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PREFACE TO REPORT SERIES 

Oontra.ot NObs-34208 between the Um versi ty of Minnesota and the 

13l1reau of Ships, Department of the Navy, provides tor making hydrodynamic 

lIIt.udies in oomplianoe with speoifio task orders iSl5ued by the David Taylor 

)lodel Basin calling for serviaes to be rendered by the St. Anthony Falls 

Hydraulio Laborator,r. Oertain of these task orders related to model eXperi

ment. for the design of a 6o-in. water tunnel. 

The end result of the studies related to the 60-in. water tunnel 

propo.ed eventually to be oonstruoted at the David Taylor )lodel Basin was 

ory.tallised as a series of six projeot reports, eaoh issued under separate 

cover as follow •• 

Part I DESCRIPTION or APPARATUS .A. ND TEST 

PROOEDURES (Projeot Report No. 10) 

Part II OONTRACTION STUDIES (Projeot Report 

No. 11) 

Part III TEST SECTION AND CAVITATION INDEX 

STUDIES (Proj eot Report No II 12) 

Part IV DIFFUSER STU DIE S (Proj eot Report 

No. 13) 

Part V VANED ELBOW STUDIES (Project Report 

No. 14) 

Part VI PUMP STUDIES (projeot Report No. 1$) 

The investigational program. wa. under the general direction ot 

Dr. Lorenz G. Straub, Director of the Bt,. Anthony Falls Hydraulic Labor.tor)'", 

and the work was supervised by John F. Ripken, As.oci.ate Profe.sor of 

Hydraulio,. 
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PUMP STUDIES ---- -------
I. INTROOOCTION 

The purpose of the reciroulating pump in the water tunnel is to 

supply energy efficiently to the oirculating stream BO that the resistanoe of 

the circuit may be overcome. In most pump installations thiB is praotioally 

the only reqUirement for which the pump is designed, but in the water tunnel 

installation the seoondary characteristics of the pump must be carefully con

trolled. Some of these secondary characteristics whioh would seriously affect 

the usability of the water tunnel are pulsation, cavitation_ noise level, 

stream rotation, and outflow velocity maldistribution. This study will not 

discuss the pump design since that will be the responsibility of the eventual 

manufacturer. Rather, it will furnish fundamental information based on the 

tests of the model water tunnel which the rnanufacture~ should know in order 

to design the pump properly. 

In the original design report [lJ,* it was tentatively decided that 

the impeller should be a variable speed, variable blade, axial flow, 11 it 

diameter impeller. A detailed study of specifications and mechanical features 

for, the pump and its appurtenances is contained in this original design re

port. The physical arrangement of the pumping unit used for the model tests 

is shown in a general way in Fig. 1 and treated in detail in PART I, DESCRIP

TION OF APPARATUS AND TEST PROCEDURE. 

II. HEAD, DISCHARGE, AND POWER REQUIREMENTS 

The two most important features that the manufaoturer must know to 

design the pump are head and disoharge requirements. The latter is easily 
• 

determined since the discharge must satisfy the requirement that the test 

section velocity be infinitely variable between speeds of 2 and 50 knots. 

Thus, the discharge of the pump must vary between 65.5 eu ft per sec and 1660 

eu ft per eec. 

The head to be added to the flow by the pump will be approximately 

proportional to the square of the discharge. This head, which will be equal 

to the total resistance of the oircuit, oan be computed by adding the re

sistanoes of the individual elements of the cirelli t. The model tests, which 

* Numbers in brackets refer to the corresponding numbers in the list of refer-
ences, p.14 • 
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were accomplished by use oftha facilities and procedures detailed in PART I, 

DESCRIPTION OF APPARATUS AND TEST PROCEDURE, furnished the values of the re

sistances of the individual elements of the circuit. These are tabulated in 

Tabla I and, for convenience in summarizing, each individual loss is expressed 

as a percentage of the velocity head of the test section stream and listed as 

6 k. The losses of the straight cylindrical conduits were computed from 

values of ;\ for a steel surface obtained f:rom a standard curve of pipe fric

tion [2 J • The total of these values (listed in Table I as L 6k), which is 

the total head to be added b.Y the pump, is expressed as a percentage of the 

test section velocity head. This tabulation shows that the value of L ~k 

decreases as the test section velocity increases. This is mainly due to the 

fact that coefficient of friction in the test section decreases as the veloc-

i ty in creas es • 

The prototype pump head is computed for two cases. First, it is 

computed for the prototype tunnel operating with no test installation, which 

is the form in which the model was tested; _this head requirement is thus the 

lower limit which would be expected at a given discharge and corresponds 

closely to operating condi tiona with a test installation of small drag. 

Secondly, the resistance is computed for the prototype tunnel operating with 

a honeycomb straightener installed in the lS-ft diameter conduit and with a 

test body 10 inches in diameter having a CD of 1.00 installed in the test 

section. This probably represents as difficult a condition as will be en

countered in operation of the prototype. 

The pump head-discharge curve is plotted in Figo 2 for the two cases 

given above. The energy gradient around the prototype tunnel is presented in 

Table II and plotted in Fig. J for two different conditions of flow. The 

total energy at a section was computed from the head loss data in Table I, and 

the pressure was arbitrarily assumed to be absolute zero at the beginning of 

the diffuser transition. The total energy and kinetic energy at a section 

were divided by the velocity head of the test stream in order to render them 

vi- v{ 
dimensionless; values of ex 2g -:- ~ were assumed to be the same in the 

prototype as in the model, except in the test section. 

The power input to the pump, calculated on a basis of 80 per cent 

p'mp efficiency, is presented in Fig. 2. The value of 80 per cent seems a 

reasonable average in view of the variable speed, variable blade, custom-



~ ~ ~ ~ 
-j 

Table I 

Energy Loss in Prototype Tunnel Circuit 

6k 

Test Section Velocity V :: 18.00 fps V ~ 30.00 fps 11 = 50.00 fps V = 84.5 f"ps I 

Element of Circuit 

Test Section 0.0563 0.0524 0.0487 0.0454 i 

~ diffu$er without test installation 0.0673 0.0673 0.0673 0.0673 

~ diffuser with test installation 0.1141 0.1141 0.1141 0.1141 

ll-ft conduit 0.0022 0.0022 0.0021 0.0020 

Elbows I and II 0.0435 000435 0.0435 0.0435 

8° diffuser 0.0051 0.0051 0.0051 0.0051 

15-ft conduit 0.0014 0.0014 0.0013 0.0013 I 

Elbows III and IV 000012 0.0012 0.0012 0.0012 

Honeycomb straightener 0.0062 0.0062 000062 0.0062 

Contraction 0.0300 0.0300 0.0300 0.0300 

Test installation 0~0278 0.0278 0.0278 0.0278 

! 

With test installation, r .0.k = i 0.2878 0.2839 0.2800 0.2766 
i I I 0.1958 Without test instal1atio~, [6k =1 0.2070 0.2031 

I 
0.1992 

\oW 

• I 
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Table II 

-2/ Tot.al Head -:- V1 2g 

cxv2 with test installation without test installation ex V2 --
2g i 

Vl (fps) Vl (fps) 2g 
-2 I -2 

Section Vl ! Vl 
I 

2g 18.0 30.0 50.0 84.5 18.0 30.0 50.0 84.5 2g 

I 
I ! 1.0003 1.1164 1.1125 1.1088 1.1055 1.0886 1.0847 I 1.0810 1.0777 1.0003 I 

II 1.0127 1.0323 1.0323 1.0323 1.0323 1.0323 1.0323 1.0323 1.0323 1.0127 
I , 

0.0774 
I 

0.9182 0.9182 0~9182 0.9182 0.9650 0.9650 0.9650 I 0.9650 0.0774 III I 

I I 
i 

IV 0.0518 0.8725 0.8725 0.8726 0.8727 0.9193 0.9193 0.9194 i 0.9195 I 0.0518 
I 

V 0.0731 1.1603 1.1564 ! 1.1526 1.1493 1.1263 1.1224 1.1186 . 1.1153 0.0731 
I 

VI 0.0256 1.1552 1.1513 : 1.1475 1.1442 1.1212 I 1.1173 1.1135 1.1102 000256 

I 
VII 0.0136 1.1464 1.l425 I 1.1388 1.1355 1.1186 1.1147 1.lll0 • 1.1077 0.0136 

I 1.0003 1.1164 1..1125 1.10B8 1.1055 1&0886 1.0847 1.0810 . 1.0772 1.0003 
i - -- - --- _._-

::::-. 
". 

T , 
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built pump whioh is contemplated. Since the power input is approximately a 

linear funotion of the cube of the velocity, the power requirements rise 

steeply in the higher ranges of velocity. 

A term conventionally used in wind- and water-tunnel operations [3J 
is " energy ratio, II whi ch 15 define d as 

= 
1 

ER= 
jet power = 

[cireui t power losses 

This energy ratio is equal to the ratio of the jet horsepower to the input 

horsepower of a 100 per cent efficient pump and motor. The term is princi

pally used to compare the economy of operation of tunnels, a high value of 

energy ratio indicating an "efficient" tunnel or one having low resistance. 

The energy ratio for the prototype tunnel will vary from 5.1 to 4.8 when op

erating with no test installation and from 3.6 to 3.5 when operating w~th a 

test installation. 

III. VELOCITY mSTRIBUTION 

Uniform distribution of inflow velocity is important to efficient 

pulse-free operation of the pump. If the inflow is distorted and has isolated 

regions of both high and low velocity, an impeller blade nIl operate at a 

varying angle of attack during one revolution. This necessarily lowers effi

ciency since a given blade angle operates best at one particular ratio of 

axial flow speed to peripheral speed. Besides this, pulsing power demand and 

pulsing outflow might occur under these conditions. 

A velocity traverse made innnediately upstream of the pump (station 7 
in the model tunnel) is shown in Fig. 4. Because of space limitations, this 

station could only be traversed on four radii at 450 to the horizontal and 

vertical. The traverse is therefore not a wholly accurate picture of the in

flow velocity distribution; nevertheless, it does show that 8. bad inflow dis

tribution occurred in the model tunnel. The cause of the maldistrlbution of 

velocity becomes apparent when the velocity distribution upstream of this 

station is considered. Ttds traverse was made with the vane cascades in the 

four elbows of the tunnel Bet at a stagger of 960 (PART V, VANED ELBOW STUD

IES). Reference to Fig. 2 of PART III, TEST SECTION STUDIES and Figs. 36 and 

37 of PART V, VANED ELBOW S'l'UDIES will show that the first cauae of this dis

tortion of the flow is the separation and consequent maldistribution of the 

velocity profile in the diffuser caused ~y the separation at the downstream 
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end of the diffuser. This separation combines with the normal tendency of a 

diffuser to make the velocity distribution pointed, and results 'in an inflow 

distribution to Vaned Elbow I which has a region of high velocity above the 

axis of the entering stream. As determined in PAnT V, VANED ELBOW STUDIES, 

the cascade of vanes underturns the flow when set at a stagger of 96°, Con

eequently, the distribution at Station 6 is badly distorted for a vane stagger 

of 960 and a region of high velocity occurs at the outside of the tunnel loop. 

'1'11is region of high velocity persists while passing through Vaned Elbow II 

and results in the inflow distribution to the pump shown in Fig. J. 

When the vanes in the tunnel were reset to the recommended stagger 

of 1000 , the distribution of veloei ty at Station 6 was considerably improved, 

as shown in Fig. 37 of PART V, VANED ELBOW STUDIES. The testing program was 

terminated before a traverse of Station 7 was made at the recommended stagger. 

Although the exact magnitude of the correction of the maldistribution at 

Station 1 is not known, it may be assumed to be quite appreciable. No puls

ing of outflow was noticeable in the model tunnel for the distorted inflow 

probably because the speed of rotation of the impeller was quite ?igh. 

Little information was obtainable concerning the effect of the pump 

shaft fairing (Fig. 41, PART V, VANED gLBOW STUDIFS) on the velocity distri

bution since no traverse could be made in the plane of the fairinB. 'l'he tra

verses that were made, however, do not indicate unfavorable effects. The 

effect of this shaft fairing on the energy loss of the elbow is discussed in 

PART V, VANED ELOOW STUDIES. Further research on this problem is being con

ducted at the st. Anthony Falls Hydraulic Laboratory in conjunction with 

tests on a model of a 24-in. open jet tunnel. 

The distribution of velocity downstream of the pump will be deter

mined'by the inflow distribution and design of the impeller and pwnp diffuser. 

The outflow should be as free from rotation as possible and the outflow veloc

ity distribution should be as uniform as possible consistent with economy of 

design. The long stilling lenBth in the lower horizontal leg should revert 

a maldistributed outflow velocity to the normal turbulent profile. The smooth

ing action of the stilling length on the velocity profile can be seen by com

paring Fig. 5 of 'this report with Fig. 38 of PART V, VANED ELBOW STUDIES. 

Figure 5 is a plot of the veloai ty traverse made at Station 9 immediately 

following the pump diffuser. It will be noted that the distribution of 

velocity here is quite badly distorted, but that the distribution at Station 

11 (in the vertical leg of the stilling length) is satisfactorily uniform. 
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IV. CAVITATION INDEX AND STATIC PRESSURE 

Aside from lowering efficiency and causing pitting of the impeller 

blades, cavitation of the pumping unit would be especially harmful to the 

tunnel operation from the standpoint of the sound level. The increasing use 

of sonic methods of observine cavitation on the test body makes it desirable 

to maintain a low ambient noise level. It is of great importance, therefore, 

that the pump be free from all major cavitation and, as far as economically 

possible, free from minor cavitation. 

as 

where 

In pump design, the cavitation index or is conventionally defined 

H 

2 Pp : absolute static pressure at pump intake (lb per ft ) 

2 Pvp : vapor pressure (lb per ft ) 

w = specific weight of fluid (lb per ft) 

H ~ head added by pump 

Minimum values of p will occur for operating conditions of in-p 

cipient cavitation at the cr-own afthe diffuser transition. The static pres

sure at the pump intake can be computed from Bernoulli's equation modified to 

account for head lost between the diffuser transition and the pump intake: 

where 

Pt . 
+- +z -hA = w t ;,(. 

L 6. It V3 

A v3 
A : area of·flow (ft2) 

p : absolute pressure (lb per sq ft) 

V : mean velocity of flow (ft per sec) 

Z : height above datum (ft) 

hl = head 1086 between points E and ~ 

t refers to the diffuser transition 

p refers to the pump intake 
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In PART III, 'rEST SECTION AND CAVITATION INDEX STUDIES, the value 
Pt 

of -- has been established as w 

-w 

and substituting the following values: 

one obtains 

CXt ~ 1.0127 

ex P : 1.10 

Ap ~ ~ (112 __ 2.52) sq ft (corrected for pump shaft) 

At : -1f- (52) sq ft 

v 2 
hl :: 0.17 2~ (with test installation) 

Zt - zp ~ 27 ft 

V2 
t H ~ L ~k 2g"" (with test installation) 

v2 V2 V 2 
~ t t t 

w '= 0.058 2g + Pvp + 27 - 0.17 2'g + ""'2g 

2 
0.848 Vt + 27 + ~ _ Pvp 

CTmin = _____ 2~g ________ ~. __ w _____ w __ _ 

V2 

O""min 

r.6k t 
"2g 

=- 0.848 + __ 27-'--:.or--" 

L6k V 2 
Lfik~ 

2g 

Figure 6 is a plot of the equation aboveo The smallest value of Grmin is 

3094, which is considered high enough to provide the pump with adequate pro

tection from cavitation since the critical value of v for propeller pumps 

usually varies from 1.0 to 1.5 [4J. 
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V. TEMPERATURE OF THE TUNNEL 

Beoause all of the power input to the pump is eventually oonverted 

to heat in the tunnel, the temperature of the water will rise during a period 

of operation. This temperature rise will be dependent upon three faotorst 

the mass of the tunnel and the water it contain8~ the power input to the tun

nel, and the amount of heat lost from the tunnel. The flrat two of theili. 

faotors oan be quite easily and accurately determined. However, the heat loss 

from the tunnel is dependent on many factors: the tunnel wall thiokness ~ area, 

finish and material, and the motion and temperature of the air around the 

tunnel. 

A theoretioal basis for determining the time-temperature curve is 

available from the consideration that all of the pow'er input to the tunnel i8 

used to raise the temperature of the tunnel or is transferred to the surround

ing air. For practical purposes, the amount of heat transferred by oonduo

tion, conveotion, and radiation can be computed from 

where 

QI = UA (T - To) 

QI = rate of heat transfer Btu/(hr) 
, 2 

A ':: area of transfer (it ) 

T : temperature of water tunnel (OF aba) 

To : room temperature (OF abe) 

U ':: over-all coefficient of heat transmission 
BtU/(hr)(ft)2 (OF) 

The value of U is dependent upon both the thermal conductanoe of 

and radiation from the tunnel walls and the thermal oonduotance and conveo

tion of the air film outside the tunnel. It can be oomputed from 

'Where 

1 .1., 1 
U T+-Y-

'.~ 

1 = tunnel wall thickness (in.) 

° 

K : thermal conductivity for tunnel wall material 

Btu/hr (ft2 HOF / in.) 

f = thermal oonductance of the air film o 
[Btu/(hr) (ft)2 (OF)J 
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The magnitude of f is dependent on the velocity of the air and 
o 

the radiation from the surface. Standard values range from 2.0 for zero air 

velocity to 8.0 for air velocity of 25 ft per sec [5] for a semi-smooth sur

face such as that of painted steel. An average value of K for steel is 300. 

Substi tuting f :: 2.9 and -1.::: 3/16 in., 
o 

U ::: 2.89 Btu/(hr)(sq ft)(oF) 

Substituting f ::: 2.9 and 1::: 1 in., o 
U ::: 2.87 Btu/(hr)(sq ft)(oF) 

Thus, it is seen that the head transfer from the tunnel to the sur

rounding air is relatively unaffected by the thickness of the tunnel wall. 

Therefore, a value of U obtained from the model test should be applicable to 

the prototype if the prototype is built of steel and is exposed to air at 

room temperature. The value of U obtained in the model teste should be greater 

than 2.0 since there was Borne circulation of air by the heating fans in the 

room in which the model was located. 

Based on the consideration that all of the power input to the pump 

is converted into heat which raises the temperature of the system or iI5 trans

ferred to the surrounding air (which is assumed to remain ata constant temp

erature), the following equation can be written; 

where 

Q :: rate of input of heat (Btu/hr)(l hp ::: 25462 Btu/hr) 

q ::: absolute heat content of tunnel (Btu) 

t :: time in hours from start of run 

(1) 

By definition, ~ :: T, where W is the equivalent heat capacity of 

the water tunnel and the water in it in pounds of water. Thus, 

(2) 

Substituting Eq. (2) in Eq. (1) and integrating, aSBuming that T = T when o 
t = 0, gives 

- UAt 
T - T _ ~ (1 _ e -W-) 

o - UA 
(3) 
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which defi,nes the time-temperature curve of the tunnel when the necessary 

values are substituted. This equation is plotted in Fig. 1 by substituting 

the constants given in Table III. 

Table III 

Model Prototype 

Test section vel (fps) , 50 84.5 67.5 50 
Hp input to pump 1.3.4 7220 3690 1488 

Q (Btu/hr) 34,119 18.38 x 10 
6 

9.40 x 106 3.79 x 106 

U (Btu/hr/ft2/ oF) 2 .. 90 2.90 2.90 2.90 

A (ft2) 142.5 14,250 14,250 14,250 
W (lb of water) 2969.2 1,983,000 1,983,000 1,983,000 --

The value of U = 2.90 was chosen as the best value to fit the ex

perimental points plotted in Figo 7, and, for reasons explained previously, 

was assumed also to apply to the prototype. In reality, the curve is re1a

ti vely insensi ti ve to a change in the value of U, since an increase in U would 
-UAt 

decrease ~ and increase (1 - e -W-)~ To i1lristrate this property, values 

of T - T at the end of an eight-hour run of the prototype are given in 
° Table IV for values of U ranging from 2.00 to 3.25. 

Table IV 

test Bec vel : 50 knots test sec vel = 40 knots 

K T - To (OF) T - T (OF) 
° 

2.00 70,,1 35.9 

2.25 69.7 35.6 

2.50 69.3 35.4 

2.75 68.9 35.2 

3.00 68.3 34.9 

3.25 67.8 34.6 
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The time-temperature relation for the tunnel cooling can be deter

mined by setting Q = 0 in Eq. (1), letting ~ be the time in hours from the 

time the pump is shut down and T' be the temperature of the tunnel when the 

pump is shut down. Equation (3) then becomes 

T - T : (T' - T ) e o 0 

-UAt 
W 

This curve is plotted in Fig. 8 for the prototype tunnel using values given 

in Table III. 

As an illustration in using the curves, let it be assumed that the 

tunnel is operating ata test section velocity of 50 knots, and that the tun-
o ' nel is at a room temperature of 72 at the start of the run. At the end of an 

eight-hour period of operation, the temperature will be 1410 (T - T : 690 ) 
o 

and, if the tunnel is allowed to cool for 16 hours, the final temperature wiU 

be 1210 F (T' - T = 690 F, T - T : 490 F). Intermediate curves may be com-o 0 

puted for any other test section velocity or horsepower input, but only one 

cooling curve can be drawn. These curves can of course be used if the pump 

is started while the temperature of the tunnel is above room temperature. It 

is only necessary to shift the abscissa scale so that zero hours corresponds 

to the temperature of the tunnel at the start of a run. In using the tunnel 

cooling curve, the abscissa scale must be shifted so that zero hours corres

ponds to T' - T measured on the ordinate scale. o 

If the prototype tunnel is constructed so that only part of it is 

enclosed in a room, the temperature curves computed here will of course not 

apply. Radiant heating by the sun, wind velocity, and air temperature would 

then have to be considered. Also, if part of the tunnel were imbedded in con

crete, probably very little heat would be transferred from this part of the 

system. 

If the tunnel is used for endurance tests or if the testing of models 

will require extended periods of operation at high speeds, it can be seen that 

the temperature rise will be quite severe. This may well be a limiting factor 

in operation of the tunnel. However, the installation of a cooling system to 

circulate cooling water through a jacket or through the hollow guide vanes 

could maintain the tunnel at any desired temperature, depending on the size 

of the cooling apparatus. The cooling system would of course increase the 

cost of the tunnel installation, but it would make possible a wider range of 

testing procedures. 
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VI. CONCLUSIONS 

On the basis of these experimental investigations, the following 

oonclusions conoerning the 60-in. prototype are drawnt 

1. The maximum added head required of the pump will 

be 30.7 ft, the maximum discharge required of the pump 

will be 1660 cu ft per sec, and the maximum required power 

input will be 7220 hp at a test section velocity of 50 

knots (84.5 ft per sec) and a pump efficiency of 80 per 

cent. 

2. The inflow velocity distribution will be ade

quately uniform with the vanes in the vaned elbows set at 
o the recommended stagger of 100 • 

30 The stilling length in the horizontal leg wi?!l 

be sufficiently long to damp out maldistribution of out

flow from the pump before returning flow to the test 

section. 

4. The minimum cavitation index of the pump will be 
• 

0-min = 3.96, which will be sufficiently large to avoid 

all major cavitation at the pump and probably most of the 

minor cavitation. 

5. The temperature rise of the tunnel when operating 

at a test section velocity of So knots will probably be 

so great that it will be necessary to restrict duration 

of continuous tests to only a few hours unless the tunnel 

is artifically .cooled. 
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