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EXECUTIVE SUMMARY 

In the Great Plains about 15 percent of the irrigation water pumped on 
farms comes from surface water sources; for the United States as a whole, the 
figure is about 22 percent. Because of forecast fuel shortages, there is a 
need to develop alternative energy sources such as wind power for surface 
water pumping. 

Objectives: Specific objectives of this investigation were to: 
1. Design and assemble a prototype wind-powered pumping system for low­

lift (i.e.,< 15m head) irrigation pumping. 
2. Determine performance of the prototype system. 
3. Design and test an irrigation system using the wind-powered prototype 

in a farm application. 
4. Determine the size combinations of wind turbines, tailwater pits, and 

temporary storage reservoirs needed for successful farm application 
of wind-powered tailwater pumping systems in western Kansas. 

Procedure: The power source selected was a two-bladed, 6-m-diameter, 9-
m-tall Darrieus vertical-axis wind turbine with 0.10 solidity and 36.1 m2 

swept area. A caliper brake acting on a horizontal disk connected to the base 
of the rotor was used to stop the turbine; an electric motor was used to start 
it. The pump and turbine operated at variable speeds for windspeeds between 
5 and 11 m/s, while centrifugal spoilers mounted on the blades provided over­
speed control above 11 m/s. The pump was a single-stage vertical turbine pump 
connected to .the speed-increasing transmission of the turbine with flexible 
couplings. 

The prototype system was assembled and initially tested at a site con­
structed at Manhattan, Kansas. The turbine was then moved to a site near 
Garden City, Kansas, for field irrigation tests (Fig. S-1). Variables mea~ 
sured during the tests included windspeed, wind direction, turbine torque and 
speed, pumping rate, and air temperatur·e. Atmospheric pressures for computing 
air densities were obtained from local weather stations. Data were summarized 
and output was printed at 5-minute intervals during test runs. In addition, 
at Garden City daily windspeed-frequency distributions of the 1-minute average 
windspeeds at heights of 5 or 7 and 30m were obtained. 

Performance data from the short-term field experiments were used to 
develop a computer simulation model of the system shown in Fig. S-1. Hourly 
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Figure S-1. Schematic diagram of wind-powered tailwater system. 
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average windspeeds obtained from National Weather Service data over 4 years 

for July and August at Dodge City and Garden City, Kansas, were used in the 
simulation to calculate the. mass-balance of water among the tail water pit, 

storage reservoir, and irrigated field. The computer simulation was used to 
determine the effects of various sized system components on long-term system 
performance. Finally, a limited economic analysis was used to show which size 

combinations of components had the lowest initial costs. 
Results and Discussion: The initial production model of the wind turbine 

had a maximum coefficient of performance (Cp) of about 0.19 at a tipspeed 
ratio (X) of 5.25. That poor performance was caused by excessive drag on 
several nonstreamlined parts--particularly the struts. New streamlined struts 
and blades were installed, and they gave reasonable performance with a maximum 
Cp near 0.30 at X = 6. At average windspeeds > 10 m/s, the spoilers operated 
intermittently and caused a gradual decrease in Cp as windspeed increased. 

In the prototype system, there was no auxiliary power source, and the 
turbine operated at variable speed between the cut-in and rated windspeeds. 
To insure maximum output, the pump and turbine must be carefully matched. The 
procedure developed.for matching a pump and turbine can be summarized as fol­
lows: 

1. Use as the "match point" the windspeed (urn) at which maximum monthly 
wind energy occurs. urn can be easily calculated by using the Weibull 
windspeed distribution parameters. 

2. Determine wind turbine power output at urn and calculate pumping rate 

(Q) at the anticipated head tn 11'5f? the turbine power.· Assume a 
reasonable pump efficiency (np) in that calculation and recalculate 
if the selected pump np differs considerably. 

3. Select the desired pump speed (N) at urn, considering the limits 
imposed on N by the cut-in and rated windspeeds. Compute the spe­

cific speed (Ns) for the needed pump. 
4. Finally, calculate transmission gear ratio to make power demand of 

the selected pump and turbine power equal at urn. 
For an accurate match between turbine and pump, the dynamic head must be 

estimated closely and performance data for both turbine and pump must be accu­

rate. A pump with Ns of 2,550 provided a good match for our t11rbine when 
using a transmission gear ratio of 1:9.85 at the Manhattan test site. Dyn?mic 
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head was less than the design condition at 6 m at Garden City, however, and 

the pump slightly overloaded the turbine, so average X there was 5.75 at wind­
speeds below rated. 

To determine the optimum installation height for wind turbines, it is 
important to know the variation of windspeed with height. The vertical wind­
speed profile is often described by us'ing the power-law equation 

u2/ul = (Z2/Zl)a 

when u2 and u1 are simultaneous windspeeds over level terrain at heights Z2 

and Z1 above th~ surface, respectively. From the windspeed frequency distri­
butions measured at Garden City, Kansas, the least-squares regression line 
calculated for a had the form 

a= 0.2727 - 0.7 ln u1o 

where u10 was windspeed at the 10m height. Scatter in the calculated values 
for a was largest at windspeeds below cut-in and reflected seasonal changes in 
both surface roughness and atmospheric stability among other things. 

The measured efficiencies of our wind turbine system were used in the 
computer simulation, which showed that at a 5 m head, the average wind turbine 
pumping capacity (WTC) was 7,293 m3/mo per rated kW if water was always avail­
able in the tailwater pit. However, actual runoff pumped (ROP) by a wind tur­
bine depends on turbine size relative to the runoff volume (ROV) dmJ tailwutcr 
pit capacity. Thus, various combinations of tailwater pit and wind turbine 
size can be used to achieve a given performance level (ROP/ROV), as illus­
trated in Fig. S-2. The solid, constant-performance lines represent no runoff 
to the pit of wind-pumped water, whereas the dashed lines represent 25 percent 
runoff of wind-pumped water. Obviously, runoff from wind-pumped waterimproved 
performance when other factors were held constant. 

A temporary storage reservoir or ditch apparently is necessary in a 
wholly wind-powered system. The computer simulation showed that when irriga-
ting with 8-h sets, the reservoir must hold enough water to complete a set if 
all sets are to be completed. In addition, the set outflow must equal the 
maximum turbine output to prevent reservoir overflow. Thus, the needed res­

ervoir capacity depends directly on the wind turbine size selected. 
At several performance levels (ROP/ROV), the lowest initial cost system 

was calculated for wind turbines costing $800, $1 ,200, and $1 ,600 per rated kW 
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(Fig. S-2). Component costs included in the analysis were for the wind tur­

bine, tailwater pit, and storage reservoir. Earthmoving costs to construct 

the pit and reservoir were held constant at $0.92/m3 , while the pump, tower, 

tr~nsmission, and controls were considered part of the wind turbine cost. 

A brief example will clarify the utility of the simulation results. Sup­
pose it is desired to pump 90 percent of the net runoff (i.e., runoff less 
seepage and evaporation losses) from a 65-ha irrigated corn field in western 
Kansas. Further assume that the net runoff is about 50 mm (ROV ~ 32,500 m3 ) 

per month in July and August. Finally, assume that 25 percent of the runoff 
from the wind-pumped water returns to the tailwater pit. If the turbine and 
pump cost $1,200 per rated kW, then as shown in Fig. S-2, a turbine size (WTC/ 
ROV) of 1.08 and a tailwater pit size of 6 percent ROV have the lowest initial 

cost. When using a head of 5 m, WTC is 7,293 m3/mo per rated kW, so a wind 
turbine rated at 4.8 kW at 10 m/s is needed. The maximum pump output would 
be 53 L/s, so a temporary storage reservoir of about 1,526 m3 would be needed 
to insure completing every 8-hour set. 

Conclusions: We investigated the application of a Darrieus wind turbine 

mechanically coupled to a vertical turbine pump for low-lift irrigation pump­
ing and concluded: 

1. A Darrieus wind turbine and vertical turbine pump can be successfully 
matched and operated at variable speed. The procedure developed to 
match a wind turbine and turbine pump resulted in a pump efficiency 

of 60 percent or more over much of the operational speed range. 
2. Performance of the turbine tested was slightly below that expected at 

5.0 <X< 5.7, but the wind turbine attained a C of about 0.3 at X= . p 
6 .. The turbine operated stably without stalling even when the load 

was so large .that it prevented the turbine from reaching maximum CP. 
Streamlining of struts and blades was necessary to achieve reasonable 
performance, however. 

3. Partial damping of guy rod vibrations can be accomplished by differ­
entially tensioning each pair. Both the overspeed control system 
(currently spoilers) and the vibration control need further research 

and development, however. 
4. Based on windspeed frequency distributions measured at 2 heights at 

Garden City, Kansas, the calculated exponent in the power-law model 

viii 



of the windspeed profile decreased .from 0.18 at 4 m/s to 0.11 at 10 
m/s. Thus, using a variable, rather than constant, exponent will 
increase the accuracy of windspeed frequency distributions calculated 
at heights where data are lacking. 

5. Variou~ combinations of wind turbine and tailwater pit sizes can be 
used to achieve a given performance level (ROP/ROV). Consequently, 
selection of wind-powered system components should be an economic 
decision. The major components to consider are the wind turbine and 
pump, the temporary storage reservoir, and the tailwater pit. For 
performance levels of 0.8 to 0.9, the lowest initial cost systems had 
relative wind turbine sizes (WTC/ROV) which ranged from 0.98 to 1.28 
and tailwater pit capacities which were.lO percent or less of the 
monthly runoff volume. 

6. Wind-powered system performance improves if runoff from the wind­
pumped water returns to the tailwater p1t, because of increased cor­
relation between supply and demand for water. For example, to main­
tain ROP/ROV at 0.9 with a pit capacity of 7.5 percent of monthly ROV 
requires a 20 percent larger wind turbine without wind-pumped runoff 
than with 25 percent runoff. As tailwater pit size increases, how­
ever, the effect of wind-pumped runoff on performance decreases. 

7. The temporary storage reservoir must hold enough water to complete a 
set if all 8-h irrigation sets are to be completed in 8 h. Even if 
24 h is allowed to complete all 8-h s~ts, reservoir size must be 
nearly the same. If the maximum reservoir outflow could be divided 
between 2 or among 3 fully automated sets, the reservoir capacity 
could be reduced to 75 percent of that required when only 1 set is 
used. 
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INTRODUCTION 

Because of forecast shortages of natural gas and other fuels, there is a 
need to develop alternative energy sources for irrigation pumping. This report 
describes installation and testing of a Darrieus vertical-axis wind turbine 
mechanically coupled to a vertical turbine pump. The prototype installation 
was designed for pumping from tailwater pits and other surface water sources. 
Prototype performance data also were used in a computer simulation of wind­
powered tailwater systems to determine the long-term performance of various 
sized components. Finally, a limited economic analysis was used to determine 
which combination of components had the lowest initial cost. 

In the Great Plains, about 15 percent of the irrigation water pumped on 
farms comes from surface water sources (Table 1). Energy for lifting and dis­
tributing surface water on Great Plains farms accounts for 2.1 and 3.7 percent, 
respectively, of irrigation energy use (Sloggett, 1976). · Developmen.t of a 
successful system would replace some conventional energy sources. It would -~~ 

:- ,. . 
also encourage installation of new systems, particularly at tailwater pits 
where electricity is not now available. Such installations would conserve 
both groundwater and energy. 

Table 1. Average lift and quantity ot
1 

water pumped on farms by water source 
in the Great Plains, 1974.~ 

Groundwater Surface water 
State and region Lift!?/ . Amount Lift Amount 

(m) {1,000 ha-m) (m) (1 ,000 ha-m) 
North Dakota 22.9 4.07 1 o. 7 2.78 
South Dakota 21.3 6.63 45.7 13.98 
Nebraska 30.5 961 . 18 6.1 114.35 
Kansas 54.9 41 .46 4.6 12.12 
Oklahoma 76.2 111 . 84 6. 1 6.54 
Texas 61.0 1,359.55 12.2 268.65 
Montana 30.5 9.87 18.3 94.89 
-Wyoming 45.7 39.58 7.6 11.35 
Colorado 35.1 213.80 3.0 5.99 
New Mexico 106.7 239.82 1.5 13 .. 20 

Great Plains 2,987.80 543.84 
Percent of U.S. 45.0 30.0 
Total u.s. 6,671. 91 1,828.90 

~ Data of Sloggett ( 1976). 

'pj Estiil1ated statewide average weighted by number of wells at each depth. 
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OBJECTIVES 

Objectives of this study were to: 
1. Design and assemble a prototype wind-powered pumping system for low­

lift (i.e., <15m head) irrigation pumping. 
2. Determine performance of the system. 
3. Design and test an irrigation system using the prototype wind turbine 

in a farm application. 
4. Determine the size combinations of wind turbines, tailwater pits, and 

temporary storage reservoirs needed for successful farm application 
of wind-powered tailwater pumping systems in western Kansas. 

PROCEDURE 

Wind Turbine Installation 
A 6-m-diameter, 9-m-tall Darrieus vertical-axis wind turbine~ was con­

nected to a vertical turbine pump (Fig. 1). The wind turbine was mounted on a 
2.5 m-tall tower, and four galvanized steel guy rods each 2.2 em in diameter 
were connected to the top of the turbine to anchor it in place. 

The two turbine blades were aluminum, NACA 0012 airfoils with a 15.2-cm 
chord. This design gave the turbine a solidity (a) of 0.10, where a is defined 
as 

a = nc 1!/As. 

The blade length is 1, n is number of bl~des, c
1 

is chord length, and As is 
swept area (36.1 m2). 

Two different sets of blades and struts were tested. The initial blades 
were each in three sections and bolted together at the point where the support 
struts connected to the blades. Horizontal aluminum-tube struts (2.5 em in 
diameter and 1 .8 m long) were connected between the blades and center support 
column about 1.8 m from each end of the column. The second set of blades was 
of single-piece construction. The second set of struts consisted of steel 
channels near the support column and 0.65-cm-thick aluminum plates 1.0 m long 
for the outer portions (Fig. 2). The continuous blades passed through slots 

in the plates and were attached to them by epoxy resin. 
~ Wind turbine was manufactured by Dominion Aluminum Fabricating Ltd. 

of Mississauga, Ontario. Mention of a specific product is for information only 
and does not constitute an endorsement by USDA, ARS. 
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Figure 1. Darrieus vertical-axis wind turbine connected to 
vertical turbine pump. 
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Figure 2. Streamlined single-piece blades and new struts of steel angle and ~luminum 

plate. 



The wind turbine was started with a 2.25 kW, 110 v, 1 ~ electric motor 
belted to an overrunning clutch that stepped down the motor speed from 184 
rad/s (1,760 rpm) to 91.1 rad/s (870 rpm). Both the overrunning clutch and 
the turbine pump were connected to the high-speed output shaft of the speed­
increasing transmission. 

Spring-loaded, centrifugal spoilers mounted at the maximum blade diameter 
provided overspeed control during high windspeeds; they were designed to limit 
maximum turbine speed to 24.1 rad/s (230 rpm). Three of the 11.4 x 15.2 em 
spoilers were mounted on each blade. 

A caliper brake acting on a horizontal disk connected to the base of the 
turbine rotor was used for stopping. The brake system was equipped with an 
air-over-hydraulic intensifier and only 10.3 x 104 N/m2 (15 psi) of air pres­
sure was necessary to stop the turbine. The air pressure was supplied from 
either a storage bottle or a hand pump. 

A single-stage, vertical turbine pump was selected for our experiments 
(Fig. 3). It was coupled to the high-speed shaft of the transmission using 
flexible couplings to reduce alignment problems. The pump operated at vari­
able speed, depending on the windspeed. Pump performance curves along with a 
detailed example of a method for matching a pump and wind turbine are given in · 
the results and discussion section. 
Instrumentation and Data Collection 

Two test sites were used. Initially, the wind turbine was erected at 
Manhattan, Kansas, for testing, and measurements were made using the trans­
ducers listed in Table 2. A computer-controlled data acquisition system was 
used to monitor the transducers and summarize the data. All of the trans­
ducers provided signals except the flow meter. A microswitch was added to the 
meter to provide a switch closure proportional to flow rate, which was count­
able by the data system. 

The computer was programmed to integrate the transducer signals for con­
tinuous 10-s periods and store them on magnetic tapes. It also printed 5-
minute summaries of both measured and calculated variables, as shown in Table 
3. Barometric pressure from the local airport was input at the start of each 
day 1 s tests to permit calculation of air density. 

After initial tests, the wind turbine and pump were moved to a tailwater 
pit near Garden City, Kansas. At that site, the same variables listed in 
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Figure 3. Vertical turbine pump. 
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Table 2 were measured, but windspeed was measured only on a single 30-m-tall 
tower located 25 m southeast of the wind turbine. During turbine operation, 
windspeed·was measured at the height of the wind turbine center (~ 7.3 m); 
Windspeed data also were collected from two additional anemometers located at 
5 or 7 and 30 m on the tower. These anemometers were connected to a separate 
data logger, which sorted average 1-minute windspeeds into a frequency distri­
bution with 10 groups. These groups consisted of windspeeds < 3 m/s, 1.5 m/s 
increments between 3 and 15 m/s, and > 15 m/s. Once each day the windspeed 
frequency distribution was printed by the data logger. 

Table 2. Measured variables and transducers used at Manhattan, Kansas, test 
site. 

Variable Transducer Location(s) 

Winds peed Cup anemometers (3)~ At wind turbine center height 
on 3 sides of turbine 

Wind direction Direction vane (1) At turbine center height 
Wind turbine torque 
Wind turbine speed 
Pumping rate 

Rotary torque meterQ/ Between transmission and pump 
Induction rpm counterQ/ Between transmission and pump 
Propeller-type flow meter Pump outlet pipe 

Temperature Thermocouples In shade near trailer 
~ t~anufactured by Cl imatronics, model no. WM III 540. 

~ Manufactured by Lebow, model no. 1604-2k. 

Table 3. Computer summary of measured and calculated variables printed at 5-
minute intervals. 

Variable 

Time 
Mean windspeed (u) 
Eu· 2~ 
.U I 3 

Turbulence intensity (cru/u) 
Wind turbine speed 
Average power 
Tipspeed ratio (Rw/u) 
Coefficient of performance (Cp) 
Water pumped 
Air temperature 
~ir density 
~ u• indicates value obtained from 10-s integration period. 
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Units 

hour and minute 
m/s 
m2/s2 
m3js3 
dimensionless 
rpm 
kW 
dimensionless 
dimensionless 
m3/5 minutes oc 
kg/m 3 



Irrigation System Testing and Simulation 
During tests at the Manhattan site, water was pumped from a concrete sump 

through a horizontal pipe and vertical standpipe (Fig. 4). Water returned by 
gravity through a large pipe around the standpipe and then along a concrete 
trough to the sump. A vertical plate in the sump contained both a weir and an 
orifice. These were sized to permit linear drawdown of water in the sump as a 
function of pumping rate. Removal of the vertical plate permitted the system 
to be operated at nearly constant heads. 

The second test site was near the tailwater pit at the Holcomb irrigation 
field of the Garden City, Kansas, Experiment Station. At this site water was 
pumped from a vertical sump connected to the tailwater pit by a horizontal 
inlet pipe. Aluminum irrigation pipe 20 em in diameter was used to convey the 
water to the head of the field. (Additional construction details are given in 
Appendix A.) 

At the tail water pit, two irrigation methods were tested on a 1.5 ha 
grain sorghum field. The first two summers a head ditch and siphons were used 
to distribute the wind-pumped water to furrows in the field. The head ditch 
served as a temporary storage buffer to reduce furrow flow variation from the 
variable pump output. Later a storage reservoir was constructed near the head 
of the field and, during the last two summers, gated pipe was used to distrib­
ute the water (Fig. 5). 

Though the short-term field tests revealed the performance characteristics 
of particular system components, conclusions about optimum system design were 
still lacking. Consequently, the performance of various components measured 
in the field tests was incorporated into a computer simulation of the system 
shown in Fig. 5. The simulation program was then used to develop the long­
term relationships among the monthly runoff volume (ROV), runoff pumped (ROP), 
wind turbine pumping capacity (WTC), and pit storage capacity in western 
Kansas. The WTC was defined as the average monthly volume of water a wind 
turbine could pump if water was always in the pit. Of course, ROP was usually 
less than WTC, because the pit was sometimes empty. 

A second task of the simulation program was to determine the minimum size 
of storage reservoir needed to complete a high percentage of the irrigation 
sets. The effect of using various numbers of sets on needed reservoir storage 
also was explored. Finally, the sizes of system components having the lowest 
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combined initial cost were determined for various performance levels (ROP/ 

ROV). 
In the computer program, the mass-balance of water was calculated on an 

hourly basis. An abbreviated flow chart simulating the use of a single irri­
gation set is shown in Fig. 6. As the driving input, 4 years of hourly July 
and August windspeed data from Dodge City and Garden City, Kansas, were used. 
These locations were chosen because their windspeeds are typical of much of 
the irrigated area in western Kansas (Reed, 1975). Most irrigation pumping 
occurs in the 2 months selected. 

At the beginning of July, the tailwater pit was assumed to be at 50 per­
cent capacity from rainfall or previous irrigation runoff. When to irrigate 
from the tailwater pit was based on the long-term weather records. Bark 
(1963) has shown that the chances of receiving 71 mm of rain in a given week 
in western Kansas are always < 5 percent during July and August. Thus, rain­
fall rarely replaces the 75 to 100 mm needed to fill the soil profile in a 
typical irrigation. For this reason, in the simulation program, pumping from 
the tailwater pit was permitted whenever windspeeds were between the cut-1n 
and cut-out windspeeds of the wind turbine. 

To determine the influence of timing of runoff to the tailwater pit, two 
variations were simulated: (a) a co~stant runoff rate, and (b) constant run­
off rate plus 25 percent runoff from the wind-pumped water starting 2 hours 
after irrigation began and ending 2 hours after irrigation ceased. 

The program also simulated operation of 1, 2, or 3 sets to accommodate 
maximum outflow from the reservoir. When simulating 3 sets, each set would 
accommodate a third of the maximum flow, but during periods of low or moderate 
windspeeds, less than 3 sets would be activated. Thus, with multiple sets, 
outflow and area irrigated increased as average windspeed increased, whereas 
with a single set, maximum outflow occurred whenever the set was activated and 
the maximum area was irrigated irregardless of average windspeed. Maximum out­
flow from the reservoir was chosen equal to the maximum wind turbine pumping 
rate. 

When a single set was used, irrigation was started when the storage res­
ervoir was full. When more than a single set was used, the initia 1 sets were 
started soon enough so that the reservoir would hold 95 percent of the fluc­
tuations in pumping rate about the mean set outflow without activating an 
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Figure 6. Abbreviated simulation program flow chart. 
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additional set. The volume of water (V) that must be stored from a 5-minute 
fluctuation is 

V = Q(l + 2 au/u) 3!; dt, 

where Q is mean pumping rate {equal to set outflow), au/u is turbulence inten­
sity of the 5-minute windspeeds, and t is time in minutes. The standard 
deviations (a ) of the 5-minute windspeeds from the hourly mean windspeeds 

u 
were determined for several days during irrigation tests, and an average 
value of au/u = 0.08 was used in the simulation. 

Simulation of the wind-powered tailwater system showed that a given per­
formance level (ROP/ROV) could be achieved by using various combinations of 
pit and wind turbine sizes as illustrated qualitatively in Fig. 7 .. Hence, 
additional calculations were made to determine the lowest initial cost combi­
nation of a wind turbine, tailwater pit, and storage reservoir. The total 

cost (Ctot) is 

ctot ~ ct + cr + cw' 

where Cr and Cw represent the cost of the reservoir and pit, respectively. 
The term Ct represents the cost of the wind turbine, pump, transmission, and 
associated controls for the system. 

Analysis of the simulation results showed that needed reservoir size was 
dependent on wind turbine size. Hence, the cost computations were simplified 
by expressing reservoir cost in terms of wind turbine size. ·For a square 
reservoir with' a 1.83 m height, 1.83 m top width, 3:1 interior slopes and 2:1 
exterior slopes, the approximate cost is 

Cr = a2 4A(L + 7.10). 

In terms of reservoir w.ater volume (Sr) 

Cr = a2 4A[(Ar/Hr) 1/ 2 + 7.10], 

where L is reservoir interior length, A is cross-sectional area of the reser­
voir wall (~ 11.7 m2 ), a2 is earthmoving cost (assumed $0.92/m 3 ), and Hr is 
maximum water depth (1.52 m). 

The volume of the reservoir was selected to give 8 hours of storage at 
the rated wi ndspeeds of the wind turbine. For a 5 m pumping head and curn­

bined pump and transmission efficiency of 0.54, the reservoir size is 
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sr = 317.6 st, 

where St is wind turbine rating in kW. To conform to the simulation results, 
it is also desirable to introduce WTC and ROV into the cost equation. At 
Garden City, Kansas, with 5 m of head and a rated windspeed of 10 m/s, 

WTC = 7,292.5 St. 
Then, 

Ctot a1 WTC a2 4A "317.6 1 WTC 1/2 7.101 a2 Sp 
ROV = 7,292.5 ROV + /ROV ~7,292.5 Hr ROV) + /RovJ + ROV' 

where Sp is volume of the tailwater pit in m3 , and a1 is cost of turbine and 
pump in dollars per rated kW. 

Differentiating the preceding equation gives 

[ 
a1 317.6 1/2] d(WTC/ROV) 

7,292.5 + a2 2A(7,292.5 Hr WTC) _ d(Sp/ROV) + a2 = O. 

The simulation results (Fig. 7) were fitted to cubic polynominal equations 
such that 

WTC I sn I sn 2 I sp 3 
ROV = a• + b (ROV) + c (ROV) + d (ROV) 

Differentiating WTC/ROV and substituting then gives 

r- a 1 + 3 • 64 J r:b I + 2 I (__l) + 3d I (2)21 + 0 • 92· : 0 • 
L7,292.5 (WTC)1/2 L c ROV ROV J 

This is a quadratic equation whose smallest roots represent the tailwater pit 
sizes of the lowest initial cost systems. 

RESULTS AND DISCUSSION 

Wind Turbine Performance 
Initial tests of the wind turbine revealed that power output was less 

than predicted by the manufacturer. The initial production model turbine had 
several nonstre~mlincd parts. These parts incl1Jded cylindrical struts, blade 
joints, and exposed nuts and bolts, for which we estimated the drag coeffi­
cients to be 1.0, 0.8, and 0.6, respectively. Using the measured area of 
these parts, we calculated the power loss (P~) to be 

P~- 12.75 X 10- 6 X3u3
, 

where u is windspeed in m/s and P~ is in kw.· The ratio of tipspeed to 
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windspeed (X) is defined as 

X = Rw/u, 

where R is blade radius and w is rotational speed. The struts, joints, and 
bolts accounted for 92, 2, and 6 percent, respectively, of the calculated 
power loss. 

Subtracting P
2 

from the expected turbine performance indicated that the 
maximum coefficient of performance (Cp) would be about 0.19 at X equal 5.25 
(Fig. 8). That agreed well with our measurements of CP for the nonstreamlined 
blades (Fig. 9). In this study·CP was defined as 

cp = actual power/theoretical power, 

where theoretical power is l/2 As pu 3 and p is air density. The actual wind 
turbine power was calculated from the measured power assuming the transmission 
was 90 percent efficient, because the torque measurements were made at the 
transmission output. 

To investigate drag effects further, the lower struts, joints, and bolts 
w~re streamlined with aluminum sheathing. That significantly improved both X 
and CP, as shown by the measurements of partial streamlining in Fig. 9. Be­
cause of the probability of improved performance, new single-piece blades and 
streamlined struts were purchased. 

Near completion of tests with the initial blades, there was a structural 
failure of either a guy rod or an upper strut. One of the blades struck the 
guy rod and the impact tore the blade from the turbine. Because the impact 
broke the guy or it had failed from fatigue, the turbine fell to the ground. 
The brake casting also was broken as the turbine fell. 

Repairs were made and new blades installed. Tests with the new blades 
and struts showed that their streamlined construction improved performance 
(Fig. 9). The CP was still slightly lower than that predicted by others (e.g., 
Fig. 8), in the range of X from 5 to 5.7. Additional investigation is needed 
to determi~e why that was so. Even higher values of CP than shown in Fig. 8 
have been attained by Sandia researchers using NACA 0015 airfoils on a two­
bladed turbine with 0.15 solidity (Sheldahl, Klimas, and Feltz, 1980). Because 
we had limited ability to vary the load by varying the dynamic head, the full 
range of X was not explored. 
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CP varied with windspeed in each of the test configurations (Fig. 10). 
The decrease in CP at average windspeeds > 10 m/s was caused by intermittent 
spoiler operation. Operation began during gusts, and the sound of spoiler 
operation could easily be detected because the spoilers struck the blade each 
time they closed. Initiation of spoiler operation was usually detected when 
the turbine speed reached 20 rad/s. The spoilers did not appear suitable for 
long-term continuous use because they were fastened to the blade with pop 
rivets that worked loose after repeated cycles. Also, the hinge points were 
not designed for durability 

The dip in Cp at low windspeeds in the partial and nonstreamlined cases 
was caused by intermittent slipping of a centrifugal clutch placed ahead of 
the torque meter. This clutch was replaced by a solid shaft in tests of the 
streamlined blades, and Cp remained high at low windspeeds. (Data with the 
clutch slipping were not included in Fig. 9.) Finally, the dip in CP at mod­
erate windspeeds with the streamlined blades was caused by the pump overloading 
the wind turbine and reducing X from the optimum. This will be further illus­
trated in the next section. 
Matching a Pump and Wind Turbine 

Pumps can be fully explained only in books (e.g., Stepanoff, 1957; 
Karassik et al., 1976). Here we will discuss briefly some of the factors to 
consider in making a pump selection and then outline the procedure we used to 
select a pump for our turbine. Finally, some of the test results will be pre­
sented. 

For traditional wind-powered piston pumps, the pump power demand (Pp) and 
rotational speed (N) are related as 

b p a: N ' p 

where 11 b11 is near 1. In contrast, for turbine pumps 11 b11 is near 3. Because a 
wind turbine also produces power proportional to N3 at constant tipspeed ratio, 
a wind turbine coupled to a turbine pump is a more efficient system than a wind 
turbine coupled to a piston pump, when the pump and turbine are coupled by a 
constant ratio transmission and operated at variable speed. 

A similarity criterion that determines many operating characteristics and 
dimensions of a turbine pump is the specific speed (Nr), which is defined at _, 
the pump•s best efficiency point as 
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N = N/Q/H0-75 s . , 
where the units N in rpm, Q in gal/min, and H in feet of head are used in 
U.S. practice (Karassik et al ., 1976). Turbine pumps used for on-farm irri­

gation pumping usually have moderate Ns, ranging from about 1,500 to 5,000. 

The effect of Ns on power demand with varying flow is illustrated in 
Fig. 11. Three distinct patterns of pump behavior are apparent. At a fixed 
speed of the pump with Ns of 4,000, the head-discharge relation is such that 
it requires nearly constant input of power regardless of variation of head. 
Thus, this pump is closest to the P ~ N3 relation of the wind turbine, and 
the turbine will operate at nearly constant tipspeed ratio (X). 

For pumps with Ns less than 4,000. the exponent in the power speed rela­
tionship is slightly greater than 3. This has some advantages, however. By 
matching the pump and wind turbine power at some intermediate N, the starting 
torque will be low, while the high pump power demand at high windspeeds will 
help to control overspeed of the turbine. Thus, a low Ns will tend to reduce 
X as windspeed increases and permit the pump to operate over a slightly larger 
range of windspeeds than it does with constant X operation. 

For a turbine pump coupled to a wind turbine with a fixed ratio trans­
mission, the design variables are windspeed regime, choic·e of pump, and selec­
tion of the gear ratio. The steps in the matching procedure can be summarized 
as follows: 

1. 

2. 

3. 

4. 

Use as the 11match point 11 the windspeed urn at which maximum monthly 
wind energy occurs. urn can be calculated from the Weibull windspeed 
distribution parameters. 
Determine wind turbine power at urn and calculate necessary pumping 
rate (Q) at the appropriate head to use the turbine power .. Assume a 

reasonable pump efficiency (np) in the calculation and recalculate if 

the actual np of the pump differs greatly. 
Select pump speed (N) at u by considering the limits imposed on N by . m 
the cut-in and rated windspeeds. Compute the specific speed (Ns) for 
the needed pump. 
Calculate the transmission gear ratio to make the pump power demand 

and wind turbine power equal to urn. 

The Weibull distribution is widely used to describe the windspeed proba­

bility distribution (e.g., Justus, Hargraves, and Mikhail, 1976) and has the 
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form 

where K is a dimensionless shape parameter and c is a scale parameter with 
units of velocity. Monthly energy probability distribution E(u) is a function 
of the windspeed probability and given by 

E(u) = 730 (p/2) u3 f(u), 

where p is air density and 730 is average hours per month. Differentiating 
and setting the result equal to zero give the solution for urn as 

_ (2 + K)l/K urn - c K . 

In an earlier report Hagen, Lyles, and Skidmore (1979) calculated monthly 
c and K values for most of the weather stations in the Great Plains. Values 
for c, K, and u for some stations in the irrigated area of Kansas and Texas m . 
are shown in Table 4. In addition, the energy densities for 1 m/s windspeed 
increments are shown in Fig. 12. These data illustrate that highest pump 
efficiencies must occur near u to maximize monthly water pumped. m . 

Table 4. Example of Weibull parameters and.calculated urn at three locations. 

Location Month 

Dodge City, Kansas 7 
8 

Garden Cily, Kansas 7 
8 

Amari 11 o, Texas 7 
8 

c 
(m/s) 
6.96 
6.96 
7.25 
7.32 
6.10 
5.67 

K 

2.45 
2.70 

2.48 
2.69 
2.39 
2.42 

(m/s) 
8.88 
8.55 
9.20 
9.00 

7.87 
7.27 

For the three stations, the average July and August urn is ·8.5 m/s. The 
corresponding turbine power at the pump is 3.5 kW. We anticipated a head of 
6.1 to 7.6 m, and maximum np was assumed to be 75 percent. Maximum pump speed 
was chosen to be 215 rad/s (2,060 rpm), to occur at a rated turbine windspeed 
of 11 m/s. Thus, Nat urn should be (8.5/11)215 or about 166 rad/s. Maximum 
pump speeds are restricted by critical shaft speeds and cavitation problems. 
(For a discussion of these factors, see Stepanoff, 1957.) With the preceding 
assumptions, we can calculate Q and Ns (Table 5). 
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Table 5. Example of calculations for pump selection procedure. 

N H Q Ns 

(rad/s) (rev/min) (m) (ft) (m 3/s) (gal/min) (rev 1o.s . -l.Sft0.75) ga m1n 

166 1,585 6.1 20 .044 697 4,423 

166 1,585 7.6 25 .035 557 3,347 

Given an approximate Ns, one can survey the available pumps to find those 
with the highest efficiencies. As an alternative, Bragg and Schmidt (1979) 
suggest a direct method of finding the most efficient diameter pump. They 
presented an empirical Cordier diagram that relates Ns to a dimensionless 
specific diameter (~) defined as 

~ = D (H g)l/4/Ql/2 
p 

where Dp is pump diameter, g is gravitational acceleration, H is head, and Q 
is flow rate. Once ~ is found from the Cordier diagram, Dp can then be calcu­
lated. 

A vertical turbine pump with Ns of 4,000 was initially selected (Fig. 13). 
Pumps are usually designed for constant speed, and manufacturers often do not 
supply data over the wide speed range of interest for operation of a wind tur­
bine at variable speed. Thus, the data at 216 rad/s {2,060 rpm) were estimated 
by using pump affinity laws; the other data were supplied by the manufacturer. 
Next, a gear ratio of 1:9.85 was selected for the turbine transmission based 
on the turbine manufacturer•s estimated performance. Because actual turbine 
performance with the nonstreamlined parts was poor, the turbine frequently 
stalled when we tried to operate the pump. A new pump bowl and impeller with 
Ns of 2,550 were then installed on the pump (Fig. 14). 

To visualize the effect of choice of gear ratio and pumps,·we plotted the 
manufacturer•s power-speed relations of the pumps for constant dynamic head at 
various speeds (Fig. 15). On the same graph, we showed the power output at the 
transmission of the turbine with streamlined blades. Clearly, the streamlined 
turbine can operate either pump. However, the 4,000 Ns pump would operate with 
X near 5.5, which is below the maximum efficiency for the turbine. Decreasing 
the gear ratio to 1:9.5 would improve output from that pump. 

The pump with Ns of 2,550 should operate with X at 6 or above (Fig. 15). 
In field tests at Garden City, the pump power demand was slightly above that 
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given by the manufacturer because the head was low (Fig. 16). Even so, at 
Garden City X averaged 5.75 over all windspeeds between cut-in and rated. At 
the Manhattan test site, the head was greater than 6 m and measured pump-power 
demand was close to that predicted by the manufacturer. 

Pump output as a function of windspeed also varied at the two test sites 
because of head differences (Fig. 17). The pump was selected for the head 
conditions at the Manhattan site where-head (H) varied with flow (Q) as 

H = 5.8 + 43.0 Q + 0.047 Q2 

with the weir plate in the sump. Measured pump output shows the pump operated 
at more than 60 percent efficiency over most of the windspeed range at Manhat­
tan. Careful attention to pump impeller adjustment and inlet conditions could 
probably increase the efficiency slightly. "At Garden City, the head was not 
carefully measured, but we estimated the pump to be about 50 percent efficient 
under those operating conditions. Increasing the head or using a pump with 
larger Ns would markedly improve pump efficiency at Garden City. At both 
sites, the low output at the lowest average windspeeds was caused by short 
periods of windspeed below pump cutoff head. 
Guy Rod Tension 

Because the win~ turbine blades cycled from maximum to minimum torque 
twice each revolution, they induced a two-per-revolution excitation in the guy 
rods. When the excitation frequency corresponded to the fundamental frequency 
or to multiples of the fundamental, considerable vibration was induced in the 
guy rods. The vibration degrades turbine performance, causes wear at the guy 
rod connections, and may even lead to their eventual fatigue failure. 

The fundamental frequency (F) of a vibrating string is 

F = ~/2L, 

where T is tens·ion, ~::: is mass per unit length,· and L is length. For our guy 
rods. ~ is about 3 kg/m and L is 19m. The simplest solution would be to raise 
F above the turbine maximum excitation frequency, which is about 7.~ Hz. How­
ever, this would require T of 244 x 103 N (55 x 103 lbf). Some initial tests 
with substantial guy tension indicated that turbine performance was decreased 
because of the increased load on the bearings. 

A partial solution to the vibration problem was to use low guy tensions 
(~ 3,000 to 4,500 N). In this case the excitation frequency was above the 
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fundamental frequency and only the harmonics were excited. In addition, each 
pair of guys was tensioned differentially to give as wide as possible a sep­
aration to their harmonic frequencies. Thus, when one pair of guys was 
excited, the second pair tended to act as dampers. However, additional work 
in this area is needed to further reduce vibration. 
Vertical Windspeed Profile 

There are several ways to describe the vertical windspeed profile. A 
simple but useful model is the power-law equation, which has the form 

u2/u1 = (z 2/z 1)a, 

where u2 and u1 are simultaneous windspeeds over level terrain at heights z2 

and z1 above the surface, respectively. The exponent a can be calculated 
from experimental data. For a given location, a is often described as a 
function of windspeed as 

a = a + b ln ur, 

where a and b are constants and ur is some reference velocity. A general 
form of the preceding equation which includes surface roughness has been 
recently proposed by Spera and Richards (1979). 

Windspeed frequency distribution data were collected at the Garden City 
site during the spring, summer, and fall and consisted of 5 periods ranging 
in length from 12 to 27 days. Problems with the data logger prevented our 
collecting data for the complete period. For each continuous period, the 
daily frequency distributions were summed to form a composite distribution 
for the period, as shown in Fig. 18. Ratios of u2/u 1 were then calculated 
for each 1.5 m/s windspeed group. 

From u2/u 1 ratios, a's were calculated and plotted against a reference 
windspeed calculated at 10m (Fig. 19). The least-squares linear regression 
line has the form 

a= 0.2727 - 0.07 ln u10 

with a coefficient of determination (r 2 ) of 0.46. Scatter in the data was 
largest at windspeeds below cut-in and, among other things, reflects seasonal 
changes in both surface roughness and atmospheric stability. Nevertheless, 
using a variable a to determine the windspeed distribution at a height where 
data are not available appears preferable to using a constant a as is fre­
quently done. 
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Irrigation System Design 
To successfully design a wind-powered tailwater system, all of the inter­

related parts must be sized correctly. Here, selection of sizes for the wind 
turbine, tailwater pit, and temporary storage reservoir will be considered. 
Performance data and short-term field operational experience were used to 
develop a computer simulation model of the system. The computer simulation 
was then used to determine the long-term system performance. Finally, a 
limited economic analysis was used to show which combinations of components 
had the lowest initial costs. 

To simplify simulation of the wind-powered system, constant efficiencies 
were used, and water pumped (Q in L/s) per .m 2 of wind turbine swept area was 
calculated from the equation 

Q = (0.0625 cp np/H)u3, 

where u is windspeed (m/s) at the center height of the turbine, C is wind . p 
turbine efficiency, np is. transmission and pump efficiency, and H is dynamic 
head (m). The efficiencies assumed were 0.6 for the pump, 0.3 for the turbine, 
and 0.9 for the transmission. As shown in Fig. 17, the chosen efficiencies 
closely estimated the water pumped over most of the windspeed range. 

Calculating output with fixed efficiencies for a range of tailwater pit 
sizes implies that the wind turbine and pump can be scaled up or down without 
changes in efficiency. That assumption appears reasonable. Pumps are cur­
rently available in a wide range of sizes, and their efficiency increases only 
slightly with size (Karassik et al., 1976). The scaling parameters for Dar­
rieus vertical-axis wind turbines are well-defined and several sizes have been 
constructed. Again, only a slight efficiency improvement with size has been 
predicted (Strickland, 1975). 

The effect of storage pit capacity on monthly ROP of simulated wind­
powered systems is illustrated in Fig. 20. The ROP from a given wind turbine 
depends on turbine size relative to the ROV and pit capacity. Therefore, the 
results were made dimensionless by using monthly ROV as the scaling factor and, 
thus, can apply to the whole range of tailwater pit sizes. 

The lines of constant ROP/ROV represent system performance levels that can 
be achieved using various combinations of tailwater pit and wind turbine sizes. 
When runoff from the wind-powered system (dashed lines) returns to the t~ilwater 
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pit, a higher performance level can be achieved with a given wind turbine and 
tailwater pit size than without the wind-pumped runoff. In another study 
(Hagen and· Sharif, 1981), we tested the effect of daily runoff cycles on ROP/ 
ROV by using alternate 12-h periods of 0.5 and 1.5 times the mean runoff .rate 
without runoff from wind-pumped water. The ratios of ROP/ROV calculated using 
that daily cycle varied only about 1 percent from the values obtained using 
a constant runoff rate from an external water source. 

We also tested management of the runoff by stopping runoff to the pit 
when the pit was full for up to 10 percent of the time each month. This man­
agement scheme increased ROP/ROV 3 to 6 percent at Dodge City but had little 
effect on ROP/ROV at Garden City. The ROP/ROV was always 1 to 3 percent 
larger at Garden City than at Dodge City even though for a 5 m head, WTC at 
both locations was about 2.72 L/s (7,292.5 m3jmo) per rated kW when the rated 
windspeed was 10 m/s. Evidently, periods with windspeeds greater than cut-in 
windspeed occurred more regularly at Garden City than at Dodge City. 

In a wholly wind-powered system, a temporary storage reservoir appears 
to be necessary to insure that once irrigation sets are started they can be 
completed. During system simulations, maximum outflow from the reservoir was 
distributed among 1, 2, or 3 sets. Maximum outflow was always equated to max­
imum wind turbine output to prevent reservoir overflow. If only a single set 
was used, the reservoir had to hold nearly 100 percent of the water for a set 
in order for all 8-h sets to be completed in 8 h (Fig. 21). 

However, dividing the maximum flow between 2.sets permitted nearly all 
the sets to be completed if the reservoir contained 75 percent of the water 
needed for the sets. With 3 sets, a slight further reduction in reservoir 
size was possible. Thus, temporary storage reservoir size could be reduced if 
an automated system using more than 1 set was installed. 

As an alternative management practice, one might permit the sets to stop 
and then restart when tl1e reservoir fills. When we us~d that practice, the 
percentaoe nf 8-h sets completed in 24 h was increased above the percentage 
completed in 8 h (Fig. 22). However, about the same pit size appears to be 
necessary to complete all sets in 24 h. Siphons and a head ditch were used in 
place of the gated pipe and reservoir in our earliest field experiments. If 
the variation in siphon outflow is modest, however, the simulation results 
apply and show that the storage volume in the head ditch must approach that 
needed in the storage reservoir to complete all the sets. 
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At each performance level (ROP/ROV), the lowest initial cost irrigation 
system was calculated for wind turbines costing $800, $1 ,200, and $1,600 per 
rated kW (Fig. 23). In this analysis the pump, tower, transmission, and con­
trols were considered part of the wind turbine cost. We also assumed that a 
single irrigation set would be used with a storage reservoir that held enough 
water to complete an 8-h set. The results showed that 0.8 to 0.9 of the ROV 
could be pumped by using a tailwater pit capacity of 10 percent of monthly 
ROV or less. Conventional tailwater pits usually hold 1 to 2 days runoff 
(i.e., 3 to 6 percent of monthly ROV). Thus, tailwater pits ranging from 
near conventional size to twice that size are needed with wind-powered systems. 

The performance level (ROP/ROV) selected has a significant impact on 
system cost. In the simulated systems, total cost dropped about 40 percent 
as performance decreased from 1.0 to 0.8, and cost per unit volume of water 
pumped decreased roughly 20 percent (Fig. 24). In selecting the desired per­
formance level, value of the water not pumped should also be considered. 

A brief example will clarify the utility of the simulation results. 
Suppose it is desired to pump 90 percent of the net runoff (i.e., runoff less 

·seepage and evaporation losses) from a 65-ha irrigated cornfield in western 
Kansas. Further assume that the net runoff is about 50 mm (ROV ~ 32,500 m3) 
per month in July and August. Finally, assume that 25 percent of the runoff 
from the wind-pumped water rP.t.llrnc:; to thQ tailwatcr pit. If 'LII~ Lur·b·lne and 
pump cost $1,200 per rated kW, then, as shown in Fig. 23, a turbine size (WTC/ 
ROV) of 1 .08 and a tail water pit size of 6 percent ROV have the lowest initial 
cost. When using a head of 5 m, WTC is 7,293 m3jmo per rated kW, so a wind 
turbine rated at 4.8 kW at 10 m/s is needed. The maximum pump output would 
be 53 L/s, so a buffer storage reservoir of about 1,526 m3 would be needed to 
always insure completing every 8-h set if only 1 set is used. 

For earth moving at $0.92/m 3 , the total system cost would be $9,213 with 
63, 19, and 18 percent of the total for wind turbine, tailwater pit, and 
storage reservoir, respectively. Of course, as pumping head increases, the 
percentage of the total cost accounted for by the wind turbine also increases. 

CONCLUSIONS 

We investigated the application of a Darrieus wind turbine mechanically 
coupled to a vertical turbine pump for low-lift irrigation pumping and con­
cluded: 
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1. A wind turbine and vertical turbine pump can be successfully matched 
and operated at variable speed. A procedure to match a wind turbine 
and turbine pump was developed, and using the procedure, we obtained 
a pump efficiency of 60 percent or more over much of the operational 
speed range. 

2. Performance of the wind turbine tested was slightly below that 
expected at 5.0 <X< 5.7, but the wind turbine attained a C of . p 
about 0.3 at X = 6. The turbine operated stably without stalling 
even when the load was so large that it prevented the turbines from 
reaching maximum Cp. Streamlining of struts and blades was necessary 
to achieve reasonable performance, however. 

3. Partial damping of guy rod vibrations can be accomplished by differ­
entially tensioning each pair. Both the overspeed control system 
(currently spoilers) and the vibration control need further research 
and development. 

4. Based on windspeed frequency distributions measured at 2 heights at 
Garden City, Kansas, the calculated exponent in the power-law model 
of the windspeed profile decreased from 0.18 at 4 m/s to 0.11 at 10 
m/s. Thus, using a variable rather than constant exponent will 
increase the accuracy of windspeed frequency distributions calculated 
at heights for which data are lacking. 

5. Various combinations of wind turbine and tailwater pit sizes can be 
used to achieve a given performance level (ROP/ROV). Consequently, 
se1ection of wiml-powered system components should be an economic 
decision. The major components to consi~er are the wind turbine and 
pump, the temporary storage reservoir, and the tailwater pit. For 
performance levels of 0.0 to 0.9, the lowest initial cost systems 
had relative wind turbine sizes (WTC/ROV) which ranged from 0.98 to 
1.28 and tailwater pit capacities which were 10 percent or less of 
the monthly runoff volume. 

6. Wind-powered system performance improves if runoff from the wind­
pumped water returns to the tailwater pit, because of increased cor­
relation between supply and demand for water. For example, to main­
tain ROP/ROV at 0.9 with a pit capacity of 7.5 percent of monthly ROV · 
requires a 20 percent larger wind turbine without wind-pumped runoff 
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than with 25 percent runoff. A~ tailwater pit size increases, how­
ever, the effect of·wind-pumped runoff on performance decreases. 

7. The temporary storage reservoir must hold enough water to complete 
a set if ali 8-h irrigation sets are to be completed in 8 h. Even 
if 24 h is allowed to complete all 8-h sets, reservoir size must be 
nearly the same. If the maximum reservoir outflow could be divided 
between 2 or among 3 f~lly automated sets, the reservoir capacity 
could be reduced to 75 percent of that required when only_l set is 
used. 
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APPENDIX A 

Test Site Construction Details. 
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Figure A-4. Construction details for guy rod anchors. 
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