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CONVERSION FACTORS, BRITISH TO METRIC UNITS OF MEASUREMENT 

British units of measurement used in this report can be converted to 

metric units as follows: 

Multiply By To Obtain 

inches 2.54 centimeters 

feet 0.3048 meters 

feet per second 0.3048 meters per second 

feet per minute 0 .3048 meters per minute 

cubic feet per minute 0.02832 cubic meters per minute 

• 
1X 



SUMMARY 

Preliminary tests were conducted at the U. S. Army Engineer Water
ways Experiment Station to identif.y the process involved in mixing 
salinity-stratified bodies of water by means of a pneumatic (bubble) 
screen. Salinity, velocity, and photographic data from these tests 
serve as a basis for planning experiments that will ultimately develop 
scaling relations for the use of pneumatic screens as mixing devices. 

In a two-dimensional flume with an initially two-layer, density
stratified system, the flow pattern created by the operation of a pneu
matic screen is a three-layer system. This flow was shown by flume 
tests using dye tracers on each side of the screen. A circulation cell 
is formed that draws water toward the pneumatic screen in the upper and 
lower layers, mixes the different-density waters in the immediate vicin
ity of the screen, and discharges the mixture as an intermediate-density 
wedge flowing away from the screen along the initial density interface. 

The results of these tests suggest that the pneumatic screen may 
be modeled by producing scaled currents in a hydraulic model by whatever 
means is convenient, thus avoiding problems of scaling the pneumatic 
screen apparatus. 

Also, based upon the results of these tests, a four-phase research 
program to develop appropriate scaling relations is recommended. This 
program would culminate in a prototype scale installation to permit 
direct evaluation of the results obtained • 
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MIXING OF SALINTIY-STRATIFIED WATER 

BY PNEUMATIC BARRIERS 

PRELIMINARY INVESTIGATIONS 

Hydraulic Model Investigation 

PART I: INTRODUCTION 

Objectives 

l. The ultimate objective of this research is to develop model 

laws for the mixing of stratified liquids by a pneumatic (bubble) screen 

so that hydraulic model test data can be used to predict prototype 

behavior. 

2 . The objective of this phase (Phase I) of the research is to gain 

sufficient insight into the processes involved in mixing by pneumatic 

screens so that a comprehensive experimental program can be designed . 

3. It is the purpose of this report to : (a) describe the tests 

conducted and the data collected thus far; (b) relate the major findings 

of these tests; and (c) recommend the appropriate direction for research 

to accomplish the ultimate objective (Phases II through V). 

Background 

4. The pneumatic barrier was invented by an American engineer, 

Phillip Brasher, who used it as a breakwater . The device consists of 

submerged perforated pipes through which compressed air is pumped . The 

perforations release air in streams of rising bubbles that induce verti

cal currents near the bubble column and horizontal currents at the sur

face. The pneumatic barrier as a breakwater has been used with mixed 

success for most of this century. 

5. Since about 1960, however, other possible uses of the pneu

matic screen have been recognized in such applications as the reduc tion 

of saltwater intrusion in locks and estuaries, prevention of ice 
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formation, inhibition of sediment accumulation, containment of oil slicks, 

and attenuation of explosion-generated shock waves. The potential bene

fits of reducing the extent of saltwater intrusion have attracted the 

attention of several researchers to the pneumatic screen. Application 

of the concepts that they have developed has been limited, however, 

due to a problem in common with the pneumatic breakwater--no reliable 

means of scaling model results to prototype scale has been developed. 

6. In 1965, the consulting firm of Quirk, Lawler, and Matusky 

sponsored a series of tests in the New York Harbor and Delaware River 

models at the U. S. Army Engineer Waterways Experiment Station (WES) to 

aid in evaluating the effectiveness of the pneumatic screen in reducing 

salinity intrusion.* These tests showed that the screen was potentially 

useful for the reduction of saltwater intrusion into stratified estu

aries, but pointed up the lack of knowledge for applying model test 

results to prototype design. 

7. In response to the need for model laws, WES began a series of 

tests in 1967 to provide the data needed for development of appropriate 

scaling relations. 

Approach 

8. The experimental portion of Phase I of this study consisted 

of pilot tests in 1967 and 1969 to determine the aspects of pneumatic 

screen operation that required detailed study and to provide a base of 

data upon which to plan future tests. From the results of these tests 

and discussions with the WES Hydraulics Consultants Board, a modest set 

of additional experiments was designed and conducted in 1971. 
9. The data that have been obtained thus far cannot of themselves 

be used to satisfy the ultimate objective of the research. This report, 

therefore, endeavors to describe the major conclusions that have been 

reached and not to provide a det ailed analysis. For this reason only a 

* Quirk, Lawler, and Matusky Eng ineers, "Effect of Pneumatic Barriers 
on the Intrusion of Salt in the Delaware and Hudson River Models," 
Jan 1966, report to Delaware Basin Commission. 
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small sample of the available data is included. A comprehensive analy

sis of the data from the tests described herein will be included where 

appropriate in future work. 
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PART II : DESCRIPI'ION OF TESTS 

10. The tests conducted for this study consisted of the operation 

of a pneumatic screen in a stagnant body of density-stratified water. 

The stratification was achieved by the introduction of a saline water 

layer beneath a l~er of fresh water at a sufficiently slow rate to 

minimize mixing of the fresh and salt water . Table l summarizes the 

conditions for each test. 

11 . The apparatus for generating the pneumatic screen consisted 

of a compressor providing a metered airflow to a diffuser manifold 

placed on the bottom of the test basin . Circular orifices were drilled 

at regular spacings along the top side of the pipe that served as the 

air manifold. Air was introduced at one end of the manifold by a riser 

connected to a portable, gasoline -powered compressor . The ai rflow 

rate was metered by on-line rotameters in standard cubic feet per 

minute ( scfm). 

12. Data consisted of salinity and velocity observations and film 

records of the mixing process. Salinity concentrations of the samples 

were measured with a Beckman Salinometer. 

1967 Tests 

13. Four tests were run in a 20- by 50- by 10-ft-deep* concrete 

basin. The air manifold was placed 23 ft from one end of the basin on 

the bottom. 

14. The data for this set of tests consisted of salinities taken 

at 1-min intervals throughout the test for six depths at each of six 

stations. The sampling depths were 0.2, 2.0, 3 . 8, 4.2, 6.0, and 7.8 ft 

below the water surface. Samples (25 cc each) were simultaneously taken 

from each sampling point by a vacuum pump and sampling manifold appara

tus and w:ere sealed in plastic bottles until analyzed on the salinity 

* A table of factors for converting British units of measurement to 
metric units is presented on page ix. 
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meter. The test layout 

is shown in fig. 1. 

15. Flow speeds 

were measured at each of 

three stations shown in 

fig. l. The data, taken 

with a small Price cur-

rent meter, were nondi

rectional. Readings were 

taken sequentially at 

30-sec intervals at six 

depths (0.5, 2.0, 3.5, 

4.5, 6.0, and 7.0 ft be

low the surface) through

out the test. 

COMPRESSO R 

3' 

1 I 
• 61V 

MANIFOLD~ 

2 4 5 6 
• /:l2V • • ·-
3 
• 63V -
I 

LEGEND 

• SALINITY STATIONS 1-6 

6 VELOCITY STATIONS IV-3V 

Fig. 1. Test layout for 1967 basin tests 

1969 Tests 

3' 

7' 

7' 

3' 

16. Eight tests similar to those conducted in 1967 were run in 
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Fig. 2. Test layout for 1969 basin tests 

3' 
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7' 

3' 

1969. The number of 

salinity stations was 

increased to 10 as 

shown in fig. 2 . 

17. Salinity 

samples were taken by 

the same method as that 

used in the 1967 tests. 

The frequency of sam

pling was every 20 to 

30 sec for the first 

2 min, every 40 to 

60 sec for the next 

8 min, and then at 

1- and 2-min intervals until the run ended at about 30 min. 
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18. In addition to the basin tests, 10 short tests were conducted 

in a glass flume in order to 

and determine flow patterns. 

view the operation of the 

A 24-ft-long, 1-ft-wide, 

pneumatic screen 

and 2-ft-deep 

flume was used for this series. Various dye tracer configurations were 

used to demonstrate the mixing process, and the data consisted of motion 

picture photography. 

19. For tests F69l, F692, and F694, the manifold was placed in 

the center of a 6-ft-long section of the flume. 

was at the end of the 24-ft-long flume for test 

end for test F6910. 

1971 Tests 

The manifold position 

F698 and 1 ft from the 

20. Three tests were performed in a 9-in. Lucite flume 320 ft 

long and 2 ft deep. Salinity samples were taken at six sampling sta

tions by gravity flow through the side of the flume. At each station, 

plastic tubing was inserted through holes in the flume wall at six 

depths and crimped to prevent flow prior to sampling. When sampling was 

desired, the tubing was uncrimped and the flCY..r was wasted until the 

sampling time arrived, when it was directed into 25-cc glass bottles for 

storage. In this manner all depths at a particular station could be 

sampled simultaneously. 

21. The sampling stations were at distances of 1.1, 2.7, 40, 80, 

122, and 160 ft from the center line of the pneumatic screen. Sampling 

times were chosen at each station in order to coincide with the passing 

of the intermediate-density wedge. Samples were taken prior to, during, 

and after the passage of the wedge. 

22. Dye tracers were used in these tests to aid in analyzing 

films of the phenomenon. In addition to dyeing the saltwater layer, 

particles of granular dye were dropped into the flow in order to deter

mine the flow pattern. Motion pict ure films were made at each station 

of the passage of the intermediate- density wedge. 
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PART III : DISCUSSION OF FIND:lliGS 

23 . The data f r om the tests described in Part II consist primar

i ly of a large number of salinity readings over a wide range of vertical 

and hor izontal distances and times. These data have been tabulated and 

pl ot ted but are too vol uminous for inclusion in this report. A detailed 

analysis of the salinity data proving to be applicable wi 1 1 be made in 

r epor ting on the r esults of Phase II of this study . 

24 . Of the greatest immediate interest are the largely qualita

tive observations made possible by the motion picture films of the flume 

test s . These films, e~anced by the use of tracer dyes, provide con

sider able insight into the mixing phenomenon. 

The Mixing Process 

25 . The process by which the saltwater and freshwater l~ers were 

mixed is ill ustr ated in fig . 3. With the pneumatic screen operating in 

an i n itial Jy still body of water, the bubbles rise from the manifold in 

a spr eading wedge that is symmetrical about a vertical plane through the 

center l ine of the manifold . The vertex of the wedge is a short dis 

tance bel ow the manifol d due to the nonlinear expansion of the bubble 

column near the orifice . The angle of this wedge was on the order of 

10 degrees for the 1971 flume tests . 

26 . The rising bubbles induce a vertical flow of water within the 

bubbl e column and alongside it, drawing water in laterally over most of 

the depth of water except near the surface . At the surface, the induced 

f l ow turns and flows aw~ from the screen horizontally . This flow con

sists in part of the denser salt water and thus sinks through the fresh

water surface l~er at a short distance from the screen . Thus, a cir

culation cell is formed with f l ow upward at the screen, outward at the 

surface , and inward at the bottom . 

27 . Shortly after operation begins, a wedge of mixed fluid begins 

flowing aw~ from the screen along the original density interface . As 

it progresses, the l~ers above and below it begin to flow toward the 

7 



\ . 
\ 

// 

FRESH 
WATER 

ORIGINAL 
INTERFACE 

INTERMEDIATE
DENSITY WEDGE 

SALT 
WATER 

·Fig. 3· Typical circulation pattern for a pneumatic screen operating in still water 



pneumatic screen . In this manner, the flow pat terns shown in fig . 3 are 

developed. 

28 • Mixing occurs primarily within the circulation cell. The 

inflow points at the intersections of the cell with the freshwater and 

saltwater layers are extremely turbulent and considerable mixing occurs 

there. Additional mixing seems to occur within the cell, since the 

gross circulation is larger than the net outflow in the intermediate

density wedge . Dye injections show that much of the flow within the 

cell is recirculation. 

29. Additional mixing occurs along the upper and lower boundaries 

of the intermediate-density wedge due to slight turbulence generated by 

the opposing f lows. The laboratory tests probably do not show the same 

degree of such mixing that would occur in the prototype . Under actual 

estuary conditions, the increased flow and wave motion could increase 

the magnitude of mixing away from the screen. 

The Intermediate-Density Wedge 

30 . The flume tests showed that the mixing conditions described 

in the preceding section persisted only as long as the intermediate

density wedge was free to flow unimpeded awa:y from the screen. Upon 

r eaching the end of the flume, the wedge built up on the end wall much 

like a wave, and reflection occurred. 

down the flume abruptly increased the 

and altered the flow patterns . 

The propagation of this wave back 

depth of the intermediate layer 

31. Since this reflection, or rebound, of the intermediate wedge 

clearly would not be duplicated in a typical estuary installation, it 

is obvious that data taken after the rebound occurs are of limited 

value in adapting the r esults to prototype scale. This realization led 

to the 1971 tests in the long flume. 

32. The velocity of propagation of the wedge down the flume was 

approximately 7 fps for the 1971 tests and of the same order of magni

tude for the 1969 tests. 
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Flow Rates 

33· For conditions of tests 71A, 71B, 71C, and the 1969 F series 

(a relatively deep saltwater layer), the flow at same distance from the 

screen formed three layers of approximately equal depth with the upper 

and lower layers flowing toward the pneumatic screen and the intermedi

ate layer flowing away. Fig. 4 shows a typical velocity profile for 

such conditions. The magnitudes shown in the figure are characteristic 

of test 7lB. 

1.2r-----------w-----------r-----------r-----------~~------~ 
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1 . 0 

INTERFACE £
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0.9"--- - - -- -- -- -- -- -- --~- --
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0. 1 

-5 

~--+---TOWARD PNEUMA TIC SCREEN 

0 +5 +10 

FLOW VELOCITY, FPM 

Fig. 4. Typical velocity profile far from the pneumatic 
screen for a deep saltwater layer 
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34. Rough velocity measurements in the surface currents of the 

1967 tests indicated that velocities within the circulation cell are 

considerably higher than those in the layered flow away from the screen. 

This is consistent with dye tracer observations and salinity data, which 

suggest that much of the flow in the cell is recirculation. 

Salinity Distribution 

35. For the initial two-layer stratification used in these tests, 

the variation of salinities with depth is rather straightforward. After 

passage of the intermediate wedge, the salinity typically changes as 

shown in fig. 5. The salinity at the surface and bottom boundaries 
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Fig. 5. Salinity profiles 13 ft from the 
pneumatic screen, test 691 
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remains virtually unchanged while the salinity of the intermediate layer 

assumes a value proportional to the salinities and the depths of the 

original two layers. 

36. In the circulation cell, the salinity profile reflects the 

nearly complete mixing that occurs near the screen. Fig. 6 illustrates 

the profile for one test which, after 1.0 min of operation, shows a 

slightly greater salinity at the bottom of the circulation cell than at 

the top and a virtually constant salinity throughout most of the depth. 
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Fig. 6. Salinity profiles 1.1 ft from the pneumatic 
screen, test 71C 

37. A good measure of the degree of density stratification of a 

column of water is the stability parameter, defined by the expression 

d 21 p (y) dy 
0 

X 100 
d2 

Pm 

s -
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where 

d - depth of the water 

p(y) -mass density at a point 

y - elevation of the point with respect to the bottom 

p = mean mass density over the column 
m 

This is the ratio (in percent) of potential energy of the stratified 

condition to that of the completely mixed water column. A stability 

value of 100 indicates a homogeneous fluid, while values below 100 indi

cate a normal stratified condition with the less dense fluid on the top. 

A stability value of greater than 100 indicates an unstable reverse 

stratification. 

38. This stability parameter can show how mixing progresses at a 

particular location, as shown in fig. 7. This plot shows how the strat

ification changes as the intermediate wedge passes at about 2.0 min and 

as the rebound occurs at about 4.0 min. 
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Fig. 7. Stability history at sta 8, test 691 
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PART IV: CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

39. These tests have provided an understanding of the pneumatic 

screen operation that is valuable in the design of experiments to sat

isfy specific data needs. In addition, the data collected will provide 

a source of information for comparison with other experiments. 

4o. If the currents produced by a pneumatic screen are dependent 

only upon the rate of airflow and the depth of water, as suggested by 

the results of experiments by Bulson,* then the modeling of the pneu

matic screen for mixing may be less difficult than earlier imagined. 

Bulson's results suggest that the salt removal accomplished by the screen 

is due less to the turbulent diffusion of the salt than to the mass 

transport of the salt by the induced currents. Thus, it appears that the 

currents produced by a pneumatic screen can be predicted from simple lab

oratory tests, and the currents can be modeled by whatever means are most 

convenient in an estuary model. By such a technique, the rather formi

dable problems of scaling manifold dimensions and bubble size would be 

eliminated. 

41. These tests indirectly concern sedimentation in that the 

changes in salinity affect flocculation, natural salinity-generated den

sity currents greatly influence the location of deposition areas, and 

the currents induced by the screen will affect deposition of larger sedi

ments. Sedimentation is, of course, a field of research by itself and 

conclusions regarding the use of pneumatic screens in sedimentation 

reduction await comparison of results of pneumatic screen tests with sed

imentation knowledge and evaluation of trial installations, such as that 

the Corps of Engineers is testing in Grays Harbor, Washington. 

Recommendations 

42. The practicability of the pneumatic screen as an estuarial 

* P. S. Bulson, "Currents Produced by an Air Curtain in Deep Water," 
Dock and Harbour Authority, Vol 42, May 1961, pp 15-22. 
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mixing device is being shown by successful prototype installations in 

several locations. Notable among these are installations in Norway that 

prevent ice formation in fjords by mixing of salt and fresh water and in 

Holland where sedimentation, salt intrusion, and debris accumulation are 

reduced by the use of pneumatic screens. 

43. Design of the Norwegian applications was accomplished by test

ing of specific details of the design in varying scales, but the results 

are believed to be sufficient to design other installations without 

excessive additional tests.* To explore the effects of such a barrier 

upon the many important characteristics of an estuary ( such as sedimenta

tion, circulation, flushing of pollutants, and changes in the total sa

linity distribution), model tests will undoubtedly be of value beyond the 

design of an operational system. For this reason, it is recommended that 

additional research be conducted to determine the feasibility of testing 

mixing systems in hydraulic models prior to their installation in the pro

totype. Such research will also provide an impetus to the use of arti

ficial mixing systems in appropriate situations. 

44. The results of this study permit the design of a comprehensive 

research plan which is outlined below. The details of this plan are 

dependent not only upon the results r eported here and the past work of 

other researchers but also upon the analysis of several trial installa

tions and current research. 

45. If the work just completed is viewed as Phase I, the research 

plan would consist of four additional phases or steps to achieve the ul

timate objective of developing model laws. These steps are as follows. 

Phase II: still-water tests 

46. This phase will establish the relations between the conditions 

of airflow rate, layer depths, density gradient, resulting currents, and 

salt transport in an initially still body of water. The tests will cover 

a wide range of airflows in order to p~it confident prediction of the 

behavior of prototype scale systems. 

47. Also to be examined in this phase will be the comparison of 

* Berge, Havard, personal communication , 6 Jun 1972. 
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• 

water jets and pneumatic screens and the optimum manifold arrangements 

(multiple manifolds, orientation, etc.). 

48. These tests will require a test facility that provides an ade

quate length of time for steady-state conditions to be reached and for 

data to be collected, and that is of sufficient size to minimize side 

boundary effects and to permit a suitable range of water depths to be 

tested. 

Phase III: flowing-water tests 

49. In this phase the effects of the pneumatic screen in a layered 

system that is initially flowing will be investigated. The flow will be 

of the type encountered in stratified estuaries, that is, the surface 

layer flowing in one direction and the bottom layer either flowing less 

rapidly in the same direction or flowing in the opposite direction. The 

effects of varying flow rates and depths will be examined. 

Phase IV: synthesis 
design and model tests 

50. The results of the first three phases will be synthesized 

and used to design a pneumatic screen for a selected small estuary. The 

system will be tested in a hydraulic model and prototype response to the 

system will be predicted from the model results and theory. 

Phase V: prototype installation 

51. The pneumatic screen system is to be installed in the selected 

estuary and the results monitored for different conditions of freshwater 

flow, tides, and airflow rate. The results will be compared with the 

model tests. 

General Observation 

52. The above-described plan will naturally change as the research 

progresses in order to reflect an increased knowledge of the phenomena. 

Requisite to its initiation will be the careful examination of all avail-

able prototype results and consideration of pertinent research by others. 

It is believed that such a research project has an excellent chance of 

sucessfully attaining its objectives. 
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Table 1 

~1"n"aEl of Test Conditions 

Fresh- Salt- Salinity Manifold Orifice Airflow 
Test water water of Salt Length Diameter Diameter Spacing Rate 

No . Depth, ft Depth , ft La.yer , ppt ft in . in . in . scfm Data Type Remarks 

671 4 4 25 20 3 1/8 6 .0 30 Salinity, Concrete basin 
velocity 

672A 4 4 25 20 3 1/16 2 .0 30 Salinity, Concrete basin 
velocity 

672C 4 4 25 20 3 1/16 2 .0 30 Salinity, Concrete basin 
velocity 

673 4 4 25 20 3 1/16 2 .0 30 Salinity, Concrete basin 
velocity 

691 4 4 1/16 25 20 3 2 .0 30 Salinity Concrete basin 
692 4 4 25 20 3 i/16 2 .0 30 Salinity Concrete basin 

693 4 4 50 20 3 1/16 2.0 30 Salinity Concrete basin 
694 4 4 25 20 3 1/16 2 .0 10 Salinity Concrete basin 
695 4 ~~ 12 . 5 20 3 1/16 2.0 30 Salinity Concrete basin 
696 4 4 12 . 5 20 3 1/16 2 .0 10 Salinity Concrete basin 
697 4 4 12 . 5 20 3 1/16 2 .0 3 ·3 Salinity Concrete basin 
698 4 4 25 20 3 1/16 2.0 3-3 Salinity Concrete basin 

F691 0 .9 0.9 25 1 .0 0 .25 1/64 0 .25 0 .38 Film 6- ft flume, dye streamers 
F692 0 .9 0.9 25 1.0 0 .25 1/64 0.25 0 .133 Film 6-ft flume, dye streamers 
F693 0 .9 0 .9 25 1 . 0 0 .25 1/64 0 .25 0 .38 Film 24-ft flume, dye streamers 
F694 1 . 8 0.0 25 1 . 0 0 .25 l/64 0.25 0 .38 Film 6-ft flume, dye streamers 
F695 0 .9 0.9 25 1 .0 0 .25 i/64 0 .25 0 .38 Film 24-ft flume, dye injected 

into screen 

F696 0 .9 0 .9 25 1 .0 0 . 25 l/64 0 .25 0 .38 Film 24-ft flume, fresh water dyed 
F697 0 .9 0.9 25 1 .0 0 .25 l/64 0 .25 0 .38 Film 24-ft flume, salt water dyed 
F698 0 .9 0 .9 25 1 .0 0 .25 l/64 0 .25 0 .38 Film 24-ft flume, salt water dyed 

F699 0 .9 0.9 25 1 .0 0 .25 l/64 0 .25 0 .193 Film 24-ft flume, salt water dyed 
F6910 0 .9 0.9 25 1 .0 0 .25 l/64 0 .25 0 .38 Film 24-ft flume, salt water dyed 

7lA 0 .9 0 .28 25 0 . 75 0 .25 l/64 0 .25 0 .38 Salinity, film flume test, salt water dyed 

7lB 0 .3 0 .9 25 0 .75 0 .25 i/64 0 .25 0 . 38 Salinity, film flume test, salt water dyed 

0 71C 0 .3 0 .9 25 0 .75 0 .25 l/64 0 .25 0 .38 Salinity, filin flume test, salt water dyed 
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