[ Y -
Bus 1) pata
F3EN I Enable
P20-P22 3 :) Adress —
AB-Al0 ,
n\. el »

{}gurb 6.6 DAS-LP circuit modification diagram

- -

[ 3

The address/data bus transmits the 8 least signifi-
cant bits of the program counter anduzgggives the addressed
N i : .

instruction during a program he@ory fé}ch. All memory
t" '

fetches generate the control signal Address latch enable

o~ €

—
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“(ALE) and Program Store Enable (PSEN). Fiqure 6.7 shows the

time diagram of the control signals. ALE indicates the time
at which the-address in dhe bus. is valid. The traiiing edge
of this signal is used $o latch the address. PSEN is used
to enable the program memory and‘the miérocomputer receives
the instruction on its trailing edge. )

Lines P20 to P23 contain the 4 high order 'its of
the program counter. In the present design only{lines P20-
to P22 are used due to the size of the programAmemory (2K by

8 bits).

////////-/////////////////////////////-’////////////

AMdress

Figure 6.7 DAS~LP control signalg timing diagram
The modulated signal to be recorded on tape,_ the
serial signal integgzz.for data transmission and the control
signal that contrng the reco;der power supply are available
through output lines P10 to P12 respectively. This change
was nece%sary because lines P20 to P22 are now being used‘to
address the external memory. |
The power supply includes a rechargable battery and

a low-dropout voltage regulator. The power consumption of
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2
L
the system while collecting data is less than 7 mA and ap-

proximately 200 mA when data is being recorded on tape. The

dnaptended time period depends on the capacity of the bat-.
’ .

tery as well as on the amount of rain collected.

A
The\remaining portions of the circuit are identical

f
s

/
original system. /The electronic components

to those of t
are assembled on a cm . by 12_55 double-sided printed cir-
cuit bo&rd.“ The %itcu t board:\the battery and the cassette
recorder are contained in a 1l8/'cm (W) by 10 cm (H) by 30 cm
.(D) metal c#se.

The software used by the micfbcomputer in the”DAS-LP_

version is basically the same, pt for‘Einor modifica-

tions rgquired to accomodate the outpgt rt change.

6.2.2 PRECIPITATION COLLECTOR ver}sxou

[

Originally, the data acquisition system included

only _one adquisition channel intended to collect data from
the drop counter precipitation sensor. ?In support of the
Acidic Precipit;tion in Ontario Study ;QPfOS) and upon re-
quest from the Ontario Ministry of the<£nvironmeﬁt - (MOE) a
o new version of the DAS-was developed. \fhis {DAS-MOE) in-
cludes an addifionai acquisition channel for an automatic
sensing wet/Dry Precipitation Collector (W/?PC). The
DAS-MOE was used in a quality assurance audit program of the

_ >
precipitation collector.

Basically the W/Dﬁc consists of a rainfall sepsor,



126

two containérs,' an ahtomated containér lid, and electronic
circuitry [85); The purpose of the Precipitation collector
. is to collect raiﬁfall (wetfall) in the wet sample container
and dust-fall kdryfall) in the dry §ample container. The
samples col}gpted are analysed to determine the amounts of
atmospheric deposition of pérsistent organic cheéicals[BG].
The grecipitation collection procedure is ‘performed
in the folléwing fashion: On the "Dry collection status",
‘the container lid covers the wet container, so dust-fall is
collected in the dry .container. Wwhen rainfall is detected
by the sensor, the 1lid automatically moves to cover the dry
container. and thus rainfall is collected in the wet con-

tainer, that is "Wet collecti status". The W/DPC rainfaill

sensor is provided wi a heater so that the accumulated

rain on the sensor is evaporated,

’—
minutes after rain stops, the i?nsor is dry and the 1lid.
f

d@ approximately three

moves back to cover the wet container.

The instrumentation was required to perform the fol-
lowing tasks [87]: K
N
1. To record the performance of the APIOS's precipita-
tion, sampler, i.e., whetﬁer it opens or closes
properly in resSbnse to precipitation. The actual

time of opening or closing should be accurate to

the nearest minute, NRC atomic clock time.
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2, To record rainfall intensity accurately to one mi-

nute, NRC.- atomic clock time.

‘iu<}3. To be serviced and chegked at least twice a month.

Originally, the precipitation colléctor provided an
electrical signal indicating the collection status. This
signal supplies approximately ;8 V.D.C. when the lid covers
the dry container (wet éollectiqn“status). However, the
true wet collection status should also include information
on the lid movement between the dry‘and wet containers. The
lid takes aegroximately eight seconds to move from the top
of one container to the top of the other. Therefore, to in-
.€lude the 1id movement, the signal supply point was changed.

With the supply point rewired, the signal is approx-
imately 18 V.D.C. when the lid covers the wet container and
less than 1 V.D.C when the 1lid is in any other position.
Therefore, an electronic circuit was required to discrimi-
naté between the two voltage levels. The alternative use
was a voltage comparator with the configuration shown in
Figure 6.8. Here SO is the output signal from the precipi-
tation coliector ahé- Sl is the conditioned signal that is
transmitted to the microcomputer.

Rl and R2 constitute a voltage divider with Rl = 2.7
R2, so that the incoming signal is divided by a factor of
3.7. R3'and R4 constitute another voltage d};ider for .the

threshold voltage in which the input signal is compared.

e
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Figure 6.8-DASLMoj§circuit modification diagram

The signal Sl is high (logical "1") to indicate the
dry collection status and low (logical "0") for the wet col-
lection status. The time diagram of these signals is shown
in Figqure 6.9, Signal Sl is transferréd to the microcom-
puter through an output pin testable using conditional

transfer instructions.

The main circuit board used for the DAS-MOE is oth-
3

erwise the same as that used in the original version. The
electronic components of the interface board are assembled
on a 2 cm by 6 cm single-sided ‘printed circuit board. The .
signals common to both boards are S1, Ground and +Vcc. The
printed circuit boards, ;he cassette recorder,~the trans-

former and the backup battery are contained in a metal case

with the same dimensions as the DAS case.

-



129

Wet Dry
container Roof container
covered movement covered
v l
18,V ]
50
0 Ve
5 v Wet collection status
5
St | :
4

Figure 6.9 DAS-MOE data signals timing diagram

The microcomputer program was modified to satisfy
the new data collection needs. The data collection proce-
dure is as follows: every minute on the minute, the miéro-
computet tests the precipitation collector status and reads
the drop and time mark counters; the microcomputer stores
data in memory, and therefore on tape, when the time mark
equals 240, and/or rainfall has been detected, and/or "the
precipitation collector is in the wet coliection status.

Because the,précipitation, collector has‘_only two
states (we£ and dry collection status), anly ;ne bit of in-

'formation is required. But in ordfr to increase the resolu-
tion of the ;ainfall data by rembving the division of the
drops counted, an extra byte of information was used. Each

‘m/data set 'for -this version comprises three bytes: one for
the time markr one for the 8 least significant’bits of the
drop counter and the third for the collection status and the

high order bits of the drop counter. The éollection status

-
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) "
is represented by the most significant Bit and the 2 most
significant bits of the drop counter correspond to the 2
least.significant bits of the third byte.

.The unattended time period of the system ktan be ex-
tended if the remaininéks bits of the third byfe are used to
extend the time g;pﬁ‘capacity. Since the s¢stems were ser-
viéed at least twice a month, this extension was not neces-

op
sary.

The information is stdred in memory and on tape by
blocks, each block com§r§§3ng 40 es. Therefore in each
block there are 13 data sets plus one byte. This byte i;
placed at the end of the block and is always zero. Because
the time mark is never zero, three consecutive null bytes
shodld never appear as valid information. All these charac-
teristics are tested when the data is retrieved from tape.

The remainder of the software used in this version
is equivalent to the software of thé original version.

v
6.2.3 TIPPING BUCKET RAINGAUGE VERSION

A version of the acquisiti;n system was developed to
collect information from tipping bucket raingauges
(DAS-TBRG) . . Usually, tippi;g‘bucket raingauge data is rg-
cgrded on’ strip charts. The chart recorders have many di-
._sadvantages: they are expensive to purchase and to
g\intain; under 'field,condiﬁions, problems may be experi-

eﬁced with the delicate gparts of the instruments; also, as

— N L

SN
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LY

with all autographic records, data reduction is demanding of

human resources, and gives rise to errors when the recorder

strip charts are translated manually into time series to be

analysed. .

The only difference between this version and the or-
iginal system is that the division of the number of drops

has been Qspbved. . . ' v

. Various DAS-TBRGs weré constructed and are operatini:“\\\\\
satisfactorily in the Hamilton area, as part of the hydrome- .
teorological field program of the Computational Hydraulics
Group at McMaster University. Some of these instruments are
operating at the same sampling sites as the DCPS in Brder to

compare the performance of the two devices. Results of

these comparisons ‘are discussed in the following chapters.

+



CHAPTER 7

DATA DECODER

Depending on the length of monitoring time ﬁhe aﬁ—
ount of data stored on tape can be large; over 40,000 8 bit
words on a single tape. This data requires further process-
ing before being input to mainframe computers, were program
packages for simulating the vgrious phases of the hydrologi-

cal cycle are available.

Al

/ﬁaiiﬁﬁs chapter describes a microcomputer-based data
decoder (DD} that was designed to retrieve automatically the
information stored "on tape, verify its wvalidity, and
t;ansﬁit' it to the central computet whqpe.the data'p?qcess-"
ing is pégformed. The aJkomation of this process has led td
coqsidergble Aimprovements o#er,-mahual ﬁethcds previously
used, including the prevehtion of random errors and thé re-
duction éf time needed to transfer the information to the
computer. N R . i

N - I n . ’ '.\“
7.1 CIRCUIT DESCRIPTION e

-The played-back signal is a distorted sinusoidal
signal modulated in fregquency and amplitude that includes
low freq@ency noise due to power line interferénce, white

noise inherent in all electronic components, unwanted high

) 132
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frequencies generated in the modulation process, and final-

ly, - undesired carrier modulation (modulation noise) due to

S

the nonuniform speed of the tape transport ‘(wow and

flutter). 3his signal i§1 recovered after it has passed’

through the recorder pre-amplifier and before the amplifier,
In this way, the volume level of the recorder has no effect

/
on the amplitude of the signal reproduced.

Before performing the signal demodulation, noise and
. ' st
unwanted frequency components are’ removed using a second

order band-pass filter. # block diagram of the data decoder

is * shown in Figure 7.1, Because the amplitude of the

played-back signal is rathér small {about 0.2 Volts) it is

desirable that the filter, in addition to attenuating™the

4

unwanted frequency bands, should amplify both carriers.

Input Band-Pass - Phase Voltage

- —) - o
Cassette . Filter Locked Loop ' Comsparator
Recorder 1

o 7 ? ? ‘ )
. Power RS-232C )
Supply Itir.erf-co> K3-—] Microcomputer

=

$//

! To computer

. Figure 7.1 DD block diagram

~
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The band-pass ﬁiLter has been implemented using a
high—pass filter followed by a low-pass {ilter.instead of a
single band-pass. This approach has been used because it is
easier to tune the two separated filter::;ﬁ order to obtain
a frequency response in accordance with that of the cassette
recordér. The type of.filtegs used are Sallen and Key ac-
tive RC filters ISBLkwhich are classified as Voltage Con-
trolled Voltage Source (VCVS) filters.

The genéral,structure gﬁ each one of the two filters
‘used is shown in Figure 7. The type of fiiter (low-pass

or high-pass} is determined the type ¢of components used

to implement the network. The transfer function of the net-

work 1s given by ! S
v ' Y. Y

’ A . — — 2 %
Vl (Y2 + Y4l(Y1 + Y2 + Y3) uY2Y3 Yz | »

%
4he filter implemented in the decoder input is a

high-pass fflter. The general form of ‘a  second-order

high-pass filter transfer function is given by [89]

v, (s) 2
2 = us . (7.2)

v, (s) 's? + 2¢Wns + gn?

where
Wn ="Natural frequency
t = Damping factor 4
¢ = Voltage gaip
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Y3
b 3
Ve——mo 11 Y2 . M | o V2
¥4 ) -~ .
1 ' o )
L
- a’ . .

Figure 7.2 Filter block diagram
Matching equations 7.1 and 7.2, the components were

selected as follows:

Capacitor (Cls) for idmitgance Yl : S
Capacitor (C2s) for admittance Y2'
Resistor  (R1) ‘ for admitéénce.YB
Resistor (R2) for admigtancé Y4
Substituting thgse cqnpénents into éqﬁatign 7.1 and
simplifying gives | N ¢ | |
v, (s) i} | - us2 - ,
vy (s) 82 + é[L_ﬂ-u) R 2__(1_ +._1—-v)J+ 1 | (7.3)._.
Y 2\% % )] MBS

A version of this filter that o£fers-ve?y_16w sensji-
tivity to component-value drifts and ‘is easily tuned is -

A

-
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known as "Equal-component-value Sallen and Key". The compo-
nent values can therefore be selected: o
Rl = R2 = R Cl =C2 =¢C
Substituting in equation 7.3 results in
Vols) 507 us?2 S
=
) .2 . (7.4)
Vl(s) s« +s|1 (3 - u) + 1
RC R2C?

and the designing equations are

L 3
_ 1
Wn = Rc ‘
.'3,_"1‘.
E = == -
\\“\ ~ The filter vdltade_gain is detdfmined by resistors

R3 and R4 chnected as shown in Figure 7.3, where

R : ' :
=l o
. .
. T " ‘-‘\

In other words, the natural frequency of the filteE

can be determined*indepenjgg;ly. but the filter gain depends
on the dampxng factor selécted, or viceversa. '

In order to reduce the ampl1f1er offset voltage ' the

resistance to ground of both inputs must be equal so that

.

s o BBy
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"""-.._‘_._'_____..
Py
—\ : c
: R 2.7 =|| <
v 3 33 )
1 ——ll— 1 + v 3.9
< a 1 N
n S2.7 - R
? “SJ ’

ol

Figure 7.3 Filter circuit diagram.
Capacitors a:e:in nanofarads and resistors in kilohms .
The values shown for the high-pass filter in Figure
7.3 coriespond to a natural frequency of ‘1.8 kHz, a damping
factor of 0.71, and a resu}tant filter gain of 1.55.
K

The low-pasé filter was designed in a similar way.

The general form of a ngond-ordgr low-pass filter transfer
function is : .

'VZ(S)_ uWn? v
V,(s) s? + 2zWns + Wn2

+

s

Hatchiﬁg equations 7.I and 7.5 and considering

equal-component values as follows:

Resistors (R) ~ for aaéiftances ¥l and Y2
Capacitbrs {C) for admittances Y3 and Y4

4

_./'?
/_\

“(7.5)

Ea .
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the netré;k transfer function is given by

N
R2C2 )
v (s) %+ s[l (3 — u) 1 (7.6)

VZ(S).

—_ +
RC R2c?

and the designing equations are

1
R
R.
w=1+ gl
8
.c _ R7
2R8

The corresponding value of resistor R, in order to

reduce the amplifier offset voltage is given by

R ' -
Ry + Ry

The component values shown -in Figure 7.3 correspond

;?{a naturai frequency of 2.7 kHz, a damping .factor of 0.67,
nd a resultant filter gain of 1.66. |

A Phase-Locked Loop (PLL) is used to demodulate the

signai and, together with a voltage comparator, éonvert it

into.vqlﬁage levels compatible with the microcomputer input

specifications. A PLL consists qf a double balanced phase

s

detector (PD) ., a loop filter, and a linear
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voltage—~controllede, oscillator (VCO) [90] as illustrated in

Figure 7.4.

vi PHASE Ldop .
) DETECTOR ‘ Ve ) FILTER
vo
"' -
VOLTAGE X
CONTROLLED ]
. = . OSCILLATOR

FPigure 7.4 PLL block diagram

é:%f§uming that the loop is locked, the control vol-
tage (Ve)\is such that the VCO output ﬁignal (Vo) .is a sinu--
soidal of the same frequency but different ase of -the

iput signal (Vi), where

Vi(t) =2 cos(wot + 8i)

Vo(t) =\f5-cos(mot + 080)

and the output of the phase detector is given by

L]

Ve (t)

Vi(t)-vo(t) = 2K4 sin(wot + 9i)cos(wot + €0)

Ve (t)

Kd sin(8i - 60) + KA sin(2wot + 8i + 00)
. . ‘
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e

L.

where -

Kd = Phase detector gain factor (Volts per radians)

To maintain the control voltage needed‘fof lock, it
is generally necessary to 'h;ve a nonzero output from the
phase etegtqr} Consequently, the loop operates . with some

\\_af‘phaséfjerror presenti':As a practicalimatte:, however, this
error tends to be small in a well designed loop.

-Exrror voltage (Ve) is filtered by the low-pass 1loop
filter.  .Noise and high frequency signals, such as the sec-
ond harmonic of the carrier, are suppressed. The filter
transfer function is given by-F(s)L - The resulting output of

the filter is
Vec(t) = Kd sin (6i + 60)

" “The control signal is a D.C.- voltqée which is a
function of the phase diEEZrence between Vo and Vi.
Assuming (0i - 66) << .®/2 (this is close to the condition
of lock and gives the usual 'lineafized version of the.

~

phase-locked loop) then
Ve(t) = Kd (81 + '60)
This approximation is most accurate near (0i - 0o) =

0. The deviation of the VCO from its center frequency is

given by

Adw = Ko-Vc(t)
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where
Ko = VCO éain factor.(rédians per second-volt).
Since frequedqy is the derivative of phase, the out-
put of the VCO is related to its -input by
‘ , :

Fe- = Ko-ve(t)

taking the Laplace transform gives

S~

g 8o(s) = ————KO'ZC(S)

In others words, the phase of the VCO output is 11i-
‘nearly related to the integrall of the control voltage.

Combination of these equations results in the basic 1loop

equations
6o(s) _ . _ Ko-Kd-F(s) "
8i(s) H(s) = s + Ko-Kd+F(s) 7.7 \
' _ s8i(s) '
Ve(s) = ) H(s) (7.8)
where

4

H(S) = Closed-loop transfer function.
B Since, in the Present appli atioﬁ, an Fn.system. em-
ploying square wave modulation ‘is being used, the natural
frequéﬁcy of the ioqp must be chosen so that peak phase er-
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rors do not exceed 90 degrees under all conditions.

For wide bandwidth applications where wideband data

’

modulation must be followed, the loop filter can be imple-

mented by just one capacitor {31). The transfer function of

the filter is simply o,
_ \ : .

Ve(s) _ 1 w
Ve (s) 1 + RCs

Substituting into equation 7.7 results ‘in

Ko-Kd
RC
s2 s Ko -Kd

*R t Re

H(s) =

where' the natural frequency and damping factoxr are given by

_ 'y
P o = [ ko xa] Y2 (2.9
* | RC N
* 1/2
. _ 1 1
/. ¢ = 7[ Ko-Kd-RCJ (7.10)

: [ ) .
A monoTitHic phase-locked loop (LM565) is used in
the 'implementatian‘ of the circuit, where the VCO free run-

ning frequency is given by
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The loop gain depends on the total supply voltage
and ;efbbtained by
)C\": .

33.6-fo

Ko+Kd = Vo

N

The range of frequencies .that the loop remainsﬁiﬁé;,-

lock after ;hitialy being locked is given by . VA
-, 8f A
fh = -i: —-g- . . -~
‘}‘P

The circuit diagram of the PLL and voltage ‘compara-
tor is shown in Figure 7.5. Component values correspon Eg )
‘ -

a free running ffequency of 2250 Hz, a filter natural
quency of 150 Hz, and a damping factor-of 1.36. These va-

lues weré obtained with a power supply (Ve) of 30 Volts and

- " q .
R (the PLL internal resistor) equal to 3.6 kohms. Resistors

r.
R12 and R13 and capacitors C6 and C7 provide further filter-
ing and therefore. smoother opefation of the circuit.
Yo ‘ ' ‘
The output 'of the comparator is a-distorted digital
N bl

signal that contains the data recorded on tape. The distor-

tion iﬁ’the signal is due mainly to tape -speed- variations
' v

-%<- (wow and flutter) in the recording and play-back processes.

s

Two Fegts were performed to measure bhé'\qpount .of

- frequency shift in the played—baék'éignal'due tdi?aggigﬁggd

' variatio\s. The test‘bfaEeduré was as follows: A 2 kHz

| \\iggiis//Zavé signal was recorded onto .the tape”for 10 mi-
. » 7 . .

e

R
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nutes. ﬂji new cassette gfcorégr and tape were used. To
measdre'the frequency shift, the tape was played back twice.
The reproduced frequency was measured over 1 second inter-

b

ling interval, the readings

vals b;ﬁ{:ven with this long sa
were accOrate only to the nearest Hz.

ord of the meas-

- —
urements ;;B obtained. "
- \\J
ﬁ\},m . \
wruT
N
xil
: A2 (1}
A g—A—rA
N 22 R ¥
) 3 r|
Tining Tinixgs cs . ::c}\_ - Cé —C7 .
Capacitor Besistod ' &0 10 T 10 -
ca y,
: 1 ls 10 *
- A", Ay -
14 us
r’ \
o ! _

. v
nd voltage comparator &ficuit diagram.
A .
“in nanofarads and resistonQ‘in kilohms

i 7;5 p
-Ei?*Fe LE

Capacitors a

The collected data were analysed\zzﬁgfthe following
. T . -
was found: the average reproduced freguency was Zoohsi\if

(+0.42 %) with a standard deviation of 11l.8 Hz. E:gdhencies

-,

as high,as\32;0 Hz (+2 %) and ay low as' 1970 Hz (-1.5 %)were

observed but Combined, they occurred in less than 2% of ‘the

measurements. No frequehcies'higher than 2040 Hz or lower

than 1970 Hz occurred. The frequency shifts are due to the



is fed ipto the microcomputer

obtain an 1nstruct10n cycle of 2.5 microseconds.
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combined tape speed variations during recording and play
back. With the ‘equipment used one ¢ nnot‘detexmine the ef-
fects due to each of-the; separately.
The digital signal ‘at th lgutput of the comparator
hrough pin T0. The logical

value of this pin can be tested using conditional jump in-

‘" .structions. This pin allows iants to cause program

s

branches without the need to lecad an input port into-_ e ac-,

cumulator [84]. Figure 7.6 shows the circuit diagram of the
q '

microcomputer and line driver. A 6 MHz crystal is used to
-

-

~

Every block of information recorded on tape is com-
prised of at least ten synchron1zaﬁ;on characte:s and forty
dati/égaracters. The nuﬁq;ic value of . a synchronlzatlon
characterr\fs zer6., One chﬁracter is comprzsed of 11 bits:
one STA it (Logical "0" ‘or space), eight b1ts of -informa-
tiéﬁ, one parity bit (even par1ty{, and one STOP b1t (1091—
cal "1" or ma}k), in g&at rder. Figﬁ;e 7.7 shows a time
diagram of the infotmafion recorded onto tape aéd the word
struciure used.

The microtomputer needs to receive at Lé??t‘“sﬁ_syhm

chfonization characters before the . data block _is read.
]

After receiving the synchron:zatlon block, the mlcrocomputer

considers the first. character different from zero as data

{The first data chaquE£F is always different from zero, and

two characters of zero value never 3appear together as valid

\/—.
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‘information). .

fhe algori£hm used to éample the serial data was de-
signed .to minimize the effects of signal distortion. The
distortion -manifests iﬁéelf - as small amounté of

pulse-to-pulse jitter and frequency shifts produced by the

variations in taée speed,  ——m—— -

INPUT : ' ' owﬁmx ‘
/ o——1 a0 ) - p20 | .
. +v s : - \&
) - ;L MICROCOMPUTER ] ;gggk '

INT . RESET

‘FC 51 : ~ —

-

Il
i

—_— =

' N~
Figure 7.6 Microcomputer and line driver circuit diagram

To read one charaQter from tape, the program detects
the 1leading edge of the start bit by'méans_bf a 5 microse-
cond test léop. This time is used as a reference point  to
sample the sussequent_bits as close té the centre of occur-
rence as possible. After the start bit has been detected, a
" delay of one half bit the bit time (1665 microseconds) is
produced to test its validity. Subsequeni time aelays of
one bit  time (3332.5 microsecohds) are performed tq sample

the remaining 10 bits of ,the character.



Figure 7.7 Tape information and word structure timihg diagram

of
one half of
[92]'- The

'still allow
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1 Block of information -
. A

/ V7 .
Fi4 L4
/4 /L
7/ LN J_
L' "W _L ~—
|
10 Sync. bytes 40 Data bytes
LY
——> Time
1
1 ‘Byte

- o j\;/_

“o|po [b1 {b2 [b3 | be|bs|be || f-1- ’

™~ 4.
l_start Parity_] Lstop
bit bit bit

*

This algorithm is appropiate if frequency variatjons

the played-back signal are small. A cumulative error of

\a

!

the bit time will result in.erroneous reception

maximum timing error which can be tolerated® and

-

proper detection of an 11 bit character is

/

0.5-bit time

thax = 11

= 0.15 ms

Comparing this result with the results obtained from

the tests on tape speed variations, it is sigéjthat this al-

"

-

"
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gorithm can be used with confidence but should be modified
if tape speed variééions i;crease due to recorder use.
After the character has been read, the software
' //checks_the validity of the information using the parity bié.
The algorithm used for parify calqﬁlation is'presented, to-
gether with the program descripéion, in Appendix C. 1If an
\&—xm_ error is detected, the program informs the user and ~céntid—
‘ues with the next block 6f information. If no error is de-
tected, the data is stored temborarily in memoxy. -
After the last characters ﬁave been ‘received and
A 5 ) stored, the block of infoeyatioﬁ is converted into ASCII
, codefand transmitted to the central computer. The transmis-
sio is through/?in P20 and the line driver, .The signal is
transmitted asynchronouslyhat-lzoo bits per second and the
output is RS-232C compatible.' s

(

\ " The time equired‘to transmit one block of informa-

‘. .
{  -apg ‘tle program is Feaég?
back. | -
The mfcrocomputer indicates to the central computer
{ the end of the file by ‘sending the control‘character
e "CNTRL-Z". fn interrupt request’ and the subsequent
transmission of the control character is produced by de-
pressing’pdsh-b;tton sl. | E o

A,
The algorithm for Zerial transmission ir simpler
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than the algorithm for serial reception since no synchroni-
zation is required. All that is required is to generate
time delays at the desired bit rate and‘output the data to

be transmitted at an 3ytput pin. Appendix C lists the Data

. )]
“Decoder program and gives a description of its operation.

Various tests were carried out to determine the per-

formance of the complete system: that is, data recorded on _

tape Py ‘the data acquisition system was recovered “byl the

data decoder and vérified to determine the error ra?e. The

test ‘procedure was as follows: simulated blocks of informa-

tion (40 bytes : per block) were recorded on tape by a DAS.

Each block of information consisted of the numbers 1 -to 20

for the time marks and 33 to 52 £4T the number of dfqpé,- 5

cassette tapes were recorded with the same information, each

tape contained about 50,000 bité of information (including 5

1)
synchronization characters). .

- s ‘.L . .
A microcomputer program wWas developed to retrieve

' the data from tape and compare it'against the data recorded.

‘The program indicates when an error is detected and the time

mark associated with it.. I1f an error was detected'thé blpck
of inforﬁation was played back up to 9 times to -attemét to
retrieve the information cofrectly.

The five tapes were piayed bgcﬁ 4 tiﬁes each, cor-
responding to aboué 1 million bits. A total of 20 errors
were. observed. In 1l cases the block of informééiohAwaq-re—

covered properly after several times of playing it back. 'In

-
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the remaining 9 c;ses the block could not be retrieved with-

out error. Eight of these errors always appearéé\ig the
. ’

same two tapes every time thg tapes were played back; they

were attributed to flgws in the Fapés. The femaining erfor

appeared only once, gvén though the tape was played back 4

times. This error is included in the system error rate .’
- N ‘/
s s . {/
specifications. X
S
(\.
LI
!Eig //’fﬁ\\;\\\_/
¢
~
\s
-
. ‘
y P -
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JCHAPTER 8 N W,

a DATA BRACESSING
ey

L)
The final component in the rainfall monitoring net-

work is the sywzhesis of all data collected through analysis
and

giterpretation. This. results in a produc {59: the user

in a fo mat that is compatible with his 69 ication. The
final reB(lt obtained may be data for models to predict ru-
. \Y_‘(

o determzne other water- reluted problems.

noff or

for which precipitat

etermine the type of data process

rformed. The

ainf&ll; to  produce

tensi y-durat1on-frequ cy, curves, tabl

fall.ql;L ta processing should be able to integrate the
time se:ieé?\tfto data base$§ to be used by computer program

packages, sﬁéh ég‘those described in Chapter 2.

)

8.1 DATA COLLECTED

After the'block bfudn%brﬁition has been ‘converted

into ASCII format by the d!crocomputer in the data decoderﬁa

each of the 20 data sets comprises 2 numbers of 3 decimal

digits each. .The firsx"umber of each data set represents

f-

the acquésitxon time and the second the amount of rain

sensed during the acquisition time indicated. The range of .
A . - .

151

ntended..

& or maps of rain-

-1

5
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the acquisition time mark is from 1 to 240 while for the am-

wunt of rain is from 0 to 255, L STy \
A block of information has ithe following cﬁkrac—

teristics: the first number is never zero and valid col-
" .

lected data can never contain two conéEcQ:j:f‘ffroes or two

‘conéecutive-numbers greater than 240,

A block of information contains a trailing string of
yFeroes as a result of dpmping an incohpletg block from memo-
ry onto tape in the DAS. This string is always contained in
the last'block recorded and indicates the end of the file.

The data decoder transmits%a string of 255's to inm-
dipate.the occurrence of an error during data recovery. The
data decoder has the capabiligy to detect- tﬁq different
types 'of errors: (a) when the parity bit recorded on tape
does not-match with the parity bit calculated, and (b) when
the stop bit is not detected at ﬁhe end of a character.

To convert the series of Sumbers into meaningful in-
formation, ‘it is necessary to know the date and time at
which the tape was installed in the field. This data ié
written ‘on the cassette tape case‘'at the time the system is
initialized. Figure 8.1 shows one ‘complete block of simu-
lated information (20 data sets) and its interpretation. It
can be observed that high rainfall intensity was detected at
the start- and end of thishblock. The_intensity increases,

then tails off and ceases for 10 hours, 11 minutes before

another onset. _ ‘ \K::b
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Figure 8.1 One complete block of information and its

interpretation. The first number represents the

Ve acquisition time and the second the amount of rain.

R
- FIRST

NUMBER

098
099
100l
101 .
102
.103
104
105
240
240

236

Starting time: October 5, 18:30 hrs,

One drop is equivalent to 0.0046 mm of rain

SECOND

NUMBER

005
018
042

. 046
040 .
021
007
007
000
000

017

098005099018100042101046102040

.
103021104007105007240000240000

236017237063238098239140240153

001165021490314100004128005103

LI

TIME - DAY DROPS _
20:08 5 10
20:09 'S 36
20:10 5 84
20:11 5 92
20:12 5 80
20:13 5 42
20:14 5 14
20:15 5 14
22:30 5 00

S

2:30 6 00
6:26 6 34

mm OF RAIN

0.0460
0.1656 .
0.3864
0.4232,
0.3680
0.1932
0.0644
0.0644
0.0000
0.0000

-0.1564
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7
237 063 6:27 6 126 0.5796
238 098 6:28 6 196 0.9016
239 ) 140 6:29 6 280 1.2880
240 153 6:30 6 306 1.4076
001 165 6:31 6 330 135180
. 002 149 | 6:32 6 298 1?:ioa
003 141 6:33 6 282 1.2972
004 128 6:34 6 256 1.1776
005 103 - 6:35 6 206 0.9476

8.2 DATA PRESENTATION

Many hydrological problems require an analysis of
time ‘as" wgilias areal digtribution of étorm precipitation.
Maximum amounts of precipitation of various .durations over
areas of different sizes are  usually determined. by
depth—area-duratﬁon.analysis of storms. .

The average depth of precipitation over a specific
area is usually required in many types of hydrological prob-
lems. The simplest method of obtaining this is to average
;atithmetically ,the. collected amounts of rain in the area.
This method yields good estimates in flat catchment areas if
the raingauges are uniformly distributed and the individuai
gaﬁge records do not vary widely from the mean. An accuraté
method of averaging precipitation is thq isohyetal method,

in which contours of equal precipitationrare plotted on a




r
map. . ) -\\_‘ ' :
| ,
The data files created with the jfiformation collect?
i

e

. . . . S
ed are used in conjunction with,a computer program known as
~ " .

FASTPLOT [93]). This program is used to- receive, interpret,
store, process, and piesent the information. Two tyﬁes of
procéssing are carried out using FASTPLOT: the first is;the
derivation of a hyetograph~for each-of the stOrm§ and for
each monitoring site; the second is done in conjunction
with computer programs for stormwater management modelling.
These models are used in turn to determige' average} daily,
monthly, and annual amounts of stormwater runoff entering
the receiving waterf The models are als; being'used to in-
vestigate a widg'fgnge 6f design alternatives and s;sategies

for minimizing pollutant overflows due to stormwateér from

k\iyg’city of Hamilton. In the field program, rainfall'inten—

sity, stormwater gquality and quantity samples are ‘collected

from various field stations . located ‘through' the city.
Figure 8.2 shows a sample run of FASTPLOT.

Inéividual raingauge data may be processed to pro-

duce hyetographg (plots: of rainfall intensitx in mm/hour

" against time in hours). Hyetographs are plotted"at. varfous

ihtegration time intervals, wusually 1 minute for.the DCPS

and 5 to 10 minutes for tipping bucket raingauges.

Long integration time intervals can be very mislead-

. ‘ [ - » - ’ L] . K3 . .Al
ing regarding instantaneous rainfall intensity, because a

given integration time value can cover widely varying
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N
EOLO: [1,10}FASTPLOTA
> .
,; [ F X E NN EN]
>; FASTPLOTA
>; denesssvas .
b H AP
>

>* WHICH DISK DRIVE IS BEING USED? (O R:0-4 D:l): 1
>PIP DL1:FOROOL.DAT;*,FOR002.DAT;*,FOR00).DAT;*,FORO04 . DAT; */OE
PLP «- NO SUCH FILE(S) ’
DL1:{%7,1)FOROOL.DAT;*
PIP -- NO SUCH FILE(S)
DL1:[57,1)FOROOZ.DAT;* .
PIP -- NO SUCH FILE(S)
DL1:{$7,1)PORCOI.DAT;

3

- IP -- HO SUCH FILE(S)
1:[57,1]1PORCO4 ,DAT;"
PIP DLL:PORO07,.DAT;*,FOR00S.0AT; /0L

d\\

IP -~ NQ SUCH TILE(S)

DLY:{57,L1FORDOT.DAT]"

PIP -- MO SUCH FILE(S)

DLY:([57.1]POROOE,.DAT)

>* ONMLY PLOTTING TO BE DONE? [Y/W]:N .

>* WHICH DATA FILE 1S TO BE ?lausnartDT {5]: CIRDRP2
>

> ;

>PIP DLl:ronouz.ﬂkr-bLl:c:aonrz.oar

>RUN DLO:(1,10) INTERPY

RAIN
B

ENTER GAGE IDENTITICATION »

CIRCLE D
<« v

ENTER CAUCE UNIT HUMBER
001

ENTER UNITS TO BE USED (METRIC/IMPERIAL)
HETRIC

ENTER OATA SQURCE ("CHARTROLL™ OR “CASSETTE")
CASSETTE N

WAS A RAINFALL SAMPLER ASSOCIATED WITH THE RECORDER (Y/N)
"

tHTER STARTING TINE (Y!Al MO DY HE MIN)
198) 07 26 14 10

ENTER OBSERVED TOTALIZER VOLUKE (wm,in)
8.7

!NTBR TYPE OF GAUGE (DROP COUMTER/TIPPING BUCKET)
DROP COUNTER

"ENTER TYPE OF DROP COURTER "BLACK™ OR “WHITE"
WHITE

ENTER INTER-EVENT PERICO (MINUTES)
60 ’

EWNTER TIHE~STEF FOR PLOTTIMG HYfTOGRAPH (HIKUTES)
1 .

—

i -

Figure 8.2 Sample run of FASTPLOT

ENTLR TYPE OF DATA TO BE PROCESSED (RAIN, DISCHARGE OR'POLLUTAHTSl

R
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PROCESSED RAINTFALL OATA FOR 1983 rFom CIRCLE D

MONTH DAY HOUR:MIKUTE

ﬂﬂ?‘dﬂdd-ﬂ\l\lﬂﬂqﬂﬂdﬂﬂﬂ-J-J,-l-l-hl-l!-lﬂﬂ'hln-.ld-J-J-J\l-l-lHQJHHQQHHH\JQNQHQHHM\JMMMM

16
6
7
7
27
27
27
27

.28
28

k1]
28
28
28
a8
28
18
28
a8
18
8
8
23
23
28
28
28
28
8
8
28
29
2%
9
29
29
29
29
29
29
29
29
29
29
9%
29
29

29

29
29
29
29
29
29
29
29
29
29
29
29
2%

18:10
22:10
2:10
6:10
10:10
14:10
18110
22:10
2110
6:10

10:10 -

14:10

15:50

15:51
15152
15:53
15157
18:10
21317

21:18

21:20
21144
21:47
21:48
21:49
21:%0
21:51
21:52
21:5)
21154
22:10
1:14

1:15

1:16

1:17

1:18

1:19

1:20

1:21

1:22

1:2)

1: 24

11258

1:26

1:2¢

1:28

1:2%

1:31

1:3s8

1:36

1:37

1:28

1:47

1:56

2:10

2138

2:36

2:17

238

2:)9

2:44

-~

e

r
K

0.0806 4.0360
0.5500 33.4000
0.9238 55,4280
0.4774  28.6440
0.3782 22.6920
0.2108 12,6480
0.1364  8.1840
0.1240  7.4400
0.0068, - 5,2000
0.0248  1.4880
0.0372  2.2320
0.0186 1.1160
0.1240  7.4400
0.0620  3.7200
0.0248  1.4880
0.0124  0.7440
v.0372  2.2320
0.0806  4.8360
0.0372 2.2320
0.0124  0.7440
0.00 0.3720
0.0082 0.)720

20124 0.7440
0.0000 0.0000
0.0186 1.11¢0
0.0310  1.8600
0.0062 0.37:20
0.0062  0.3720
0.0124  0.7440
0.0124  0.7440

Figure 8.2 (cont)

-
3
r._/
. UNIT WO, 1
RAINFALL EVENT
VOLUME INTENSITY  VOLUME
(mm) (wm/hr) (e} (min)
0.0000 0.0000
0.0000 0.0000
0.0000 ©0.0000 -

\g.ooco 0,0000
0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0.0000
0.0000 0,0000
0.0000 0,0000
4.0000 0.0000
0.0000 0.0000
0.0062 0.3720
0.0062 0.3720
0.0062 0.37210
0.0062 0.3720

0.0062 0.37120 0.0} | |
0.0000 0.0000
0.05%8 33400
0.0434  2.6040
0,00632 0.3720
0.0062 0.3720
0.018¢& 1.11€0
0.0124 Q.7440
0.04%6 1.9760
0,055 J.3400
0,099 5.9520
0.0620 3.7200
0.0062 0.3720
0.0124 0.7440

» - 0,0000 0.0000 0.4 3
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instantaneous intensities. This kind of data tends to un-
derestimate the short-period rainfall at high intensity and
overestimate the low-intensity rainfall. Kf present, the

data collected from the DCPS is processed us1ng the same

' softuaxé/#\\kage as the data from the tipping bucket rain-

gauges. ”
There are a large number of storm .characteristics

important to urban hydrology. Accurate information concern-

-ing these characteristics in time and space is indispensable

for the ost—effective design' of hydraulic structures.
An)inspection of rainfall distributibns illustrates
the wide variety of shapes a hyetograph cian assume. There
is no typical raié sequence even though the average sequence
might consist of a rapidly increasing rate of rainfall vith
a maximum intensity reached in the first 15 minutes of a
short-duration storm, followed by a period in which intensi-
ty decreases to zero or becomes inappreciable [94]. An .
"average" design storm.is iilustrated/}n Fiqure 8.3.

.VTo compare the performance of the drop counter pre-
cipitation sensor and‘the tipping buckef raingauge, both in-
struments were placed - in various locations during the rain;
fall monitoring field program within 3 m of each other. The
hyetographs obtained are shown in Figures 8.4 to 8.6. The
data from the tipping Abuckét raingauge was collected by

means of a DAS-TBRG version. The rainfall integration time

used was 1 minute.
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PERCENT OF 60-min RAINFALL
o
)

DURATION (min)

Figure 8.3 “Average" time distribution model '

’

-~

Hyetographs with the identifier "CIRCLE D" .éorres-
pond torphe information collected by the DCPS, the infofﬁa-
'tién from;the tipping bucket raingauge .is illustrated by hy-
etographs identified simply by “CIRCLE".

. Figure 8.4 ShOﬁ? the hyetographs plotted using 10
~minute time-step. It can be seen that the total amount of
rainfall collected by each of the gauges is almost the same,
within a 6% difference. The general shapes of the hyeto-
graphs,are‘siéfiar, but the beFter'resolution of the DéPS“
can be e‘sily appreciated. The event times for the graphs
are seen to be the saﬁe.

Hyetog;aphs plotted in time-steps of 5 minutes are
shown in Figure 8.5 where the superior resolution of the

DCPS is more evident.
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For the h¥éiographs plotted using time-steps of 1 minute,
shown .id’Figure 8.6, the similarity of the shapes is almost
lost. Event timing is maintained and the high resolution of

A_l.
the DCPS 1is fully exposed: Note that the vertical scales

are‘;ot the same for these-graphs.

The quantitative nesolution provided by the drop
counter precipitation sensor, in conjunction with the high
time resolufion of the data acquisition system, may greatly
improve the results obtained from the éomputer program pack-
ages mentioned earlier. As shown in the hyetographs, it is
easier to det;nmine the-characteristics of a rainstorm event
(i.' e..'time of onset and cessation of rain, maximum inten-

sity and timing of rainfall) from data collected by means of

the precipitation sensor and data  acquisition system than

from data collected with the tipping bucket raingauge.

]
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CIRQE (T) 198Y /%
HYETOGRACH 4t » 10 HIN
% TOTAL RAINFALL = 0. 204F¢2
nL
b I W
27
24 1
21 Y E
18 ] ®
15 4
121 8
-
v gl ‘
6| . e
st ' r‘ILﬂ_rLHh
[.] LLI; 1.|n 1 L i U0Aa N nn L It ]
3 2 3 4 S 6 7 8 9 10 11 12 13

. TIHE (HOURS)

NEXT EVENT 196Y 7/30 4110
: »”
Figure 8.4 (b)
. - - CIROE D (T) 198V 7/29
HTETOGRAPH  at = 10 HIN
4l : “YOTRL RAINFRLL =  0,267E+02 M
oL )
0L -
27 L .
24 |
iy E /
v
10 ] ‘ % ~ S/
15 ||
12 8
9l
&L
o | )
0 LLI- L Nt e 1 b 1

1 2 3 4 S 6 7 8 9 18 11 312 13 14 1S
TINE (HOURS) NEXT EVENT 1963/ 7/ 4110

Figure 8.4 Hyetograph using 10 minute time-step:
'(a) tipping bucket raingauge, (b) drop counter

pPrecipitation éensor
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Figure 8.5 {(a)

‘ CIRQLE (1) 1983/ /29
N - KYETOGRAEH at= 5 HIN
® TOTAL RAINFALL = . 0.284E+02 W1
al N .
40 L f\
§ % |
= Pr
3 7 8
g 24 L 8
20}
15 L 3
12 1
el
« L
[} ] Ilil t ) .ﬂﬂﬂﬂ.ll 1 ﬂ
1 2 3 4« S5 65 7 8 9 18 11 12 13 . %
TIHE (HOURS) EVENT 198 7/30 4110
Figure 8.5 (b)
CIRCLE O (T )  158% 7/29
HYETOGRAPH at= SHIN
@l TOTAL RRINFALL »  0.267E+02 M
o/
w L ‘
. 7l
L] !g: 23- E K"‘
BB b
2 )
12 |
0 | ;™
‘ e
0“ l’li Uarh l i PN . WS NS 1 1 -4
1 2 3 4 Lf & 7 8 -9 10 11 12 13 14 1S
‘/’ TINE (HOLRS) MEXT EVENT 1983/ 7/30 4110 //,
Figure 8.5 Hyetograph using 5 minute time-step: el

(a) tipping bucket raingauge, (b) drop counter -

hBEecipitation sensor -
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- Figure 8.6 (a)
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Figure B.G.Hyetogrqih.uting 1 minute/ timexstep:
(a) tipping bucket \raingauge, (b) drop counter

precipitation sensor
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PART THREE: CONCLUSIONS

CHAPTER 9 '
CONCLUSIONS
4 & '

Precipit#tion is the most important factor governing
the urban runoff pattern. Accurate data on amounts and time
and"” space distributjion are essential for effective financiaf
and physical planning, img}ementat?bn:;and evaluation of
urban stormwater systemé} Stormwater manigement is cgmpli-
cated by several factors such as the continuous growth of
urban areas, water éuality regulations, the need for control
of urban fiooﬁing and economical use of hydroelectric poten-
tial. As . a result, hydrometeorologists need'befter instru-
ﬁentation to colléct, stored{?ommun}cate. and process rain-

. fall info;mation.

Typically, hydrometeorologists ﬁse a simplistic ap-
proach to estimate the average ptecipitatfgh‘over an area.
This methodology is based on assumptions .slich as uniform
spatial distribut}on_of rain over significﬁﬂélj }a‘ge catch-

8] ment areas. The use of such a methodology is due to the
'-high ébsé of instrumenis in present use. Advencéd storm an-

alyafif such as dynamic tracking of SYorms, storm\,models & .

l64 . i
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based on kinematics of cells within the rainstorm, and simi-

lar improvements, have ‘had to await the advent of  better

_ .
spatial and temporal sampling of rainfall.

®
It has been shown that precipitation instrumentation

can be constructed by using low-cost mass-produced compo-

nents. The only components that need

to be fabricated

were the drop sensor and the printed rcuit boards for the

electronic components.P The low cost of the trument and

the lengthy period over which it may be left to operate un-

attended open the way to the deployment of many more rain-

fall gauges over a catchment area thah has hitherto been

-] .
economically possible. Improxed spatial resolution permits
new theoretical development on the spatial distriﬁélion of

>

. This in turn allows total rainfall to be estimated
L 1

‘much more accurately for stormwater control and for
~ -

anti-poilution measures. A second and significant advantage
is that failure of any one or two gauges does not affect Ebg'
L ]

as a whole to any particularly signifi-

cant extent, I \
Rainfaéqf:;struhentation systems often fall vigtim_'

to vandals who destroy the comparatively exgensive tipping
buckets all too frequently, no matter how remotely and unob-

Erusively:qthey may be situated. The small size of the drop

// counter system, compared with the tippihg bucket, also helps

to make it inconspicuous. {

rainfall, and more iealistic models of thunderstorm dynam-

=i -

.
+
1
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Comparative measurements using the drop counter
gauge and the tipping bucket gauges show that the drop
counter is more éensitivé, leading to a super ér signalling
of the beginning and end of rainm, and with comparable accu-
racy. Finally, the versatility of the microcomputer opens
the way to a broader range of measures of atmospheiic phe-

nomena that share the same electronics and

stotagé/communicationg.

' Aft ensive testing of the drop counter precipi-
tation sensor 8 concluded that it performs adequ&tely
in terms of producing constant size drops. However, in

spite of this more research may be performed into other Ffac-

totg which may affect sensor operation, such as the effect

of /wind on the aniount of precipitation collected.

Adeéuate instrumentation is required to perform éx-
perimenté to. determine the maximum rainfall rate permissible
by the sengér. One form of changing the maximum rainfall
rate ‘of he sensor is by -changing its collection area:;

collection area by half will double the maximum

acquisition system'can'ﬁe improved in sev-
eral ways, including éke replacement of the cassette record-
er by sqiid‘é;ate mepory. The acquisition system tempera-
ture ;angg specified is‘due mainly‘'to the cassette recorder:
replacing it by solid state\gffizy will make it po#sibi@ to

-~

.
use the instrument at’ lower empi;itiyes (Even below the

. L__' ”»



)

167

freezing point if a.heater ‘is adapted to the precipitation
sensor). The microcomputer is fully dedicated to data ac-

quisition and storage. However these tasks use only a small

fraction of the available time and program memory, so the

remaining may be used to perform some data processing. . .,

Further improvements of the instrumentation can be

pexformed in several ways, including the additéon of a radio
l .

communication link between the ampling sites and the cen-
tral computer for.real-time peration and the extension of
acqu . 1on channels. The new channels will be used to col-
lect more information, using additional transducers fog

measurement of Qater depth in pipe discharges, water and am-

bient tempé\g;qre, water conductivity and pﬁ. It is envi-

saged that the real-time microcomputer cqntrol.system upuld
include the following, as depicted in Figure 9.1:

T —

l. Remote monitoring and telemetering with microcom-

L

puter-based stations.
L]

2.* Radio communication link. -

4
r

3. Microcomputer-controlled diversion structures for
f; /\/‘

4. Central computer with display, op7tator control

“runoff control.

console and magnetic tape archive.

1
~es T

»

{

|
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APPENDIX A

PRECIPITATION SENSOR TEST RESULTS

Sincé the precipitation sensor measures rainfall in-
tensity, a method for simulating different intensities was
needed in order to calibrate the instrument.' The simulated
rainfall intensities were calculated using the timg for the
first 100 drops to cross the test points and the nuﬁbeg of
drops for 10 ml of water. The rainfall intensity in millim-
eters per hour was obtained by converting the 100 &tops into
mm of rain and then dividing this result by the time, in

hours, for the 100 drops. counted.

To verify the above procedure the following test was .

carried out. For each simulated rainfall intensity, water
was plaéed in the pipette ané réleased into the sensor. The
number of drops counted at 5 second infervals were rgcorded.
This was repeated 10 times for each intensity. For each in-
terval, the average of the drops counted and the equivalent
rainfall rate were cachIated.

In Figué§s A.l to A.S5 the solid lines show a plot of
the number of drops counted versus time in 5 second inter-
vals for intensities corresponding to 100 drops in 16.5, 20,
26.5, 50, and 100 seconds respectively. The dashed lines

show the number of drops per mm that would form at the noz-
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zle for the rainfall rates ‘indicated.
Thirty nine drop counter precipitathE—EEE;::;’ were

constructed and calibratgd as pért of the field program. A
surfnary.of the calibration tests performed is presented in
Table A.l. Twenty five sensors included 1.83 mm diameter
noizlé; whéreas,‘the.;emainder used 1.6 mm nozzles. ﬁach
calibration test included 60 single trials, 10 for each one
of the 6 rainfall intensities teste&. The table shows the
average and standard devjation obtained in the tests and the
slope and f-intercept ;f thé linear regression equation. °
The standaqd deviation is indicativé.of the precisi%n of the

instrument and the'slope is indicative of variations in drop

size for variations in rainfall irtensity.

[
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Figure A.l Simulated rainfall intensity test results. - = -

100 drops in 16.5 seconds
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Table A.l1 Summary of calibration test results.
Sensors marked with (%) inciude nozzles with 1.6 mm

inside diameter

~

SENSOR AVERAGE S. D. SLOPE - Y-INTERCEPT

(drops/mm) (drops/mm) (hr-drops/mm?2) (d:ops/mé)

001 ' * 262.4 27.0 0.3426 - ™ 241.8

002 *. 267.2 21.4 0.2734 250.8
003 *  272.0 " 19.0 N 0,2316 258.1
004 * 264.0 . 21.0 0.2705 - 247.4
005 269.6 21.2 0.2709 253.4
006 * 261.1 26.0 ‘ 0.3318 241.2
007 213.4 2.8 0.0533 209.4
008 * 1266.0 8.7 0.1114 25a§i
009 * 262.2 4.4 0.0334 zeo;é‘
010 -209.5 4.3 0.0810 203.3
011 = 262.7 12.2 0.1547 253, 4
012 ' * 266.6 26.6 - ° 0.3388 246.3
013 * 266.6 23.1 - 0.2934 248.9
014 * - 263.8 27.2 0.3450 243.1
015 210.3 5.1 0.0915 203.2
016 210.9 5.4 0.0999 203.2

017 212.0 - 7.1 0.1359 201.6



olg

019

020 -

021
022
023
024
025
026
027
028
029
030
031

. 032

033

034

035

036

os}

038

039

209.0
209.7
208.8
213.8

206.5

' 208.5

207.9

216.5

215.2
207.0
205.8
204.0
206.1
207.7
204.8
266.4
205.7
209.4
206.4
208.4
270.9

270.8

0.1174

0.1254

0.0974
0.1113

10.1092

0.0772
0.1026
0.0438
0.0171
0.1074
0.1598
0.1135
0.1075

0.0778

0.0960
0.0973
0.1006

0.0778

'0.0968

0.0777

0.4076

0.4?7#

199.9
199.9
201.2
205.4
198.0

© 202.5
199.9
213.2
213.9
198.7
193.4
195.0

.\}97.9

201.9

197.5

199.0

198.2
. 203.6
199.1

202.5

246.4

246.3°
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APPENDIX B

DATA ACQUISITION SYSTEM PROGRAM

The microcomputer program is divided into one ﬁain
routine and five auxiliary subroutines. A listing of the
prodram is presented at the end of this Appen@ii..

The main routine is executed at the end of the ih-
tegration time and dec?des if data is to be stored in memo-
ry. The decision is based on the drop counter and time mark
data. Figure B.l shows a flowchart of this routine.

Two eight bit countérs, named DCH and DCL. for high
and low order respectively, are used to count up to 64K
drops. fhe main routine reads the data from the drop
counter {(DCH and DCL) and divides the number of drops by two
or fou:: The division result (N} is expected to be smaller
than 255 and therefore is stored in one memory loéatiob (see
Figyre 6.4). The drop,counter is initialized with the "rema-
inder of the division at the beginning of a new integggtion
time. 1If N is different ffom zero or the time mark is equal
to 240, then the data is sébred in memory. The time mark
counter is incremented whenever‘data is acquired. When the
reserved memory space (40-bytes) is full, the program calls
subroutine "MANAGER"™ to dump #the block of information onto
tape.

197
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The FSK modulation is achieved by subroutines "“MAN-
AGER", "RECORD" and "UPDATE"™. Subroutine "MANAGER" works as
an overall manager; it coordinates the aétivities of tﬁe
other subroutines and cdntrols the:recorder powér supply. A
flowchart of this subroutine is shown in Fiqure B.2.
Subroutine “RECORD" generates the control bits
{start, stop and parity) and sets the modulation counters
depending on tﬁe/ﬁigit to be récgrded. Figure B.3 shows a
flowchart of this routine. There are two modulation
counters: a level counter which indicates the number of
levels ("1" and "0") one modulated big containsg, and a cyclg
counter which indicates the number of instructien cycles re-
quired for each level.
The reco;ding is done at 300 bits per second with
carriers of 1.8 kHz for logical "0“‘and 2.7 kHz fqr logical

"l". The values for the modulation counters are:

Logical "O* Logical "1“
Level counter 12 18
Cycle é;Lnter- 66 44

Using these values apd .an instruction cycle of
4.1905 micrbseconds, the information is recorded at 301.31
bits per second, that is, a deviation of 0.436 t of the. de-
sired rate. A timing diagram of the modulated signal is

given in Fiqure B.4. , ' -
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Subrouﬁine “UPDATE" updatésAthe modulation and se;i—
al- output pins depending on the values of the modulation
counters, as shown in Figure B.S.
Depressiné the reset button initiates thé execution
of subroutine "RESET" which initializes the system. A
flowéhart fs given ih Figure B.6. This subroutine initial-
izes the output ports, the time mark counter (Tm=1l) and the
drop counter (DC=0). Every time this subroutine is execut-
ed, the block of information in memory, still incomplete, is
édmpleted with zeros and dumped onto tape.
| There are two time delay subroutipest "TIME LOOP
1", which lasts for the same time period as the time re-
quired to record a block of information (3.3 5223365) and is
executed every time data is not recorded; “TIME LOOP 2%,
which determines the rainfall integration éime and can be
easily modified to satisfy specific requirements. It last
for'56.7 secénds for an integration time of 1 minute. The

two time delays are implemented using three-register loops.
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| READ DROP COUNTER |

[ N = DROP COUNTER/2 ]
]

SET DROP COUNTER
EQUAL 10 REMAINDER

I
| sTORE tm m MEMORY |

'rm-'rn+1—|

[ INCREMENT nmonr POINTER |

[ STORE DATA IN MEMORY }

1
[ INCREMENT MEMORY POINTER |

MEMORY FULL

| CALL MANAGER |

Figure B.1 MAIN ROUTINE flowchart.

1 and 2 refer to the time loops
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| TURN RECORDER ON |
1

| SET MEMORY POINTER |

[ SET SYNC COUNTER {SC) = SO0 |
|

-
.| SET SYNC DATA |

I
. | CALL RECORD |
1

|scesc -2}

' N
Y

| RETRIEVE DATA FROM MEMORY |
v I
| cALL ®RECORD |
1

| INCREMENT MEMORY POINTER |

{ TURN RECORDER OFF |

=
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| curpur START BIT |
: .
[ PARITY BIT CALCULATION | '

1
| SET MODULATION COUNTERS |
1

| caLL uepate |
1

| set BlT COUNTER |
T

[
[ CHECK BIT TO BE TRANSMITTED |

b {
| SET MODULATION COUMTERS |

1
| CALL UPDATE |
I

| DECREMENT BIT COUNTER |

. | oureuT stop BIT |

: I
| SET MODULATION COUNTERS |-
I

| catL uroaTeE |

- RETURN

-y

Figure B.3 Subroutine RECORD flowchart
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SERTAL SIGHAL

MODULATED SIGNAL
L A - J
v v
NUMBER OF ‘
. .. LEVELS . 12 : 18
' cnmi%nzwn_ 66 . a4
TIKE 33le.8 3la.e
{microseconds)
- CARRIER FREQUENCY 1807.8 2711.7
u .. B .
(Hx) Q‘A - P

Figure B.4 Modulated signal timing diagram

{ START , -
> . - T .

| SET CYCLE COUNTER |

© | DECREMENT CYCLE COUNTER | ]

COUNTER = O

: Y
: " |UPDATE OUTPUT SIGNALS |
-

-

I
[ DECREMENT LEVEL COUNTER |

Figure B.S5 Subroutine UPDATE flowchart



@ 204

{_SET OUTPUT PORT SIGNALS ]

1
' | START ono? COUNTER | : \\\J/j

o [ocroP COUNTER = 0 | ¢

-

|
| ENABLE DROP COUNTER INTERRUPT ]
I

| COMPLETE MEMORY SPACE WITH ZEROS |

I
| CcALL MARAGER |
1
| TIME MARK COUNTER = 1 |

@ -

-

Figure B.6 SubroutinelRESBT flowchart
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AGHAB F1:UAS3. SRC
1515-11 HCS-48/UP1-41 HACRO ASSEHBLER, V4.0 FAGE 1
‘ ] /
LoC 0BJ LINE SOURCE STATEMENT (r
1 lﬁlllIllllllllllllillli;&lﬁlil! 06000606 08 D06 0606 O DF D36 06 06 36 6 08 B 08 0 00
2 }
3 i DﬁgﬁwaCDUISITION'SYSTEH
4 3 | ___—  PROGRAH NUMBER 3
5 i
é i ~eeDAST~~-
7 HE ) ¥
B iTHIS PROGRAN IS USED 'ovy THME HICROCOHRUTER
9 Jxn THE DATA ACAQUISITION SVETEM STANDARD
10 JVEASION AND THE Dror COUNTER PRECIFITATION
11 }SENSORn. \
12 } i
13 H ’ NovenoeEn 4, 1983
’ 14 5IlIﬂIllll“lllli!lll!l'l&!llilII!IIIIillﬂlllllllillﬂlﬂi
0009 15 PTO EQY P2
0000 16 ORG 00
0000 2304 17 START: HOV A/TosH  ;SET HODULATION OUTPUT PIN = ©
0002 3A 18 auTL PTO:A ;SERIAL QUTPUT PIN =1 1
0003 0408 ° 19 JHP LCL JRECORDER OFF
0005 00 20 NOP e
© 0004 00 21 NOP g 4
22 $ INTERRUPT SURROUTINE
0007 1B 23 INTSt INC R3 # INCREMENT DCH
0008 %3 24 RETR H .
Q009 Q0. 25 HOP
000A 45 /) 26 LC1t STRY CNY ;START DROP COUNTER
0008 27 ' 27 CLR A iCLEAR DCL
Q00C" 62 . 28 T HOV TrA
000D 25 29 EN TCHTI FENABLE COUNTER INTERRUPT
000E 27 30 LC2: CLR A JCLEAR MEHORY FROM CURRENT
COOF A0 31 MOV 8RO,A FPOSITICN
0010 18 32 INC RO
0011 FB 33 HOV ArRO,
0012 03CO T4 ADD As$OCOH
0014 E&CE 35 JNC LC2
00146 JA00 36 CALL Shi jCALL “HAMNAGER™
0018 E901 . 37 MOV R1,#01H #SET TIHE MARK COUNTER
001A 045B 38 JHP SB32 JJUHP TO TIME LOOP 2
001C 00 39 NOP
001D 00 40 NOP
001E 00 41 NaP
001F 00 42 NOP : ;
AT 3 00NN OO0 00000 0000 DO O 06 0 06 D00 0O O D006 000D
44 i
45 JMAIN ROUTINE o
Ab ~ iTHIS PARY OF THE PROGAAHM READS DATA FROM
47 JTHE DROF COUNTER AND .TIHME MARK COUNTEAR, IF
48 JTHE DATA IS DIFFERENT FAOM IEAD OR THE TINE
49 JMARK IS EQUAL TO 240 THEN: THE DATA % STORED
50 JINTO MEMORY.
~ 51 } . .
o2 IREGISTERS! RO = MEHORY POINTER
93 i R1 = TIME MAAK COUNTER

54 } R2 = TEMPORARY REGISTER
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'
ISIS--I] HL3--48/UP1-41 HACRO _ASSEHBLER: V4,0 PAGE 2
. & . e
LOC OKJ LINE SOURCE STATEMENT
- 9% H R3I = HS uyTE OF SAOP COUNTER
56 } T = LS svTe OF DROFP COUNTER
57 i R7 = Droay
50 H
59 )Il!lllllllllllillﬂllﬂ!IIIIIIIIllllllllllllﬂﬂll'll!llll
40 JDIVIDE NUHBER OF DROPS BY THO
0020 FD 41 LC3r HOV AIRI JRETRIEVE DCH DATA .
0021 47 42 ’ .RRC A ) JIDIVIDE BY THO
0022 42 63 MOV AT JREAD DCL DATA -
0023 47 - b4 RRC A JIDIVIDE DCL BY THO !
0024 AA &5 HOV R2:A _JSTORE COUNT IN R2
0025 27 66 CLR “a— T JCLEAR ACCUHULATOR =
00246 F7 &7 RLC A JADD REMAINDER
0027 62 48 HOV T:A JINITIALIZE COUNTER
0028 00 &9 ’ NOP }TIMING
0029 EBOO 70 HOV R3, 400H JICLEAR DCH
002B F9¢ 71 KOV AR ISTORE TIME MARK
002C A0 72 Hav 8RO.A
002D 19 73 INC R1 JINCREMENT TIHE HARK COUNTER
Q02E 0310 74 ADD A:810H JCHECK IF TIME HARK IS 241
0030 F43D 75 JC LC4A JJUHP IF TIME HARK IS 241
0032 FA 74 HOV AsR2- JCHECK IF DATA EQUAL ZERO
0033 9s631E 77 JNZ LCS 3JUMP IF DATA IS HOT ZERO
Q035 EFO4 .78 Hov R7:404H iTIKE LGOP
0037 EF37 79 LCA1 DJNZ R7.:LCS .
0039 QA4E " ao JHP SB3 } JUHP TIHE LOOP 1 . -
0038 B?01 81 LCA: HOV R1,%01H D0 YIKE HARK EQUAL Y0 1
003D Fa g2 - HOY ArR2 IRETRIEVE DATA
003E 18 83 LCS: INC RO JINCREMENT HEMORY POINTER
003F A0 a4 HOv BROA JSTORE DATA
0040 18 ' as INC RO }INCREHENT MEMORY POINTER
0041 F8 2} 84 MOV AsRO iCHECK IF MEMORY IS FULL
0042 03CO 87 ¢ ADD A+ B0COH ’
0044 Fé4A g8 - JC LC?7 ;JUHP IF HEHORY IS FULL
00446 00 .89 NOP JITIHING
i 0047 00 ?0 NOP
0048 044E 1 JHP SB3 JJUHP IF HEMORY IS NOT FULL
004A 3400 ?2 LC71 CALL SB1 _JCALL “MANAGER"
00ALw045B 23 JHP S$h32 FJUMP. TD TINME LOOP 2
94 ]IIIIIIIIIIIIIIIIIIII.‘lIl!'IIII‘Iill!l.lﬂlllllll!.ll!l
g5 }
9 P . JITIME DELAYS
97. _ JTHESE SUBROUTINES PERFOAH THE TINE DELAY TO
98  JCOMPLETE THE MAIN INTEGARATION TIME (1 mrwuTe)
99 } : -
100 IREcIsTERS! RS = DeLav
101 H Ré = DELAY
102 H; R7 = DeLay
103 } ' ».
104 )IIIIIII.I!IIIIIII!I!Illlllllﬂ!ﬂl'nllll.ll:,.l_llllllllﬂﬂl
Q004E BF11L 105 SB3: Hav R7:%11H JTIME LOOP 1
0050 BEFD 104 HOV R&,00FDH .
0052 BDOS 107 HOV RS :#06H -
© 0054 EFS4 108 SPI1t DJNZ R7.5B31%
* Q0546 EES4 109 . DJUNZ R4 :SB31
2 .
oy
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15315-11 HC5-~48/UP1-41 HACRO ASSEHDLER: V4.0 ‘PAGE 3 )

LOC ORJ LINE SOURCE STATEMENT

0058 EDS4 110 DJNZ R5,S5RY1

005A 00 111 NOP —

005B RF&7 112 SB32: HOV R7+$67HITIHE LOOP 2

005D BED4 113 HOV R&/40T14H )

COSF BD&? 114 MOV RS ¢57H ‘

00461 EFd1 115 SR3II: DJNZ R7:SB33

0043 EES1 114 DJNZ " R&6+SBIY

0045 EDS&] 117 DJINZ RS,SE3T

0047 00 118 NQP .

0048 2300 119 HOV As000H  JPRODUCE AN QUTPUT MARK

006A 02 120 ouTL ‘BUS A

0068 23IFF 121 HOV ArWOFFH

004D 02 122 “UU;L BUS:A

006E 0420 123 JH Lc3 JJUHMP TO THE MAIN ROUTINE

- 124 H v

00FE y 125 ORG OFEH

OO0FE Q400 124 Jup START 1JUHP TO START IF ERROR
L7 3 000k 00000000000 0 00 06 0 06 O 060G 06 D800 O 04 0 06 00 06 00 OF 38 04 06 OF OF B 0F 04 08 06 0F 0O OF OF 0% 08 06 00 600 00 06 O 0t 4
128 i
129 JSUBROUTINE “HANAGER”
130 iTHIS SUBROUTINE CONTROLS THE CASSCYYTE AECORDER
131 JPOUER SUPPLY AND TAANTGHITE THE INFORHATION YO
132 J0E AECORDED. ‘
133 H
134 31/0 PINs! ’ P20.n HODULATED DAYA
135 H F21 = SeniaL DATA
1346 i P22 = JOLTAGE MECORDER
137 i CONTROL SIGHAL
130 , }
139 JIREGISTEHRS? R4 = SYNC COUNTER
140 ! “ R3 = AUXILIARY COUNTER
141 - H
LA 00000000 00000006 000 0000060 O O8O 04 006 080 0 0000060008 OF O 060N OO 0 OO 06 0
143 H

0100 144 ORG 100H

0100 2302 145 SB1: °~ .HOV Ar$02H ISET HODULATION QUYPUT PIN = O

0102 3A 144 QuTL PTG:A ISERIAL OUTPUTY PIN = 1 "
147 IRECORDER ON

0103 AA 149 HOV R2/A JSTORE PORT STYATUS

0104 BBiB 149 HOV RO,¢18H JSET HEMORY POINTER

. 150 }SEND 50 BYTES OF SYNC

0106 BCI2 151 HOV R4:¢32H }SET SYNC COUNTER

0108 00 152 NOP : .

0109 00 153 NOP

010A 27 154 SB11i: CLR A $SET SYNC DATA

0108 3426 155 CaLL SER13 iCaLL “RECORD"

010D 00 156 NOP

OL0E 00 157 NOP

010F 00 158 NOP

0110 00 &, 159 NOP .

0111 ECOA 140 DJINT R4,SB11 )

0113 FO 161 SB12¢ HOV A:8R0  IRETRIEVE DATA FROH MEMORY

0114 3424 142 CALL SH1Y ICALL “RECORD"

01146 18 143 INC RO $ INCREHENT HEHORY POINTER
164 HOV A:RO iCHECK IF FINISHEN

0117 FG
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1515-11 HCS-40/UP1-4l \HACRD ASSENBLER, V4,0 PAGE . A
LOC 0BJ LINE SOURCE STATEHENT
o118 03C0 165 ADD .AH0COH"
011A E&13 144 JNC SB12 }JUHP IF NOT FINISHED
011C BB1A 147 MOV RO,#18H ISET HEMORY POINTER
011E BBOO 1468 HOV R3I,#00H ;CLEAR AUXILIARY COUNTER
0120 00 1469 NOP
0121 00 170 NOP :
0122 2304 171 MaY Ar804H  JSET OQUTPUT PORT DATA
0124 3aA 172 auTL PT0:A
0125 93 173 RETR
S7A ] 0 o0 0k o 0 00 0t 0000 0k OO0 O D O8O DR O 0 O O N0 O 00 D O O 0 O O OO0 O
175 } .
174 JSUBROUTINE RECORD
177 JTHIS SUBSROUTINE GENERAATES THE CONTROL 8ITS
178 ' JAND SETE THE MODULATION COUNTEARS
179 H
180 JAT InPuT! i A = [ATA TO BE SEND
18t H ]
182 IREGISTERS? RS = CvcLE COUNTEN
183 i Ré = LeverL COUNTER
184 H R7? = Bt counTEn
185 H
TERS  F 00 ok o 0 00 000 00O 0000 00 OO0 0 D0 D0 O O 0D D 0D 00 DO 00 0 DR O OO0 O O
0128 2A 187 SB13: XCH AR2 fUPDATE MODULATION QUTPUT PINS
0127 47 1eg RRC A
0128 A7 189 CPL Cc P
0129 F7 190 RLC A
0124 53FD 191 ANL " As$OFDH JOUTPUT OF START BIT
012C 3A 1¢2 OuTL PT0:A
012D 2A 193 XCH ArR2
012E %7 ‘194 CLR C IPARITY BIT CALCULATION
012F 1233 195 JBO H1 JITEST BIT ©
01312435 194 JHP H2 ’ .-
. 0133 00 197 H11/  NOP '
- 0134 A7 198 CPL c
0135 3239 199 H2: JBL H3 JITEST BIT 1
Q137 243B - 200 ‘JMP H4 \
0139 00 201 H3: NOP
013A A7 202 CPL c :
013B 523 203 HA: JB2 HS }TEST BIT 2
013D 2441 % 204 . JHP Hé
013F 00 205 H3S: NOP
0140 A7 204 CPL c
0141 7245 207 Hé: JB3 K7 ITEST BIT 3
Q1A 2447 208 JHP HB
0145 00 209 H7: NOP *>
0145 A7 210 (4 c
0147 924B 211 H8: JB4 H? FTEST BIT . 4
70149 244D 212 JHP H10
014B 00 213 HP: NOP
014C A7 214 - CPL c
014D B251 215 Hio0: JB3 H1i JITEST BIT S
O14AF 2453 21é JHP H12
0151 00 217 Hil: NOP
0152 A7 218 \\ CPL Cc
0153 D257 219 Hi21: JBs H13 ITEST BIT 4 @
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I1SI5-11 HCS-40/UPI-41 HACRO ASSEMBLER., V4.0 L4 PAGE S
Lot obJ LINE SOURCE STATEMENT
0153 2459 220 JHP Hi&
0157 00 221 H13: HOP
0158 A7 222 CPL c
0159 F25D 223 Hl4: JB? H1S ;TEST BIT 7
0158 245F 224 JHP Hié
- 015D 00 225 H15: NOP
015E A7 224 CPL c
Q15F LFOQY 227 Hlé4: HOV R7,809H JSET BIT COUNTER
01461 BEOC 228 HOV Ré6,¢0CH JSET MODULATION LEVEL COUNTER
~ 01463 BDOF : 229 HOV RS, #0FH /SET MODULATION CYCLE COUNTER
0163 EBOB 230 T HOov RI,$0BH JTIME LOOP
0167 EB&Y . 231 SBi4a: DJUNZ RI,SB14
014697 3J4p6 232 CaLL 8b21 sCALL “UPDATE"
Q161 Q0 233 NOP .
014C 00 * 234 NOP
01l4d 00 235 SB15t NOP
Ol4E AB 236 HOV R3:A
237 : iCHECK BIT YO BE SENT
016F 1278 - 238 JBO SBlé iJuP IF BIT YO BE SENY IS "1~
239 . JIF BIT TO RE SENT EQUALS "0~
0173 BECC 240 HOV Ré&,$#0CH iSET HODULATION LEVEL COUNTER
0173 BDOF 241 HOV RS:#0FH ;SET HODULATION CYCLE COUNTER
0175 Fa 242 HOV ArR2 JRETRIEVE FORT STATUS
0176 S3IFD 243 ANL Ar8O0FDH JSET SERIAL OUTPUT PIN = 0
0178 AA 244 | . HOV R2:8 iSTORE PORT. STATUS
0179 2485 245 JHP SB17
244 #IF BIT TO BE SENT £QUALS "1™
0178 BE12 247 SBlé: MOV Ré&,#12H JSET HODULATION LEVEL COUNTER
017D BDOA: : 248 Hav RS+#04H JSET HMODULATION CYCLE COUNTER
Q17F FA 249 HOV ArRZ JRETRIEVE PORT STATUS
0180 4302 250 ORL As$02H JSET SERIAL QUTPUT PIN = 1
01082 AA 251 HOV 2:A _iSTORE PODRT STATUS
0183 00 252 NOP
0184 00 253 NOP
0165 FB ’ 254 SB17: HOV A!'R3 JRETRIEVE DATA
01B& 467 255 RRC A iSHIFT RIGHT DATA
0187 J4n0 ' » 2546 caLL SE20 iCaLL “UPDATE"™
01892 EFéD 257 DJNZ R7:SPB1S JJUHP IF NOT FINISHED
258 <To iSEND STOP BIT .
0188 BEl1 259 HOV R6:%11H :SET HODULATION LEVEL COUNMTER
018D BDO4 240 KOy RS5,804H 7SET HODULATION CYCLE COUNTER
018F FA . 261 Hov A+R2 IRETRIEVE DATA
0190 4302 262 ORL Ar802H  JSET SERIAL QUTPUT PIN =
0192 A 243 HOV R2:A iSTORE PORT STATUS
0193 2203 264 Hav R3:¢03H ;TIHE LOQP
0195 €895 245 SB1G: DINZ R3.5018
Q197 3J4A0 244 CALL ) §820 iCALL "UPDATE"
019% BDOB 247 KOV R3,80B8H ;TIHE LOOP
019B EBYB 2468 SB19¢ DJUNZ . 751:284
019D 00 2692 NOP
01%€E 93 270 RETR
01%F 00 271 NOP )
DT 060 D0k 006 M 0608 00 D DO 0 D DD D DG O 05 B DO GO DB DR O 0O
273 i

274 ISUBROUTINE UPDATE
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LocC

01A0
01a1
01A2
01A3
01A4
0144
01A7
01AB
01A9
01AA
01AB
01AC
01AD
01AF
01B0
01B2
01B4

O1FE
01FE
02FE
02FE
03FE

_O3FE

USER SYHEOLS

-H1
H2
INTS
PTQ
SB17
SB3

0bJ

20
AD
2D
00

£BA4.

24
67
A7
F7
3A
2A
Q0
EEDO
?3
BBoO?
EDB2
2440

0400
0400

0400

0133
0135
0007
0009
0185
004E

LINE

275
274
277
278

.SOURCE STATEHENT

ITHIS SUBROUTINE UPDATES THE VALUE OF THE
JHODULATED SIGNAL ACCORDING TO THE LEVEL
FAND CYCLE COUNTERS

4

PAGE

é

210

TI7 50000 00 OO RO DEOE O O RO 00 06 O 00 DO 06 OF OF O 00 30 06 DA O 08 06 B0 U000 00 00 08 OO O OF TR 0% 38 08 W

280 SBIO:
281

282

283

284 SP24:
285 S5pIl:
286

287

288

289
- 290

T 291
. 292

HiQ
H3
LCt
SB1
5p1@
$B31

ASSEMBLY COHPLETE .,

293

294 SB22t
295 SB231
296

297
2987
299

300

301

302

303

304

014D
0139
0004
0100
0195
0054

XCH
HOV
XCH
NOP
DJNZ
XCH
RRC

CPL

RLC
QuTL
XCH
HOP
DUNZ
RETR
Hov
DJNZ
JHP

arG
JHP
ORG
JHP
ORG
JHP
END

'H1l
H4
LC2
SBil .
SB1¢
SB32

NO ERRORS

AsRS #SET CYCLE COUNTER

R3:A

A:RS

R3:SB24

ArR2 JUPDATE DATA PORT

A JHODULATION

C

A

PTO:A JOUTPUT DATA

AR2

R6,5B22

R3:¢09H JTIHE LQOP

R3I,SB23

5820

}

1FEH

START }JUHP T0 START IF ERROR

2FEH -

START $JUHP TO START IF ERROR

JFEH

sTART iJUHP TO STARY 1F ERROR
0151 H12 0153 H13 0157
013B HS O13F Hé 0141
000E LC3 0020 LC4 003B
010A SP12 oLy SB13 0126
0198 SB20 01A0 5p21 01A6
0058 813 0041 START 0000

H14 01
H7 01
LCS o
SBi4 01

SB:E{[ 01
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APPENDIX C

DATA DECODER PROGRAM

This Appendix presents a description of the program .
used K by the microcomputer in the data decoder. The progfam_
s divided into two routines and five auxiliary subroutines.
A 1list of fhe program is included at the end of the Appen-
dix. |

The "SERIAL RECEPTION ROUTINE" retrieves the inquma:;
tion from tape and stores it into data meﬁory. Figure\c.l
shows a flowchart of this routine. It is required to'.read
at least 5 synchronization characters before any éharacter
d?fferen£ from zero is considered data. After the first
data character has been read, the subsequent 39 characters
are considered data and stored in memory.

Subroutine “READ DATA" reads one character from the
input signal; the algorithm used is shown in Figure C.2.
The bi?ic intent of this algorithm is to minimize the ef-
fects"of pulse-to-pulse jitter and.frequency shifts by é;m-
Pling each data bit as close 'to its center as possible.
Subroutine "“DELAY RECEPTION® is called by "READ DATA" to
generaté a time delay of one bit time and read the status of
the inbut signal. a

After a character has been received, the program veri-
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fies thé validity of the data; if an error is detected the
program jumps to subroutine "ERROR" to inform the user. The
Program detects two types of errors: (a) the parity bit re-
ceived does not match with the parity bit Salculated by the
decoder; and (b) the stop bit is not detected at fhe end of
a character received. Figure C.3 shows a flowchart of the
algorithm used for parity calculation. It starts by clear-
ing the carry flag and setting a loop counter to 8. During
execution of the loop, the least siénificant bit of the data
is tested and then rotated. If the bit tested is equal to
zero, the carry flag is complemented. After the loop has
‘been completed the carry flag will be set'if an odd@ number
of ones is encountered and reset otherwise.

Tﬁe “"SERIAL TRANSMISSION ROUTINE" retrieves the data
stored ié memory, converts it into ASCII-code and  transmits
it to the central computer for data processing.

To qoﬁvert from straight binary fo ASCII code, theé data
is first converted #o BCD. The algorithm used to convert

\\Ex m binary to BCD is shown in Figure p;4. BIJ is the bina-
ry number to be converted and BCD is a BCD string used to
accumulate the result. The algorithm works as follows:
each pass throuéh the loop, BIN is multiplied by two result-
ing in a carry if the MSB of BIN is set. If a carry is pro-

. —
duced, it will be added to the result of two times the BCD
string. The result is scaled by performing a Decimal Adjust

Accumulator instruction. ~ The process is repeated for each
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bit o.f BIN.

The conversion from BCD to ASCII is carried out using a
' straidhtforward algorithm. The niﬁbles of the BCD number
are separated and logically OR'ed with the number 30H. No
parity bit is used in the ASCII code.

Once the information has been convertéd into ASCII
code, it is transmitted asynchronously to the central com-
pdter. Serial transmission is far simpler than . serial Vre-
ception since no synchronization is required. All that is
required is to generate time loops at the desired bit rate
and present the character to be transmitted serially at an
I/0 pin. The algorithm used is - presented in Figure C.5.
The information' is transmitted‘at 1200 bits per second via a
RS-232C compatibleiiine driver. Subroutine "DELAY TRANSMIS-
SION" generates ’_time delay of one bit time.

The end of the transmission is indicated to the central
computer by the special character "CNTRL-Z". Depressing
push-button S1 causes the execution of subroutine "INTER-

RUPT" which transmits the special character.

-
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[ ser coteur sicwacs |

st _counrens |

[ seT_nowar roiwrx |

P »
| sTosE cata 1w mewoer |

[wceonoey nul‘on rOINTER |

[ oecrenzur oata couwtes |

Figure C.l SERIAL RECEPTION ROUTINE flowchart
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o

| ser BiT CoumTER |
T

WAIT tb/2

Y

Yl
[ cAtL oELAY RECEPTION |

| |

[ DECREMEWT BIT COUNTER ] . : '

COURTER = ©

. Y
| caLL DELAY RECEPTION |

SET ERROR FLAG:|

t
Y
. LCALCULATE PARITY BIT | 7
1

|LCOHPARE PARITY BITS |

SET ERROR FLAG |

Figure C.2 Subroutine READ DATA flowchart.

Time tb is equal to one bit time
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START

{ CLEAR CARRY |
I

[ SET COUNTER |

[ COMPLEKENT CARRY |
-
{ ROTATE RIGHT ACCUMULATOR |
I

[ COUNTER = COUNTER - 1 ]

Figurg C.3 Algorithm for.p:iity calculation

-

[ CLEAR REGISTERS ] =8

-~ |_SET_COUNTER |

I
tj///\[‘\l;m - éru x 2}
! I

[ BCD = BCD x 2 + CARRY |
1

[ DECIMAL 'ADJUST ACCUMULATOR |
\ 1

[ COUNTER = COUNTER - 1 ] e

Figure 8?1’Binary to BCD conversion algérithm
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<

A

S [ SET BIT COUNTER ]

{ OUTBUT START BIT | .

, [ RETRIEVE DATA_TO BE SEND |

[ CALL DELAY TRANSMISSION |

'

[ ouTPUT DATA]

[CALL DELAY TRANSMISSION |
1

[ ROTATE DATA] .
I

| DECREMENT BIT COUNTER |

[ ouTPUT STOP BIT | »

217
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ISIS~1I1 MCS-AB/UPI-41 MACRO ASSEMDLER, V4.0 PAGE 1
»
LoC 0ObJ LINE SOURCE STATEMHENT
L Y e Y e Y P e T TR LILT
2 Cd ’
3 H DATA DECOGDER PROGRAM
4 i .
o i - DDl ~=ww ,
é H
7 JTHIS PROGAAM IS UGED OY THE MICAOCOMPUTER IN
8 ITHE DATA DECODER TO READ THE LNFOAMATION
9 JETORED DN TAPLC AND TAANSMIT IT TO THE CONPUTER
10 i
11 H Hoverakn 4, 1983
L2 F 000000 00000000 00 0000 00 00 00 06 0RO Ok 0000 08 00 0000 00 0 0% 000 0 00 0F OF 5 00 08 00 08 00 08 30 36 8 0 0 00 00 0
13 I
0000 14 ORG 00H =
0090 05 15 EN 1
0001 0410 16 JHP START
17 JISUBROUTINE INTERRUPT
0003 18 ORG 03H iSEND “CNTRL-Z"
0003 BFFF 19 INT1 HOV R7:,00FFHISET KEY DEDBQUNCE COUNTER
0005 BO3F ) 20 MoV RO,$3FH JSET MEMORY POINTER
0007 BAOL 21 HOV R2,801H JSET DATA COUNTER
0009 EFO3 22 DJINZ R7:+INT -
000B B&03 23 JHI INT 1JUNP 1IF INT=0
000D BF1A 24 HOV R7+%1AH iMOVE DATA (CTRL-2Z)
QOOF 1441 25 CALL SB40 -
26 }
27 50000 00 0000 OO0 DOk D000 00 O O D000 O DO RO 00 o 00O 00 00 0 O O 00 00 0 0 OF 00 00 0 0 0 0
28 i
29 JSERIAL RECEPTION ROUTINE
30 FRETAIEVES THE INFORMATION FAOM TAPL AND
3t ISTORES XY INYD DATA MEMOARY
32 i .
33 iREGISTERS! RO = Megnoavy POINTEAR
34 i R1 = DATA COUNTER
35 } R2 = DATA RETAZEVED
36 i R3 = Emmon rLAGSE
37 H RA = SYNC COUNTEAR
i i . .
O 0ok U0 0600 00 O 0 06 0000 O 00 00 D 0 00 0600 O O 0 O O 0 OO 00 06 00 08 00 00 0 O O 00 0 00 0 O 00 0 00 00 00 00 08 08 0 O
— 40 i
0010 ~ 41 ORG 10H | :
0010 2301 - 42 START: HQV Are01 FSET TuD OUTPUT PIN = {1
0012 3A 43 auTL P2.A ! .
0013 B?28 44 HOV R1,828H JSET DATA COUNTER
0015 Bo1B 45 HOV . RO,#1BH ;SET HEHORY POINTER
0017 BCOS 44 LOC2: MOV ° R4:805H JISET SYNC COUNTER
47 JRECEIVE 5 SYNC BYTES
0019 1443 48 LOC3: caLt - Sbl iCALL “READ DATA" .
001D FB A9 HOV ArR3 JTEST IF ERROR
001C 9417 50 ., JNZ Lac2 1JUMP IF ERROR DETECTED .
00LE FA a1 HOV - ArR2 JRETRIEVE DATA ‘ -
Q01F 9417 52 4 JNZ Loc2 JJUMP IF NOT SYNC BYTE
- 0021 EC1¥ 53 DJNZ . R4,L0C3
Q023 1443 54

LOC4: caLL | sBl fCALL “READ DATA"
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Ly .,‘-’- N
LOC OEkd LIKE SOURCE STATEMENT
.
0025 FB - ‘ 55 HOv AR3 JITEST IF ERROR"
00246 9417 36 JN2Z Loc2 {JUHP IF ERROR DEYECTED
0028 FA 57 HOov ArR2 IRETRIEVE DATA
0029 €823 - 58 JZ LOC4 JJUHP 1IF SYNC BYTE
002B 0433 59 JHP LGCS {JUHP 'Xf NOT SYNC BYTE
40 ; /
002D 1443 61 LOCSG: catlL Sb1 iCaALL READ DATA
Q02F Fh &2 Hav AsR3 {TEST 1IF ERROR
Q030 94ES 63 JNZ SBR7 iJUHP IF ERROR IN DATA
0032 FA b4 - HOV AR iRETRIEVE DATA -
0033 AQ 45 LOCS: Hav BRO:A iSTORE DATA IN HEHORY
003418 bé INC RO i INCREMENT HEMORY FOINYER
Q0035 L£92D &7 DJNZ R1.,L0C& ICHECK IF FINISHED §
0037 143D 48 CALL Sh4 - JCALL “SERIAL TRANSMISSION-
Q039 0410 &9 JHP START
70 - i
71 IXXUXXXAXXXKRKEXRKXKXEAXLLKX XXX KL REX XK LK XX LAK LK XXKLLX XXX
72 H
73 FSERIAL TRANSHISSION ROUTINE
74 iITRANSHITS TO THE CENTRAL COHPUTER THE
75 JTHE INFORMATION STORED IN HEMORY.
74 H
77 iREGISTERS! RO = MesoAay POINTER
78 i . R1 = HMeMORY POINTER
. 79 H R2 = BYTE CDUNTER
80 i RY = Brt COUNTER
¥. 81 i g
; B2 FXXXXRARXLAXLKXXXXLXLLAXX XXX XX XHHXLXXERXXXXXE KKK XA XKLL K XLX
83 H -
0038 BOLIS 84 SB4a: HOv RO,#1BH sSET HEMORY POINTER
003D 14B0 85 SB4al: CALL SBS - ICALL "BIMARY-TO-ASCII"
0037 BAOJI Bé HOV R2,403H ISET BYTE COUNTER °
0041 BYO7 87 SBAO! Moy R1,$07H iSET DATA POINTER
Q0043 EBROD 88 SB42: HOV R3 4084 SSEE BIT COUNTER™
Q045 27 a9 CLR A
0044 3A 20 ouTL P2/4A fOUTPUT START BRIT
0047 14E0 ?1 CALL SBé +CALL. "DELAY TRANSHISSION®
00492 F1 92 MoV AsBR1 IRETRIEVE DATA FROH HEMORY
004A 00 3 NOP - ITIKING
004B 00 94 - NOP
004C 00 95 SB43: NOP
004D 00 s NOP
CO4E 3A ?7 ouTL P2:A JUPDATE QUTPUT DATA
Q00AF 14E0 98 CALL SBa iCALL DELAY TRANEH1ISSION
0051 77 - 99 RR A .
0052 EDAC 100 - DJNZ R3I,SEB4J " N -
0054 2301 101 \- HOV AstQl ’ '
0034 JIA 102 : ouUTL P24 JOUTPUT STOP BIT
0057 14E0Q 103 CALL SBé iCALL . DELAY TRANSHMISSION
0059 C9 104 DEC R1 iDECREMENT HMEMORY POINTER
005A EA43 105 DJNZ R2,SBAZ JCHECK IF FINISHED
005C 18 106 INC RO JUPDATE HMEHORY PDINYER)
005D FB 107 HOY ARO {GET NEH DATA
005E 03CO 108 " ADD A+S$0COH
Q040 E4H3D 109 JNC SB4l
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1515-1] HC5-4B/UPI-41 HACRO ASSEMBLER: V4.0 PAGE 3 -
Loc 0OnJ LINE SOURCE STATEMENY
- & 00462 93 110 RETR
. S R L Y N Tttt mnmm
' 112 ]
GV 113 - JSUBROUTINE “READ DATA"
g / , 114 iTHIS SUBROUTINE ACADS THE INCOMING SCATAL
;Y . 1135 IDATAr CONVERTS IT INTO PARALLEL FORMAT AND
\-)\' 116 JCHECKS THE VALIDITY OF THE. DATA
R 117 i
i - ;f 118 JAT ExIT! R2 » Dava -
119 H R3 (87) = 1 tr rPARITY ERAOR * -
120 H R (ul) = 1 1» sTOP AIT CAROR
21 i
- 122 JREGISTERSS R2Z = DATA REGISTEAR
! 123 i RI = BIT COUNTEA
\ 124 H Ennon rLaGsS
125 i R7 = DeLavy
1246 i .
L1277 0k ok ot 000t 00 000 006 DU 0k DD O 000 0 000 0O D000 O OO0 D0 D600 OO 000 N
’ 128 H ’
00463 BAOO 129 SBi: HOV R2,800H JCLEAR DATA -REGISTER
0045 BBO? . 130 MOV RI,40FH ISET BIT COUNTER . a
00467 2447 131 SB11: JNTO SBit iJUNP IF INPUT SIGNAL (TO)=(
) 0049 34469 - \5 132 5B12: JT0 SB12 iJUMP IF TOw1
Q04B BFDD . 133 HOV R7,%0DDHISET COUNTER FOR HALF-DBIT DELAY
004D 00 134 SB13¢ NOP
Q004E EF 4D 135 DJNZ _R7.SB13 ’
N 0070 3447 136 JT0 §B11 JCHECK MIDDLE OF STARY BIT
0072 BFO3 137 HOV R7.,803H JSET COUNTER TIME DELAY
0074 EF74: 138 SBl4s DJNZ-— R7.:5Bi4 .
00746 BFO2 139 SBi5! HOV - R7,802° JSEY COUNTER TIHE DELAY
0078 EF78 140 SBlé: DJNZ R7.5B1é _
007A 14A3 141 CAaLL SB3 JCALL "DELAY RECEPTION-
. 007C Fa 142“ HOV ArR2 iREAD INPUT DATA
Q07D &7 143 fRT A
007E AA 144 KOV R2:4 !
007F ED7é 145 DJNZ R3,SB15
0081 k7 144 RLC A
0082 AA 147 HOV R2:A JR2=DATA AND CARRY=PARITY BIT
0083 65 : 148 CLR FoO IFLAG (FO)=Pa IT
0084 EAGT 149 JNC SBi?7 JJUKP IF PARITY BIT = O
0086 95 150. CPL - FO iIF PARITY BIT = 1 THEN FO = |
0087 14A3 : 151 17: CALL SB3 JIREAD STOP BIT
b 0089 Fé8D - 152 ‘ Jc SB18. —
Q0GE BBO1 153 HOV R3,801KH }IF THERE 1S5 NO STOP BIT.
. 154 iMAKE R3 = 0OiH
- = 000D 97 . 155 SB18: CLR c FPARITY CALCULATION
- * ‘“' 00BE BFo08 — 156 HQV R7:408H
0090 1293 + 157 SBiIT: JBO - SP20O
0092 A 158 cPL c : , .
0093 7% 159 SB20: RR A
0094 EF?4 140 DJNZ R7:SB19 iCARRY = CALCULATED PARITY
00%6 Ré?p 1461 ~ JFO SB21 *  JCHECK PAR!TY’ .
0098 E4A2 142 - JNC o 5B22
0092A Q4%E 1463 JMP SH23-
Q09C FéA2 164 SB21: ~—ug— S822
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LoC

00%E
0040
00AL
. 00n2

00A3
Q0AS
00AY
QO0AY?
00AD
Q0AC
00AE
QOAF

A

00B)

0082

. 00D4

00B&

. 0087

e : ~ 00BY
, _ 00D3B
00BC

00DD

0O0BE

000

1) M)

2380
4D
AB
83

BFBC
BEO3
EFA?
EEA7
7
266F
A7
el

BJ!!.

BAOJ
B100
19

EABY

BAOS

97
FO
F?
B?05
EHQ2

LIN

169 SB23:
14

147

148 Sp22:

221

PAGE 4

SOURTE STATEMENT

HOV A:880H JR3I '= BOH IF PARITY ERROR
ORL AIR3
HOV R3.A

-~

RET

149 1uuuunuulnuunnnnuuuluuuuulunuuuuﬁlnnhnunuuauulnununnuuu

17¢
171
172
173
174
175
176
177
178

'
iSUBROUTINE “DELAY CEPTION"®
ITHIS SUBROUTINE WAITS ONE BIT TIHE AND READS
JONE DATA DIT FAOHM INPUT/PIN TO
i
JAT exIT!
)
iREGISTERS!
¥

Caray ({) = Dava oN TO

R&+ R7 = DeLavs

A R T L L onnnnmm

180

181 SB3:
182

183 SR31:
1684

1B5

184

187

188 SB32:
189

.

'

Hov R7.88CH }SET TIHME DELAY
HOV Ré&:803H —

DJNZ R7.SH31

DJNZ R&,SB31

CLR c ;CLEAR CARRY,

JNTO  SB32  JJUNP IF TO = 0 .
CPL c ;COMPLEMENT CARRY
RET

-

’

190 I.I.'lillllllllilllllIlﬂlIII'llllllilIIIIII!IIIIIII‘II

191 _
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206

*

1

}SUBROUTINE "“BINARY-TO-ASCII®
iTHIS SUBAOUTINE PERFONMS THE BINARY TO
JASCI] convERSION
H

2s R3 = CounTtER
R5s R&r R7 = DATA REGISTERS

JAT rNmuT! RO = POINTING DATA LOCATION
H

jAT exxvi R7 = ASCII HS picit

H ' Ré6 = ASCII

i - R3 = ASCII LS niczt

; . .
JREGISTEHMS ! RO = Henomv :gégisd é:
i R1 = Hernony sOINTER

i

H

;

207 )Illllﬂllﬂlllﬂ'lllllﬂll&dlIlllﬂlIIﬂll!I'lIlllIIIIIII‘I

208

209 SBSt

210

211 .Sp51¢
212

213

214

215 SP521¢
216

217

218

a1y

’
HOV ~ R1,805H JSET COUNTER
HOV R2,¢03H iCLEAR HEMORY
MOV 8R1, 400K
INC R1
DJNI  R2,5BS1
MOV R2,408H ;BINARY TO BCD CONVERSION - ¥
CLR C
MOV ~  As8RO  RETRIEVE BIN NUMBER
RLC ° A JHULTIPLY BY THO -
HoV R1,#05H ;SET MEMORY FOINTER
MOV R3,402H ;SEY COUNTER
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1515~11 HCS-4B/UPI-41 MACKO ASSEMBLER, V4.0 PAGE S
®oc ons . LINE SOURCE STATEMENT
00C2 A0 220 MOV iSTORE DATA :
00C3 F1 221 SES31 MOV JIRETRIEVE BCD NUMBER
ooca 71 - 222 ADDC ICARRY PLUS THO TIMES BCD
00CS 57 22 DA iDECIHAL ADJUST
00Cs Al , 224 MOV iSTORE BCD NUMBER
00C7 17 22 ING
00CE EHC3 224 DJNZ
ooca EXeD 227 DJNZ :

. 228 o JBCD TO ASCII CONVERSIGN
00CC K905 ~—-- _ 2997 HOV iSET MEMORY POINTER
00CE F1 230 HOV JRETRIEVE DATA
00CF S30F 231 . ANL Ar#0FH  JMASK DATA (4 LSB's)
00D1 4330 232 ORL - As¢30H ;ADD 4 MSB‘s
0003 2t 233 XCH As@R1
00D4 19 . 234 INC R1 IREPEAT HITH HMS-NIBBLE
00DS 47. 235 SHAP A |
00D6 S3OF 236 ANL ",  As&OFH : .
00D0 4330 237 ORL As830H .
00DA 21 238 XCH A1 8R1 ;
00DB 17 . 239 INC R1 JREPEAT WITH NEXT BYTE
00DC 4330 240 - :

n.tsqgj‘
@R1,A

O0DE Al 241 ’ HOV

000F 83 242 RET .
. ) . 243 ;nuugﬁuuunuu*:ug ﬂllﬂ!llllallIIlIIﬂINIﬂnIINI““IIIll!I
244 i ‘
2 iSURROUTINE "DELAY TRANSHISSIONT,
24 iTHIS SUBROUTINE PAOVIDES A DELAY OF ONE BIT
. 24 ITIMC FOR DATA TRAANSHISSION AT 1200 paAuns
T248 H .
249 iRcorsted¥: RA = DELAY
250 . i .
2 AR L L R A TR R SR LY |
2 i
00CO Bcno’ 2353 SBé&: MOV R4,80A0H;SET COUNTER
00E2 ECE2 254 SB&1: DJINZ R4,5B61
00E4 B3 2355 RET )
2546 ;Illlll!lllll!lllIIIIlllllﬂlﬂllﬁ,‘i;!!!llluﬂ!lIIIIIIIIl
257 . H :
258 JSUBRDUTINE “ERROR"
1259 iTHIS SUBROUTINE FILLS THE MEMAINING MCMORY
260 JSPACE WITH THE nuMagEr OFFH (255)
261 iWHEN AN ERAOR IS DETECTED
242 .q'; -
263 &H iREGISTENSS RO = HEMOAY FOINTEHN
264 i . R1L = Dara COUNTER
2463 i ,
ZEG  F U000 000000000 000 OO0 000 00 OO0 O D
. 267 ’ H
. 00ED 23FF 268 SB7: HOV A80FFH JSET DATA TO BE SENT
COE7 AQ 249 SB71: MOV GROA iSTORE DATA IN MEHORY
00£8 1B 270 INC RO .
O0E? EPE7 . 271 DJUNZ R1.,5B71
'00ED 143R 272 CALL Sh4 iCALL SERJAL TRANSHISSION
- O0ED - Q410 273 . JHP START :

274 END





