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CONVERSION FACTORS 

For readers who prefer to use International System (SO unit. rather than the inch-pound terms used in this 
report, the following conversion factors may be used. 

Multi~ly inch-mund unit flr To obtain SI units 

inch 
foot 
mile 
square mile 
gallon 
gallon 
foot per second 
square foot per second 
cubic foot per second 
foot per foot 

millimeter 
meter 
kilometer 
square kilometer 
liter 
milliliter 
meter per second 
square meter per second 
cubic meter per second 
meter Der meter 



Symbol 

B 

C 

c m  

SYMBOLS, DEFINITIONS, AND UNITS 

Definition 

Average width of stream 

Plateau concentration of injected tracer after dilution by streamflow 

Maximum desired concentration of injected tracer after dilution 
by streamflow 

Concentration of injected mcer solution 

Concentration of dye solution 

Concentrations resulting from serial dilutions 1 through 2.3, and 4 
dilution steps 

Mean depth of stream 

Dilutions for each step, 1,2,3, and 4 of a serial dilution 

Transverse mixing coefficient 

Volume of dye coefficient 

Channel length required for optimum mixing; usually corresponds to 
about 95 percent mixing 

Number of samples 

Rate of constant-rate injection 

Total stream discharge 

Stream discharge when system is triggered 

Water-surface slope 

Specific gravity of dye solution 

Specific gravity of water 

Specific gravity after step 1 of a serial dilution 

Time interval between samples 

Time duration that tracer is injected 

Mean stream velocity 

Volume of dye solution 

Volume of dyelwater mixture after a dilution 

Unit 

ft 

P& 

v& 

min 

min 

ft/s 

mL 

mL 



AUTOhIATIC TRACER-DI1,U'IION METHOD USED FOR SIAGE-I)ISCHAR(;E 
R,\'IIXGS AND STREAMFLOW HYDROGRAPIIS ON SMALL IOW,\ STREARIS 

BY 
Philip J. Soenksen 

ABSTRACT 

An automatic system was designed to concurrently 
measure stage and discharge for the purpose of developing 
stagedischarge ratings and high flow hydrographs on small 
streams. Stage, or gage height, is recorded by an analog-to- 
digital recorder and discbarge is determined by the constant- 
ratetracer-dilution method The system measures flow above 
a base stage set by the user. To rest the effectiveness of the 
system and its components, eight systems, with a variety of 
equipment, were installed at crest-stage gaging stations 
across Iowa. A fluorescent dye, rhodamiieW, was used as 
the tracer. 

Tracer-dilution discharge measurements were 
made during 14 flow periods at six stations from 1986 
bough 1988 water years. Ratings were developed at three 
stations with the aid of these measurements. A imp rating 
was identified at one station during rapidly-changing flow 
conditions. Incomplete mixing and dye loss to sediment 
apparently were problems at some stations. Stage 
hydmgraphs were recorded for 38 flows at seven stations. 
Limited data on background fluorescence during high flows 
were also obtained 

INTRODUCTION 

The use of conventional methods to develop stage- 
dischargerelations, orratingcwes,atstream-gagingstatiom 
on many small s m s  commonly is diff~cult Discharge 
measurements must be made throughout the rangein stageat 
the site to completely define the rating curve. Current-meter 
discharge measurements require field pemnnel to be on site 
to measure flow. Being on site to make current-meter 
measurements is easy at low stages, but is pmgressively more 
difficult at medium and high stages because these flows mcm 
less frequently, usually can't bepredicted, and are commonly 
short-lived. Even if field personnel are on site, rapidly- 
changing flow, common on m y  small streams at higher 
stages, often is not suitable to measurement by the current- 
metermethod(KilpatrickandCcbb, 1985.p.43). Somepeak 
flow discharges can be determined after-the-fact using 
indirect methods, such as contracted-opening (M&, 
1967). sloparea @alrymple and Benson, 1967). flow- 
throughculvert (Bodhaine, 1968), or flow-over-dam 

(Hulsimg, 1967). Stepbackwater and slopeconveyance are 
methods of establishing rating shape or extending ratings 
using channel geometry; however, they are not suited to 
every situation and should not he used without actual 
discharge measurements to establish ratings. 

High-flow hydrograph data--stage and discharge-- 
are limited for small streams in Iowa. Most continuous- 
record streamflow-gaging stations operated by the U.S. 
Geological Survey in Iowa are on relatively large streams. 
Most of the crest-stage gaging (CSG) stations are located on 
streams b t  drain areas of less than 100 mi2 (square miles), 
but they provide data only on peak stage. 

Measuring discharge by tracer-dilution methods is 
an established procedure of the U.S. Geological Survey that 
works well for withi-bank flows and others, 1982, 
p.211-259; Ki lmck and Cobb, 1985; Kilpatrick and 
others, 1985, p. 15-21). A bacer of known concentration is 
injected into a s m  where it is mixed and diluted. 
Discharge is determined by sampling the stream 
downstream, and then analyzing the new diluted 
concenlration(s). The tracer can be injected all at one time, 
slug or sudden injection, or uniformly over time, constant- 
rate injection (CRI). The sudden-injection method requires 
many samples to compute a single discharge. With the CRI 
method each sample is used to compute a discharge, 
however, miximg requirements are more stringent The CRI 
method has teen successfully automated and used by Ducrk 
(1983) to measure rapidly-changing flow at several 
continuous-record gaging stations on small s m m s  in 
W i n s i n .  

With the cooperation of the Iowa Highway 
Research Board, the U.S. Geolcgical Survey developed a 
similar system for use at CSG stations. The system was 
designed to concurrently record stage and make automatic 
mcer-dilution (ATD) discharge measurements above a base 
stage. Field components of the system were installed at . 
several CSG stations throughout the State where ratings were 
inadequate or no longer current Stage hydrographs were 
convedto  discharge hydrographs after rating c w e s  were 
developed fmm the collected data The systems were 
continued in operation beyond the end of the project as part 
of the CSG netwok 



Purpose and Scove 

Ths rep,rt desnibes the ATD system and its 
effectiveness with various types of equipment in the 
development of mings and hydrogmphs at several CSG 
stations for water years (October ldeptember 30) 1986 
through 1988. Field equipment was installed at eight CSG 
stations across the State (fig. 1, table 1). The stations have 
drainage areas that range k m  0.71 to 30.8 mi2 and are in 
several different landform regions with cliffwent ~ n o f f  
characteristics. 
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AUTOMATIC TRACER-DILUTION 
METHOD 

When a tracer of hown concennation (C) is 
injected at a w n m t  rate (q) into a stream with steady 
discharge (Q) for a suCficient period of time, the 
concentration of the tracer downstream, after complete 
mixing, eventually will reach equilibrium (c), as shown in 
fignre 2, and then decrease when injection is stopped. If no 
fmcer is lost and backgrwnd cmcenbations are accounted 
for, the principal of conmation of mass applies and the 
tracer injected (qC) will equal the tracer flowing past the 
sampling point [(Qtq)~]. When the injection rate is small 
compared to the stream discharge, the equation can be 
expressed as 

where 
Q = stream discharge, in f$/s (cubic feet per 

second); 
q = injection rate, in mL/min (milliliters per minute); 
C = tracer concentration injected into the stream, in 

pgL (micrograms per liter); 

c = tracer concentration at the sampling point (minus 
any background concentration), in pg/L. 

Applying the above equation to actual flow 
situations thwretically requires that no longitudinal 
dispersionof tracerww. Of course, any tracer injected into 
agivenelement offlow doesdisperse. With the CRI method, 
however, haw is injected into all elements of flow, and 
hater from each of the other elements also disperses. By the 
Wciple of superposition, tracer also is gained by each 
element of flow from other elements, and equation 1 is valid 
to the extent that gains equal losses. For steady flow this is 
m e  once the plateau wncennation is reached (fig. 2: 
Kilpanick and Cobb, 1985, p. 46). 

Dipmion varies with flow, and relative gains and 
losses of individual elements of flow vary during unsteady 
flow, especially if flow is changing rapidly. Therefore, the 
effective use of equation 1 is limited though to an unknown 
extent, by the rate of changeof flow. Unsteady flow has been 
successllly measured with the CRI method on scveral 
wasions, with the best results obtained during flood 
recessions (Kilpatrickand Cobb, 1985, p. 40-43: and Duerk, 
1983, p. 3). Rapidly changing flow did not w m  to 
substantially affect hheultsof this study. 

There are other requirements thar must be met, or 
nearly met if stream discharge is to be saLisfxtorily 
measured by this method The injection rate must be 
accurately measuredand remain steady. Tmcu losscs should 
be minimal during theentire measuring process. Background 
concentrations of the tracer in the stream, if any, should be 
measured and subtracted from sample concentrations. 
Ftnaily, complae mixing should cccur between the injection 
point and the sampling point. Each of these requirements is 
disc& in m m  detail later in the repa When these 
requirements wae met the computations were 
straightfornard and results were a~~eptable. 

System Design 

The ATD system was designed to obtain stage and 
discharge data: it can be broken down into five components: 
(1) signal, (2) stagemding, (3) tracer-injection, 
(4) stream-sampling, and (5) sampleanalysis. The stage 
recording component provides a digitai record of stream gage 
height and the other components provide the discharge 
record Except for sample analysis, which is done in the 
District laboratory, the other four components were designed 
to work automatically on site during flows above a base stage, 
or gage height. The design of this system was mainly based 
on the work of Duerk (1983) in Wisconsin. 



IOWA DRIFT 

Council Bluff 

EXPLANATION 

'A GAGING STATION 
AND SITE 

Landform Regions of Iowa, modified from Prior, 1976 NUMBER 

U.S. GEOLOGICAL 
SURVEY OFFICE 
LOCATION 

Figure 1.--Location of crest-stage gaging stations selected for automatic tracer-dilution study 
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:Figure 2.--Concentration-time curve for constant-rate injection. 



Table 1.--Automalie tracer-dilution stations 

[IC, Iowa City; FD, Fort Dodge: CB, Council Bluffs] 

Drainage 
Site area 

number U.S. Geological Survey (quare Servicing 
(fig. 1) gaging station number and name miles) office 

Silver Creek at Welton 9.03 IC 
East Branch Iowa River above Hayfield 2.23 FD 
West Beaver Creek at Grand Junction 12.6 FD 
Middle Raccoon River tributary at Carroll 6.58 FD 
South Otter Creek tributary near Woodburn .71 IC 
South Fox Creek near West Grove 12.2 IC 
Perry Creek near Hinton 30.8 CB 
Willow Creek near Soldier 29.1 CB 

The usual coofiguration of the ATD field 
components is shown in figure 3. As water rises above the 
b&% gage height, the signal component activates all theother 
field components simultaneonsly. The stagerecording 
component records gage height at a set interval, based on its 
own timer, until it is manually turned off. As long as the stage 
remains above the base gage height, the tram-injection 
component pumps continuously, and the stream sampler 
collects a sample whenever the stage-recorder is activated. 
When the stage faUs below base gage height, the hacer- 
injection and stream-sampling components shut off. Shonld 
the stage rise above the base gage height again, both 
components are reactivated and opemte as before. The 
s m  sampler ceasas to take samples once it reaches 
cawity but the tram-injection component continues to 
operate, even if all of the tracer has been pumped out 

After samples are collected and sent to the lab, each 
is analyzed to determine tracer concentration. The fustone or 
more samples, taken before any aacer has reached the 
sampling point, provide the backgound concentration of 
hacer in the stream. All remaining samples are adjusted for 
background concentration, which is assumed t~ remain 
constant,and used to computestream discharge. Samples are 
mdinated with the gageheight record, and measurements 
are plotted on an appropriate rating diagmm. 

RhodamieWTwasthetracerusedin thisstudy. It 
is a fluorescent dye that can be measured at concentrations 
less than 0.1 pg/L with a fluorometer. It is commmially 
available as a 20-percent solution in bulk quantities. For its 
hydmlogic investigations, the U.S.Geological Survey allows 
a maximum concentration of 10 in smms at water 

intakes that result in direct or indirect human consumption 
(Wilm, Cobb, and Kitpatrick, 1984). Although no such 
intakes wereknown to be downstram £mm any of the study 
sites, computations of dye injection rates and volumes of dye 
to be injected were based on this limit as a precaution. This 
also standardized the computations. 

Dye Losses 

Any hacer loss during system opetations results in 
acomputeddischarge greater than the true discharge. Losses 
of rhodamineWT dye can wcur h m  oxidation by 
chemicals such as chlorine, from photochemical decay by 
sunlight, from wind drift if thedye injection line is suspended 
above the water surface, and &om sorption to f i e  sediment 
panicles and aquatic plants (Ran& and others, 1982, p. 216; 
Kilpabick and Cobb, 1985, p. 37). In rhi study, distiiled 
water was used for dye injection mixtures to prevent losses 
from chlorine. Photochemical decay losses should have been 
minimal because travel times in the streams were quite short 
and the dye injection structure and stream sampler were 
sealed againstligh~ W i d  drift was eliminated by anchoring 
injection lines in the flow area of the channel, except at site 8. 
There app%cd to be no substantial sediment sorption when 
samples weredecanted and analyzed promptly after sediment 
hzd settled Sorption losses probably occuned at site 8, 
which has heavy sediment loads, when the samples were not 
decanted for several weeks after they were collected. At site 
4, seved sets of samples were remixed after settling and may 
have had sotption losses as well. Long exposure periods to 
other s m - w a t e r  constituents or sample storage containers 
also may result in some dye loss. A 1988 re-analysis of 
samples collected during 1986 from site 1 indicated an 
average decrease in concentration of about 25 percent 
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Background Fluorescence 

Although rhodamme-WT dye may not be piarent 
in the sueamflow, natural fluomance or turbidity that 
produces a fluommeter reading must be seated as 
background concenhations of tracer. For this study, it was 
assumed that background concentrations remained constant 
during sampled flows, which eliminated the need for a 
second stream sampler (upstream from the tracer-injection 
component) for the sole purpose of measuring ~~ 
concentrations. The initial one or more stream samples, 
collected before any dye had reached the sampling lccation, 
were used to adjust for backgrcund concentrations on all 
remaining samples of a s e t  This results in exmix only to the 
extent that the difference between actual and estimated 
background concentration is a pmportion of the injected dye 
concentration of an individual sample. Backgrwnd 
fluorescence becomes inamsingly important as stream 
discharge increacm. The dye injected becomes more diluted 
and the background concentration bewMles a larger 
propoItion of the total (background plus injected dye) 
concentration of the sample. 

During 1986 at site 4, and during 1987 at site 5, 
entire sets of background samples were collected when dye 
injection pumps did not work during high flows (fig. 4). 
Background concentrations were variable at site 4, ranging 
from 2 to 6 percent of the maximum expected concentration 
of injected dye. Other background samples from this site had 
lower concentrations. Background concenhations were 
almost uniform at site 5 and only about 1 percent of the 
10 mgL. limit for injecteddye. 

Mixing 

It is critical to obtain adequate miximg of the hacer, 
both laterally and vertically in the channel, if a c c w  results 
are to be derived from the tracer-dilution method, especially 
if only one point in the sham is sampled. ~ o m ~ l e ~ m i x i n ~  
requires a relatively long mixing reach. However, for 
measuring rapidly changing flow and for servicing 
equipment, it is desirable to have a short miximg reach. A 
proper balance of these two requirements must be met. The 
following equation from Kilptrick and Cobb (1985, eq. 4) 
was used to compute, or check for adequacy of, mixing 
distances; it was adapted from Yotsukura and Cobb (1972, 
eq. 29). and Fiiherand others (1979,eqs. 5 and 10). 

Lo = distance required for optimum mixing, in ft; 
v = mean stream velocity, in ft/s (feet per second); 
B = average stream width, in ft; and 
EZ = transverse mixing coefficient, in ft2/s (square 

feet per second). 

Mean stream velocity was estimated using the 
Manning equation. The transverse mixing coefficient was 
mputed  from the following equation taken from Kilpatrick 
and Cobb (1985, p. 7): 

where 
D = mean depth of the stream, in ft; and 
s = water-surface slope, in ftlft (feet per foot). 

Since the width factor in equation 2 is squared, any 
deem in it will dispmptionally decrease the required 
mixing distance. If G o  dye injection points are used, the 
effective width is decreased by a factor of two and the 
distance is decreased by a factor of fow; if three injection 
points are used, the distance is decreased by a factor of nine. 
At most sites, the mixing distance was decreased by using at 
least two injection points. Injection points were positioned in 
the channel arm section so that equal quantities of tracer 
were injected into equal areas of flow; for simplicity, it was 
assumed that equal areas would convey equal quantities of 
flow. 

Several things must be considered when using 
multiple injection points. Fit, flow from each dye injection 
pintmustbethesame,orthecomputedmixingdistancemay 
actually be increased Wptr ick  and Cobb, 1985, p. 35). This 
was a concern at some of the stations where s p l i m  were 
used to divide flow from a single pump bead. Secondly, 
unless the mixing reach is rectangular, required injection 
point spacing changes with stage as the cross-sectional area 
and flow distribution changes. However, actual injection 
point spacing remained fixed. Depending on the particular 
mixing reach, this may or may not be aconcem since mixing 
distances generally vary with stream depth also. If the 
injection-point spacing is based on the stage with the longest 
mixing distance, then the "additional" distance available at 
other stages might be enough to compensate for the extn 
distance required because of impmper injection-point 
spacing. Mixing distances and injection-point spacing 
usually were computed at base flow and bankfull stage to 
determine the expected range. If mixing distance and 
injection-pointspacing wereclose for the two conditions then 
avenge values of each were Otherwise, values for the 
stage most in need of discharge measlnements were used. 

where 



Site 4 - Middle Raccoon River tributary 
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Figure 4.--Comparison of background flourescence with gage height during high flows 
at two automatic tracer-dilution sltes. 



Svstem Equivment 

Four smtraes were designed for the systam 
components -- one for stage-recording, one for swim- 
sampling, and two for tracer-injection (one for each of two 
main types of pumps uses). All smtraes were designed to 
be as small as possible for paability and ease of handling, 
yet m n g  emugh for continuous field use and for ptection 
against possible vandalism. The haw-injection and stream- 
sampling smctraes were made with handles and long 
wooden legs, so they could be cairied by one or two people 
and installed using hand tools. 

Signal Component 

The main part of the signal campent was a relay 
box designed to activate each of the other field components at 
the appropriate times. It was housed in the stagerecording 
sbucture and was activated by a microswitch attached to the 
stage recorder near the float tape. Below base gage height, 
the micro switch circuit is open and the system is off. When 
the stream rises above base gage height, the mim switch 
circuit closes and the signal component activates. A 
schematic diagram of the relay box (fig. 5) and a more. 
detailed discussion of its operation are in the Supplemental 
Information section (Opemtion of the relay system) at the 
back of this report 

Two signal methcds from the relay box to other 
equipment were used--hard-wireconoection andradio signal. 
Hard-wire connections were. used for mmt situations. 
However, when signal transmission distances were fairly 
long (3004CO ft or greater) or when hard-wire connections 
could not be reliably maintained, a mdio signal device was 
used Because of the system layout, there was always one 
short and one long signal msnission dismce at each site. 
Either the stream-sampliig component (usually) or the 
iracer-injection component was near the CSG with the other 
field components. The remaining component was located 
upstream (usually) or downstream a distance equal to the 
mixing length. 

The mdio signal device was a one-channel, Auto 
Page 11OO vehicle theft pager1. The msnittex has a 
maximum signal output of 1 watt and operates h m  a 
l2VDC (volts of directcurrent) power source. It was 
honsd in the stagemding struchur: to which a standard 

'use of trade names in this report is for 
identification purposes only and does not constitute an 
endorsement by the U.S. Geological Survey. 

car antema was m h e d .  The receiver, h d  with either 
the ham-injection or sheam-sampling equipment, was 
mcdified to use an outside. antenna andopemte lium 12 VDC 
instead of 9 VDC. Each pager had its own tone code and no 
license was requid to oparlte it. The mmit ter  was 
activated by the stagerecorder timer and mmilted for 
about 15 seconds. Upon weipt of a signal, the receiver 
activatedanotherrelay which turned on eithpx the injection or 
the sampling equipment 

The radio device worked well for triggering the 
sheam sampler because only one short signal was required to 
activate the internal electronics that control the sampling 
cycle. Only site 1 was set up in this manner, and its device 
layout is illustrated in figure 6. The tracer-injection 
equipment, however, had to be t d  both on and off 
according to gage height Two alternatives were considered. 
One alternative involved the use of tworadios-one to turn the 
pump on, and one to turn it off. To limit costs, this sdution 
was not tested, in relmpxt, however, it may have teen the 
better alternative. For the alternative actually used, a time 
delay was built into the receiver. The time delay was to 
exceed the time of the stage-motding cycle so that the mcer- 
injection equipment would remain running until a new signal 
could reset the time delay. S i  no signals were sent when 
he saeanl was below base gage height, the nacer-injection 
prunp automatically shut off after the time delay hadexpired. 
An 11-minute delay was considered possible, but, given the 
elecmics of the receiver, only abwt one-half of that was 
obtained. This limited its use to sites where a short sampling 
interval was desired. Cost of a radio-signal device with time 
delay wasabout$l50. 

Stage-Recording Component 

The stagerecording component consisted of an 
analog-todigital recorder (ADR) with a U.S. Geological 
Survey, type 3 solid-state timer and 12 VDC power source; 
steel float tape, weight, and 2 112-in. (inch) float to sense 
stage; 3-in. PVC (plyvinyl chloride) pipe to serve as a 
stilling well; 2-in. metal pipe with standoff brackets to 
suppod the smhur: and house the float-tape weight and a 
structute to house the equipment A hinged metal box was 
designed to hold the ADR, timer, 12-volt gelcell battery, 
signal relay box and radio msmitter, (fig. 7). When opened 
for servicing, the top one-half of the box lid sewed as a shelf 
for the ADR lidand other items. Pipe couplings were welded 
to the bottom of the box for aaaching the mounting and 
stilling well pipes. The box was bolted directly IO a bridge, 
wingwall, or other solid surface, or was screwed onto the top 
of an existing CSG (stick removed) or aher 2-in. pipe. 



Figure 6.--Radio signal device for  
stream sampler. 



Figure  7 . - - S t a g e - r e c o r d i n g  s t r u c t u r e  
and  equipment.  



The 3-in PVC p i p  was secured with stiffener 
brackets to the smger  2-in. metal pipe. The stilling-well 
pipe was left open at the bouom, or a 3-in. PVC horizontal 
intake was installed using variws pipe fittings. Intakes wwe 
secured by taping joints or buying in place, rather than 
gluing, to aid in repair and disassembly. Bolts through the 
srilling-well pipe wall functioned as a float rest At m e  sites 
a meen was installed over the end of the pipe or intake to 
prevcnt debris from clogging the inside of the stilling well. 
Thestilling-wellpipeand scmned inake,andmwntingpipe 
for site 1 are shown in figure 8 next to the CSG. 

Tracer-Injection Component 

Originally, only one nacer-injection box was 
planned for the different types of equipment to be used. It 
was designed for a 20-liter dye jug, marine/RV deepcycle 
battery, and any one of three pumps to be tested (fig. 9). The 
relatively low maximum pumping rate and low power 
consumption of the positivedispkament pump, however, 
made the use of both asmailer jug and battery with this pump 
practical. Another smaller smture was designed for the 
positivedisplacement pump, a 10-liter dye jug, and an 8 A- 
hr(amperehourf gel-cell battery (fig. 10). It was designed to 
mount on a single wooden 4x4-in. post 

Dye-injection pumps had to be portable, operate on 
12 VDC power. and have an adjustable pump rate that would 
remain steady, once s e t  Pumps tested included Mastefflex 
and Geotech @taltic @oth could be used with one or two 
heads), and Fluid Metering, Inc. (FMI) positive displacement 
(had tobeused witha flow splitter formore than one injection 
point). The Geotech pump drive (Serb% I - 0701) with 
Masterflex long-shaft pump head (701640) requires 'om 2 
to 5 A (amperes) of current Aftw installalion it was 
discovered that the Geotech pump rate could not be adjusted 
slow enough for use with even the 20-liter jug and the 
requiredpumping times. It was replaxdafter oneflow event 
and not used again. 

The Masterflex pump drive (7533-20) with 
Masterflex pump head (7016-20) requires approximately 3 A 
of 12-VDC cmnt .  Since the injection pump operates 
whenever basegage height is exceeded (whether or not there 
is any dye left), a deepcycle battery of at least 80 A-hr was 
used to prevent baitery drawdown during floods of long 
duration. The rate adjustment knob could not be secured in 
position, so was taken not to disturb it once the pump rate 
was set. With dual heads, as it was normally used, the 

, Mastefflex pump is ratedfrom 32 to 144 ml/min. Itprovided 
a reliable split of the dyeinjection mixture for two injection 
points. 

The FMI pump drive and head (RP-BG75-2CSY) 
requires only 60-100m.4 (milliamperes) of current to operate 
and was used with an 8 A-hr gel-cell battery. It is rated from 
046.5 mLjmin (maximum rate usually exceeded this) and 
the @iustment lever can be secured in place. The materials 
used in the pump head @iston - ceramic, cylinder case - 
stainles steel, and cylinder liner - m&m) were specifically 
recommended by the manufachlrer for use with rhodarnine 
WT and allowed the pump to run dry without damage. The 
pump was ffiliable and worked well with a single injection 
point However, for more than one injection point a flow 
splitter was necarsaty. The flow splitter did not always 
provideequal splits of the flow. The two pumps and baaries 
primarily used during this study are shown in figure 11. 

Two Flpes of flow splitters were used for multiple 
point dye injection: a commercial,plastic "Y" fitting for hvo- 
point injection; and manifold fittings made from thin brass 
and copper tubing for two- and kee-point dye injection 
(Kilpatrick and Cobb, 1985, p. 36-37). No difference in 
pwformance was noted. Pump tests at sites with flow splitters 
often showed unequal flows from the different injection 
points, although each line was clear and of equal length. Flow 
usually went to one injection point to the exclusion of all 
Mhers. If flow was manually redirected to another injection 
point it usually would flow only to thatpoint It was assumed 
that when water wvcred the injection points during a flow 
event the additional h y M c  head resistance on all lines 
would produce a uniform flow from each injection point 
Results from a number of flow events indicated that the 
assumption was questionable. Whether this was a result of 
the flow splitter design or conshuction, or of the components 
and consauction of the injection lines and points is not 
known. Considuing the critical nature of equal flow from 
injection points, more work is necarsary to test the efficiency 
of flow splitters at various hydraulic heads and to develop a 
Wter design as necessary. 

Injection points, or nozzles, were anchored in the 
channel whenever possible, to eliminate wind drift, eliminate 
conshuction of an ovekead suspension &vice, and also to 
improve mumg. Original injection lines consisted of 
Masterflex, size 16, C-FLEX tubimg inside of 1/2-in. 
galvanizedmetal pipe. The lines were positioned horhntally 
in the channel about l/Z to 1 ft above the normal low-water 
snrhce. This design resulted in broken or m k e d  joints and 
washed-out lines becauseof bash collecting on the lines. At 
severdl sites, water that entered the lines because of mcked 
joints froze during the winter and ruined the inside tubing. 



Figure 8. - -St i l l ing p i p e ,  s c r e e n e d  i n t a k e ,  
mounting pipe,  and cres t -s tage  gage 
for s i te  1 .  



Figure  9 . - - L a r g e  (or ig inal )  t r a c e r - i n j e c t i o n  s t r u c t u r e  
a n d  equ ipment .  





F i g u r e  I 1 . - - D u a l - h e a d  p e r i s t a l t i c  pump a n d  s i n g l e - h e a d  
p o s i t i v e - d i s p l a c e m e n t  pump wi th  f low s p l i t t e r .  



Redesigned injection lines consisted of C-FLEX 
tubing inside of 314-inch flexible plastic pipe, buried from 
injection box to channel bank, above normal low-water 
surface, and 112-in. galvaixd metal pipe, from plastic pipe 
to injection mzzles. The metal pipe just fit inside the plastic 
pipe, and the two were held togetherby a metal clamp. In the 
channel, the lines were placed along thechannel boltom with 
vertical risers for each injection nozzle. Each riser was 
secured to and protected by a fencepost on the upsheam side 
(fig. 12). The riser-type injection lines withstood high flows 
well. Two such lines were leftin-place during winter periods 
with no problems. Thmlines werecleaned with alcohol and 
then pumped dry before the injection nozzle ends were taped 
shut for the winter. Splices in the C-FLEX tubing at the 
plastic-to-metal connection also were added to most of the 
new injection lines so that the entire metal part of the lime, 
with tubing inside, au ld  be easily removed for repair or 
winter storage. 

Up to three injection pints were installed with the 
above design. However, care was taken during assembly not 
to twist the tubing lines inside or to wnp them around each 
other. Sevetal types of injection nozzles were used but 
basically consisted of 114-in. OD (outside diameter) w p p r  
tubing thnxlgh brass and galvanized metal adapter fittings 
(fig. 13). The C-FLEX tubmg - 1/8-in. ID (inside diameter) 
-- fit tightly over the w p p r  tubing and a compression fitting 
held the copper tubing to the brass fining. The brass fitting 
threaded into the galvanized metal fitting. 

The dyeinjection pumps worked against variable 
outlet heads during flow events (except site 8) lxcause the 
dye-injection points were in the stream channel slightly 
above the normal low-water level. Pump tests to determine 
injection rates were done on site during low-water conditions 
wheh there was no cutlet head To determine what 
wireetions,ifany,toapply tothebasepumpmtesdetermind 
in the field, both the Masterflex and FMI pumps were shop 
tested for various head differences (inlet minus outlet head) 
and various pump settings. The results (fig. 14) indicafe a 
decrease in pumping rate with innttasing cutlet head for nine 
out of the ten sets of tests. For the Masterflex pump tests, the 
average change in pump rate ( M i )  per unit change in 
head difference (fi) was 0.18. For the FMI pump this factor 
was 0.20. The base injection rates, derermined on site, were 
adjusted accordingly for the head difference of individual 
s m  samples. 

Additional tests indicated that pumping rates for the 
FMI pump also changed in relation to battery voltage (fig. 
15). No adjustments were made to pumping rates based on 
voltage change for the following reasons: (1) battery capacity 
was matched to meet the requirements of the pump type and 

tMal injection time, thus limiting voltagedmp; (2) pump tests 
madebeforeand afterevents, with the same bauery, genetally 
showed little change; and (3) there was no way to determine 
actual voltage at the time of the fmt and last sample. It was 
necessary to keep fully-charged batEeries in senrice and 
perform pump tests during site visits. 

Stream-Sampling Component 

Existing small gage structures, with side-access 
doors, were used to house the sampling equipment at seven 
sites (fig. 16). When the supply of existing structures was 
depleted, a new structure was designed and built. Because 
two of the existing structures had been putidly submerged 
by unexpectedly high water, the new structure was built with 
a large caplike lid hinged to a shallow base so the air pocket 
under the lid would prevent damage a the working 
components and wnbrol box of the sampler. 

Mannimg model S-4050 discrete samplers with 3% 
in. ID reinforced PVC tubmg and standard polyethylene 
bottles were used in this study. They were limited to 40 ft of 
sample line and 25 ft of suction head. These samplers could 
wllect up to 24 d i m  samples and purge the sample line 
with both water and air before each sample. Purging takes 
about 1 minute between the start of the sample cycle and 
actual drawing of the sample. The samplers were ttigered 
through the ''FLOW' pat in the sampler control box by a 
switch closure in the signal relay box via hard-wire 
wnnection or through a radio transmitter and receiver. The 
samplers could have been activated inilially through the 
"FLOW' p r t  and thueafter with their own timers, but to 
ensure coordination with the ADR this method was not used. 
Extemal 12-VDC deepcycle batteries (80 A-hr or greater) 
were used to pmvide an adequate power supply. Because of 
thei design, any air leak in the sampler hiders its ability to 
draw a sample. The most frequent problem encountered was 
the pinch-tube solenoids sticking open or only panially 
closing. When this happed, the internal vacuum necessary 
to draw water up the sample line was lost and no sample was 
wllected. The control unit, containing the trigger mechanism 
and other eiectmnics, was anaha  source of problems. 

Sample-Analysis Component 

A Turner Designs m&l 10 fluommeter was used 
with a hodamine-WI' accessory kit (10041) containing the 
necessary lamps and filters for analysis of dye wncenaation 
in sheam samples. It is both a lahatory and a field 
inshunlent that uses either 110 volts alternatingcurrent or 
12 VIX. It can analyze discrete samples, as in this study, or 



F i g u r e  1 2 . - - R i s e r - t y p e  i n j e c t i o n  l ine .  



Figure 13 . - -Dye- in jec t ion  n o z z l e s .  
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Figure 14.--Relation of pump rates to head differences for peristaltic and 
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F i g u r e  1 6 . - - S t r e a m  s a m p l e r  a n d  sampl ing s t r u c t u r e .  



continuous flow. AU samples for this study were analyzed at 
the District laboratory in Iowa City using procedures fmm 
Wilson, and others (1984). 

Field Overations 

On-thejob mining and written instructions were 
given to field personnel who serviced the stations. Time for 
more formal minine was n a  available. A number of 
opportunities to measke significant floods were lost because 
of misunderstandings or incomplete testing of the field 
systems. Because the pmcedures and equipment are new to 
many field personnel it is suggested that those who will 
operate this type of sation in the future help install the 
equipment at the site, and be given some formal training. 

System Preparation 

After the equipment was installed and tested the 
sampling interval was selected. The proper interval varies 
depending, to a gmt extent on ~ n o f f  characteristics of the 
basin and individual storms. At any one site, the correct 
interval for one storm may be too short or too long foranother 
storm. Sampling intervals used in this stndy w e d  from 5 to 
15 minutes. Because the sampler was triggeml by the ADR 
through the relay box, the intewal was selected from those 
available for the ADR timer. 

The calculation for the volume of dye (Vd) to be 
injected, which has a h o w  concentration (Cd), was then 
made. The calculation was based on the total time of 
injection and any limiting condition of maximum 
concentration in the stream (c,,,,). Maximum concentration 
cccurs at the dischargerelated to base gage height referred to 
here as trigger discharge (Qq). Trigger discharge was 
estimated even ilno raling existed for a site. By the principle 
of continuity, the total dye injected equals the dye in the 
sheam, or (Vd Cd) = (Q T ha) with no units conversion. 
There was no need to gject dye after the capacity of the 
sampler had been reached, therefore, the time of injection 
was set equal to the number of samples (n) times the sampling 
interval (1). The equation is then wriaen in the following 
form. 

For the specific conditions that existed for this 
study, the above equation simplifies to 

where 
Vd = volume of rhodamine-WT dye as 20-percent 

solution by weight (specific gravity of 1.19), in 
mL; 

K = 1.713, which is a constant based on n = 24 
samples, c = 10 p a ;  

Pax Cd = 2.38 x 10 pg/L and units conversion; 
t = sampling interval (same as ADR punch cycle), in 

minutes; and 
Q,, = trigger discharge, in ft3/s. 

The dye-injection take was then determined. 
Injection of the dye in concentrated form presented several 
problems. The concentrated dye is viscous and could clog 
pump heads and l i  if it dried. Pumping rates also would be 
low, and any fluctuation in a low pumping rate could have a 
large percenteffect on the quantity of dye injected and on the 
final discharge computation. When the dye was diluted wilh 
distilled water, the dye mixture was less viscous, and the 
pumping rate had to be increased to keep the actllal quantity 
of dye being injected the same. The faster the pumping rake, 
the less effect a small change in the rate would have on 
discharge computations. Therefore, the dye injection rate 
should be as fast as the size of the dye container and the 
sampling interval will allow. However, the total amount of 
dye plus water should not exceed 80 percent capacity of the 
dye contalner so the dye and water can be adequately mixed. 
The pumping rate was estimated, based on the container sizc 
and pump being used Then the pump was set and the exact 
injection rate determined fmm a pumping test The volume 
of dye/water mix (Vdw) then was determined from the 
following equation 

where 
Vdw=,volume of dyelwater mix, in mL; 
q = Injection rate of dyelwater mix in mL; and 
n = 24, the number of samples taken. 



The volumes of dye and water were not precisely 
measured in the field. Rather, a volumeofdye approximately 
equal to thatcomputed was poured into the dyecontainer and 
then, using the approximate scale on the dye container, water 
was added until the volume of dydwater mix equaled that 
computed. The solution was thoroughly mixed and a sample 
collected The appmximate dilution (Dl =, V p d W )  was 
recorded on the bottle for later use. The preclse value of Dl 
was determined later as described in the Discharge 
Computation section. 

Site Servicing 

Routine servicing depended on whether the system 
had been triggered or not During any inspection the sampler 
always was serviced before the injection pump to avoid 
contamination of sample bottles with dye. An explanation of 
how equipment was serviced andan example field fwm (fig. 
17) are in the Supplemental Information section (Checklist of 
insrmctions and ftetd €om) at the back of &is repon 

Laboratorv Operations 

Sample Analysis 

Samples were sent to theDistrict laboratory in Iowa 
City as soon as possible after they were collected. The 
sample of dye injection mixture corrarponding to the stream 
samples was precisely diluted three more times in the 
laboratory (D2, D3, D,) to withi the expected range of 
slream sample concennations. The fluommeter was 
catibrated with standards prepared &om the concenuated dye 
( 2 0 - p n t  solution), and readings were taken for all 
samples. The readings were adjusted to read as dye 
concenmtion based on the h w n  standards, and then the 
background concentrations of fluomerne were suhlracted 
fmm the shPam sample concentrations. These f d  
concenaations (C4 - injection mixture, and c - stream 
samples) and the laboratory dilution factors were used 
directly in the computations ofdischarge. 

Discharge Computation 

whm 
C4 = dye concentration, From fluorometer reading, 

of thedyelwater mixtureafter four dilutions, Dl 
- done in the field, and D2, D3, D4 - done in the 
laboratory; 

c = dye concentration, from fluorometer readings, of 
the stream samples (adjusted fluorometer 
reading minus background fluorescence); 

SG, = specific gravity of the dyelwater mixture 
(from equation 10) after the first dilution, Dl, 
which represents the injection mixture of 
concentration C, and is computed from 
equation 9; and 

Dl, Dz, D3. DA = dilutions for each step, 1,2,3, and 
4 of a senal d~lution. 

?he specific gmvity, SGI, usually will be close to 
1.00 depending on the quantity of the first dilution. It can be 
estimated from the approximate values of Vd and Vdw 
marked on the o r i w  dye injection mix sample bottle as 
follows 

(SGdVd) + (SGwVw) 
SG, = 

"dw 
(8) 

where 
SGd= specificgravity of dye solution, which is 1.19 

for rhodamine-WT 20 percent by weight; 
Vd = volume of dye solution, in mL; 
SG, = specific gravity of water, which is 1.00; 
V, = volume of water, in mL; and 
Vdw = volume of dydwater mixture (Vd + V,), in 

mL. 

For computation of equation 7, more precise 
determinaiions of Dl and SG, weremade using the equations 
shown below. 

Equation 1 has been rewritten by Kilpah-ick and 
Cobb (1985, eq. 11) so that discharge can be computed and 
directly in terms of the fluommeter readings and laboratory 
dilution factors. A similar equation with actual SG, = (SGdD1) +SGw (1 -Dl) 
concenttations in place of direct fluommeter readings was 
used to compute discharge for this study. It is shown below. 



A laboratory form (fig. 18) for wading 
f lumete r  readings and making discharge computations 
was developed and is shown in Supplemental Information 
section (laboratory form) at the back of lhis  rep^. 

SITE STUDIES: DESCRIPTIONS, 
RATINGS, AND STREAMFLOW 

HYDROGRAPHS 

Discharge data were collected for 14 flows at 6 of 
the 8 stations during the 3-year study, although not all were 
considered usable. With the aid of ATD measurements, 
rating curves were completed at sites 1 and 3, and partially 
completed at site 4. Sites 2.7, and 8, each with one set of 
discharge data, showed pmblems apparently because of 
incomplete mixing and dye loss to sediment. No discharge 
data were collected during two high flows at site 5, and no 
flows above trigger discharge occurred at site 6 during the 
time that ATD equipment was installed. 

Stage hydrograph data were collected on 38 flows 
at 7 of the 8 stations. Several of these flows were only high 
enough to trigger the ATD system before receding. 
Discharge hydrographs were developed for stations with 
completed ratings. Rating curves and hydrographs are 
discussed for a h  of the stations demibed below. 

Silver Creek at Welton - Site 1 

The basin drains a 9.03 mi2 area of the Southem 
Iowa M t  Plain that is steeply to slightly mlling with ratal 
relief of about 180 ft. It is about a 1.5 hour drive from the 
Iowa City office. There are no other gaging stations in the 
area The station was established in 1965, and by 1986, a 
good peak gageheight record had been obtained However, 
no stage-dischargerating was ever established, since only one 
low-flow and one high-flow discharge measurement were 
made during that time. Medium-flow measurements were 
needed to complete the rating. 

The stagereconling structure was mounted 
alongside the existing CSG on the downsaeam side of the 
U.S. Highway 61 bridge. Because of low banks upsaeam 
andanotherbnidge 800ftdownstream.it was decided toplace 
the met-injection m t u r e  at the U.S. Highway 61 bridge 
and the stream-sampling structure at the downstream bridge. 
Access to both s h l l c m  was easy, but, b s e  discharge 
and gage-height data were collected at different lccations, 
time of navel W e e n  the two locations had to be accounted 
for when match'mg gage heights to each of the stream 
samples. The injection system origidy consisted of a dual- 
head pump and dual, in-line nuzzles. The sampler was 

triggered by a radio signal and the injection pump was 
triggered by a wire connection. Tbe radio trigger worked 
well despite vegetation between transmitter and receiver. 
Results obtained at this station illustrate the potential of the 
ATD method for measuring discharge. 

A medium-flow event triggered the ATD 
equipment shordy after it was insialled in June 1986: 
however, those samples were contaminated by a large flood 
in July before the station was serviced. A contracted-opening 
measurement was made for the flood at the bridge 
downstream of the CSG. Anciher set of samoles was 
obtained from aharkfull flow in September 1986. iheiATD 
measurements defmed a loop rating (fig. 19). The discharge 
and gageheight hydrographs (fig. 19), illmuate how the 
discharge peak preceded the gageheight peak for this flood. 
The rate of change in stage, which apparently caused the heloop 
rating, varied from +4.0fyhr(feetper hour) on the rise to -2.2 
fVhron the recession. Using the gageheight hydrograph and 
the AQ/J pmedure described by Kennedy (1984, p. 26-37), 
the ATD measurements were adjusted for the rate of change 
in stage as shown. 

The contracted-opening measurement and adjusted 
TD measurements for 1986 are. plotted on the rdting k in figure 7.0, and indicate a shift to the left from the 

ted-opening measurement made in 1971. A 1987 
stepbackwater analysis plots well in relabion to the ATD 
measurements and, to a lesser extent, the 1986 indirect 
measurement Channel cross-section data from the step- 
backwater analysis indicated that the downstream chmel 
had filledconsiderably since 1971, thusconfuming therating 
shift Two final ratings were developed. Rating 2 was based 
on measurements made since 1986and the shape of the step- 
backwater analysis. Rating 1 was developed from one low- 
flow and one high-flow measurement and the shape of 
Rating 2. 

After ratings were established, the equipment was 
left at this site to study the loop rating at lower gage heights. 
The base gage height and trigger discharge were reduced by 
lowering the stiumgpipe. The dual-head pump was replaced 
by a singlehead pump and the dual-point, horizontal 
injection line has been replaced by a singlenuzzle, riser-type 
line. 

East Branch Iowa River Above Havfield - 

The drainage basin for this station is 2.23 mi2 and is 
in the Das Moines Lobe landform region. The W p h y  is 
flat with pa natural drainage. Total relief is about 50 ft and 
rhe channel has been dredged upstream and downstream 
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from the gage. Travel time from the Fort Dodge field office 
is about 1.5 horn. The station originally was established in 
1952, and was re-e.sIablished in 1971 after the bridge was 
replaced with a 9-ft CMP (cormgated metal pipe) culvm 
Since 1971 only four low-flow current-metur measurements 
have been made. A stagedischarge rating is difficult to 
establish because of backwater 6um vegetation in the 
channel during the growing season. Thebmm of the culvert 
has filled in about 1.25 ft, to a level that is even with the 
channel bottom. 

The stagewrding box was installed on an 
abandoned CSG pipe at the downstream end of the culvm 
The tr;tcer-injection component included the structure on the 
upsheam road embankment, a single-head pump with flow 
splitter, and a dual-risw injection line at the upstream end of 
the culvert M i g  distance was approximately 70 f t  The 
sampler was installed on the downstream embankment near 
the stage recorder. All connections to the signal system were 
hard-wired, with the hwer-injection signal wire going 
through the culvert 

After equipment was installed in July 1986, four 
flows were recordzd. k of the flows o c c d  in fairly 
quick succession during September and October 1986. The 
site was not saviced until after the hiid flow, and only one 
set of samples was obtained. The fourth flow was m d e d  
the following spring before the injection and sampling 
equipment were reinstalled. No flows above the base gage 
height have occurred since that time. 

Samples were collected and discharges computed, 
but the remlts are questionable. The first few measurements 
plotted reasonably well on the rating d i m ,  but the 
remaining mtmtmnents are scattwed and generally plot on 
a flauer slope than expected. According to calculations, the 
mixing distance was adequate, although only 70 feet. An 
unequal split from the injection mzzles could be a caw of 
inadequate mixing and the questionable results. 

The stage-recording structure was mounted on a 
bridge abutment, near the existing CSG, with an intake to the 
s(iuing pipe. The lram-injection snucture and line were 
about 300 It upstream, justdownsaeam from an old highway 
and bridge, which made servicing easy. The original dual- 
point, haimntal injection line was washed out and the dual- 
headpumpruined by afloodduring 1986. A m n d  injection 
system consisted of a single&eadpump with flow splitter and 
adual-liser line. The saeam-sampling s h u c w  was next to 
the bridge wingwall near the CSG. Both the dye injection 
pump and water sampler were hard-wired for signaling. 

Some favorable results were obtained at this site 
using the ATD method Thm sets of measurements were 
made during 1986 and 1987 and are shown on the rating 
diagram in figure 21. Only the first pan of the large flood of 
June and July 1986 (fig. 22) was sampled before sampler 
capacity was depleted because of the slow rise. However, the 
slow rise enabled field pwnnel to make cmnt-meter 
m m m e n t s  on the peak and recession of the flood. All of 
these measurements (fig. 21) were used to define rating 2. 
Rating 1 was extended upwardon the basis of the new rating. 

In July and August 1987 hvo more sets of ATD 
samples were obtained using a singlehead pump and flow 
splitter. The results arenot as fa~rablle. As a whole, the July 
ATD measurements agree with two current-meter 
measurements made in August, and all of these 
measurements together define a shift rating between Ratings 
1 and 2. However, the ATD measurements are somewhat 
scared on the plot Measurements made during the flow in 
August 1987 (fig. 22) follow the popw slope, but plot to the 
left of the current-meter measurements made the following 
day (fig. 21). Mixing distance was the same for all ATD 
measurements and was adequate for the June 1986 ATD 
measurements with the dual-head pump. For the 1987 ATD 
measurements, however, mixing appears inadequate. If the 
flow splitter was not dividing the flow proply, this would 
have the effect of incming the required mixing distance. 

West Beaver Creek at Grand Junction - Middle Raccoon River Tributaw at Carroll - 

The drainage basin of this station is 12.6 mi2 and is 
in the Des Moines Lobelandfm region. The upper one-half 
of the basin drains a hilly area of moderate relief (abut 
100 ft), although channel slopes are not steep. The lower 
onehalf of the basin genudly is much flatter and has low 
relief(about 40 ft) and flat channel slopes. It is less than a 1- 
hour drive from the Fort Dodge field ofice. A CSG was 
installed at this station in 1966. When this stildy began, the 
rating was old and not defined for high gage heights. 

This basin drains a 6.58 mi2 am near the border 
between the Southem Iowa Drift Plain and the Des Moines 
Lobelandfcmn regions. Thebasin generally is hilly with total 
relief of more than 200 ft, but the valley is wide and the 
channel slope mild upstream and downsheam from the gage. 
Thechannel is uniform with steep banks and appears to have 
bocn shaightened A CSG was installed at this site in 1966 
and oparued until 1978 when the bridge was replaced. The 
CSG was re-installed in 1979. Fmm then until the beginning 
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of this study, only three fairly low current-meter 
measurements were made, despite repeated auempts to make 
medium- and high-flow measurements. 

The stage-recording structure was mounted onto 
the existing CSG pipe on the left downstream bridge pier. 
The taxer-injection smture was installed at the top of the 
left bank about 5 0  ft upsheam from the CSG, and the 
sheam-sampling structure was near the left downsheam end 
of the bridge. Originally, the signal component was 
completely hard-wired, and the taxer-injection component 
consisted of adual-head pump with dual in-Sine mvJes. The 
pump was destmyed by high watw in June 1986 and was 
replaced with a single-head pump and flow splitter. Aftex 
several events with only fair results and repeated wire 
breakages, a single-risw injection line and a radio signal 
device for the injection component were installed in July 
1988. A solar panel aiso was instailed at that time to prevent 
baaeiy drain from the radio receiver and to eliminate battery 
switching. 

Few usable ATD discharge measurements were 
made at this station, although a substantial number of flows 
occurred and were recorded by the ADR. Two sets of 
samples were obtained in June 1986 with the dual-head 
pump. The fust set showed a considenble loss of dye, 
possibly to sediment as the samples were not decanted but 
remixed when the station was serviced. The second set was 
ruined, along with the sampler and injection pump, during the 
large flood of June 29, 1986. A contracted-opning 
measurement was made of that flood and is shown on the 
rating diagram in figure 23 with the usable ATD 
measurements made aftex that time. AU ATD measurements 
shown are for the single-head pump and flow splitter. The 
August 12, 1987, ATD measurements are scattered and 
considered marginal. However, they do show the expected 
bend in the rating when flow exceeds bankfull. The ATD 
measurements of August 16 and 25,1987, and June 8,1988, 
follow the slope of the iating and generally plot within the 
range of the current-meter measurements made. Equipment 
malfunctions and operatiwal e m  prevented measurements 
at higher gage heights. False triggering of the radio receiver, 
resulting in loss of injection solution during low flows, may 
have been a problem as well. 

During the project 16 separate flows above base 
gage height were m d e d  by the ADR. The peaks are fairly 
well dishibuted between the base gageheight of about 17 ft 
and the maximum flood peak of abut  25 ft Gage-height 
hydrogiaphs for the flows with ATD measurements, 
discussed above, are shown in figure 24. 

South Otter Creek Tributarv near Woodburn - 

This basim drains a 0.71 mi2 upland plateau area of 
the Southern Iowa Drift Plain. Channel slope is steep and 
basin relief is about 80 f t  It is about a2.5 hour drive from the 
Iowa City office. The starion originally was established in 
1953 with the CSG located on a timber and pile bridge. An 
excellent gage height record was obtained until 1985 when 
the bridge was replaced with a 9-ft CMP culvert Only two 
low-flow current-metex measurements and one high-flow 
kdimt measurement were made before 1986, and the mItng 
was never defined. 

A wooden platform was built on top of the 
downsheam end of the culvert to mount the stage-recording 
and stream-sampling smauas. The channel upstream from 
the culvert did not provide a particularly good mixing reach 
(non-uniform channel) and was in an area heavily used by 
cattle. Therefa, the ther-injection shucture was placed on 
the upsheam embankment with a riser-typ injection tine 
anchored at the upstream end of the culvert To compensate 
for the high velocities expected through the 70 ft culvert, a 
three-point injection line and three-way flow splitter were 
mshucted. Spacing between the injection points was based 
on the culvert flowing one-half full. Hard-wiring was used to 
make all signal connections 

Stage hymographs were recorded for two flows 
since equipment was installed in June 1987, but no ATD 
measurements were made foreitherflwl. A loose section of 
tubing jammed the dye injection pump during a June 1987 
flood and no dye was injected, however, the samples 
collected were useful in thestudy of background fluorescence 
discussed wlier. The sampler maifunctioned during a flow 
in August 1987. No flows above the base gage height have 
occurred since that time. Indirect culvert measurements were 
made on both of the abovementioned flows, and a 
September 1986 f l d  No rating for present conditions has 
yet been developed. 

South Fox Creek near West Grove - Site 6 

This station has a drainage area of 12.2 mi2 in the 
Southem Iowa Drift Plain landform region. The topography 
is hiUy throughout and totai basiin relief is about 140 f t  
Driving time fmm the Iowa City office is a b u t  2.5 hours. 
One low-flow and one high-flow measurement have been 
made at this station since it was established in 1966. 



P
re

li
m

in
ar

y 
ra

tin
g 

1 

A 
A

U
TO

M
A

TI
C

 T
R

A
C

E
R

-D
IL

U
TI

O
N

 M
E

A
S

U
R

E
M

E
N

T-
 A

U
G

 1
2,

19
87

 

0
 

A
U

TO
M

A
TI

C
 T

R
A

C
E

R
-D

IL
U

TI
O

N
 M

E
A

S
U

R
E

M
E

N
T-

 A
U

G
 1

8.
19

87
 

0
 

A
U

TO
M

A
TI

C
 T

R
A

C
E

R
-D

IL
U

TI
O

N
 M

E
A

S
U

R
E

M
E

N
T-

 A
U

G
 2

5,
19

87
 

0
 

A
U

TO
M

A
TI

C
 T

R
A

C
E

R
-D

IL
U

TI
O

N
 M

E
A

S
U

R
E

M
E

N
T 

- J
U

N
E

 8
,1

98
8 

C
U

R
R

E
N

T-
M

E
TE

R
 M

E
A

S
U

R
E

M
E

N
T 

C
O

N
TR

A
C

TE
D

-O
P

E
N

IN
G

 M
E

A
S

U
R

E
M

E
N

T 

1 
I

 
I 

I 
I 

I 
I

I
I

I
 

I 
I 

I 
I 

I
 I 

I
l

l
 

I 
I 

I 
I 

10
0 

1,
00

0 

D
IS

C
H

A
R

G
E

, I
N

 C
U

B
IC

 F
E

E
T 

P
E

R
 S

E
C

O
N

D
 

F
ig

u
re

 2
3

.-
-C

o
m

p
a

ri
s

o
n

 
o

f 
au

to
m

at
ic

 t
ra

c
e

r-
d

il
u

ti
o

n
 

m
e

a
s

u
re

m
e

n
ts

 w
it

h
 p

re
li

m
in

a
ry

 r
a

ti
n

g
 c

u
rv

e
 f

o
r 

M
id

d
le

 R
a

c
c

o
o

n
 R

iv
er

 t
ri

b
u

ta
ry

 a
t 

C
a

rr
o

ll
, 

Io
w

a
 (

s
it

e
 4

).
 



GAGE HEIGHT -15.00, IN FEET 

N P m 



The stage-wording structure was mounted ncxt to 
the existing CSG on the downsueam bridge wingwall. The 
aacer-injection structure was about 350 ft upstream with a 
dual-head pump and dual-riser injection line. The stream- 
sampling structure was on the road embankment near the 
CSG. A radio-signal device was installed for the injection 
wmponent, and a hard-wire connection was made to the 
sampler. A solar panel was also installed at the injection site. 
Installation of equipment did not begin until 1987. Sincethat 
time, drought conditions have prevailed and no flows above 
the base gage height have occurred. 

P e w  Creek near Hinton - Site 7 

The basin drains an area of the Southern Iowa Drift 
Plain, and possibly pans of the Western Lms Hills and the 
Northwest Iowa Plains. It is hilly throughout, with a total 
relief of about 280 k The drainage area is 30.8 mi2, the 
largest of the basins in this study. The channel is deep with 
steep banks and most flows are contained within the channel. 
It is about a2-how drive from the Council Bluffs office. The 
CSG was moved rn this siteduring 1974 from abridge 1 mile 
upstream, where the gage had been operated since 1952. 
Before this study, no measurements had been made,althwgh 
a good record of peak gage heights had been obtained. 

The stage-rcmrding structure was mounted on top 
of the existing CSG pipe on the downstream side of the 
timber and pile bridge. Installation of the hacer-injection 
structure and the dual riser-type line was made about 250 ft 
upstream. A single-head peristaltic pump with flow splitter 
was used to inject the dye. The stream-sampling structure 
was located in the right, downstream mad ditch with the 
sample line anchored near the right edge of the channel. A 
log and debris jam at the upstream side of the bridge was 
expected to aid in the mixing p.ocess. All equipment from 
the signal component was hard-wired. Installalion was 
completed in late summer 1986. 

One high flow and several medium flows occurred 
at this station during the study. ,411 entire set of samples was 
wllected on September 19,1986, on a medium flow, so no 
samples were collected when a high flow occurred the 
following day. The hard-wire co~ections to the sampluand 
the injection pump had bmken before a small rise in the 
spring of 1987. The discharges computed for September 
1986 are shown on the rating diagram in figure 25. 
Generally, they follow the slope but plot to the left of the 
pretiinary rating based on a stepbackwater analysis. This 
indicates excessive dye in the samples for the discharges 
being measured Probable reasons are an inadequate mixing 
distance, unequal flow frwn the dual injection nozzles, or 
both. Gage heights were recorded by the ADR for all flows. 

Willow Creek near Soldier - Site 8 

This station is near the edge of the Western Loess 
Hills but drahge is mostly from the Southern Iowa Drift 
Plain. The 29.1 mi2 basin is hay with about 270 ft of total 
relief. Most flows are contained within the deep channel. 
Bank emsion and gullying are common, and sediment loads 
are high during flow events. The gage is a 1-hour drive from 
the Council Bluffs fieldoffice. No measurements were made 
Goin 1966, when the CSG was installed, until the beginning 
of this study. One low-flow, current-metermeasurement,one 
high-flow, wnnacted-opening measurement, and an 
abbreviated steptackwater analysis were made during the 
study. 

Because the channel has Med at the CSG, the 
Sage-recording structure was mounted on the left 
downstream H-piling of the bridge, on the opposite bank 
from the CSG. An intake was used so the bottom of the 
stilling pipe could be as low as possible. The tracer-injection 
structure was installed about 250 ft upsbeam on thc right 
bank. A dud-point injection line was suspended ovcr the 
channel from a rope tied between two aw. It was the only 
such installation made during the study. The injection pump 
had two heads. The stream-sampling structure was located 
on top of the left bank, just downstream from the bridge with 
a sample I'm anchwed in the flow area about 10 ft from the 
left bank. Hard-wire connections were madc to the injection 
and sampling components fmm the signal wmponent. 

Flows were recorded at this station during July and 
August 1987. Discharge samples were not collected during 
the series of flows in July because the sample line was 
plugged by mud. The last flow of July was the largest on 
record, and a contracted-opening discharge measurement 
was made to document it. The measurement was made at an 
old mad mssing about 100 fl downstream of the present 
bridge. Samples were collected in August on the rise and 
recession of a flow. The results are similar to the loop rating 
shown forsite 1 (fig. 19)exceptthatthey plot welltotheright 
of the estimated rating (fig. 26). which is based on the July 
indimt and the shape of the stepbitckwater rating. Although 
inadequate mixing might be a problem, it may not be the 
primary causeof theoffsu. Thedye was injected with a dual- 
head pump, so flow should have been equally divided 
between the nozzles, and mixing distance was adequate 
according to computations. However, sediment loads are 
high in this area of Iowa, and the gage was not serviced for 
several weeks after the samples were collected. It is thought 
that dye was lost to high wncennations of sediment in the 
water before the site was serviced, and if this was the case, the 
dye loss was about 75 pemnt. Wind drift of dye from the 
suspended injection line also could have been a source ofdye 
loss. 
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SUMMARY AND CONCLUSIONS 

A system was developed to automatically and 
concmntly measure s m f l o w  stage and discharge. A 
hacer-dilution method, with a fluorescent dye as the tram, 
was used to measure discharge. 'I% system was installed at 
eight crest-sage gage stations in Iowa using a variety of 
equipment. Although the quality of the results varied, they 
demousttate the potential for use of this type of automatic 
streamgaging. Passible factors and conditions affecting 
perfamme were identified and improvements are being 
incorporated into the site. insWo11~. Automatic tracer- 
dilution (ATD) measurements were made at 6 of 8 stations 
during 14 flow events; however, not all the measurements 
were usable. One preliminary and two final ratings were 
developed with the aid of ATD measurements. Stage 
hydrograph data, above abasegageheight, werecollected on 
38 flow events at seven of the eight stations. Limited 
information on kkground fluorescem during high flows 
was also obtained Systems were not operated when 
temperatures fell below freezing. 

The most serious problem seems to have been the 
unequal splitting of flow from a singlehead p m p  for 
multiplepointinjection of the dye. A redesign of the splitter, 
or some other part of the injection line, is needed. Until his 
is done, the foUowing procedure will be followed: (1) use 
singlepoint dye injection where possible, which also 
eliminates injection-point spacing problems; (2) use dual- 
head pumps where dual-point injection is required; and (3) 
wkre possible, sample with a manifold line to get a 
representative sample, even if mixing is inadequate (station 2 
and possibly station 5 are likely candidates). 

Samplers need to be checked and serviced 
routinely, whether they have been activated or not. Many 
samples were never collected, eqxciaUy at site 4, because of 
sampler malfunction. Solenoids that work in the shop may 
begin to stick after a few weeks in the field Plastic fittings are 
easily cracked, causing air leaks that inhibit sampler 
perfomzme. It is bast to have several spare samplers that can 
be quickly placed into service so that repair workcan be done 
in the shop insteal of the field. 

?he d o  trigger device worked well when 
triggering a sampler, but not as well for triggering an injection 
pump because of the required time delay. More work should 
be done to improve the reWdity and lengtb of the time 
delay. Where dye injection signal distances are long and 
sampling intervals are short, the radio device is considered a 
good alternative. For shoa signal distances to the dye 
injection sysm, hard-wiring can be used with some type of 
protective conduit 

M g  the last year of the project, solar panels were 
installed at a few locations. The panels insure an adequate 
power supply and eliminate the need to cany a ba~ery to a 
mou: locadoli. 

An in-line fdter system would have reduced or 
eliminated dye losses to sediment. The possible locations of 
a pressurized fdter in the Manning sampler were limited, 
however, and the problem has not been solved. Because of 
the water purge cycle, it could not be located between the 
sampler and stream. It could not be located between the 
sampler and bottles because of gmvity flow W e e n  them. 
Any fidter would require a large capacity to handle 24 
samples and still allow the necwary flow of air for the 
sampler to operate properly. Until some type of filter is 
developed, it is important to service the ATD stations 
promptly after a f l d ,  decant only clear water, and analyze 
the samples in a m n a b l e  amount of time. 

After a flow, it is important to always service the 
sampler before servicing the dye injection site. The dye is 
mcentrated and even a small amount can contaminate a 
seeam sample. While handling and sampling the dye 
mixture, it is best to use disposable gloves -- usually two 
layers This helps to eliminate the direct contamination 
problem and decreases the spread of dye to other equipment 
where it could be picked up again. It also is advisable to 
sample the dye injection mixture before and after a flow 
event This serves as acheck on whether the dyemix has lost 
any of its flumsetlce during storage in the field. 
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SUPPLEMENTAL INFORMATION 



Operation of the Relay Svstem 

A schematic diagram of the signal-system relay box is shown in figure 5. The operation of the relays are 
described below. 

Terminal 1 - always "hot". Power comes directly from battery (+) and goes to stage switch (COM), and to both 
switches (COM) of the DPDT relay. 

Terminal 2 -"hot" whenever stream is above base GH. Power comes from stage switch (NC) and goes to injection 
pump relay coil or radio transmitter (+), DPDT relay coil (through blocking diode) and SPST-1 relay switch. 
The first time the DPDT relay coil is energized from terminal 2, the relay is "locked" into that mode by power 
from terminal 1 through one of the NO switches of the DPDT relay. Simultaneonsly, power is locked to 
terminal 3 through the other NO switch. 

Terminal 3 - once system triggered, always "hot". Power comes from one of the "locked" NO switches of the 
DPDT relay and goes to ADR timer. 

Terminal 4 - once system triggered, "hot" during ADR punch cycle. Power comes from ADR micro switch on 
front of ADR; goes through SPST-1 relay coil which closes relay switch. If stream is above trigger GH, 
power from terminal 2 goes through SPST-1 switch and then through coil of SPST-2 relay. This closes SPST- 
2 switch for terminals 5 and 6. 

Terminals 5 and 6 - sampler trigger switch. Switch is closed only when stream is above trigger GH and ADR is 
in punch cycle. If sampler is hard-wired to relay box then "FLOW" port wires are connected to terminals 5 
and 6 (either way). If sampler is triggered by radio then terminal 5 is connected to "TRIG (-)"of transmitter 
and terminal 6 is connected to ground - terminals 7 and 8. 

Terminals 7 and 8 with jumper wire between -ground. Return power from all 3 relay coils, ADR timer, injection 
relay coil and radio transmitter to battety (-). If injection pump is uiggered by radio then return wire from 
SPST-2 relay coil is removed from ground and connected to "TRIG (+)" on radio transmitter. 

ADR - analog-to-digital recorder 

COM - common 

DPDT - double-pole, double-throw 

GH -gage height 

NC - normally closed 

NO - normally open 

SPST - single-pole, single throw 

Checklist of Instructions and Field Form 

A checklist of the site-servicing insmctions and the field form (fig. 17) used in this study are shown below. 

1) Check ADR; system has been triggered if: 
* timer is on 
* tape has punched beyond test values 



TERMINAL STRIP 

COM-COMMON 
DPDT-DOUBLE-POLE DOUBLE-THROW 
NC-NORMALLY CLOSED 
NO-NORMALLY OPEN 
SPST-SINGLE-POLE SINGLE-THROW 

Figure 5.--Schematic diagram of signal-component relays for system shown in figure 3. 
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2) If system does not appear to have been triggered 
* check for HWMs to make sure system didn't malfunction 
* fill out inspection on ADR leader notes 
* check all batteries - replace if less than 12.2 VDC 
* make sure sampler is on bottle and set to "FLOW 
* make sure injection pump is " O N  
* make sure sampler and injection lines are clear and secure at stream 
* record data on ATD-CSG NOTES 

If system has been triggered and stream is still above base GH: 
* make tape-down to get outside water surface; compare with ADR reading (allow for datum correction to 

ADR reading) 
* fill out inspection on ADR leader notes 
* see if all components of system are working 
* take warn samples at equal widths across sampling section (not necessary if dye jug is empty) 
* record data on ATD-CSG NOTES 
* make current-meter measurement(s) 

If system has been triggered but stream has receded: 
* check for HWMs to compare with peak reading on ADR tape 
* fill out ADR leader notes and remove tape 
* rethread tape, make test punches (make the final test punch just before the beginning of an hour on the tape), 

and fill out leader notes 
" kill system using switch on relay box, then push display or advance on timer to use up stored current 

(disconnecting battery is the same as using the kill switch) 
* check ADR battery - replace if less than 12.2 VDC (note - at some stations the ADR runs off sampler 

battery) 
* continue with instructions 3 and 4 

3) At sampler site 
* VERY IMPORTANT - make sure hands have no traces of dye. Use clean vinyl gloves if necessary. 
* turn control switch from "FLOW to "OFF" 
* note position of sampler spout 
* disconnect sample hose, "BAlTERY" line and "FLOW line 
* note which bottles have samples and if any appear to have been over- or under-filled (they should all be 

about the same) 
* beginning with bottle - tabel 250 mL bmwn bottle with station, date and bottle number; transfer clearest 

part of sample to bottle: thoroughly rinse sample bottle with distilled water if available (otherwise river 
water) and return to sampler 

* check battery - replace if less than 12.2 VDC 
* reconnect sample hose, "BA'ITERY" line and "FLOW line 
* advance sampler spout to bottle 
* VERY IMPORTANT -return control switch to "FLOW 
* record data on ATD-CSG NOTES 



4) At injection site 
* put on gloves to prevent dye stains 
* note pump rate setting (be careful not to change it) and approximate volume of any remaining dyelwater 

mixture 
* do pump-rate test with waterlalcohol mixture 
* nole battery voltage, replace if less than 12.2 VDC 
* if battery replaced or pump setting changed, repeat pump-rate test 
* compute volume of dye (Vd) required and add to jug 
* compute volume of dyelwater mix (Vdw) required and add waler to jug 
* thoroughly mix and retain sample in 250 mL brown sample bottle and label with station, date, and 

approximate dyelwater proportions 
* reconnect pump inlet line to dye jug make sure pump switch is " O N  
* record data on ATD-CSG NOTES 

Laboratory Form 

The laboratory form for recording fluorometcr readings and making discharge computations is shown below 
(fig. 18). 



FLUOROMETRIC ANALYSIS 
Constant-Rate Injection of Rhodamine WT 

(Turner Model 10 Fluorometer) 

Station: Name ; Number 
Date: Inj Sample ; Event(s) ; Sample Removal 

((02. ~3.04)target-10~)~1est - 
03 - D4 - 

Pump Tos-) : 

PF - punp factor (mL/mn/ft), GHs - OH (ft) at which inj point(s) become submerged] 

Fluorometer I Conc I Disch I 

I Blarik (time 

1 Injection (C4) 

Dl - C4/[(SGd Cd)(DZ,D3.D4)] - /[(2.38x108)( ) I  -- 
SG1 - SGd Dl + SGw(1-Dl) - 1.19( ) + 1.00[1-( )I - 

Figure 18 . - -Labora tory  form for computing au tomat ic  t racer -d i lut ion 
d ischarge  measurements  using t luorometer read ings ,  dilution factors, 
and  in ject ion r a t e s .  
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