
To	
  help	
  re-­‐establish	
  context	
  for	
  anyone	
  involved	
  subsequent	
  future	
  study	
  of	
  
this	
  presenta8on:	
  
Purpose	
  and	
  intended	
  audience	
  
The purpose of these workshops is to help EPA’s ORD, Regions, and 
headquarters, as well as tribes, states, and other federal agencies build 
capacity in mixing zone modeling. The workshops will “demystify” 
mixing zone studies and provide participants context to understand 
them. The overarching goals of the workshops are to help participants 
develop and maintain basic capacity in mixing zone assessment and 
modeling, train staff on what to look for when reviewing a mixing zone 
study, discuss current trends in mixing zone assessment and modeling, 
and encourage collaboration and consistency between EPA regions and 
state partners with regards to mixing zone assessment and modeling. 
Specifically, the workshop will train participants on: 

1. The basic science behind the mixing of effluent in the 
environment. 
2. What to look for when reviewing mixing zone studies. 
3. How various assumptions affect dilution results. 
4. How to interpret mixing zone modeling results. 
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  Visual Plumes was developed in Windows XP and earlier versions of Microsoft 
Windows Operating System (OS). Beginning with Windows Vista it became difficult to 
compile VP (convert the computer code into executable language) VP. At this time VP is 
compiled on a Windows 7 machine through a Windows XP emulator. The computer 
language is Delphi 7 (a superset of Pascal) . 
  VP uses the Borland Database Engine (BDE), software that supports the handling of the 
diffuser and ambient tables used in VP. Various other software applications also use the 
BDE engine. If the BDE engine is installed on any given computer (due to other prior 
application installations) then VP works directly after installing VP. If not, it is necessary 
to find a application which will install the BDE components. One such application is 
called BDEinfosetup.exe. While VPC owns the file, it is not clear that VPC can legally 
distribute it. Therefore, VPC depends on the user to acquire the necessary software. It 
may be possible that EPA could bundled the application with VP on the CEAM website. 
  Users should also be aware that there are a few known bugs in VP that have not been 
fully identified and corrected. In some instances these are initialization problems that can 
be overcome by repeating  the action again. In any case, the user is invited to report bugs 
so that future versions of VP may be corrected. 
  VPC seeks to maintain VP in the public domain and offers to update older versions of 
VP for inclusion as updates on the EPA CEAM website. 
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This	
  slide	
  is	
  intended	
  as	
  a	
  reference	
  for	
  future	
  study	
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Models	
  such	
  as	
  DKHw	
  are	
  external	
  executable	
  files	
  (exe).	
  VP	
  sets	
  up	
  their	
  input	
  files,	
  calls	
  the	
  exe,	
  waits	
  for	
  
the	
  exe	
  to	
  finish,	
  then	
  looks	
  for	
  the	
  output	
  file,	
  reads	
  it,	
  and	
  interprets	
  the	
  informa8on	
  on	
  the	
  text	
  and	
  
graphics	
  tabs.	
  Problems	
  can	
  arise	
  when	
  the	
  exe	
  terminates	
  abnormally.	
  A	
  file	
  handling	
  problem	
  can	
  arise	
  
when	
  VP	
  then	
  reads	
  an	
  older	
  output	
  file,	
  which	
  is	
  not	
  always	
  apparent	
  when	
  several	
  consecu8ve	
  cases	
  are	
  
involved.	
  
UM3	
  is	
  a	
  na8ve	
  model	
  so	
  called	
  because	
  it	
  is	
  coded	
  into	
  the	
  VP	
  code.	
  This	
  makes	
  for	
  easier	
  control	
  for	
  the	
  
developer	
  as	
  model	
  and	
  interface	
  are	
  compiled	
  together.	
  

DKHw,	
  NRFIELD,	
  and	
  UM3	
  are	
  ini8al	
  dilu8on	
  models	
  that	
  can	
  be	
  linked	
  with	
  the	
  Brooks	
  far-­‐field	
  model.	
  

What	
  is	
  in	
  the	
  names:	
  
DKHW: Physics-based exe, Eulerian numerical formulation, integral flux model.  One or multi-port 
diffusers. 
Acronyms: Davis, Kannberg, Hirst model (w = Windows; Windows VP package).  Previous versions 
DKHDEN, UDKHDEN (1985)…. Later compilations up to 2011…. 

NRFIELD: Empirical, dimensional analysis and curves fit to data; exe. 
Based on T-risers, for 4 or more ports.  RSB in DOS Plumes, native, Roberts, Snyder, Baumgartner model. 
Roberts continues work on NRFIELD currently conducting experiments with dense discharges. 

UM3: Physics-based native, Lagrangian numerical formulation, material element model.  One or multi-port 
diffusers.  Merge (pre 1985), UMERGE (1985), UM (1993), UM3, Updated Merge 3-D model. 

PDS: Eulerian integral flux surface plume model; exe. Buoyant discharges.  Acronym: Prych, Davis, 
Shirazi model. 

DOS Plumes: predecessor of Visual Plumes, runs RSB (pre-NRFIELD) and UM (Updated Merge model; 
pre-UM3).  Features auto cell-fill: displays similarity parameters, length scales, cormix classes. 

Dreamware prototype depicts wire-mesh graphics, like UM3, vector based. 

Brooks far-field algorithm is a set of equations for estimating dispersion (dilution) in the far-field, beyond 
the initial dilution phase of plume development. 

14	
  



15	
  



16	
  



17	
  



Even at its simplest, plume modeling guidance can appear mysterious and 
ambiguous. Understanding the capabilities and limitations of available models can 
help avoid pitfalls and confusion and promote confidence in model outputs. This 
section seeks to help the user demystify the art and science of plume modeling for 
themselves.  
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This	
  work	
  concerned	
  events	
  surrounding	
  Hurricane	
  Katrina,	
  2005.	
  	
  
Note	
  the	
  Mississippi	
  River	
  flow	
  at	
  Baton	
  Rouge,	
  6000	
  cubic	
  meters	
  per	
  second	
  equals	
  
about	
  212,000cfs.	
  This	
  is	
  about	
  3	
  8mes	
  larger	
  than	
  the	
  8dal	
  Yaquina	
  River,	
  Oregon,	
  
however,	
  the	
  Mississippi	
  has	
  mul8ple	
  mouths,	
  including	
  the	
  Atchafalaya	
  River	
  that	
  
discharges	
  near	
  Morgan	
  City,	
  west	
  of	
  New	
  Orleans	
  (not	
  shown	
  here).	
  (This	
  note	
  refers	
  to	
  
another	
  comparisons	
  including	
  use	
  of	
  the	
  Visual	
  Plumes	
  PDS	
  river	
  discharge	
  model.)	
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Another	
  output	
  of	
  the	
  modeling.	
  Note	
  the	
  intense	
  parts	
  of	
  the	
  plumes	
  penetrate	
  about	
  
5km	
  into	
  the	
  Gulf.	
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The	
  intense	
  parts	
  of	
  the	
  plumes	
  penetrate	
  about	
  5km	
  into	
  the	
  Gulf.	
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Empirical	
  models	
  are	
  based	
  on	
  laboratory	
  measurements.	
  Lab	
  results	
  may	
  be	
  ficed	
  to	
  
model	
  parameters	
  that	
  are	
  derived	
  through	
  dimensional	
  analysis	
  or	
  other	
  techniques.	
  
Coefficients	
  are	
  established	
  that	
  produce	
  the	
  best	
  fits	
  and	
  similarity	
  theory	
  may	
  be	
  used	
  
to	
  generalize	
  the	
  results,	
  making	
  it	
  possible	
  to	
  adapt	
  results	
  to	
  larger	
  or	
  smaller	
  length	
  
scales.	
  Similarity	
  may	
  be	
  achieved	
  by	
  matching	
  Froude	
  number,	
  stra8fica8on	
  number,	
  
Reynolds	
  number	
  and	
  other	
  similarity	
  parameters	
  or	
  length	
  scales.	
  Non-­‐linear	
  effects	
  like	
  
the	
  density	
  of	
  water	
  near	
  freezing	
  temperature	
  can	
  complicate	
  similarity	
  theory,	
  
some8mes	
  with	
  unexpected	
  and	
  significant	
  consequences.	
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Corjet,	
  one	
  of	
  the	
  models	
  in	
  Cormix,	
  	
  is	
  also	
  an	
  Eulerian	
  integral	
  flux	
  model.	
  

DKH	
  refers	
  to	
  Davis,	
  Kannberg,	
  and	
  Hirst,	
  the	
  original	
  authors	
  of	
  DKHden	
  even	
  before	
  the	
  
UDKHDEN	
  and	
  UMERGE	
  (now	
  UM3)	
  models	
  were	
  published	
  in	
  the	
  EPA	
  publica8on	
  of	
  
EPA/600/3-­‐85/073a	
  and	
  b:	
  	
  “Ini8al	
  mixing	
  characteris8cs	
  of	
  municipal	
  ocean	
  discharges”	
  
in	
  1985.	
  (Muellenhoff,	
  Soldate,	
  Baumgartner,	
  Schuldt,	
  Davis,	
  and	
  Frick.)	
  The	
  U	
  stood	
  for	
  
Universal	
  because	
  each	
  included	
  model	
  used	
  the	
  same	
  input	
  format	
  called	
  Universal	
  
Data	
  Files	
  (UDF)	
  files.	
  UM3	
  now	
  might	
  suggest	
  the	
  “Updated	
  Merge	
  3-­‐dimensional”	
  
model.	
  UMERGE	
  was	
  a	
  quasi	
  3-­‐D	
  model	
  whereas	
  UM3	
  is	
  fully	
  three-­‐dimensional	
  when	
  
modeling	
  individual	
  plumes,	
  making	
  full	
  use	
  of	
  vector	
  algebra	
  to	
  represent	
  three-­‐
dimensional	
  physics.	
  

Cautionary DKHw and UDKHDEN notes for the record:  
1) they do not report when the plumes intersect the receiving water surface 
2) they hold plume spacing constant even when the current is not perpendicular to the 
diffuser axis (to be conservative the user should input the reduced spacing, the spacing 
distance projected to the current) 
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This	
  presenta8on	
  covers	
  a	
  lot	
  of	
  ground.	
  For	
  the	
  sake	
  of	
  8me	
  some	
  aspects	
  of	
  modeling	
  
are	
  emphasized	
  at	
  the	
  expense	
  of	
  other	
  aspects.	
  The	
  previous	
  Eulerian	
  model	
  
simula8ons	
  are	
  based	
  on	
  the	
  concept	
  of	
  steady	
  state.	
  This	
  means	
  that	
  the	
  predic8ons	
  
represent	
  8me-­‐averaged	
  behavior.	
  We	
  may	
  think	
  of	
  averaging	
  together	
  many	
  snapshots	
  
of	
  the	
  instantaneous	
  plumes	
  that	
  are	
  quite	
  turbulent	
  and	
  heterogeneous.	
  The	
  result	
  of	
  
this	
  averaging	
  is	
  to	
  produce	
  smooth	
  surfaces	
  and	
  concentra8on	
  pacerns	
  as	
  shown	
  in	
  the	
  
upper	
  right	
  panel.	
  It	
  is	
  such	
  pacerns	
  and	
  concentra8ons	
  we	
  acempt	
  to	
  simulate.	
  To	
  
make	
  the	
  problem	
  tractable	
  we	
  assume	
  the	
  cross-­‐sec8on	
  is	
  round	
  but	
  already	
  recognize	
  
that	
  this	
  is	
  a	
  simplifica8on	
  which	
  can	
  have	
  significant	
  consequences.	
  In	
  current	
  the	
  
plumes	
  are	
  oken	
  kidney	
  shaped	
  as	
  shown	
  in	
  the	
  lower	
  right	
  panel.	
  If	
  stra8fica8on	
  is	
  
strong	
  the	
  cross-­‐sec8on	
  can	
  become	
  even	
  more	
  flacened	
  in	
  shape.	
  This	
  can	
  affect	
  our	
  
interpreta8on	
  of	
  when	
  the	
  plume’s	
  upper	
  surface	
  intersects	
  the	
  water	
  surface.	
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This	
  simula8on	
  is	
  not	
  based	
  on	
  actual	
  input	
  condi8ons,	
  which	
  are	
  unknown.	
  This	
  is	
  a	
  
crude	
  example	
  of	
  similarity.	
  The	
  actual	
  medium	
  is	
  air,	
  the	
  model	
  medium	
  is	
  water.	
  Input	
  
condi8ons	
  were	
  varied	
  un8l	
  a	
  fit,	
  rela8ve	
  to	
  a	
  common	
  diameter,	
  was	
  obtained.	
  Output	
  
was	
  set	
  up	
  to	
  plot	
  diameters	
  (denoted	
  by	
  red	
  dots)	
  and	
  at	
  constant	
  intervals	
  to	
  help	
  
represent	
  the	
  concept	
  of	
  control	
  volumes.	
  
Shown	
  is	
  a	
  UM3	
  simula8on.	
  UM3	
  was	
  modified	
  to	
  output	
  plume	
  diameters	
  (diameter	
  
endpoints)	
  whenever	
  the	
  travel	
  distance	
  increased	
  by	
  more	
  than	
  the	
  criterion	
  distance	
  
aker	
  the	
  previous	
  diameter	
  output.	
  The	
  apparent	
  lengthsds	
  of	
  the	
  control	
  volumes,	
  
which	
  should	
  be	
  equal,	
  differ	
  slightly	
  from	
  one	
  control	
  volume	
  to	
  the	
  next	
  because	
  the	
  
integra8on	
  step	
  is	
  variable	
  and	
  finite	
  (though	
  small).	
  	
  As	
  several	
  steps	
  of	
  variable	
  size	
  are	
  
involved	
  between	
  outputs,	
  the	
  accumulated	
  distance	
  varies	
  from	
  one	
  cross-­‐sec8on	
  to	
  
the	
  next.	
  
The	
  control	
  volume	
  length	
  could	
  be	
  varied	
  as	
  part	
  of	
  a	
  model	
  convergence	
  scheme	
  but	
  
the	
  main	
  idea	
  is	
  that	
  the	
  volumes	
  are	
  sta8onary	
  with	
  mass	
  flux	
  in	
  (from	
  the	
  source,	
  from	
  
the	
  upstream	
  control	
  volume,	
  or	
  from	
  the	
  surroundings)	
  or	
  out	
  (to	
  enter	
  the	
  
downstream	
  control	
  volume).	
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The	
  DOS	
  Plumes	
  manual	
  covers	
  the	
  Lagrangian	
  theory	
  in	
  some	
  detail.	
  The	
  first	
  journal	
  
ar8cle	
  to	
  outline	
  the	
  complete	
  plume	
  theory	
  (excluding	
  merging	
  and	
  other	
  out	
  of	
  scope	
  
complica8ons)	
  was	
  published	
  in	
  1984.	
  The	
  finite-­‐difference	
  model,	
  which	
  is	
  very	
  useful	
  
for	
  understanding	
  the	
  prac8cali8es	
  of	
  numerical	
  modeling	
  of	
  this	
  type,	
  is	
  found	
  in	
  
EPA-­‐600/3-­‐76-­‐100	
  (Cooling	
  tower	
  plume	
  model),	
  1976.	
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Presumably	
  no	
  Eulerian	
  modeler	
  has	
  to	
  prove	
  equivalence	
  with	
  the	
  Lagrangian	
  
formula8on	
  	
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Actually,	
  a	
  more	
  useful	
  analogy	
  to	
  plumes	
  would	
  be	
  two	
  cars	
  possessing	
  the	
  same	
  speed	
  
as	
  they	
  pass	
  through	
  the	
  light	
  but	
  car	
  2	
  passing	
  that	
  point	
  one	
  second	
  behind	
  car	
  1.	
  If	
  
they	
  prac8ce	
  the	
  same	
  driving	
  pacern	
  (steady	
  state)	
  their	
  distance	
  apart	
  will	
  either	
  
increase	
  or	
  decrease	
  depending	
  on	
  whether	
  they	
  speed	
  up	
  or	
  slow	
  down	
  down	
  the	
  road.	
  
Now	
  you	
  know	
  why	
  trucks	
  are	
  usually	
  closer	
  together	
  on	
  steep	
  grades.	
  They	
  may	
  be	
  
spacing	
  themselves,	
  say,	
  2	
  seconds	
  apart.	
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In	
  Lagrangian	
  theory	
  all	
  the	
  material	
  in	
  the	
  plume	
  element	
  at	
  its	
  incep8on	
  remain	
  in	
  the	
  
plume	
  element.	
  In	
  this	
  sense	
  it	
  is	
  a	
  material	
  element.	
  Its	
  increase	
  in	
  volume	
  is	
  due	
  to	
  
entrainment	
  plus	
  changes	
  in	
  density	
  that	
  come	
  about	
  from	
  water’s	
  density	
  non-­‐linear	
  
response	
  to	
  salinity	
  and	
  temperature.	
  
As	
  the	
  leading	
  and	
  trailing	
  faces	
  occupy	
  posi8on	
  a	
  given	
  amount	
  of	
  8me	
  different	
  in	
  age,	
  
h	
  =	
  (instantaneous	
  speed)(t2-­‐t1).	
  Given	
  steady	
  state,	
  the	
  height	
  h	
  is	
  a	
  only	
  a	
  func8on	
  of	
  
the	
  instantaneous	
  speed	
  because	
  t2-­‐t1)	
  is	
  constant	
  while	
  steady	
  state	
  is	
  maintained.	
  	
  
Actual	
  plume	
  elements	
  are	
  shorter,	
  exaggerated	
  here	
  for	
  instruc8onal	
  purposes.	
  In	
  
ini8alizing	
  condi8ons	
  UM3	
  sets	
  h(0)	
  to	
  one-­‐tenth	
  of	
  the	
  ini8al	
  diameter.	
  The	
  ini8al	
  8me	
  
step	
  (Δt)o	
  is	
  correspondingly	
  small.	
  

36	
  



This	
  effect	
  is	
  some8mes	
  referred	
  to	
  as	
  the	
  “jelly	
  sandwich”	
  equa8on.	
  Squeeze	
  both	
  ends	
  
and	
  the	
  diameter	
  increases.	
  Pull	
  both	
  ends	
  outward,	
  like	
  bellows,	
  and	
  the	
  diameter	
  
decreases.	
  This	
  is	
  in	
  the	
  absence	
  of	
  entrainment,	
  which	
  may	
  mask	
  some	
  of	
  the	
  jelly-­‐
sandwich	
  effect.	
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Understanding the significance of the steady state assumption ultimately lead to a 
completely new conception of the plume element. The right-cylinder tuna can was 
replaced by a section from a bent cone. The trick became to accurately derive the 
projected area of the plume element’s surface as a function of r, h, and θ, the trajectory 
inclination angle to the horizontal axis. 
First assuming that the plume element height (h) was constant (the “tuna can,” right 
cylinder conception of the Lagrangian plume element) Winiarski and Frick formulated 
about 20 different entrainment functions, some leading to fabulous, but wrong, solutions, 
like blowing up. 
After suspecting that perhaps h could not be assumed constant, W&F rather quickly 
formulated the current expression for forced entrainment, probably less than 5. First, an 
examination of Fan’s dilution and radii data confirmed that they were not directly 
proportional or linearly related. Something like the car analogy, followed by the rigorous 
integration found in the DOS Plumes manual, was then used to develop the “free” 
equation for h. 
UM3 equations are based on the “top hat” assumption, that plume properties are average 
values when it comes to expressing the equations of motion. This is an idealization, 
obviously plume centerline properties are different from edge properties. In omitting a 
pressure force on the plume, they reasoned that plume properties “feathered” into ambient 
properties at the plume’s edge, hence no pressure force as would be experienced by a 
solid object. 
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Dream	
  model	
  consider	
  mass	
  distribu8on	
  about	
  the	
  center	
  of	
  mass	
  (not	
  the	
  center	
  of	
  the	
  
cross	
  sec8on).	
  Overlap	
  is	
  dealt	
  with	
  explicitly.	
  
Schema8c	
  diagrams	
  illustra8ng	
  details	
  of	
  plume	
  merging	
  theory;	
  the	
  plume	
  element	
  as	
  a	
  
wedge-­‐shaped,	
  overlapped	
  en8ty;	
  mass	
  about	
  to	
  collide	
  with	
  the	
  plume	
  to	
  become	
  
entrained	
  mass—part	
  of	
  the	
  plume.	
  



Differential equations (DE) express changes with time or distance 
Usually the changes are smooth and continuous 
The plume DE can not be solved analytically 
The DE must be solved numerically: a finite difference approach 
For the Lagrangian model the infinitesimal integrating factor like dt is replaced by Δt: t2 – 
t1 
For the Eulerian integral flux the infinitesimal integrating factor ds is replaced by Δs: s2 – 
s1 
The numeric integration is stepwise 
If Δt or Δs  are too large the solution diverges from the true solution  
  because the Δt or Δs  too crude to capture rapid changes 
If Δt or Δs  are  too small the solution diverges from truncation errors 
The plume equations are sometimes called stiff: 
  at first Δt or Δs  must be tiny but if constant truncation errors build up 
Convergence schemes are needed, for example, dt must increase as the plume solution 
develops 
Good increase schemes for Δt or Δs  yield solutions that converge 
Crude schemes cause divergence or quantum jumps, i.e., a tiny change in current angle 
will cause a not insignificant change in dilution prediction simply because the integrating 
factor adjustment was too coarse. 
UM3 is very continuous	
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Work	
  done	
  by	
  Liseth	
  (reference	
  not	
  immediately	
  available)	
  shows	
  plumes	
  generate	
  
current	
  around	
  themselves.	
  Here	
  iden8cal	
  single	
  and	
  double	
  plumes	
  of	
  equal	
  
densimetric	
  Froude	
  are	
  shown	
  in	
  two	
  sets	
  of	
  experiments.	
  It	
  is	
  striking	
  how	
  in	
  pairs	
  the	
  
plumes	
  “acract”	
  each	
  other.	
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