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amount of shear in a new turbine design will
have on survival.  Passage through different
regions of the turbine (e.g., close to the blade
hub or out near the blade tip) will entail
exposure to different pressure, shear, and
turbulence regimes and different probabilities of
mechanical injuries.  The behavior of the fish
while passing through the turbine may alter the
passage route, leading to greater or lesser
exposure to these injury mechanisms than
would be expected from consideration of the
entrained organism as a passive object.

The purpose of this report is to review
published laboratory bioassays and similar
studies of the responses of fish to the
component stresses of turbine passage:
pressure, cavitation, shear, and blade strike
(Section 2).  We have examined each of these

component stresses of turbine entrainment with
the goal of deriving biological criteria for the
turbine designers.  In many cases there are few
or no data to support quantitative biological
criteria, so in Section 3 we describe laboratory
and field experimental techniques that could be
used to fill gaps in existing information.  Finally,
we examine the role of behavior in mediating
the effects of turbine passage stresses (Section
4).  Entrained fish are not necessarily passive
objects; by their behavior during turbine
passage they may be able to swim out of (or
into) areas of the turbine that cause damage. 
The published literature on fish behavior may
suggest whether particular species or sizes of
fish are likely to exhibit predictable, directed
movements, knowledge of which would be
useful to turbine designers. 
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2.  Review of Literature Relating to Injury Mechanisms Associated with
Turbine Passage

Phases I and II of the U.S. Department
of Energy's Advanced Hydropower Turbine
System Program (AHTSP) involve
considerable Computational Fluid Dynamics
(CFD) modeling and engineering design studies
to develop novel designs for fish-friendly
turbines, i.e., turbines in which mortality of
entrained fish is small.  In order to accomplish
this, the designers need quantitative
environmental criteria as input.  That is, the
engineers need numbers which define a "safety
zone" for fish within which all of the
injury/mortality mechanisms experienced by
turbine-passed fish (water pressure changes,
shear forces, cavitation, and chance of
mechanical strike) are at acceptable (definable)
levels for survival.  If one of these injury
mechanisms has over-riding importance
compared to others, the designers could focus
their efforts to "design out" this stress in the new
generation of turbines.
  Literature reviews of turbine-passage
mortality studies have often focused on field
studies of "high-mortality" and "low-mortality"
turbines in an attempt to discern the design
causes for the differences in mortality.  Such
studies of the whole-system performance have
the advantage of addressing real-world
conditions and will provide necessary base
case numbers for turbine-passage mortality at
existing turbines.  Field studies of entrainment
mortalities at particular sites are limited because
they reflect the impacts on survival of all of the
injury mechanisms together, but cannot
distinguish effects of individual stresses.  The
relative importance of each of these stresses is
difficult to discern from field studies at

hydropower plants, especially when the
observable physical damage to fish is similar for
many of the stresses

This first section of the report examines
the injury/mortality mechanisms associated with
turbine entrainment, as studied separately under
controlled conditions in the laboratory and field
rather than in combination at hydropower sites. 
This literature can be used to derive biological
criteria for the design engineers.  For example,
pressure zones are defined within which fish
would not be harmed, and outside of which
pressures could cause mortality.  These
pressure values would provide the CFD
modelers and turbine design engineers with
target values for their design work.  "Safety
zones" for other components of entrainment
(e.g., shear, cavitation, blade strike) are also
proposed where sufficient information exists in
the literature.  Gaps in available information are
identified in order to direct future investigations.

Injuries and mortalities among fish
passing through a hydroelectric turbine can
result from several mechanisms, including rapid
and extreme water pressure changes,
cavitation, shear, turbulence, and mechanical
injuries (USACE 1995).  Each of these
mechanisms can cause physical injuries that are
severe enough to kill the fish directly; these
include descaling; loss of the protective mucous
layer; torn gill covers; decapitation; bruises;
burst swim bladder; hemorrhaging; and other
internal injuries.  If the entrainment stresses are
not immediately lethal, the fish may nonetheless
be physiologically stressed and disoriented,
so that they are more susceptible to predation
in the tailwaters






































































































































































