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RESPONSES TO QUESTIONS AND REQUESTS FOR
ADDITIONAL INFORMATION ON
NUS-4507 REPORT

"LIMERICK GENERATING STATION UHS EXTREME WIND HAZARD ANALYSIS"

September 1984



Q.6 What is the value of the hurricane and straight wind speeds at an elevation
of 33 ft. which correspond to the nominal failure of the cooling towers?
Can it be shown that the probability of failure of the cooling towers due
to missiles borne by straight winds and hurricanes with speeds less than
this value is negliyinle when compared to a frequency of 107® per year?

Response

The vulnerability of the cooling towers and spray network components to
hurricane and straight winds has been analyzed using the TORMIS methodology.
This analysis has proceeded in 5 steps:
Develop profiles for hurricane and straight wind gusts.
Evaluate cooling tower failure for hurricane and straight winds.
Refine hurricane and straight-wind trequency curves.

. Modify TORMIS for hurricane and straight-wind simulations.

N B W N e

. Perform simulations and analyze TORMIS results.

The following paragraph:c summarize the methods and results of each of the steps,
consistent with the discussions in the August 17 review meeting. A conservative
analysis has been made using the worst case missile and wind directional
characteristics.

(1) Wind Profile

The wind profile in homogeneous terrain is given by the logarithmic
law
In(z/2g)
U3soo(z) = U3ep0(10) —— (1)
n{10/zg)
where U3ggo(z) = mean hourly horizontal velocity at height z and z = 10 m is the
reference height. For roughness length zg = 1 m, the mean hourly wind profile

at Limerick can be approximated by
Usgoo(z) = 0.434 U3zgpp(10) In(z) . (2)



This mean hourly profile is adjusted to a 2 sec gust profile using a 2.22 gqust
factor for rough terrain (see Sachs, Ref. 1). With a constant gust component
with height,

U2(z) = Uzgpp(z) + 1.22 03500(10) (3)
where Up(z) 1s the 2 sec gust at height z. From Eqs. 2 and 3 and the relation
Uz(10) = 2.22 U3g00(10),

Up(z) = Up(10)[0.55 + 0.1955 1n 2] . (4)
Defining Cp(z) = Up(z)/U2(10), the normalized hurricane and straight wind gust

profile for Limerick is:

2(ft) 2(m) c(z)
10 3 0.77
33 10 1.00

100 30 1.22
250 76 1.40
500 152 1.53

This profile is used in the TORMIS simulations of hurricane and straight winds
and in the following windspeed failure analysis for the cooling tower sheil.

(2) Cooling Tower Failure Windspeed

The hurricane and straight winds expected to fail the cooling towers
at Limerick have been estimated using the above profile. Using the procedure
outlined in the response to Question 3, the calculated failure windspeed is
135 mph at 10 m. This 10 m windspeed corresponds to windspeeds of about 190 mph
2t tower mid height. The method of calculating the buckling loads of shell
structures is given in Ref. 2.

(3) Hurricane and Straight Wind Frequencies

The hurricane and straight-wind curves in NUS-4507 [3] were developed
from published data. In the August 17 review meeting, it was agreed that the

hurricane hazard curve was conservative for Limerick. Hence, this curve is used

n



for the hurricane wind and missile simulations. To perform these simulations
over the entire range of windspeeds, it has been necessary to extend the curve
beyond the windspeed c¢xceedance probabilities from the published data in Batts,
Russell, and Simiu [4]. The results of this extension of the hurricane curves
are presented in Subsection (a).

For the straight wind curves presented in NUS-4507 [3], 1t was agreed in
the August 17 review meeting that these curves reflect the 1 meter roughness at
Limerick. In the rederivation of these curves, 1t was also suggested by the NRC
that the Harrisburg, PA frequencies be used in this reanalycis. Subsection (b)
preserts the results of this analysis.

(a) Hurricane Frequencies

From NUS-4507, the 2-sec gust hurricane windspeeds of 70, 78, and
102 mph correspond to annual exceedance probabilities of 2x10-2, 1x10-2, and
5x10~4, respectively. Batts, Russell, and Simiu [4] found that the best-fitting

distributions for hurricane winds is the 3 parameter Weibull distribution

PV > V') = exp [-(v—;: )’] .

In a subsequent paper, Batts [5] indicates that the best-fitting tail length
parameter y for coastal mileposts near Limerick are about y = 2 to y = 4 with
y = 3 for milepost 2400, the closest landfall pesition relative to Limerick.
Using y = 3, the Weibull parameters pu and ¢ are determined as y = -54.01 and

o = 79.35. The resulting windspeed exceedance probabilities at 10 meters are:



v P(V > V)

(2-sec Gust) (yr-1)
70 2.2x10-2
78 1.0x10-2
90 2.5x10-3
102 5.0x10-4
120 2.6x10"5
135 1.4x10-6
145 1.4x10-7
155 1.2x10-8
165 7.4x10-10

These frequencies are identical to the 78 and 102 mph data and are slightly
conservative for the 70 mph data point in NUS-4507 [3]. The resulting curve in
given in Fig. 1.

(b) Straight-Wind Frequencies

The Harrisburg, PA Airport data [6] has been used to develop an
updated straight wind frequency curve for Limerick. The Harrisburg windspeeds
are conservative relative to those at Philadelphia Airport in Ref. 6. The
procedure used to develop these updated frequencies is summarized below:

1. Convert the extreme fastest-miie speeds in Ref. 6 to mean hourly
speeds, assuming a roughness length zg = 0.07 m for Harrisburg.

2. Compute the friction velocity Us g from the relation:

U3s00(2+20)

u' B e—

ref 2.5 In(z/29)

3. Compute the friction velocity us for a roughness length zg = 1 m from
Us = P Urpef
where p = 1.33 ([7].
4. Comoute the mean hourly speeds for zg = 1 meter

Useuo(z,2g = 1) = 2.5 us In(2/1)



Probability of Wind Exceedance (yr'l)

nw-s

Windspeed (mph)

Figure 1. Limerick Hazard Curves for Hurricane

and Straight Winds
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5. Convert the mean hourly speeds to 2-sec gusts from

Up(z,2g = 1) » 2.22 U3gpp(2:29 = 1)

where the peak gust factor of 2.22 1s taken from Sachs [1] for rough
terrain.

Table 1 summarizes these calculations and the re '1ting windspeeds for exceed-
ance probabilities 1x10-1 to 1x10~6 per year. Figure 1 illustrates the
straight-wind frequencies. These windspeeds correspond to 2-sec gusts, which
are conservatively assumed to be of sufficient duration to fail the cooling
towers.

(4) TORMIS Modifications

The TORMIS computer code uses a translating three dimensional tornado
windfield model to simulate the effects of a tornado moving through a plant
site. The plant model, missile characteristics, injection and transport models,
and damage criteria are independent of the windfield specification and thus, are
valid for any severe windfield. Hence, with selected changes tc TORMIS, the
methodology is applicable to wind and missile analysis for straight wind and
hurricane effects. These changes and the validation procedures used are
described in the following paragraphs.

A total of five modifications were made to the TORMIS code. First, the
vector DIRREG (REGION, I), I = 1,2,...,7 was added to the input 1ist after the
integer REGION. This allows an arbitrary distribution of storm directions to be
read ‘n as input rather than the use of the default tornado direciion distribu-
tion for the specified NRC region.

The second change was to the TORSTR subroutine that samples the storm
characteristics. The portion of TORSTR that sample tornado length, width,
offset and windspeed characteristics (rotational and translational windspeed

parameters) was replaced by a simple specification of straight-wind storm



TABLE 1.

STRAIGHT-WIND GU:" REQUENCIES AT LIMERICK

Annual Harrisburg, PA  Harrisburg, PA Harrisburg, PA Limerick Limerick Limerick
Exceedance Fastest-mi Mean-Hourly Friction Velocity Friction Velocity Mean-Hourly 2-sec Gust
Probability Uf(10,0.07)  U3gpp(10,0.07) us ¢ us U3goo(10,1)  U2(10,1)
10-1 56. 1 15.6 3.68 4.89 28.1 62.4
10-2 70.6 56.5 4.55 6.05 34.8 77.3
10-3 84.8 66.3 5.34 7.10 40.9 90.8
10-4 98.9 76.1 6.13 8.15 46.9 104.1
10-5 113.1 86.3 . 6.96 9.26 53.3 118.3
10-6 127.2 96.4 7.77 10.34 59.5 132.1




characteristics. Storm length and width were arbitrarily set at large values,
TPL = 150 mi and TPW = 100,000 ft, respectively. The storm horizontal velocity
at 33-ft elevation, V33, was sampled from a stepwise truncated Weibull distri-

bution according to
. AF wu \Y 1. o 1/
Viz=utoe -'ln[e-(L'!)-C[e-(l;n)-e-(.b—ou)]] t

where u, o, and y are the Weibull parameters defined previously, a and b are the
lower and upper windspeeds of the interval being sampled, and £ s a pseudo
random number sampled from the unit interval.

The third change involved the windfield nodel. The tornado windfield model

was replaced by the model:

ut(l) =0 (Radial Component)

ut(e2) =0 (Tangential Component)

UT(3) = 0 (Vertical Component)

UTRAN = V33(0.5540.1955 In (0.3048 z*)], (Translational Windspeed)

where 2* is in feet and z2* =z i1f z > 1 ft or
z* = 1.000001 if z s 1 ft.

The fourth change was a replacement of the calculation of maximum wind-
speed at the cooling towers (VELT) during storm passage by the simple statement

VELT = UTRAN
where UTRAN is determined as above at 2z = 27D, the specified height on the
cooling tower at which the windspeed is to be evaluated.

The last change o TORMIS involved simplification of the injection model.
Since at a given height the windspeed is constant with time, it 1s not necessary
to calculate the storm center position for optimum release of the missile at
peak aerodynamic force. Thus, the TORMIS injection model was replaced by the
simple model that S = C, f.e., the nominal storm center track position is even

with the missile (in the offset, track position frame) at injection.



After making the above changes, sample runs of the code were made in which
storm directions were forced to be in one of two octants, by proper specifica-
tion of the vector DIRREG, and a number of missiles were flown for each storm.
The storm characteristics were then checked to verify that they were properly
determined. The missile trajectory and impact points were observed to 1ie along
1ines roughly parallel to the 1ine of storm movement. This is the expected
behavior in which the missiles travel in vertical planes parallel to the storm
direction (11ft and side forces can lead to minor out of plane movement).

In order to further verify the code, two minor changes were made in order
to run ballistic test cases (constant drag, nu 1i1ft and side forces) with a
vertically uniform windfield. In the first case, the drag coefficient was set
to zero (Cp = 0) and the resuiting trajectory was a straight-1ine drop to the
ground, as expected. In the second case, the drag coefficient was set to unity
(Cp = 1) for a six-inch pipe injected at 161.8 ft elevation. The impact
position and velocity were checked by independent calculation using a simple
ballistic trajectory model and agreement was ovotained.

(5) Simulations and Results

A sequential procedure has been used to analyze the effects of
hurricanes and straight winds cn the Limerick UHS. First, separate simulations
were made to validate the use of N-S directions as the most conservative wind
directions for missile damage to the spray pond networks. Second, the risk from
hurricane winds using the hurricane frequency curve in Fig. 1 and N-S wind
directions was evaluated. The third step was to estimate the risks from
straight winds using N-S wind directions. The results of these analyses are

presentad in the following paragraphs.



(a) Wind Direction

The 4 spray networks at Limerick are aligned along an E-W axis,
see Fig. 4-3 of Ref. 3. Since loss of the UHS at Limerick requires damage to at
least 3 out of 4 networks, missiles must be transported into at least 3 out of 4
networks. Winds blowing from the N or S octants result in the shortest run-up
distances to each network and, hence, are much more likely to damage at least 3
out of 4 networks. Winds blowing from other directions have to transport
missiies much farther to reach all 4 networks. For example, winds blowing in an
E-W direction have to transport missileos about 800 feet to reach the 4th network
(transport is predominantly along the wind vector direction for straight winds
and hurricanes). Hence, the damage criteria and orientation of the networks
suggests the N-S direc’i1on as the conservative worst case analysis for wind
directions at Limerick.

As a validation of this concept, two independent simulations were run for
hurricane winds in the 135-150 mph interval. The following conditional proba-
bility of missile entrance given hurricane strike were obtained:

Conditional Probabilities

Wind Direction Events Q, V, X Events R, T, U
N-S Winds: 0.74 0.36
E-W Winds: 0.04 0

Hence, N-S winds are more than an order of magnitude more likely to transport
missiles into at least 3 out of 4 networks than E-W winds. For the network
damage criteria, the N-S wind direction produces conditiunal probability
estimates of about 0.1Z and C.02 for Events Q, V, X, and R, T, U, respectively.
The E-W wind direction simulation prcduced no damages for these events out of 40
storms. Hence, these results quantify the conservatisms inherent in the N-§

wind direction simulation for the Limerick plant.

10



(b) Hurricane Simulations

A plant-specific hurricane wind and missile simulation using
TORMIS has been made. The windfield profile, hurricane windspeed frequency
curve, and 135 mph tower failure speed at 10 m were used in these simulations.
The missile characteristics, plant targets, and damage criteria are the same as
documented in NUS-4507 [3]. The windspeed intervals and numbers of storms

simulated were:

Windspeed Hurricane
Interval Strike Probability Number of
{mph) (zr‘ll Storms
90-105 2.2x10-3 700
105-120 2.9x1074 300
120-135 2.5x10-5 80
135-150 1.3x10-6 40
150-165 4.1x10-% 40

Within each windspeed interval, the »indspeeds were sampled from a Weibull
distribution using the parameters developed previously.

The results of the simulations are given in Table 2. The estimated
probability for Event T (damage criteria for one unit operating) is 3x10-8 per
year and 1.7x107 per year for event V (damage criteria for two units
operating). These frequencies are dominated by winds in the 135-150 mph
interval. At lower windspeeds the towers do nol fail by either wind or
missiles. At higher windspeeds, tne contribution to the total failure proba-
bility is negligible. For example, the probability of V > 165 mph for hurricane
winds 1s 7.4x10-10 per year. Conservatively assuming a conditional damage
probability of unity, the cocntribution is no greater than 7.4x10-10, which 1s

several orders of magnitude less than the event damage probabilities in Table 2.
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TABLE 2.

HURRICANE WINDSPEED SIMULATIONS

Probability Estimates P(A) = PN(A|1,) P(I,) (per year)

Network Hurricane Event Q Event R Event T Event U Event V Event X
Damage wWindspeed
Criterion Intervals (23/4 Wy )? (474 W) (4/4 Wy n 1/1 Cy) (474 Wy n 2172 Cy) (23/4 Wy n 2/2 C4) Vu(4/48 Wynils2Cy)
90-10% 2.5x10-4 2.6x105 2 . . »
105-120 9.3x10°5 1.9x10°5 . . . .
Missile 120-135 1.3x10°5 5.5x10-6 ’ . . nE
Entrance 135-150 9.8x10-7 4.7x10-7 4.7x10°7 4,7x10°7 9.8x107 9.8x10"7
150-165 3.7x10-8 1.8x10-8 1.8x10-8 1.8x10-8 3.7x10-8 3.7x10-8
AN 3.5x10-4 5.2x10°% 4.9x10-7 4.9x10"7 1.0x10-6 1.0x10-6
95% Conf. | {3.0x1074,4.1x107%) | {3.3x10°5,7.0010°5) | {3.0x20-7,6.8x10"7} | {3.0x10-7,6.8x10-7} | (8.4x10-7,1.2x10-6} {8.4x10"7,1.2x10-6}
Bounds’
(AT 5 i N Y vt i
w.los - - . . * -
Rupture of 105-120 1.0x1076 . . . . .
Spray Arm 120-135 8.8x10°7 . . . . .
135-150 1.6x10-7 2.7x10-8 2 ~v10-8 2.7x10-8 1.6x10°7 1.6x107
Vi'o(vi' 13" | 150-165 9.6x10-9 3.1x10°9 3. iniv~9 3.1x10-9 9.6x10~9 9.6x10-9
ALl 2.1x10-6 3.0x1078 3.0x10-8 3.0x10-8 1.7x10°7 1.7x10-7
95% Conf. | {4.4x10°7,3.6x10-6) {0,8.4x10-8) {0,8.4x10-8} {0,8.4x10-8} {4.6x1078,2.9x10-7) | {4.6x10°8,2. 3x10-7}
Bounds
B A (T — T -— _ ~- — e —_——
w_los - - » - . .
Perforate 105-120 . . " . » »
Pipe Wall 120-135 . . . . . .
1]‘,_150 - . - . . *
’50_‘65 . - . - . -
A"] . - - - - -
35% Conf.
Bounds

! These events correspond to 23/4 Wy denotes uamage to at least 3 out of 4 networks; 4/4 Wi denotes damage
cooling tower 1; 21/2 Cy denotes damage to at least 1 out of 2 cooling towers; and 2/2 Cy denotes

! * indicates no event successes were obtained in the TORMIS simulations.
* 95% two-sided confidence interval reflecting uncertainty in Monte Carlo method.

to all 4 networks; 1/1 C; denotes damage to
damage (o both cooling towers.




(c) Straight-Winds

The effects of straight winds on the UHS and cooling towers at
Limerick car be conservatively estimated from the results in Table 2. The
entries for each windspeed interval are adjusted by the ratio of occurrence rate
of straight winds to hurricane winds. From Fig. 1 and the preceeding table, the

straight wind frequencies and adjustment factors are approximately:

Windspeed Straight Wind

Interval Frequency Occurrence Rate
(mph) (yr-1) Adjustment
90-105 1.5x103 0.69

105-120 7.2x10-5 0.25

120-135 7.5x10-6 0.30

135-150 4.8x10°7 0.37

150-165 ~1.8x10-8 0.44

When the missile damage probabilities (rupture of spray arm failure mode) in
Table 2 are multiplied by these straight wind adjustment factors, one obtains:

Damage Probability

Event (yr-1)

Q 5.8x10~7
R,T,U 1.1x10-8
vV, X 6.3x10-8

These frequencies are based on a conservative analysis that assumes all
straight winds blow in the worst case N-S directions.

The total damage probabilities for hurricane and straight-winds for events

T and V are:
Damage Probability
Event (yr-1)
T 4.1x10-8
v 2.3x10°7
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These values are significantly less than 10-6 per year and therefore meet the

applicable criteria. The average frequency over the lifetime of the plant for
hurricane and straight winds is 1/40{5(4.1x10"8) + 35(2.3x10"7)] =

2.1x10°7 yr'l. This may be compared to the 1ike frequency for tornadoes of
7.7x1077 yr=1 given on p. 5-13 of Ref. 3.
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