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EXECUTIVE SUMMARY 
 
In considering the technology necessary to develop ships in the 70 to 100 knot range, it becomes 
evident that some form of drag reduction will be necessary to achieve this goal. Several viable 
drag reduction techniques have been studied for many years.  These include surface striations, 
polymer injection and micro-bubble injection.  The latter technique shows great promise with 
drag reduction of about 80% having been demonstrated. 
 
In order to adapt a drag reduction concept in the fleet, it is essential that studies are made that 
simulate, as closely as possible, prototype conditions.  This leads to the need for a test facility 
that can achieve flow velocities in the 70-knot range. At present there are no hydrodynamic test 
facilities that fall in this category.  However there is an existing Corps of Engineers test facility 
that could be adapted and modified to suit the Navy’s test requirements.  This facility is located 
at the Detroit Dam and Lake, located at Detroit, Oregon.  This is a multi-purpose facility 
designed for flood control, navigation, irrigation and power.  A powerhouse is situated at the 
base of the dam that has two 50 MW units installed.  In addition to the two penstocks for power 
production, there is an additional gated bottom outlet that supplies water to an 8 ft diameter 
penstock.  A rudimentary flume is fitted to the outlet of this penstock that discharges directly into 
the tailwater of the plant. A schematic of the site is shown in Figure I 
 
 
 

 
 
 

 
 

Figure I Schematic of Dam Site 
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At high water elevation, approximately 320 feet of head is available at the test site.  In the 
absence of losses this equates to a maximum velocity of 83 knots, making this site a feasible 
candidate for a new facility.  Maximum head is available for about 4 to 5 months out of the year.  
 
An analysis of the feasibility of removing the existing, de-commissioned test flume and replacing 
it with a hydrodynamic test facility for high-speed drag reduction studies was made. The scope 
of the study includes a preliminary design with pertinent dimensions established and with state of 
the art estimates of the flow quality that can be achieved. The following items were addressed: 
 

1. Establish test criteria necessary to develop the technology necessary to achieve design 
goals in terms of speed and determine what drag reduction techniques can be tested at the 
Detroit site, e.g. micro-bubble injection.  With these goals in mind, performance criteria 
for the test facility were formulated. 

 
2. Establish what size test section can produce a 70 knot test velocity with the available 

head, inlet structure and building space at the dam.  Serious space constraints at the site 
were considered in the analysis. Trade-offs between test section size and flow velocity 
were established.  

 
3. Determine the feasibility of cavitation testing and establish a preliminary design of a flow 

circuit with variable pressure capability. 
 
4. Establish methods for achieving the necessary flow quality.  A preliminary design of the 

entire flow circuit will be produced. 
 
A preliminary report was sent to the Office of Naval Research on May 15, 2001 for review and 
comment.  
 
A schematic of the proposed facility is shown in Figure II. Taking into account the cited 
constraints, a facility having a 4 ft diameter test section is recommended.  A velocity of 76 kts 
can be obtained.  This was achieved by using an axisymmetric contraction with an area ratio of 
4.  The velocity head in the 8 ft diameter pipe leading to the contraction is reduced by a factor of 
16, thereby resulting in smaller loads on any devices located in the plenum chamber. The 
contraction also improves the velocity distribution in the test section, and contributes to a 
reduction of turbulence intensity in the test section.  As a result of the lower velocities in the 
plenum, a small- scale honeycomb can be installed to further lower the turbulence intensity in the 
test section.  Computations have indicated that levels of about 0.2% can be obtained with cell 
sizes of about 0.625 to 0.75 inches. 
 
The question of cavitation performance has also been addressed in this report.  Cavitation testing 
capability would require substantial changes to the proposed design.  This is an inherent 
difficulty with non-re-circulating facilities. 
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Figure II Proposed High Speed Test Facility 
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I INTRODUCTION 
 
In considering the technology necessary to develop ships in the 70 to 100 knot range, it becomes 
evident that some form of drag reduction will be necessary to achieve this goal. Several viable 
drag reduction techniques have been studied for many years.  These include surface striations, 
polymer injection and micro-bubble injection.  The latter technique shows great promise with 
drag reduction of about 80% having been demonstrated. 
 
In order to adapt a drag reduction concept in the fleet, it is essential that studies be made that 
simulate, as closely as possible, prototype conditions.  This leads to the need for a test facility 
that can achieve flow velocities in the 70-knot range. At present there are no hydrodynamic test 
facilities that fall in this category.  However there is an existing Corps of Engineers test facility 
that could be adapted and modified to suit the Navy’s test requirements.  This facility is located 
at the Detroit Dam and Lake on the North Santiam River near Detroit, Oregon.    This is a multi-
purpose facility designed for flood control, navigation, irrigation and power.  A powerhouse is 
situated at the base of the dam that has two 50 MW units installed.  In addition to the two 
penstocks for power production, there is an additional, gated bottom outlet that supplies water to 
an eight-foot diameter penstock.  A rudimentary flume is fitted to the outlet this penstock that 
discharges directly into the tailwater of the plant. 
 
At high water elevation, approximately 320 feet of head is available at the test site.  In the 
absence of losses this equates to a maximum velocity of 83 knots. Maximum head is available 
for about 4 to 5 months out of the year.  The conduit has not been used for over 20 years, and 
very little information regarding its performance is available. The conduit consists of an 8 ft 
diameter steel pipe with its intake located about 225 ft below the summer water level and its exit 
320 ft below the summer water level.  The winter reservoir level is about 115 ft lower. A small 
rectangular test section has been attached to the exit of the 8 ft diameter pipe about 25 years ago.  
It was used for a particular purpose and abandoned after the work was completed.  It is assumed 
that this section has no further use, and is subject to removal. 
  

It is the purpose of the present investigation to determine the hydrodynamic capabilities of such a 
facility.  Preliminary results of the study are summarized in the following sections. 
 

II.  COMMENTS ON PRELIMINARY LAYOUT 

 
In the following some general comments will be made concerning the preliminary layout that 
was developed prior to this study by another contractor.  The facility is named the Notional 
Hydro Test Facility at Detroit Dam and the layout is shown in Fig. 1.  It will be noted that the 
test section is 8 ft in diameter and about 50 ft long.  The section is attached directly to a flange on 
the existing 8 ft diameter conduit.  A valve is located just downstream from the flange for the 
primary purpose of shutting off the flow to the test section.  A honeycomb of short length is 
shown just past the on-off valve. At the downstream end of the test section another valve is 
installed to control the flow, and the flow is exhausted into an exit pipe for diversion back into 
the river. 
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Figure 1 Test Facility Concept 
 

 

The first concern is with the high flow velocity in the existing conduit, as it will be the same as 
in the 8 ft diameter test section.  For this discussion it will be assumed that the target velocity is 
about 70 knots, and that sufficient head is available to attain this velocity.  If this is the case, the 
on-off valve is a critical element in the flow field, since even when open it must not significantly 
influence the flow field.  The gate slot must be able to be covered so that the wall is smooth.  
This is particularly important due to possible localized cavitation and flow separation in the 
region of the gate slots. The associated vorticity will be transported into the test section.  A 
honeycomb installed downstream of the valve will probably do little to attenuate this turbulence.  
To be effective in turbulence control a honeycomb with substantial head loss should be used, 
which means that the cells should be of relatively small cross-section and large length.  It would 
be difficult to expose such a honeycomb to the high velocities occurring in this region.  The 
structural loads would be very high and may be insurmountable.  Therefore, the proposed 
honeycomb shown in Fig.  1 is deemed to be useful only as a device to straighten the flow.  Even 
in the case of larger honeycomb openings and shorter lengths, the drag on the system is still high 
as shown in Fig.  2. 
 
The choke valve at the downstream end is used to control the flow by throttling and thus 
establish the desired velocity in the test section.  Although the location of the valve should not 
influence the flow field in the test section, care still must be taken to examine the possibility of 
cavitation and subsequent erosion at the higher test velocities. It was proposed that a locking ring 
be provided to permit rotation of the entire valve structure at the completion of a test.  This 
would then allow entrance into the test section and access to the test body.  The concept is quite 
interesting and may warrant further consideration by others.  
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Figure 2 Estimated Drag on Large honeycomb 
 
Many windows are shown in the test section and are necessary to visual the flow around the test 
body.  These windows should be smooth with the inner surface of the test section walls, and 
permit lighting and photography. 

 
In view of the above discussion, it is suggested that perhaps by using a different operating 
procedure the on-off valve at the entrance to the test section could be eliminated. At the 
completion of a test the downstream choke valve would be gradually closed and the flow 
stopped.  The valve or gate at the intake to the existing conduit would be closed, and the choke 
valve reopened slightly to drain the conduit and test section with minimal disturbance to the test 
body.  An air vent would be installed to permit draining of the system.  Such an operation 
requires that the seals at the intake valve are adequate to completely stop the flow. 

 
To start a test sequence the downstream choke valve would closed.  Again to prevent damage to 
the test body during the initial stages, it is suggested that the test section and part of the existing 
conduit be back filled using an auxiliary pipe system.  After a partial filling of the system, the 
intake valve could be opened slowly to complete the filling operation.  Any entrapped air must 
be released through the ventilation system. 

 
It is anticipated that the flow quality in the test section with the proposed configuration may be 
compromised.  The velocity distribution across the section will not be uniform due to the pipe 
flow and the proximity of the elbow.  The free stream turbulence level is also expected to be 
quite high.  The type of test body to be used has not been specified.  However, it is assumed that 
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the proposed facility will be used to extend the range of data taken in other facilities, such as 
closed circuit water tunnels and towing tanks.  In the latter cases, near ideal flow conditions can 
be attained with regard to flow quality.  Therefore, for most meaningful comparisons of the data, 
the flow quality in the proposed facility should be improved as much as possible within funding 
and time constraints. 
 

III.  HEAD LOSS 
 
A.  General Comments 
  
A schematic layout of the piping system as originally configured is shown in Fig. 3.  The system 
consists of a smooth entrance intake, a straight rectangular section, a shape transition from 
rectangular to round, various lengths of 8 ft diameter pipe, and two long radius elbows of 8 ft 
diameter.  Following the last elbow is a 48 ft length of 8 ft diameter pipe to which the existing 
rectangular test section was attached.  It is assumed that the existing section will be removed and 
a new test section of suitable dimensions be incorporated at this location.  The available head is 
dependent on the level in the reservoir, which varies between about 319 ft in the summer and 205 
ft in the winter.  The minimum submergence of the intake is about 110 ft. 
  

 
Figure 3 Schematic of Pipe Layout 

 
Considering the friction losses in the piping system, the head required for a free discharge at the 
exit of the pipe can be written as 
 

    ∑+=
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        (1) 
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where  V  = velocity in test section 
  Vc = velocity in component 

  kc  = component loss coefficient 
  A  = cross-sectional area of test section 
  Ac =cross-sectional area of component 
 
B. Component head loss coefficients 
  
The head loss coefficients for the various components have been estimated, assuming that the 
loss coefficients do not change significantly with velocity.  This is a reasonable assumption as 
the Reynolds number is very high at the high velocities of interest.  Interaction effects between 
the components have not been considered.  Extensive reference has been made to Idelchik [1] 
and Miller [2] for these computations. 

 
1. Intake 

 
The velocity in the intake is considered small, so that the losses may be neglected.  Therefore k = 
0. 

 
2.  Straight rectangular section 
 

This section has dimensions of 10 by 5.75 ft with a length of about 29 ft. If the walls of the 
section are considered to be concrete with an average surface finish, the roughness height is 
about 2mm.  The relative roughness based on the hydraulic radius is about 0.0011, which gives a 
friction factor of about 0.02.  Thus, the loss coefficient based on the velocity in the 8 ft diameter 
pipe is k = 0.0606 

 
3. Transition from rectangular to circular cross-section 
 

The 14 ft long transition is from the 10 by 5.75 ft section to the 8 ft diameter pipe. The loss 
coefficient will be determined following the procedure outlined in Idelchik [1] where 

    
k = (C0 + C1b1/a1)(A0/A1)2 

and 
a1 = height = 10 ft 
b1 = width = 5.75 ft 
A0 = pipe area = πD2/4 = 50.27 ft2 
A1 = inlet area = a1 x b1 = 57.5 ft2 
C0 = λL/Dh 
C1 = f (L/D) 
Dh = hydraulic dia. = {2 a1b1/(a1 +b1) + D)1/2 = 7.65 ft 

 
Using the charts in [1] for L/D = 1.75, the value of C1 is 0.002. C0 is dependent on the friction 
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coefficient, λ, for which a value of 0.025 has been assumed. (See the next section for discussion 
of this number).  Inserting these numbers in the above expression for the loss coefficient, we get 
k = 0.0359 
 

4. Pipe losses 
 

The head loss in the 8 ft diameter pipe is dependent on the flow velocity, length, and wall 
roughness of the pipe.  The available information states that the pipe walls were initially coated 
with a bituminous material.  It was estimated from visual inspection of the penstock that the 
surface roughness was about 0.25 in.(6.4mm) rms.  This value seems quite high as compared to 
other roughness heights, ∆, as given below. 

    
    Table 1.  Surface Roughness    

    
Pipe Condition    ∆, mm 

a. new or old, but in good condition   0.04 – 0.10  
b. new, bituminous coated    0.05 
c. used previously, corroded bituminous  0.10 
d. water lines previously used   1.2 – 1.5 
 

Thus, the relative roughness, ∆/D, can vary between 
 

1.6 ×10-5 < ∆ /D < 2.6 ×10-3 
 
At the high Reynolds numbers of interest (Re ≈ 108), the friction coefficient, λ, is essentially 
independent of Re, and over the roughness range can vary between 
 
    0.0095 < λ < 0.025 
 
Using the very conservative value of roughness, the friction coefficient from the charts [1] is 
0.025.  Thus, for a pipe of length L, 
 
    k= λ L/D = 0.025 L/8 = 0.0031L 

 
5. Long radius elbow 

 
The head loss in the 8 ft diameter elbows was estimated using the procedure given in Miller [2].  
The radius, r, to the centerline of the elbow is 50 ft and the bend angle, θ, is 53 degrees.  For a 
bend with smooth walls and Re = 106, kbref = 0.13.  Using the correction for Reynolds number, 
αb, the loss coefficient is 
 

   kb= kbref × αb 
 
where for Re ≈ 8 x 107, αb ≈ 0.7.  Thus, for a smooth pipe, 
 

   kb = 0.013 × 0.7 = 0.091 



 11

 
For rough pipes, the loss coefficient is modified to include the ratio of the friction coefficients 
for rough and smooth pipes, F, so that 
 

   k  =  kb × F 
 

At the Reynolds number of interest, the friction coefficient for a smooth pipe is about 0.0063, 
and using the same roughness as before the friction coefficient for the rough pipe is 0.025.  Thus, 
F = 0.025/0.0063 = 3.97 and  
 

   k = 0.091 × 3.97 = 0.361 
 
6. Large Honeycomb 
 

A honeycomb with relatively large openings installed in the plenum chamber upstream of the test 
section is frequently used to straighten the flow and reduce eddy size.  For this purpose, a 
honeycomb with a cell size 2 x 2 in. and length of 20 in. was selected.  Further study may require 
a slight change in this particular selection, but the choice is deemed adequate for the immediate 
concerns. 

 
Since this conduit flow will more closely resemble flat plate flow than fully developed pipe flow, 
the loss coefficient will be related to the friction losses incurred by a flat plate of a width equal to 
the inner circumference of the cell and the length of the cell.  From a momentum balance of the 
cell, the loss coefficient can be written as 
 

   k= C fAf/A          
 
and 

   Cf = f(Re, ∆) 
   Af = total area of wall surface 
   A = cross-sectional area of cell 
 

At the high Reynolds numbers of interest, the flow is well into the region of a turbulent boundary 
layer, and the frictional drag coefficient for a smooth flat plate may be given by 
 

   58.2Re)(log
455.0=fC  

 
where Re is based on the cell  length.  With the given cell size and a velocity of 120 fps (70 kts), 
the loss coefficient is calculated to be 
 
     k = 0.1 

 
 
7. Test Section 
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For the case of an 8 ft diameter pipe attached directly to the exit flange, the loss coefficient will 
be essentially the same as previously determined.  If a test section length of 50 ft is assumed and 
the new pipe is considered smooth, then 

 
   k =  0.0063 × 50/8  = 0.039 
 
 

8. Summary of Loss Coefficients 
 

A summary of the loss coefficients for the basic piping system with an 8 ft diameter test section 
is given in Table 2. 

 
 

 
Table 2.   Summary of Loss Coefficients 

 
Component   Loss Coefficient, k 

  Intake     0 
  Straight section   0.0606 
  Shape transition   0.0359 
  8 ft D pipe, L = 116.5 ft  0.3612 
  Elbow     0.361 
  8 ft D pipe, L = 68.8 ft  0.2133 
  Elbow     0.361 
  8 ft D pipe, L = 48 ft   0.1488 
  8 ft D test section, L = 50 ft  0.039 
  Large honeycomb   0.10   
  Total     1.6808 

 
  
It is obvious from inspection of the loss coefficients for the 8 ft diameter test section that about 
86 % of the losses occur in the piping system as a result of the large flow rates for a given test 
section velocity.  The total head loss as function of test section velocity is plotted in Fig. 4.  The 
reservoir levels for the summer and winter season of 319 and 205 ft, respectively, are also 
shown.  It should be mentioned that the pipe losses of Table 2 were calculated using the pipe 
roughness value of 0.25 in.  rms. This curve is identified as the rough pipe in Fig. 4.  For this 
conservative case, the maximum test section velocity is about 53 kts in the summer and 43 kts in 
the winter season .If one takes the most optimistic case of a smooth steel pipe, then a 
recalculation of the loss coefficients gives a sum of about 0.575. The resulting head requirements 
are plotted as the smooth pipe in Fig. 4. Thus, a test section velocity of 70 kts can possibly be 
approached under these ideal conditions.  It should be noted, however, that the loss associated 
with a test body has not been included, nor have any losses due to control valves even when wide 
open.  The two curves are considered to provide a bound on the test section velocity that may be 
obtained. 
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Figure 4 Head Requirements for 8 foot Test Section 
 
 
In view of the above discussion it can be seen that if higher test section velocities are to be 
attained, it will be necessary to reduce the diameter of the test section.  This results in a lower 
discharge and the loss coefficients in most of the piping components are substantially reduced in 
accordance with Eq. 2.  Loss coefficients for test section diameters of 3, 4, and 5 ft and lengths 
of 50 ft have been calculated by applying the appropriate area ratios.  A pipe roughness of 0.25 
in. rms was used in these calculations.  The results are plotted in Fig.  5.  Losses associated with 
a turbulence management system have also been included, and these additional losses will be 
discussed more fully in a following section.  It is apparent that a test section velocity exceeding 
70 kts can only be obtained with test section diameters less than 8 ft. 
  

 
IV.  CONTRACTION 

 
As previously noted for a configuration with an 8 ft diameter test section, the losses in the piping 
system are high and thus the available test section velocities are low. The high velocities 
upstream of the test section result in large structural loads on any flow straighteners or other 
turbulence management devices installed in this region.  To reduce these loads, it is common in 
water and wind tunnels to provide a contraction with a suitable contraction ratio.  A properly 
designed contraction will also improve the velocity uniformity and reduce the turbulence level in 
the test section. 
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Figure 5 Head Requirements for Various Test Section Diameters 

 
 
Very extensive experimental and theoretical studies have been conducted for the Large 
Cavitation Channel (LCC) and the HYKAT.  (See Wetzel, Song, and Arndt [3], Wetzel and 
Arndt [4], Wetzel and Arndt [5], and Wetzel and Arndt [6]).  These studies were concerned with 
the development of contractions and turbulence management systems, among with many other 
hydrodynamic considerations.  Although both of the above facilities were of the closed loop 
type, the results obtained may be applied to the present gravity flow facility under investigation.   
  

A. Contraction Design 
 

The essential design considerations are exit flow uniformity, boundary layer separation at the 
inlet, bounder layer thickness at the exit, and the space required and cost of the contraction.  
These considerations are incorporated in the design parameters of contraction ratio, shape, 
length, and Reynolds number. 
  
Morel [7] has carried out an extensive investigation of axisymmetric contractions and has 
presented design charts that are directly applicable to this application.  The contraction shape 
deemed to be most efficient was determined from matched cubic equations.  Definitions of this 
shape are shown in Fig. 6.  The shape for a given contraction ratio is dependent on the location 
of the match point, X.  Shapes for several values of X are shown in Fig. 7. 
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Figure 6 Definition Sketch for Matched-Cubic Contraction 
 
 

 
 

Figure 7 Contraction Shapes for Various Match Point Locations 
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Since the velocity at the wall decreases slightly and the pressure rises just downstream of the 
contraction entrance, a slight pressure peak occurs with a decrease in pressure further 
downstream.  Near the exit end, a velocity overshoot occurs at the wall and the pressure reaches 
a minimum and gradually increases to the test section pressure.  The inlet pressure coefficient is 
related to boundary separation and the exit pressure coefficient is related to exit velocity non-
uniformity. 
 
These quantities are defined as 

 
Exit velocity non-uniformity,  ( ) ∞= 2,2c2 U/U-Vu  

 
where  
 

V = velocity at the wall  
             Uc = centerline velocity 
            U2,∞  = velocity far downstream 

Inlet pressure coefficient, Cpi  = ( )2
1,1 U/V1 ∞−  

Exit pressure coefficient, Cpe  =  ( )  V/U1 2
22,∞−   

The subscripts i and e refer to the location of maximum and minimum wall pressures, 
respectively. 

 
Morel has shown that for a given contraction ratio, selection of Cpi and Cpe will define the shape 
and length of the contraction.  Cpi can be determined from the Stratford separation criterion 
discussed below and Cpe  is related to the velocity non-uniformity.  
 
For the present case, a contraction ratio of 4 will be assumed.  Considering the inlet pressure 
coefficient, Cpi  it was found that as X increases, Cpi  decreases.  This effect will later be shown 
to reduce the tendency for boundary layer separation.  An opposite trend was noted for Cpe.   
Cpe increases with increasing X, which leads to more non-uniformity of the velocity profile. 
 

B. Stratford Separation Criterion 
 

Separation will occur when 
 
             ( ) ( ) 1.062/1 Rex1035.0xdCp/dxCp −=                          (3) 

 
where x is the distance from the virtual origin of the boundary layer. Following the procedure 
outlined by Morel, an approximation of the left hand side of Eq. 3 given by 
 

  ( )
2/1

io3/22/1 x9.0x
Cpi6.0xdCp/dxCp 







 +
=

s
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Therefore, the upper bound on Cpi for no separation is  
 

  
3/1

io

s
x9.0x

0.7Cpi
−








 +
= ( ) 15/16 Rex10−                        (4) 

 
where  
 

xo  = upstream distance to nearest turbulence screen 
xi  = distance from contraction entrance to maximum Cp 
s   = distance between points where Cp  = 0.4Cpi   and 0.8Cpi 

 
Morel has shown that in the range of interest for typical contractions, 
 

xo /D1 = 0.3      xi /D1 = 0.15   and   s/D1 = 0.09 
 
Inserting these values in Eq. 3 and basing the Reynolds number on the settling chamber 
diameter, D1, yields 
 

                Cpi = ( ) ( ) 15/1615/1
3/1

Re1015.0*9.03.0
09.0

15.0*9.03.07.0 x−
−

+





 +  

                  ( ) 15/1
1

6 Re1039.0 D
−=  

 
Using a test section velocity of 70 kts (120 fps), 65

1 10*2410*8*30Re ==D  and Cpi  =  0.39 × 
1.24 =  0.48.  To avoid separation, Cpi   should be less than this value. 
 

C. Velocity Uniformity 
 

The computations by Morel have indicated that 
 
     2u  = K Cpe     where K varies between 0.35 and 0.4. 
 
If a velocity non-uniformity of 1 % is assumed, then 
 
               Cpe 03.035.0/01.0 ==  
 

D. Contraction shape 
 

The contraction shape is derived from 
 
               ( ) ( ) 6/12/12/13/13/22/1 11 −=− −− mmGFXX ie  
 
         where m =D1/D2 .  Fe and Gi  are taken from Figs.10 and 11 of  Morel. 
 
Using Cpe  = 0.03 and  Cpi  = 0.4,  Fe  = 0.2 and Gi   =2.0. 
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With m = D1/D2 = 2 
 
   ( ) 5851.01 3/22/1 =− −XX  
 
Solving for X by trial and error gives X = 0.24.  L/D1 can be found from  
 

    ( ) iGDLX
m

m =− −− 2
1

1 /1   

or 

     02.1
1

/
2/1

1 =







−

=
−

m
mXG

DL i  

 
The resulting shape for X = 0.24 is plotted in Fig. 8.    

 
Upstream of the contraction, a settling chamber is provided for flow straighteners and/or a 
honeycomb for turbulence management.  It is recommended by Morel that at least 0.2D1 be 
allowed to prevent distortion of the flow entering the contraction.  At the exit of the contraction, 
the exit velocity non-uniformity is reduced by about 10 % within 0.3D1 into the test section. 
 
                                

 
 
 

Figure 8 Matched Cubic Contraction, Contraction Ratio = 4 
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V.   TURBULENCE MANAGEMENT SYSTEM 
 

A. General Comments 
 

In our previous work with the Large Cavitation Channel (LCC) and the HYKAT, extensive 
studies were made of turbulence management systems.  The LCC had a contraction ratio of 6 and 
the HKAT had a contraction ratio of 4.  Designs using honeycombs were based on the theory 
presented by Lumley and McMahon [8].  This theory has received some experimental 
verification as reported by Robbins [9]. 
  
The turbulence intensity in the test section is influenced by several factors.  The honeycomb 
itself results in a reduction depending on the geometric characteristics of the honeycomb and the 
initial turbulence conditions.  The length of the honeycomb cell must be sufficient to result in a 
fully developed flow at the cell exit.  The turbulence generated by the honeycomb requires some 
distance to return to isotropy.  This distance is estimated to be within 20 cell diameters of the 
downstream of the honeycomb.  Further reduction occurs over a decay length taken as the 
distance from the downstream face of the honeycomb to the contraction entrance plus one-half 
the length of the contraction.  Turbulence reduction due to the contraction itself is based on the 
procedure proposed by Batchelor [10] for symmetrical contractions.  Combining these effects, 
the rms turbulence intensity, u/U, in the test section is determined by 
 
  2/1' )/(/ LIncUu =       (5) 
 
where              n = rms turbulence intensity downstream of honeycomb 
  c = rms turbulence intensity reduction in contraction 
  I = distance for return to isotropy 
  L′ = decay distance 
 

B. Summary of Input Data 
  
The summary of the input data is listed below: 
 
  Contraction ratio   4 
  Contraction length   8 ft 
  Incoming turbulence level  10% 
  Integral length scale   2 in 
  Test section velocity, 70 kts  120 fps 
  Plenum velocity     30 fps 
 
 

C. Turbulence Reduction due to Contraction 
 

Turbulence reduction due to the contraction is calculated following the theory proposed by 
Batchelor [10].  The rms turbulence reduction, c, is given by 
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Therefore, c = 0.36. 

 
D. Honeycombs 
 

Design charts are presented by Lumley and McMahon [8], which can be used to predict the 
turbulence reduction and local loss coefficients for the honeycomb.  The method requires 
knowledge of the incoming turbulence length scale and turbulent flow in the honeycomb cell.  
As the integral length scale is not known, a value for computational purposes was assumed as the 
size of the flow straightener or large honeycomb of 2 in.  The selection of the integral scale 
based on the large honeycomb size is consistent with the measurements reported by Robbins [9]. 
 
Using the design technique of Lumley and McMahon [8], a trial and error analysis was required 
to find an acceptable solution for the size of the turbulence management honeycomb.  
Honeycombs with a small opening size could not be used due to possible clogging from foreign 
material in the water.  A screen at the reservoir intake has openings of 5/8 in. and therefore it was 
assumed that the honeycomb opening must be at least that large.  It was determined that a cell 
size of 5/8 in. and length of 16 in. would result in a turbulence intensity in the test section of 
about 0.2%.  The loss coefficient based on the velocity in the plenum chamber was about 0.4.  
For a cell size of 0.75 in. and length of 14 in., the turbulence intensity was essentially the same 
or 0.22% with a loss coefficient of 0.5.  The restriction on the cell size limits the reduction of 
intensity that can be obtained for the assumed input conditions. 
 
A general layout of the turbulence management scheme is shown in Fig.  9 using the 5/8 in. cell 
size.  The total length of the system including the contraction is about 12 ft. 
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Figure 9 Layout of Turbulence Management System 
 
 

 
VI.  ALTERNATE TEST SECTION FOR CAVITATION TESTING 

 
The high velocities obtainable in the gravity flow facility may be of interest for using the facility 
for cavitation testing. A brief investigation therefore was made to determine the practicality of 
modifying the configuration with the 4 ft diameter contraction to a variable pressure section for 
cavitation studies.  Pressure control in a conventional closed-loop water tunnel is accomplished 
by applying pressure or vacuum from an outside source to a convenient location in the loop.  The 
pressure control affects the pressure throughout the entire system.  In the gravity flow facility 
considered here with the flow discharging into the atmosphere, such pressure control cannot be 
exercised.  Therefore, attention was directed to the possibility of utilizing a free jet test section.    
The St. Anthony Falls Laboratory has carried out extensive studies in the past with free jets 
discharging in the horizontal, vertically upward, and vertically downward directions.  The 
particular location and 50 ft gravity head available at SAF resulted in the final selection of a free 
jet discharging vertically downward through a closed chamber of larger diameter.  Thus, the 
pressure in the jet was the same as the pressure in the surrounding chamber.  As the high- speed 
jet acted as an aspirator and was very efficient in entraining air from the chamber, the pressure 
was actually controlled by bleeding outside air back into the chamber.  This free jet facility has 
been widely used successfully in experimental studies of both axisymmetric and two-
dimensional bodies at extremely low cavitation numbers. 
 
The particular location at the Detroit Dam site does not readily lend itself to using a test section 
placed in the vertical direction.  Therefore, consideration was given to a horizontal jet issuing 
from the contraction with an exit diameter of 4 ft and contained in the 8 ft diameter pipe.  In this 
case the jet will deflect in the vertical direction due to gravity as a function of distance and jet 
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velocity.  
 
Consider a horizontal jet discharging from a nozzle with a velocity of Vo.  If y is measured from 
the jet centerline and is taken as positive in the downward direction, then 
 
     2gxy = / oV2 2

 

     
where x is the horizontal distance from the end of the nozzle. 

 
The jet deflection for various velocities of the jet issuing from a nozzle with a diameter of 4 ft is 
plotted in Fig. 10.  As the deflections are measured from the jet centerline, the maximum 
deflection that can be allowed before the jet strikes the bottom of the 8 ft diameter pipe is 2 ft.  
This limit is shown in the figure with a dotted line.  It may be reasonable to assume that a usable 
length of jet is 5 diameters or a length of 20 ft. Thus, for a test stream velocity of 70 knots, the 
deflection is about 0.5 ft.  The effect of this deflection can be quite significant with a circular jet.  
The high-speed jet entrains air and the outer surface becomes extremely rough. In order to view a 
test body in the interior of the jet, it is necessary to place transparent windows in contact with a 
portion of the jet surface leaving a large part of the circumference free and extending in the 
downstream direction.  As these windows have the curvature of the jet in the circumferential 
direction, there will be considerable interference with the jet in the downstream direction as a 
result of the jet deflection.  This interference may make the jet unsuitable as a test stream even 
over reasonable lengths.  Some of the interference can be relieved by using a rectangular jet 
created by a nozzle with a shape transition from round to rectangular.  The jet would then be 
partially enclosed with two sidewalls, one of which is transparent for viewing purposes.  The 
other two surfaces are unconfined and are exposed to the chamber pressure. Such an approach 
has been used many years ago in a recirculating flow facility described by Reichardt [ 11 ].  
 
Although the influence of the viewing sidewalls on the jet has been reduced by using a 
rectangular jet, there still is some difficulty in controlling the pressure around the jet.  The entire 
jet stream must be enclosed in a pressure-controlled chamber. The pressure can be controlled 
from an outside source, such as a vacuum pump, as was found to be necessary on model studies 
conducted at SAF with horizontal jets in the past. This method was also used in the previously 
mentioned facility described by Reichardt.  In the present application, the physical size of the test 
section would make such a task quite difficult and impractical.   
 

For a non-circulating flow system, throttling either an upstream or downstream valve controls 
flow rate.  With the horizontal free jet, test stream velocity is controlled principally with a valve 
located upstream of the contraction creating the jet.  Throttling of this valve would certainly 
result in excessive disturbance of the flow entering the contraction.  In view of this problem and 
the above-mentioned pressure control difficulty, the possibility of adopting the Detroit Dam 
facility to a variable pressure, gravity flow water tunnel for cavitation testing is considered to be 
remote.   
                         

 

 



 23

 

 

Fig.10 – Jet Deflection versus Distance, ft 

 
VII. CONCLUSIONS 

 
The following conclusions may be drawn from the calculations of the performance of the test 
conduit: 

 
1.   A velocity of 70 kts cannot be attained in a test section of 8 ft diameter and 50 ft length for 
the maximum lake level in the summer.  This was found to be true even for the most optimistic 
case with the 8 ft diameter pipes considered to be smooth. The maximum velocity for a pipe with 
large interior roughness was about 53 kts, and for a smooth pipe the maximum was about 67 kts.  
These values do not include any additional losses associated with a test body in the test section. 
 
 
2.  A velocity of 76 kts can be obtained in a test section of 4 ft diameter.  This was achieved by 
using an axisymmetric contraction with an area ratio of 4.  Velocity in the 8 ft diameter pipe is 
reduced by a factor of 16, thereby resulting in smaller loads on any devices located in the plenum 
chamber. The contraction also improves the velocity distribution in the test section, contributes 
to a reduction of turbulence intensity in the test section. 
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3.   As a result of the lower velocities in the plenum, a small-scale honeycomb can be installed to 
further lower the turbulence intensity in the test section.  Computations have indicated that levels 
of about 0.2% can be obtained with cell sizes of about 0.625 to 0.75 inches. 
 
4.  Cavitation testing capability would require substantial changes to the proposed design.  This 
is an inherent difficulty with non-circulating facilities. 
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