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ABSTRACT

The impact of mechanical stresses upon ichthyoplankton en-
trained in power plant cooling systems has long been considered
negligible. Arguments and evidence exist, however, to show that
such a supposition is not universally true, especially in nuclear
power plants. The mechanisms of mechanical damage can be de-
taited in terms of pressure change, acceleration, and shear stress
within the fluid flow field. Laboratory efforts to quantify the
effects of mechanical stress have been very sparse. A well-planned
bioassay is urgently needed.

INTRODUCTION

In his pioneering paper on the effects of the Contra Costa
electric generating facility on the local striped bass and salmon
fisheries, Kerr {1953) devoted the bulk of his report to the mor-
tality of adult fish due to impingement upon intake water screens.
Passing mention was made of smaller juvenile forms passing through
the screens to say that mortality due to mechanical stresses fur-
ther along in the system was negligible. This work set the pattern
for much of the research which followed. Most subsequent work on
the theme of mechanical damage in cooling water systems repeated
the theme that mechanical injury increased with increasing size
(e.g., Markowski, 1962; Oglesby and Allee, 1969; Marcy, 1971).

Meanwhile, fish culturists were aware that mechanical trauma
could be quite detrimental to the survival of juvenile fishes in
hatcheries (Hayes, 1949; David, 1953; Leitritz, 1963). It is worth
noting that much of the damage induced in developing young is not
acute (i.e., immediate) but manifests itself later as deformities
which could result in premature mortality. For example, Matlak
(1970) inferred that misshapen heads in carp fry were attributable
to mechanical disturbances. Emadi (1973) observed a high incidence
of yolk sac deformation in alevins raised in trays with smooth
bottoms--presumably a result of the fry's inability to maintain
position and the consequent abrasion of the sac against the bottom
surface. Mathur and Yazdani (1969) observed a vertebral mechanical
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compression in an adult Heteropneustes fossilis which he sug@ested
was due to mechanical injury in early development.

"+ If ichthyoplankton can be so sensitive to mechanical damage
in the controlled environment of the hatchery, it would seem logi-
cal to expect some damage to the organisms when they are subjected
to the rigors of the pumps and conduits of a cooling water system.
Perhaps suspecting this, Barton Marcy (1973) was inspired to search
for mechanical damage to entrained ichthyoplankton in the Connecti-
cut Yankee Nuclear Power Plant. Marcy sampled the fish eggs and
larvae in the discharge canal with the pumps operating, but without
added heat or biocides. His data revealed that 80 percent of the
entrained juveniles failed to survive the pass through the plant.
While care must be taken not to transfer these results, quantita-
tively or qualitatively, to other power stations, they do nonethe-
less, point out the unequivocal need for more attention to the
possibility of mechanical impact on entrained organisms.

Fortunately, an awareness of this problem is beginning to
creep into environmental impact work. Lauer (1973) reported that
pressure changes of the magnitude found in the Indian Point Power
Plant were not damaging to striped bass eggs and larvae. Goodyear
and Coutant (1973) added that one must also consider turbulence and
shear as possibly inducing mortality. The authors of the impact
statement for the Pilgrim Huclear Power Station were careful to
ascribe lobster larvae mortality to heat, mechanical action, and
chemicals (A.E.C., 1972). :

Mechanisms of Damage

While the whole issue of mechanical damage to entrained ich-
thyoplankton has not been studied thoroughly, it is possible, none-
theless, to outline the physical forces which could stress the
organisms. It is important to emphasize that we are dealing with
forces in the Newtonian sense. Thus, we should be careful not to -
speak of mortality caused by water velocity. The velocity, per se,
of an organism or the fluid surrounding it can cause no damage.
Rather, the three major forces {often associated with high veloci-
ties) to be reckoned with are (1) pressure change, {2) acceleration,
and (3) shear.

The problem of pressure change, cause and effect, is the sub-
ject of another paper in this symposium, and hence will not be
mentioned further in this manuscript.

Acceleration is the time rate of change of velocity and is
always accompanied by a force according to Newton's second law of
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motion. In a cooling water system we can speak in terms of at
Jeast three ranges of acceleration,

‘ At the Tower end of the scale are the accelerations due to
change in the bulk speed of the fluid flow. Typically these accel-
erations would be encountered near the intake as the water speeds
up to its terminal velocity in the conduit, at the outlet as the
water slows down, or at the upstream (or dowhstream} end of a con-
striction in the flow. These forces usually range from very
slight to the order of magnitude of the gravitational force. In
all 1ikelihood they are not very damaging. A

In the intermediate range are the accelerative forces asso-
ciated with the turbulent eddies characteristic of most cooling
water flows. If one follows the tortuous path of a particle in
such a flow, he will become aware of abrupt changes in speed and
direction. Such accelerations give rise to forces several times
that of gravity and could possibly be damaging to ichthyoplankton,
either immediately or in later development. :

Potentially the most destructive accelerative forces would
be short duration, high magnitude impulses from the impact of the
organism with a solid surface. Such forces could be many times
the acceleration of gravity and would probably be fatal.

Shear stress (or viscous force) is present in a real liquid
when the velocity of the fluid varies from point to point in space.
This is most commonly noticed when fluid moves with respect to a
solid surface and exerts a viscous drag on the surface. The force
is present throughout the fluid, however, and its potential effect
on an egg in the flow field is illustrated in Figure 1. In this
instance a fluid is flowing past a stationary surface. The fluid
clinging to the surface wall has a velocity equal to 0. As one
moves away from the wall the velocity increases up to some value
characteristic of the bulk motion of the fluid. An egg within the
changing velocity field would be subject to a fluid velocity on its
outboard side (V') greater than that on its inboard side (V"). The
resultant forces on the egg can be resolved (both conceptually and
mathematically) into a rotational and a deformational component.
The rotational effect would be to disturb the internal order of the
$gg. while the deformation would stress both the membrane and the

nterior.

. The special case of damage incurred when the surface of the
organism contacts the solid boundary 1s termed abrasion and deserves
special study, since the resulting damage is a function of the two
contacting surfaces. e
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Figure 1. Possible effects of shear stress résu]ting from water
velocity on a fish egg.
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Shear stress is common1{ reported by fluid dynamicists as a
force per unit area (dynes/cme), however, the associated rate of
shear {sec~1) is often used in biological applications. For a
Newtonian fluid, such as water, the two are directly proportional,
the constant or proportionality being the coefficient of viscosity.

The destructiveness of shear is documented in the biophysical
Titerature, It is a major cause of hemolysis in heart-lung machines
(Williams, 1973; Bernstein, 1973), and is believed to be the prin-
cipal agent in the degradation of fibrinogen within the circulatory
system ?Charm and Wong, 1970).

Within a flow fleld, the greatest shear stresses will be en-
countered in the near nefghborhood of solid surfaces, e.g., conduit
walls, pump impellers, screens, vanes, etc. In flows of high tur-
bulent intensity one could also expect high shears to exist at the
interfaces between eddies.

Previous Work

Now that the qualitative nature of possible mechanical damage
to ichthyoplankton has been described, two questions arise: (1)
KWhat are the quantitative ranges of accelerative and shear forces
which cause immediate and delayed damage to entrained fish eggs and
larvae? (2) How does one des1gn a cooling system to minimize such
mechanical damage?

The engineering physics of flow systems is reasonably well
understood. That {s, a good chemical or mechanical engineer, given
the design specifications of the system, should be able to invoke
Boundary Layer Theory and the Theory of Turbulence along with em-
pirically determined functions to specify where accelerations and
shears of given intensities could be expected. His answers could
never be determinant, since turbulent flows are stochastic by
nature and certain complicated geometries can only be approximated,
but his estimated should prove adequate to the task. Minimization
of damage could be achieved by iteration of his calculations upon
different design specifications.

The immediate bottleneck in evaluating the impact of entrained
organisms is the paucity of bio-engineering data to answer the
first question, In a reasonably intensive literature search, this
writer has discovered only two attempts to gauge the effects of
acceleration or shear upon fish eggs and larvae, neither of which
was stimulated by power'plant considerations.



82

Acceleration generated by shock waves from underground nuclear
explosions was considered as possibly detrimental to trout redds in
the vicinity of nuclear test sites {Post et al., 1973). MHaximum
peak accelerations in the order of 0.9 ¢ were expected along one
major trout stream. Post and associates, therefore, constructed a
series of simulated rainbow trout redds in one-liter glass aguaria.
An accelerometer was attached to replicate pairs of aquaria and the
apparatus was dropped onto a resilient mat. Mean accelerations
could be controlled to within 10 percent.

Pairs of aquaria were subjected to peak acceleration of 1, 2,
5, and 10 g's at biclogical development stages of 37.5, 75, 125,
and 250 TU (one TU per hour is the product of the water temperature
in degrees Fahrenheit above freezing divided by 24). Experiments
vere repeated at 8.3°C and 11.1°C. The survival rates of hatching
(72-84 percent) did not differ significantly in any way from the
experimental controls.

Extrapolation of these negative results should be done with
caution. As the authors suggest, they probably apply to other
salmonid species, But then, there are unconfirmed reports of re-
searchers playing marbles with water-hardened salmon eggs! More
fragile eggs, such as those of the striped bass, could prove to be
rore sensitive. Also, the larval stages of the stressed eggs should
be examined for possible malformation or premature mortality.
Finally, it would be useful to know what accelerations are neces-
sary to induce mortality.

In an environmental impact study of the widening and deepen-
ing of the Chesapeake and Delaware Canal, Morgan et al. (1974) per-
formed a series of simple experiments to assess the damage to
striped bass, Morone saxatilis, and white perch, M. americana, eggs
from shear fields.

Shear was generated by a plexiglass cylinder rotating axially
in the middle of an annular tank of water. The experimental
apparatus was designed for simplicity in fabrication, but without
foreknowledge of the complicated flow which would be induced in the
outer annular space. As a result, it became impossible to deter-
mine the exact value of shear which induced a given degree of mor-
tality. 1t was possible, however, to calculate the maximum shear
stress within the flow field and thereby provide reasonable values
of shear to associate with observed impacts.

Eggs and larvae of both species were studied under long-term
and short-term exposures, In the low-level, long-term experiments
organisms were exposed to flows with characteristic shear rates
ranging from 0.64 to 86.0 dynes/cm? for a period of two days.
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Experiments with higher shear levels of from 76 to 404 dynes/cm2
effective over exposure times of from 1 to 20 minutes completed the
program.

Replication of the results of the experiments was very good.
The lethal doses of shear required to ki1l half the specimens
(LDgp) was calculated by polynomial regression from the experi-
men%al results and appears in Table 1, :

The immediate question {s how do the shear values in Table 1
compare with those within a typical nuclear power plant. Marcy
(1973) reports for the Connecticut Yankee that at peak loads -
approximately 25 m3/sec flows through twin, single-pass, divided
water boxes in which the velocity may approach 2.4 m/sec. These
figures imply a Reynclds' number for the flow in the order of 6 x

Fanning friction factors (see, Bird et al., 1960, p. 186) for
such flow range from 0.0025 to 0.008 depending upon the smoothness
of the surfaces of the conduit. Translated back into shear at the
surface, stresses of from 72 to 230 dynes/cm would be present at
the walls of the water box.

While these values fall be]ow the range of LDsg's for one
minute exposures (385-540 dynes/cm 2), they are within the damag1ng
range. Higher shears could be expected in the pump, and it is pro-
bable that mortality in the experiment is being effected by shears
lower than the wall stress. Therefore, the possibility that ichthyo-
plankton are being killed by shear stress in the nuclear cooling
system is very real indeed.

SUMMARY AND RECOMMENDATIONS

Historically, the effects of mechanical stresses upon entrained
fchthyoplankton have been assumed to be negligible. Mechanical
damage to hatchery organisms is well documents, however., HNuclear
power plants seem likely to inflict more mechanical damage to fish
eggs and larvae passing through them because of their greater water
use. The existence of a significant mechanical impact has already
been demonstrated for the Connecticut Yankee Power Plant.

Existing laboratory research to quant1fy the damage to ichthyo-
plankton by acceleration and shear stress is sparse, fragme- ;ary,
and 1nconclusive. A well-coordinated and exhaustive effort is
urgently needed

Research is required to define the ranges of pressure change,
acceleration, impaction, shear, and abrasion which cause mortality
of ichthyoplankton of various entrained fishes and important inverte-
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Table 1. Estimated LDgg values for time-shear exposure experi-
ments on white perch and striped bass eggs and larvae.
After Morgan et al. (1974).

Organism

Exposure Time

LDs0 (dynes/cn?)

Striped bass eggs

Striped bass larvae

Wnite perch eggs

Hhite perch larvae

1 min.
2 "
g v
2 days

1 min.

o "
20 L}
2 days

1 min.

2 days




85

brates. The determinations of damaging exposures should be made
over all stages of development from fresh spawn to screenable juve-
niles. Temperature and salinity, of course, are important para-
meters to be varied in the experiments. Attention should be paid
to the post-exposure development of survivors to assess possible
delayed effects.

The huge quantities of heat added by ‘power plants circum-
scribe the alternatives which would diminish thermal shock, but
mechanical stress can be minimized by a large number of design
alternatives. Such corrective action, however, awaits the develop-
ment of reliable bio-engineering data.
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