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The presentation in Section 6.1 can be used to estimate the
trajectories and dilutions of a buoyant jet in an unstratified cross-
flow up to the point where the ambient turbulence begins to control
the jet behavior. Figs. 6.1-6.4 indicate the general results of the
experimental investigation. Fig. 6.1 can be used to estimate the
trajectory of a jet with significant buoyancy, while the trajectory
of a jet with very little buoyancy.can be more easily determined from
Fig. 6.2. Characteristic minimum dilutions on the jet centerline can
be obtained from Figs. 6.3 or 6.4.

Trajectories and dilutions for a buoyant jet in a stratified
crossflow can be estimated up to the maximum height of rise from
these same figures. Estimates of the maximum and equilibrium heights
of rise for a general buoyant jet can be obtained from Figs. 6.5 and
6.6 respectively.

The results of this investigation can be applied to problems
commonly encountered in the design of pollutant dispersion structures.
The primary application would be for single point discharges such as
hot gases from industrial processes, cooling tower plumes, or discharges
into lakes or oceans. Although the model conditions in the experi-
mental study may not correspond to the jet and ambient conditions
encountered for all of these types of discharges, this investigation

has considered a wider range of variables than any previous study.



238

REFERENCES

Abraham, G. (1965), "Entrainment Principle and Its Restriction to
Solve Problems of Jets," J. Hydr. Res., Vol. 3(2), pp. 1-23.

Abraham, G. (1971), "The Flow of Round Buoyant Jets Issuing Vertically
into Ambient Fluid Flowing in a Horizontal Direction,' Delft
Hydraulics Laboratory, Delft, Netherlands, Report No. 81, 7 pp.

Abraham, G. and Eysink, W. D. (1969), "Jets Issuing into Fluid with a
Density Gradient," J. Hydr. Res., Vol. 7(2), pp. 145-175.

Abramovich, G. N. (1963), "The Theory of Turbulent Jets,'" Translation
by Scripta Technica, MIT Press, Cambridge, Massachusetts.

Albertson, M. L., Dai, Y. B., Jensen, R. A., and Rouse, H. (1950),
"Diffusion of Submerged Jets," Trans. ASCE, Vol. 115, pp. 639-647.

Barilla, P. A. (1968), "Dependence of Entrainment Coefficients upon
Orifice Conditions in Model Studies of a Smoke Plume in a Laminar
Cross Wind," S.M. Thesis, Massachusetts Institute of Technology,
Cambridge, Massachusetts.

Batchelor, G. K. (1954), "Heat Convection and Buoyancy Effects in
Fluids," Quarterly J. Roy. Meteor. Soc., Vol. 80, pp. 339-358.

Briggs, G. A. (1969), Plume Rise, U.S. Atomic Energy Commission,
Division of Technical Information, Oak Ridge, Tennessee.

Bringfelt, B. (1968), "Plume Rise Measurements at Industrial Chimneys,"
Atmospheric Environment, Vol. 2, pp. 575-598.

Cannon, J. B. (1974), "Convective Flows under Conditions Applicable to
Fires in High Rise Buildings,'" Ph.D. Thesis, California Imstitute
of Technology, Pasadena, California.

Chan, T.-L. and Kennedy, J. F. (1972), "Turbulent Nonbuoyant or Buoyant
Jets Discharged into Flowing or Quiescent Fluids," Iowa Institute
of Hydraulic Research, Report No. 140, The University of Iowa,
Iowa City, Iowa.

Chan, T.-L., Lin, J.-T. and Kennedy, J. F. (1976), "Entrainment and
Drag Forces of Deflected Jets," J. Hydr. Div., ASCE, Vol. 102,
HY5, pp. 615-635.

Chu, V. H. and Goldberg, M. B. (1974), "Buoyant Forced-Plumes in Cross
Flow," J. Hydr. Div., ASCE, Vol. 100, HY9, pp. 1203-1213.




239

Crawford, T. V. and Leonard, A. S. (1962), '"Observations of Buoyant
Plumes in Calm, Stably Stratified Air," J. Appl. Meteor., Vol. 1,
pp. 251-256.

Fan, L.-N. (1967), "Turbulent Buoyant Jets into Stratified or Flowing
Ambient Fluids," W. M. Keck Laboratory of Hydraulics and Water
Resources, Report No. KH-R-15, California Institute of Technology,
Pasadena, California.

Fan, L.-N. and Brooks, N. H. (1969), "Numerical Solutions of Turbulent
Buoyant Jet Problems," W. M. Keck Laboratory of Hydraulics and
Water Resources, Report No. KH-R-18, California Institute of
Technology, Pasadena, California.

Fay, J. A., Escudier, M. and Hoult, D. P. (1970), "A Correlation of
Field Observations of Plume Rise," J. Air Poll. Control Assoc.,
Vol. 20, No. 6, pp. 391-397.

Fox, D. G. (1970), "Forced Plume in a Stratified Fluid," J. Geophys. Res.,
Vol. 75, No. 33, pp. 6818-6835,

Gordier, R. L. (1959), "Studies on Fluid Jets Discharging Normally into
Moving Liquid," St. Anthony Falls Hydraulics Laboratory, Technical
Paper No. 28, Series B, The University of Minnesota, Minneapolis,
Minnesota.

Hewett, T. A., Fay, J. A., and Hoult, D. P. (1971), '"Laboratory
Experiments of Smokestack Plumes in a Stable Atmosphere,"”
Atmos. Environ., Vol. 5, pp. 767-789.

Hirst, E. A. (1971a), "Analysis of Round, Turbulent, Buoyant Jets Dis-
charged to Flowing Stratified Ambients,' Oak Ridge National
Laboratory, Report No. ORNL-4685.

Hirst, E. A. (1971b), "Buoyant Jets Discharged to Quiescent Stratified
Ambients," J. Geophys. Res., Vol. 76, No. 30, pp. 7375-7383.

Hoult, D. P., Fay, J. A. and Forney, L. J. (1969), "A Theory of Plume
Rise Compared with Field Observations," J. Air Poll. Control Assoc.,
Vol. 19, pp. 585-590.

Hoult, D. P. and Weil, J. C. (1972), "Turbulent Plumes in a Laminar
Cross Flow," Atmos. Environ., Vol. 6, pp. 513-531.

Jordinson, R. (1956), "Flow in a Jet Directed Normal to the Wind,"
Imperial College Aeronautics Department Paper No. 35, Imperial
College of Science and Technology, London, England.



240

Keffer, J. F. (1969), "The Physical Nature of the Subsonic Jet in a
Cross Stream," Analysis of a Jet in a Subsonic Crosswind, National
Aeronautics and Space Administration SP-218, pp. 19-36.

Keffer, J. F. and Baines, W. D. (1963), "The Round Turbulent Jet in a
Cross-Wind," J. Fluid Mech., Vol. 15, pp. 481-496.

Kotsovinos, N. E. (1975), "A Study of the Entrainment and Turbulence in
a Plane Buoyant Jet," W. M. Keck Laboratory of Hydraulics and Water
Resources, Report No. KH-R-32, California Institute of Technology,
Pasadena, California.

Lin, J.-T. (1971), "Three Theoretical Investigations of Turbulent Jets,
Part 3A Logarithmic Trajectory for Round Nonbuoyant Jets
Discharging Perpendicularly into Cross Streams,'" Iowa Institute of
Hydraulic Research Report No. 127, The University of Iowa, Iowa
City, Iowa.

List, E. J. and Imberger, J. (1973), "Turbulent Entrainment in Buoyant
Jets and Plumes," J. Hydr. Div., ASCE, Vol. 99, HY9, pp. 1461-1474,

List, E. J. (1976), Private Communication (unpublished manuscript).

Moore, D. J. (1974), "A Comparison of the Trajectories of Rising Buoyant
Plumes with Theoretical/Empirical Models," Atmos. Environ., Vol. 8,
pp. 441-457.

Morton, B. R., Taylor, G. I. and Turner, J. S. (1956), "Turbulent
Gravitational Convection from Maintained and Instantaneous Sources,'
Proc. Roy. Soc. London, A234, pp. 1-23.

Morton, B. R. (1959), "Forced Plumes," J. Fluid Mech., Vol. 5, pp. 151~
163.

Morton, B. R. (1971), "The Choice of Conservation Equations for Plume
Models," J. Geophys. Res., Vol. 76, No. 30, pp. 7409-7416.

Pratte, B. D. and Baines, W. D. (1967), "Profiles of the Round Turbulent
Jet in a Crossflow," J. Hydr. Div., ASCE, Vol. 93, HY6, pp. 53-64.

Priestley, C.H.B. and Ball, F. K. (1955), "Continuous Convection from an
Isolated Source of Heat," Quarterly J. Roy. Meteor. Soc., Vol. 81,
pp. 144-157.

Priestley, C.H.B. (1956), "A Working Theory of the Bent-Over Plume of
Hot Gas," Quarterly J. Roy. Meteor. Soc., Vol. 82, pp. 165-176.

Prych, E. A. (1970), "Effects of Density Differences on Lateral Mixing
in Open Channel Flows," W. M. Keck Laboratory of Hydraulics and
Water Resources, Report No. KH-R-21, California Institute of
Technology, Pasadena, California.



241

Roberts, P. J.W. (1977), "Dispersion of Buoyant Waste Water Discharged
from Outfall Diffusers of Finite Length," Ph.D. Thesis, California
Institute of Technology, Pasadena, California.

Rouse, H., Yih, C. S. and Humphreys, H. W. (1952), "Gravitational
Convection from a Boundary Source," Tellus, Vol. 4, pp. 201-210.

Schatzmann, M. (1977), "A Mathematical Model for the Prediction of Plume
Rise in Stratified Flows," Symposium on Turbulent Shear Flows,
Pennsylvania State University, University Park, Pennsylvania,

April 18-20, 1977, pp. 6.39-6.49.

Schlichting, H. (1968), Boundary Layer Theory, McGraw-Hill, 4th Edition.

Scorer, R. S. (1959), "The Behaviour of Chimney Plumes,'" International
J. Air Poll., Vol. 1, pp. 198-220.

Shwartz, J. and Tulin, M. P. (1972), "Chimney Plumes in Neutral and
Stable Surroundings,'" Atmos. Environ., Vol. 6, pp. 19-36.

Slawson, P. R. and Csanady, G. T. (1967), "On the Mean Path of Buoyant,
Bent-Over Chimney Plumes," J. Fluid Mech., Vol. 28, No. 2,
pp. 311-322.

Slawson, P. R. and Csanady, G. T. (1971), "The Effect of Atmospheric
Conditions on Plume Rise," J. Fluid Mech., Vol. 47, No. 1, pp. 33-
49,

Tennessee Valley Authority (1968), "Full-Scale Study of Plume Rise at
Large Electric Generating Stations," TVA, Knoxville, Tennessee.

Vadot, L. (1965), "Study of Diffusion of Smoke Plumes into the
Atmosphere (in French, Centre Interprofessionnel Technique
d'Etudes de la Pollution Atmospherique, Paris, France).

Vizel, Y. M. and Mostinskii, I.L. (1965), '"Deflection of a Jet Injected
into a Stream," J. Eng. Phys., Vol. 8, No. 2, pp. 160-163.

Weil, J. C. (1968), "Model Experiments of High Stack Plumes,'" S.M. Thesis,
Massachusetts Institute of Technology, Cambridge, Massachusetts.

Wood, R. W. (1934), Physical Optics, McMillan Company, 3rd Edition.




242

APPENDIX A

SUMMARY OF EXPERIMENTAL DATA



243

Table A.1 Summary of experiments to measure jet
trajectories from photographs.

Run Q D Ap/pO UA Cy Co Cs Ce
Number cm3/sec (cm) cm/sec
27 4,9 0.4 .0300 4.75 1.57 1.53 0.78
28 1746 0.4 .0300 4,78 1.68 1.69
29 8.2 0.4 .0300 6.76 1.58 0.81
30 16.1 0.4 .0300 6.28 1.52
33 4.5 0.2 .0300 3.06 157 1.56 0.89
34 4.3 0.2 .0300 6.73 1.50
35 12 02 .0300 6.76 170
37 114 0.2 .0300 4.56 1.92 1.95
2-0 8.6 0:2 .0334 2.+37 1.88 | [0 by
2-1 5al 0.2 .0334 2.36 1.85
2-2 b 0.2 .0334 b4+57 1.70 1.52 1.20
2-3 5.2 0 .2 .0334 8.02 1,51 1.42 1.43
2-4 10.0 0.2 .0334 8,12 1.92 1.62
2-5 9.7 0.2 .0334 12.63 1.34
2-6 15.3 0.2 .0334 12.63 1.61 1.48
2-7 5.8 0.2 .0334 125 1.43 1.47
2-8 5.8 0.2 .0334 202 1.10 1.62
2-9 13.9 0.2 .0334 202 1462 1.48
2-10 18.3 0.2 .0334 202 1:93 1.76
2-11 18.5 0.2 .0334 42.3 1.24 2:74
2-13 21.6 0.4 .0334 25.3 1.30 1.25 1.44
2-14 33,2 0.4 .0334 25 .3 1456 1.42
2-15 7«5 0.4 .0334 12.1 137 1.28
2-16 13.9 0.4 .0334 12.0 1.61 1.43 138
2-17 29.5 0.4 .0334 12.0 1.65 1.54
2-18 29.6 0.4 .0334 7.68 1.96 1.83
2-19 5.8 0.4 .0334 2.69 1.80
2-20 25.7 0.4 .0334 6.77 2503 1.76
2-21 643 0.4 .0334 16.9 1.14 1.14
2-22 8.7 0.4 .0334 37 2 1.04 1.36
2-23 17.1 0.4 .0334 372 0.99 1.49
2-24 25.2 0.8 .0334 19.8 0.82 0.94 0.97
2-25 39.3 0.8 .0334 19,9 1.02 0.95 1.40
2-26 15.8 0.8 .0334 12.0 0.83 0.96 1.04
2-27 6.4 0.8 .0334 16.18 0.85
2-29 33.7 0.8 .0334 9.64 1.38 1.33 1+13
2-30 40,1 0.8 .0540 35.6 0.74 1.07
2-31 38.3 0.8 . 0540 19.1 1.07 104
2-32 19.8 0.8 . 0540 12.7 1.04 0.97
2-33 32 .1 0.8 . 0540 12.8 1.29 1:23 113
2-34 6.5 0.8 .0540 7:22 1.09 0.86
2-35 6.4 0.8 . 0540 5,15 0.73
2-36 7.0 0.8 . 0540 2.+45 1.30 0.74 0.76
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Table A.1 (Continued)

Run Q D Ap/p0 Uy Cy Cy Cs
Number cm3/sec (cm) cm/sec
4-1 10.7 1.0 « 107 1.94 1530
4-2 9.3 1.0 «107 1.66 143
4-3 122 1i.s0 .107 1.78 1:42
44 9.0 1.0 .107 175 133
4-5 740 1.0 «107 210 0.88
4-6 12.0 1.0 «107 2,08 1.14
4-7 12 .0 1.0 «107 1.07 1.53
4-8 10:2 1.0 152 1.55 1:56
4-9 1 oD 1.0 wd 52 1.65 1.39
4-10 20.3 1.0 ok D2 1.60 1.48
4-11 11.2 1.0 w152 2.92 0.96
4-12 11.2 1.0 «152 1.91 1,29
4-13 18.9 1.0 «152 1.99 1.47
4-14 9.9 1.0 .152 0.94 1.64
4-15 9.4 1.0 2152 1.25 1.60
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Table A.2 Summary of experiments to measure jet trajectories and

dilutions from concentration measurements with suction
sampling system.

Q D do/o Up x z
Run cm3/sec cm cm/sec cm cm
Number
1 11.8 0.4 .0963 2.57 12.5 30
2 12.8 0.4 .0963 2.58 15 35
3 124 0.4 .0963 2.66 10 27
4 11.8 0.4 .0963 2.54 1.e5 22
5 11.7 0.4 .0963 2.58 5 17
6 12.3 0.4 .0963 2.63 25 10
7 16.1 0.4 .0963 3.58 2.5 8
8 14.9 0.4 .0963 3.63 5 12
9 15.0 0.4 .0963 3.43 13 18
10 14.0 0.4 .0963 3.40 10 22
11 13.1 0.4 .0963 3.46 12.5 25
12 12.9 0.4 .0963 3.50 15 28
13 13.4 0.4 .0963 3.62 20 33 .
14 12.9 0.4 .0963 3.63 25 35 103.4
15 11.4 0.4 .102 2.42 2.5 10
16 12.1 0.4 .102 2.34 5 17
17 11.6 0.4 .102 2.50 75 21
18 11.2 0.4 .102 2.47 10 25
19 113 0.4 .102 2555 1253 33
20 13.0 0.4 .102 2.58 15 36
21 13.2 0.4 .102 2.58 20 39
22 13.4 0.4 .102 24072 25 44
23 13.3 0.4 .102 3.40 25 33
24 12.7 0.4 +102 3.43 20 34
25 11.7 0.4 .102 3.40 15 32
26 12.0 0.4 .102 3.50 12.5 27
27 11.6 0.4 «102 3.59 10 23
28 11.8 0.4 «102 3.49 75 20
29 10.2 0.4 .102 3.46 5 14
30 10.3 0.4 .102 3.63 2.5 8
31 11.9 0.4 .102 2.38 253 11
32 10.3 0.4 .102 2,01 2.5 13
33 19.3 0.4 .102 1.95 245 16
34 745 0.4 .102 . 994 2.5 17
35 15:1 0.4 .102 «939 2.5 23
36 14.5 0.4 .102 .918 2.3 23
37 23.4 0.4 .102 2.41 2.5 18
38 15.4 0.4 .102 1.33 2:5 21
39 6.7 0.4 .0980 2.63 5.0 13
40 1745 0.4 .0980 2.71 5.0 19
41 8.18 0.4 .0980 1.84 5.0 21
42 16.6 0.4 .0980 1.93 5.0 26
43 4.8 0.4 .0980 136 5.0 21
44 8.0 0.4 .0980 . 909 5.0 29
45 5.0 0.4 .0980 .813 5.0 35
46 8. 0.4 .0980 2.28 5.0 18
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Table A.2 (Continued)

Run’ Q D Ao/po Ua x z S,
Number cm3/sec cm cm/sec cm cm
47 14.0 0.4 .0980 1.92 5 24 273
48 13.5 0.4 .0980 2.16 5 22 22
49 6.0 0.4 .0980 2425 5 14 28.8
50 9.7 0.4 .0980 229 5 17 23.0
51 14.8 0.4 .0980 2.95 5 1.7 19.8
52 8.4 0.4 .0980 2.90 5 13 21.6
53 12.4 0.4 .0980 3.30 5 15 25:1
54 9.6 0.4 .0980 3.31 5 13 22 .6
55 124 0.4 .0980 3.98 5 13 22.6
56 - 6.7 0.4 .0980 3.93 5 10 25.9
57 15.5 0.4 .0980 2,91 5 20 20.3
58 18.8 0.4 .0980 2.99 5 22 19.6
59 12.5 0.4 .0980 2.45 5 21 23.3
60 5.2 0.4 .0980 1.84 5 18 317
61 12.8 0.4 .0980 3.93 5 13 16:1
62 14.6 0.4 .0980 1.82 5 22 24,4
63 3.9 0.4 .0251 2:11 75 15 49,5
64 3.9 0.4 «0251 2.12 15.0 19 102
65 3.9 0.4 .0251 2.04 22.5 25 149
66 3.9 0.4 0251 2.08 30.0 28 234
67 3.9 0.4 .0251 2.04 37+5 30 269
68 3.9 0.4 .0251 2.18 45.0 32 389
69 5.6 0.4 .0503 4,26 745 12 47 .4
70 5.6 0.4 .0503 4,20 1540 14 77 .4
71 5.6 0.4 .0503 4,19 2245 1.7 167
72 5.6 0.4 .0503 4,26 30.0 17 202
713 5.6 0.4 .0503 4,18 37:5 23 249
74 5.6 0.4 .0503 r/ 0 I 45.0 24 268
75 4 e | 0.4 . 0497 3.00 5 17 27 5
76 11.1 0.4 .0497 2.92 10 23 53.2
77 11.1 0.4 .0497 2.93 15 28 90.0
78 1t.d 0.4 . 0497 2.93 20 30 143
79 11.1 0.4 .0497 2.81 25 34 142
80 149 0.4 .0249 2.91 75 15 32.3
81 7.9 0.4 .0249 2.83 15 22 54,4
82 7.9 0.4 . 0249 2.91 22.5 24 128
83 1.9 0.4 .0249 2,93 30 26 137
84 7.9 0.4 .0249 24692 37 .5 29 157
85 79 0.4 .0249 2.91 45.0 30 204
86 7.9 0.4 .0254 2.95 30 26 80.8
87 74+9 0.4 .0254 2.94 37.:5 30 95.4
88 79 0.4 .0254 2:.93 45 31 108
89 44,5 0.8 .0246 3.98 4.0 18 12 o2
90 44,5 0.8 .0246 3.97 8.0 26 16.2
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D A
Run Q D/po Uy X - S,
Number cm3/sec cm cm/sec cm cm
91 44,5 0.8 .0246 3.99 12.0 32 262
92 44,5 0.8 .0246 3.97 16.0 33 30.7
93 44,5 0.8 .0246 3.84 20.0 37 40.3
94 44,5 0.8 .0247 5.05 4.0 16 -
95 44.5 0.8 .0247 5.06 16.0 31 —
96 7.9 0.4 .0249 Sl3 7.5 9 26.4
97 7.9 0.4 .0249 5.68 15 12 39.3
98 749 0.4 .0249 574 22..5 13 59.7
99 759 0.4 .0249 5,80 30,0 15 74.8
100 7.9 0.4 .0249 5.94 375 16 80.6
101 7.9 0.4 .0249 5.67 45.0 17 88.2
102 15.7 0.4 .0254 2,10 3 20 14.7
103 15.7 0.4 .0254 2.05 6 26 22.5
104 15.7 0.4 .0254 2.08 9 30 33.2
105 157 0.4 .0254 211 12 35 376
106 15.7 0.4 .0254 2,11 15 39 46.9
107 201 0.8 0 2.00 2 12.:6 6.46
108 20.1 0.8 0 2,04 4 1:6. 7 8.80
109 20,1 0.8 0 1.89 6 19.6 11.0
110 20,1 0.8 0 1.84 8 21.9 14.9
111 40.2 0.8 0 3.87 2 12.6 5.13
112 40,2 0.8 0 4,00 4 177 7.06
113 40,2 0.8 0 3.68 6 22.6 13:5
114 40,2 0.8 0 4,05 8 22.9 15.4
115 30.2 0.8 0 2.50 3 17.8 20.6
116 30.2 0.8 0 1.97 6 24 .4 23.7
117 30.2 0.8 0 1.66 9 312 26.8
118 30.2 0.8 0 2.12 12 34..2 35.9
119 45,2 0.8 0 3.06 3 17.8 7.94
120 45.2 0.8 0 3.04 6 26.4 12.2
121 45,2 0.8 0 2.97 9 30.2 15.9
122 45 .2 0.8 0 2.91 12 36.2 18,2
123 40.2 0.8 0 2417 2 1547 5453
124 40.2 0.8 0 2.+.34 4 21.9 10.3
125 40.2 0.8 0 2.16 6 28.4 12.5
126 40.2 0.8 0 2.18 8 33:1 15.7
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Table A.3 Summary of experiments to measure equilibrium
heights of rise from photographs.

Run Q D Ao /p Ua € Ze
Number cm3/sec (cm) ° cm/sec (sec™2) cm
1 24.2 0.4 () 3.76 w12 22:1
2 40.3 0.4 O 8.69 old2 26.3
3 45,6 0.4 0 8.67 w112 25.1
4 35.9 0.4 ~0 4,88 wdid.2 27 <5
6 32.1 0.4 0 4,40 112 29.0
7 18.7 0.4 ~0 2470 112 17.9
8 19:2 0.4 0 1.04 +112 21
9 18.4 0.4 4Y0) 1.37 112 22
10 18.7 0.4 0 1.91 112 23
11 18.7 0.4 ~0 4,86 «112 14
12 18.9 0.4 O 9.80 el 1.2 11
13 34.4 1.0 .1096 719 .103 32:3
14 54,0 1.0 .1096 7.22 .103 39.3
15 18.2 1.0 .1096 4.70 .103 20
16 11.2 1.0 .1096 4,68 .103 22:1
17 23w 2 1.0 .1096 282 .103 40
18 8.6 1.0 .1096 2.39 .103 35
19 7.5 1.0 .1096 1.93 .103 3545
25 49.8 1.0 .1076 13.7 .209 20.5
26 50.3 1.0 .1076 9.55 .209 22.5
27 50.4 1.0 .1076 7.04 .209 29.8
28 337 1.0 .1076 4,63 .209 31.8
29 26.2 1.0 .1076 3.52 .209 35:3
30 15.6 1.0 .1076 2.50 .209 35.8
31 12.2 1.0 .1076 1.68 .209 36.3
32 12.3 1.0 .1076 1.20 .209 37.8
42 9.3 1.0 .0648 1.83 « 123 30
43 9.2 1.0 . 0648 1.46 .123 31«5
44 9.3 140 .0648 3:.15 123 21
45 9.2 1.0 .0648 3.76 «123 20
46 9.2 1.0 .0648 5.47 123 12
47 9.2 1.0 .0648 7.0 123 12
48 46.7 1.0 .0648 10.2 123 23
49 46.7 1.0 .0648 1:2.0 .123 225
50 47.1 1.0 .0648 4,12 « 123 31.5
57 27+7 1.0 .0652 4,64 .0636 2245
58 11.1 1.0 .0652 7.93 .0636 19.5
59 17.2 1.0 .0652 7.58 .0636 2.5
60 9.8 1.0 .0652 7.58 .0636 205
61 7.6 1.0 .0652 4,85 .0636 19.5
62 11.2 1.0 .0652 4,86 .0636 2745
63 17.7 1.0 .0652 3.51 .0636 34
64 8.6 1.0 .0652 3.53 .0636 26
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Run Q D Ap/po Up € Za
Number cm3/sec (cm) cm/sec (sec™2) cm
71 12.3 02 .0303 5.08 « 215 29!
72 17.6 0.2 .0303 5.04 +215 26.5
73 11.7 0.2 .0303 3.50 « 215 22.5
74 21.4 0.2 .0303 7.30 +215 25.5
75 20.8 02 .0303 11.2 « 215 20:5
76 10.8 0.2 .0303 3.67 w215 22:5
17 7.0 0.2 .0303 2.86 <215 16.5
78 13.4 0.2 .0303 2.85 215 25.5
79 13.0 0.2 .0303 2 vl « 215 29
91 18.1 0.2 .0138 6.80 .0824 27
92 8.5 0.2 .0138 6.80 .0824 15
93 7.7 0.2 .0138 9.34 .0824 115
94 20.2 0.2 .0138 9.29 .0824 265
95 19.8 0.2 .0138 12.9 .0824 22
926 8.6 0.2 .0138 12.9 .0824 10
97 9.2 0.2 .0138 4.56 .0824 22
98 16.2 0.2 .0138 S5¢h . 0824 30
99 6.6 0.2 .0138 5.45 . 0824 14.5
100 20.7 0.2 .0138 11.7 .0824 22.5
101 7.1 0.2 .0138 3.56 . 0824 175
102 131 0.2 .0138 2.97 .0824 29.5
103 7.6 0.2 .0138 297 .0824 2155
104 7.2 0.2 .0138 2.05 .0824 23.5
105 7.6 0.2 .0138 1.43 .0824 24
106 18.8 0.2 .0058 1.42 .330 25
107 12.4 0.2 .0058 1.40 .330 17.5
108 8.2 0.2 .0058 1.40 .330 14.5
109 4.8 0.2 .0058 1.39 .330 10
110 4.3 0.2 .0058 1.13 .330 10
111 17.5 0.2 .0058 1.15 .330 25
112 15.0 0.2 .0058 1.15 «330 22.5
113 6.2 0.2 .0058 1.15 .330 115
114 9.4 0.2 .0058 1.15 .330 15
115 121 0.2 .0058 1.17 330 19
116 12.2 0.2 .0058 1.66 .330 19
117 16.0 0.2 .0058 1.65 .330 24
118 9.8 0.2 .0058 1.65 .330 16
119 16.8 0.2 .0058 1.64 .330 30
120 7.0 0.2 .0058 1.64 .330 12
121 4.6 0.2 .0058 1.65 .330 9
122 5.6 0.2 .0039 1.57 0227 13.5
123 16.6 0.2 .0039 1.57 o221 25
124 12.8 0.2 .0039 1.51 227 21:.5
125 10.5 0.2 .0039 1.53 227 16.5
126 8.0 0.2 .0039 1.53 2217 155
127 7.0 0.2 .0039 1.39 227 15
128 4.7 0.2 .0039 1.39 227 10.5
129 9.2 0.2 .0039 1.39 227 16
130 11.8 0.2 .0039 1.38 227 215
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Run Q D Ap/pO Up 5 2.
Number em3/sec (cm) cm/sec (sec™2) cm
131, 14.4 0.2 .0039 1.39 .227 24
132 13.4 0.2 .0039 1.10 227 235
133 16.4 0.2 .0039 1.11 +:227 275
134 5.4 0.2 .0039 1:11 w227 10
135 7.6 0.2 .0039 1210 w22l 145
136 1 P 0.2 .0039 111 227 18
137 21.1 0.2 .0039 8.05 227 23.5
138 20.9 02 .0039 5.80 o 227 28
139 21.0 0.2 .0039 10.0 s 227 21.5
140 6.9 0.2 .0039 2.87 227 14
141 15.8 0.2 .0039 4,42 227 24
142 8.8 0.2 -.0011 4.48 151 16
143 5.6 0.2 -.0011 4,49 .151 10
144 12.8 0.2 -.0011 518 o151, 21
145 9.7 0.2 -.0011 516 al 3l 17
146 4,4 0:2 -.0011 5<18 50 75D
147 4.3 0.2 -.,0011 5.88 + 151 T
148 6.96 0.2 -.0011 5.88 1951 12
149 9.1 0.2 -,0011 5.89 « L3 16
150 12.3 0.2 -.0011 5.89 o 151, 20
151 14.4 0.2 -.0011 5.88 «+ 151 22.5
152 14.9 0.2 -.0011 7.46 .151 20
153 10.9 0.2 -,0011 7.46 .151 15.5
154 5:8 0.2 -.0011 7.46 « 151 8.5
155 5.8 0.2 -,0011 8.67 «151 8.0
156 10.7 0.2 -,0011 9.26 «151 12..5
157 16.4 0.2 -.0011 9.26 « 151 2140
158 20.8 0.2 -,0011 9.29 151 25.5
159 20.7 0.2 -.0011 12.7 +1.51 2145
160 75 0.2 -.0011 12.7 151 745
161 12:5 0.2 -.0011 127 « 151 115
162 14.8 1.0 1249 175 «273 35
163 8.8 1.0 .1249 1.50 273 28
164 8.8 1.0 .1249 1.48 203 27«5
165 3.9 1.0 1249 1.50 273 195
166 14.8 1.0 .1249 1.48 273 385
167 14,3 1.0 1249 2.37 273 30
182 39.2 1.0 .1260 9.29 s 125 26:5
183 212 1.0 1260 9.31 «125 22
184 19.6 1.0 .1260 7.41 .125 2145
185 9.5 1.0 .1260 7.41 s 125 18.5
186 35.9 1.0 .1260 7:41 + 125 28
187 36.5 1.0 .1260 5.54 wildD 3345
188 20.3 1.0 .1260 5454 « 125 2745
189 12.8 1.0 .1260 5:53 .25 23
190 Tei2 1.0 .1260 5.54 «125 18
191 16.5 1.0 .1260 4,62 « 125 23.5
201 11:1 1.0 .0741 1.92 .169 29
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Run Q D Ao /p Ua € Ze
Number cm3/sec (cm) ° cm/sec (sec™2) cm
202 1617 1.0 .0741 1.90 .169 24
203 4,33 1.0 .0741 1.89 .169 20.5
204 4,12 1.0 .0741 1.54 .169 20.5
205 7.44 10 .0741 1.53 .169 25 .5
206 9.74 1.0 .0741 1.54 .169 31
207 11.9 1.0 .0741 153 .169 34
216 7:0 1.0 .0761 4,66 .185 17.5
217 4,7 1.0 .0761 4,67 <185 14
218 13.4 1.0 .0761 4,68 +.185 22
219 17.6 1.0 .0761 4.69 «185 23
220 26.6 1.0 .0761 4,69 +185 26
221 36.9 1.0 .0761 G574 185 34
222 43.9 150 .0761 4,71 .185 36
223 43,9 1.0 .0761 7:51 .185 24,5
224 32.2 1.0 .0761 7«53 .185 23
225 21,1 1.0 .0761 193 .185 18.5
226 I1:3 1.0 .0761 1453 . 185 14
227 750 1.0 .0761 7.51 .185 12
228 6.6 1.0 .0761 10.8 .185 11
229 44 .4 1.0 .0761 10.8 «185 23
230 33.0 1.0 .0761 10.9 +185 20.5
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Table A.4 Summary of experiments to measure maximum heights of
rise and associated dilution from measurements with
light probe,

Q D Ap/po U £ Z S

Run A m m
Number cm3/sec cm cm/sec sec™? cm

004 0.1 1.0 .0265 1.63 .110 22.6 -
012 4.8 0.2 .0046 1,32 .0775 24.5 17
013 6.5 0.2 . 0046 1.32 .0775 29.8 76.
014 8.0 0.2 . 0046 1.30 .0775 32.5 72,
015 9.6 0.2 .0046 1:.31 .0075 35.0 71
016 4.9 0.2 . 0047 1.67 .0354 27 .9 -
017 6.3 0.2 . 0047 1.66 . 0354 36.4 ==
018 7.5 0.2 .0047 1.66 .0354 37.8 =
019 8.5 0.2 . 0047 1.66 .0354 45.1 -
020 4,6 0.2 . 0042 1.42 .203 18.5 43,
021 6.1 0.2 . 0042 1.39 .203 22.7 53.
022 8.9 0.2 . 0042 1.45 .203 29.7 48.
023 10.6 0.2 .0042 1.45 .203 34.0 54,
024 12.8 0.2 .0042 1.44 .203 37.5 61.
025 4.2 0.2 .0047 1.53 .079 22.6 ==
026 6.1 0.2 . 0047 1.54 .079 27.6 —
027 7.0 0.2 .0047 1.55 .079 32.8 -
029 10.1 0.2 .0047 1.52 .079 41.5 i
030 4,3 1.0 .1061 1.53 .0871 33.6 =
031 5.4 1.0 <1061 1.58 .0871 35.8 —
032 6.9 1.0 .1061 1.56 .0871 43.1 -
034 4.3 1.0 .1061 1.45 .0935 30.2 e
035 4.8 1.0 .1061 1.38 .0935 36.9 -
036 5.3 1.0 .1061 1.44 .0935 40.1 e
037 5.9 1.0 .1061 1.39 .0935 44.9 =
038 5.1 1.0 .1061 1.33 .0935 42.5 -
040 549 1.0 «1122 1.31 .167 31.6 3120
041 4.3 1.0 <1122 1.31 .167 33.0 1430
042 4,8 1.0 .1122 1.31 .167 35.0 1220
043 5.4 1.0 .1122 1.31 .167 34.6 1000
044 5.9 1.0 <1122 1.31 <167 37.0 862
061 4,3 1.0 .0528 1.91 .068 2642 s
069 5.2 0.4 .0524 1.99 .105 27.9 e
070 5.3 0.4 . 0524 2.10 .105 27.2 -
071 5.9 0.4 .0524 2.51 +105 27.2 —
072 el 0.4 .0524 2.89 <105 27.2 =
073 8.5 0.4 .0524 2.96 .105 27.4 -
077 6.5 0.4 .0230 2,01 .0864 24.6 &S
078 4o7 0.4 .0230 2.01 . 0864 21.2 -
079 5.1 0.4 .0230 2.40 .0864 20.1 =
080 5.5 0.4 .0230 2.77 . 0864 20.5 e
081 7.1 0.4 .0230 1.95 . 0864 22.6 ——
086 5.6 1.0 .0233 2.17 104 14.8 -
087 6.4 1.0 .0233 2.62 .104 15.4 ——
088 8.0 1.0 .0233 3.08 <104 15.4 s



Table A.4 (Continued)

253

Run Q D Ap/p Uy € Zp S,
Number cm3/sec cm cm/sec sec™?2 cm
089 134 1.0 .0233 3.06 .104 22.8 -
090 12.3 1.0 .0233 263 .104 24,6 746
091 11.9 1.0 .0233 2:22 . 104 24.6 585
092 16.1 1.0 +0233 2.59 .104 24,1 422
093 177 1.0 .0233 2.94 .104 241 422
094 19.3 1.0 .0233 3.39 .104 24,1 422
095 34«9 1.0 .0709 1.43 i 74 2342 128
096 5.4 1.0 .0709 1.41 o 28,41 122
097 7«2 1.0 .0709 1.45 5 A 33.5 107
098 9.7 1.0 .0709 1.44 171 35.7 101
099 12.3 1.0 .0709 1.44 171 38.1 93.3
100 47 0.2 0232 2.44 .0890 21:6 —
101 4.8 0.2 .0232 273 .0890 21.6 ——
102 54 0.2 .0232 3.02 .0890 21.6 -
103 6.8 0,2 .0232 3.33 .0890 267 n
104 6.4 0.2 0232 2.95 .0890 26.7 o
105 5.4 0.2 .0232 2.55 .0890 255 -
106 7.5 0.2 .0232 3.39 .0890 30.8 -
107 8.6 0.2 .0232 357 .0890 33.0 -
108 4,2 0.4 .0236 2.53 .0371 22.4 -
109 4.3 0.4 .0236 3.01 .0371 217 -
110 4,2 0.4 .0236 2.17 0371 22.4 e
111 549 0.4 .0236 2+21 .0371 25.7 -
112 5.9 0.4 .0236 2.76 .0371 245 -
113 7«6 0.4 .0236 2.74 .0371 27 2 ——
114 7.4 0.4 .0236 2+35 .0371 27 8 -
115 17 .4 1.0 .0286 1.60 «202 26.0 23.8
116 6.4 1.0 .0286 1.58 .202 18.6 33.1
122 4.6 0.4 .0114 2.46 +O75 121 -
123 6.4 0.4 .0114 2555 +075 16.0 -
124 5:7 0.4 .0114 3.18 « 075 14.0 -
125 79 0.4 .0114 3.14 .075 17.1 -
126 %9 0.4 .0114 3.79 « 075 16.5 -
127 12.3 0.4 .0114 3.81 «Q75 23:0 -
128 9.4 0.4 .0114 323 .075 20.3 -
129 7%5 0.4 .0117 3.05 .0700 16.9 44,6
130 12.0 0.4 <0117 3,10 .0700 24,7 39.4
131 13.9 0.4 .0117 361 .0700 25.8 35.3
132 10.7 0.4 .0117 32 .0700 20.8 36:7
133 6.7 0.4 .0117 3.41 .0700 13.8 41.6
134 6.5 0.4 «O117 2417 .0700 15.6 35.0
141 17.1 1.0 .0117 1.30 .0742 30.5 21.2
142 6.5 1.0 .0117 1.41 .0742 19.9 27.8
143 8.6 1.0 .0117 3+73 .0742 10.5 56.2
144 11.2 1.0 .0117 3:73 .0742 12:5 58.0
145 6.7 1.0 .0117 2.89 .0742 12.0 47.0
146 5.4 02 .0144 1455 .0630 305 68.4
152 5.4 0.4 .0143 315 .0623 13.9 54.0



Table A.4 (Continued)

254

Run Q D Ap/p o Uy € Zn S
Number cm3/sec cm cm/sec sec™? cm

158 9.6 1.0 . 0144 1.56 .0470 144 31:3

163 9.9 1.0 .0141 3.11 .0595 13:2 52.9

153 5.4 0.4 .0143 3el7 .0623 154 62.3





