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1.0 INTRODUCTION and SUMMARY

Operation of K Reactor with a cooling tower requires that 186 Basin loss of
inventory transients be considered during Design Basis Accident analyses
requiring ECS injection, sixich as the LOCA and LOPA. Since the cooling tower
systems are not considered safety systems, credit is not taken for their
continued operation during a LOPA or LOCA even though they would likely
continue to operate as designed. Without the continued circulation of cooling
water to the 186 Basin by the cooling tower pumps, the 186 Basin will lose
inventory until additional make-up can be obtained from the river water supply
system. Increasing the make-up to the 186 Basin from the river water system
may require the opening of manually operated valves, the starting of additional
river water pumps, and adjustments of the flow to L Area. In the time required
for these actions a loss of basin inventory could occur.

The ECS and CWS pumps are supplied by the 186 Basin. A reduction in the
basin level will result in decreased pump suction head. This reduction in
suction head will result in decreased output from the pumps and, if severe
enough could lead to pump cavitation for some configurations. The subject of
this report is the minimum 186 Basin level required to prevent ECS and CWS
pump cavitation. The reduction in ECS flow due to a reduced 186 Basin level
without cavitation is part of a separate study [1].

Minimum basin levels required to prevent pump cavitation are presented in
Table 1 for ECS A, ECS B, the Booster Pump, various ECS pump combinations,
and the large and small 190 Building pumps. Results include 2o uncertainties
and are calculated for a basin temperature of 90 F and with the pumps
operating at maximum flow conditions. The minimum basin level for the 190
Building small and large pumps is the basin bottom. The limiting minimum
basin level for combinations of ECS pumps is -1.3 + 2.8 (1.5 maximum) feet
without the Process Room Spray System (PRSS) and 1.1 + 3.5 (4.6 maximum)
feet with the PRSS operating, where negative minimum basin levels imply the
level can be reduced to basin bottom. The minimum basin level for the Booster
Pump operating as a sole source is 1.1 £ 3.0 (4.1 maximum) feet without PRSS
flow and 2.6 + 3.6 (6.2 maximum) feet with PRSS flow. Considering
uncertainties, ECS A and ECS B operated as sole sources at maximum flow
rates require a full basin.

The minimum basin levels presented in Table 1 are based on cavitation due to
inadequate NPSH. Vortex formation and the entrainment of air into the pump
suction inlets could result in pump performance degradation at basin levels
greater than those listed in Table 1 for some configurations. The suction line
inlets for the ECS and small 190 Building pumps are similar to the suction inlet
shown in Figure 1, with the opening located several feet below the basin
bottom. With this arrangement air entrainment would not be expected until very
low basin levels were reached. The large 190 Building pump suction inlets
extend into the basin horizontally with a vertical bell shaped entrance with the
top of the inlet at a basin level of about 2.75 feet. With this inlet configuration a
basin level of at least 2.75 feet would be required to prevent the entrainment of
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air into the pump. A more detailed investigation of minimum basin leveis
required to avoid significant air entrainment is being performed as part of a
separate study.

2.0 DISCUSSION
2.1 Minimum Basin Level Calculation

The net positive suction head (NPSH) is defined as the total pump suction head
referenced to the pump elevation minus the head due to fluid vapor pressure
[2]. The minimum NPSH required to prevent detrimental vapor flashing in the
pump, or cavitation, must be obtained from pump performance tests for each
pump. To prevent cavitation in the field, the pump must be operated with an
available NPSH greater than or equal to the required NPSH. For the pump and
basin configuration shown in Figure 1, the available NPSH can be expressed
as:

NPSH = Total Headg-%! (1)
V2
P2 2 p
=Zo+—=+5-- (2)
Y 29 y

The mechanical energy equation between points 1 and 2 in Figure 1 can be
written as:

V2 V3

P 1 P 2
Z1+——1+—=Zg+‘—2+—+H 3
pg 29 y 297" ©

Equation (2) and (3) can be combined to yield:
V2
P 1 P

NPSH =Zy+—14+5—-Hj-—¥ 4

Substitution of the pressure, velocity, and elevation (referenced to Z¢i) from
Figure 1 into Equation (4) yields:

NPSH =(Zsun-Zc|_)+E$m+O-H(-%! (5)

The elevation of the basin surface, Zgy, can be expressed as:

Zsyrt = BL + Zpoy (6)
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At the minimum allowable basin level the available NPSH will be equal to the
required NPSH. Substituting Equation (6) into Equation (5) and rearranging
yields:

BL = NPSH + Zc - Zgoy + Hi - (Eﬂ";'—'a") (7)

where: BL = minimum basin level,

NPSH = required pump NPSH,

ZcL = pump centerline elevation,

Zeot = 186 Basin bottom elevation,

Hs = pump suction piping losses,

Pam = atmospheric pressure,

Py = fluid vapor pressure (absolute), and,

¥ = fluid specific weight (pg).

Equation (7) is used to calculate the minimum 186 Basin level required to
preclude pump cavitation. Details of the NPSH values used are given in
Section 2.2. The ECS pump centerline elevations are scaled from drawings.
The Booster Pump elevation is obtained from [3,4] and the centerline elevation
of ECS A and B is scaled from [4,5]. The elevations used for the 190 Building
pumps are given in [6]. The basin bottom elevation is given in [7]. These
elevations are listed in Appendix A, Table A1.

The suction piping head losses are computed using PIPEFLOW Version 3.0
models. Details of the models used for both the ECS and 190 Building pumps
are given in [8). Comparisons of ECS pump suction piping losses computed
using the PIPEFLOW model to K-Reactor test data [9] show good agreement for
losses to ECS A and ECS B. Losses in the Booster Pump suction piping
computed using PIPEFLOW are well below those calculated from the test data,
even though flow to ECS A and ECS B follows the same path up to the Booster
Pump room. Possible causes of this disagreement are being investigated.

The standard value of 14.7 psia is used for the atmospheric pressure. The fluid
vapor pressure and specific weight at 90 F were obtained from [10]. These
values are also given in Table A1.

The total ECS flow rates used in the analysis [4,11] are computed using the
reactor vent path model and ECS FLOW code given in [12]. The flow rates are
based on a LOPA scenario because the LOPA produces higher ECS flow rates
later in the transient when a reduced 186 Basin level could occur. The ECS is
throttled before a reduced basin level is of concern during a LOCA [13]. The
ECS FLOW code supplies the total ECS flow rate. When the total flow rate is
the sum of flows from multiple pumps the flow contribution of each operating
pump is determined by locating the operating point on the ECS supply curve
and then determining the individual flow rates from the supply curve data given
in [14].
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2.2 Net Positive Suction Head Test Curves

The NPSH curve for the ECS A and B pumps is given in [15]. Reference 16
gives the NPSH curve for the ECS Booster Pump. These curves are shown in
Figures 2 and 3.

A suction lift curve is given in [17] for the large 190 Building pumps. These data
are assumed to represent the total required suction lift, which is defined as the
elevation difference between the basin surface and pump plus the suction
piping head losses at the onset of cavitation [2]. Referring to Figure 1, total
suction lift (SL) can be written as:

SL =ZgL - Zgurt + Hy (8)

Substitution of Equation (8) into Equation (5) yields:
P - Py
NPSH = (—M——Y ) SL (9)

The required NPSH for the large 190 Building pumps is calculated using
Equation (9). The resulting required NPSH curve is shown in Figure 4.

A suction lift curve is given in [18] for a small 190 Building pump with a 22.625
inch diameter impeller. This suction lift curve increases as the flow rate
increases and thus represents the total suction lift during the pump head tests
instead of the suction lift at the onset of pump cavitation [19]. Currently, 25.25
inch diameter impellers are installed in the pumps [20]. The required NPSH for
the large impeller would be expected to remain unchanged or decrease slightly.

Total suction lift data from [18] are used in Equation (9) to compute the NPSH
available during the pump test. Since the pump head test was not performed
with the pump cavitating, the available NPSH is greater than or equal to the
required NPSH. The available NPSH is used in Equation (7) to obtain a
conservative minimum 186 Basin level. The available NPSH curve is shown in
Figure 5.

For comparison purposes, two Goulds pump NPSH curves [21] for pumps
similar to the small 190 pumps are shown in Figure 5. The discharge head
specifications and pump speeds are similar to the small 190 Building pumps;
thus, the NPSH curves would also be similar. The NPSH curves of two Goulds
pumps fall well below the available NPSH curve of the small 190 Building
pumps used in the analysis.

Copies of the vendors test curves for the ECS and CWS pumps are given in
Appendix B. The equations for the test data fits used in the minimum basin level
calculations are given in Appendix A, Table A2.
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2.3 Uncertainty

The best estimate value of the minimum 186 Basin level required to prevent
ECS or CWS pump cavitation is determined using Equation (7). A bounding
fluid temperature of 90 F (32 C) is used in the analysis. At this temperature the
fluid specific weight and vapor pressure are assumed to contain negligible
uncertainty. The 186 Basin bottom elevation is also well known and is assumed
to contain negligible uncertainty. The remaining parameters considered in the
uncertainty analysis are the NPSH, Z¢, Hy, and Paim.

At a fixed temperature the NPSH is a function of the flow rate, pump speed, and
pump geometry . The suction piping losses are a function of the flow rate and
piping geometry. Since NPSH and Hy are both functions of the flow rate, they
are not independent variables. ZcL and Paim are independent of all other
parameters. The correlation coefficient between the NPSH and suction piping
losses is conservatively assumed to be 1.0 and the minimum basin level
uncertainty is calculated from [22,23]:

2 2 2 2 1 2
OBL = ONPSH *+ O + Oz¢y + 2 Opyym + 20NPSHOH (10)

For ECS configurations with multiple pumps operating, Equations (7) and (10)
are applied to each pump.

The pump centerline elevations are scaled from drawings. The uncertainty in
this scaling is assumed to be 0.5 feet for all pumps. The atmospheric pressure
also varies somewhat depending on weather conditions and is assumed to
have an uncertainty of 0.25 psi (0.5 in. Hg).

Test data is available from the pump vendors which give the NPSH as a
function of the flow rate (Q) only for a given pump, or:

NPSH = f(Q) (11)

oﬁPSH is then calculated from [22,23]:

2
2 odNPSH 2
ONPSH =( Q o) 0 (12)

The partial derivative is determined from a fit of the vendors NPSH vs. flow rate
data. The partial derivatives are also given in Appendix A, Table A2. The total
ECS fiow rate and total flow uncertainty (Oq) are computed for a LOPA scenario
using the ECS FLOW [12] code and ECS supply curves given in [14]. The flow
uncertainty is a result of uncertainties in the ECS supply curve and in the loss
coefficients and elevations of the reactor vent path components.
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The ECS FLOW [12] code computes the uncertainty associated with the total
ECS flow rate; however, when the total flow rate is the sum of flows from
multiple pumps, the flow rate uncertainties associated with the individual pumps
are not determined. The flow contribution of each operating pump can be
determined as explained in Section 2.1; however, the flow uncertainty
attributable to each individual pump is not easily found. A conservative
approach is used where the flow uncertainty of each pump is assumed to be

equal to the total flow uncertainty. [f the total flow rate was increased by oq with

multiple pumps operating it would be expected that the flow rate produced by
each pump would increase by approximately sq divided by the number of
pumps operating since the pumps have simijaf characteristics. It is extremely
unlikely that the flow rate produced by one-pump would increase by more than

oq while the flow rates of the remaining pumps decreased.

The suction piping head loss is cgmputed using a PIPEFLOW 3.0 model [8]. At
a fixed temperature the pumg suction piping losses are a function of the flow
rate and system geometry:” The suction piping lengths and diameters are well
defined and are assumed to result in negligible uncertainty when compared to
the other parameters. The roughness of the pipe walls and the minor loss
coefficients are considered in the uncertainty analysis. Thus:

Hy = (€, Ki, Q) (13)

where: g, = pipe wall roughness, and,
Ki = pipe minor loss coefficients.

Since all pipes leading from the basin to the pumps are made of the same
material and see the same service, the pipes would be expected to have the
same surface characteristics. Therefore, the nominal roughness and roughness
uncertainty are assumed to be identical for all pipes in the suction system. The
minor losses associated with each pipe are considered independently.

2 .
Oy is calculated from:

2(@5_1 ¥

2 @.)22 14
Jae(fs o

The right hand terms in Equation (14) are approximated by performing
perturbation runs with the PIPEFLOW 3.0 model. The pipe roughness term can
be found from:

OHi =| 3¢

2
2 n ( dHg
Jetom (2

2

lall 2  Hyo - Hpe 2
(aeo) Ge‘( €o-€ )08 19
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If the roughness value is perturbed by G, or;

E=&y+C¢ (1 6)
Equation (15) can be reduced to:
oHy| V¥ 2
(g‘ ) Oy = (Hio - Hie)? (17)
o
Similarly:
2
oH 2
i1 (a—}é‘o) Ok; = 210 (Hio - Hiki)? (18)
where, Kj=K;q + Ok;
and

2
oH
(——BQ‘ ) 03 = (Hio - Hig)? (19)
0

where, Q= Qq + Oq

Only one perturbation is made for the roughness term with the roughness of all

pipes leading to the pump being studied perturbed by 0¢. The pipe roughness
is increased from a nominal value of 2.0 millifeet to 10.0 millifeet for the
roughness perturbation. A separate perturbation run is made for the minor loss
coefficient of each pipe leading to the pump being considered. The minor loss
coefficients are increased by 50% for each pipe. Pipes with a nominal minor
loss coefficient of zero have a minor loss coefficient of 0.25 added. A flow
perturbation is also run for each operating pump. When more than one pump
is being operated, the Hi q term in Equation (19) is computed by increasing the
flow rate to the pump being considered by Gq. This maximizes the increase in
Ht due to flow rate uncertainty for that pump.

The standard deviations are given as G's in Equations (10) through (19),
however, the values used in the analysis are considered 20 or greater. Sample
uncertainty calculations are given in Appendix A. Additional details of the
uncertainty analysis are given in [22,23].
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3.0 RESULTS

Table 1 presents the minimum 186 Basin levels required to avoid cavitation of
the ECS pumps with each pump operating alone and for several pump
combinations. Minimum basin levels are presented both with and without the
PRSS operating. A negative minimum basin level means that the basin bottom
is the minimum level. The minimum basin levals required for operation of the
190 Building pumps are also given in Table 1. Basin levels below the values
presented in Table 1 are assumed to affect pump performance.

The results given in Table 1 show that all ECS configurations studied allow
operation at reduced basin levels with the exception of ECS A alone or ECS B
alone. The higher required basin levels and large uncertainties with ECS A or
ECS B operating independently are due to the rapid increase in required NPSH
at higher flow rates, as shown in Figure 2. Generally, single source ECS
configurations are not relied on in safety analyses and power limit calculations.

In 1989 tests [9] were performed in K-Reactor in which the basin level was
reduced while ECS A and ECS B were each operated alone at flow rates of
about 12,700 gpm. The tests were terminated when pump noise increased
significantly above background levels, which occurred at a basin level of 10.5
feet with ECS A operating and at a level of 10.25 feet with ECS B operating. At
these basin levels there was no decrease in pump performance and it was
suggested [9] that the basin level could be reduced another two to three feet
before serious performance degradation would be expected. Calculations
performed [4] using Equation (7) for ECS A and ECS B each operating alone at
a flow rate of 12,700 gpm with 60 F water resulted in best estimate minimum
basin levels of 8.3 and 7.4 feet for ECS A and ECS B, respectively. These
calculated basin levels agree favorably with the test results.

Results presented in Table 1 for the 190 Building pumps show that both small
and large pumps can operate to the basin bottom in regard to inlet suction head
requirements. However, inlet suction piping configuration for the large 190
pumps limits them to at least a minimum 2.75 foot level above basin bottom.

The minimum basin levels presented in Table 1 are based on pump
performance degradation due to inadequate NPSH only and are computed for
an elevated basin temperature and maximum flow rates. The flow rates used
were computed for a basin level of 16.4 feet. The flow rate would decrease as
the basin level decreases [1]. Thus, the actual minimum basin levels would be
slightly less than those presented in Table 1. The reduction in the pump suction
well level as compared to the basin level due to flow through the travelling
screens was not considered so the minimum basin fevels given in Table 1 could
be interpreted as minimum pump suction well levels.

Additional details of the minimum basin level and uncertainty calculations are
given in [23].
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4.0 CONCLUSIONS

The minimum basin levels required to prevent decreased pump performance
due to inadequate NPSH have been calculated for ECS A, ECS B, the Booster
Pump, various ECS pump combinations, and the large and small 190 Building
pumps. Results include 2¢ uncertainties and are calculated for a basin
temperature of 90 F and with the pumps operating at maximum flow conditions.
The results show that the 190 Building pumps can operate to the basin bottom
with regard to inlet suction head requirements; however, the large 190 Building
pumps have at least a 2.75 foot minimum basin level due to inlet piping
configuration. The limiting minimum basin level for combinations of ECS
pumps is -1.3 + 2.8 (1.5 maximum) feet without the PRSS and 1.1 + 3.5 (4.6
maximum) feet with the PRSS operating. The minimum basin level for the
Booster Pump operating as a sole source is 1.1 £ 3.0 (4.1 maximum) feet
without PRSS flow and 2.6 + 3.6 (6.2 maximum) feet with PRSS flow.
Considering uncertainties, ECS A and ECS B operated as sole sources at
maximum flow rates require a full basin.
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TABLE 1
Summary of Minimum Basin Level Calculation Results

Minimum 186 Basin Level’, feet

Sources On Pump Flow Best Worst
(Total Flow, gpm) Pump Rate, gpm Estimate 2¢0 Case
BP - 13,470 1.1 3.0 4.1
BP, PRSS BP 13,470 2.6 3.6 6.2
(15,770) PRSS 2,300 - - -
A - 12,820 10.6 9.3 19.9
A, PRSS A 12,820 16.0 10.0 26.0
(15,120) PRSS 2,300 - - -
B - 12,380 4.9 7.5 12.4
B, PRSS B 12,380 7.3 8.0 15.3
(14,680) PRSS 2,300 - - -
A, B A 8,100 -6.8 4.1 -2.7
(16,200) B 8,100 -6.4 4.0 24
A, B, PRSS A 8,100 -1.5 5.2 3.7
(18,500) B 8,100 -2.0 5.0 3.0
PRSS 2,300 - - -

A, BP A 8,200 -10.8 3.8 -7.0
(16,230) BP 8,030 -2.3 2.5 0.2
A, BP, PRSS A 8,200 -6.2 4.6 -1.6
(18,530) BP 8,030 0.6 3.1 3.7
PRSS 2,300 - - -

A, B, BP A 5,960 -10.8 3.8 -7.0
(17,380) BE 6,190 -10.5 3.6 -6.9
BP 5,230 -1.3 2.8 1.5

A, B, BP, PRSS A 5,960 -6.1 4.6 -1.5
(19,680) B 6,190 -6.6 4.4 -2.1
BP 5,230 1.1 3.5 4.6

PRSS 2,300 - - -

Small 190 Pump - 14,160 -4.7 1.1 -3.6
Large 190 Pump - 30,000 -24 1.5 -0.9

* Note that the minimum basin level actually refers to the minimum pumps suction well level.

12
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Figure 1. Schematic of pump and basin arrangement.
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Appendix A

Sample Minimum Basin Level and Uncertainty Calculations

16
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mp! Iculati For B r P rating Alone
mm f |
Best
Parameter Unit Estimate _o (220)
Q kgpm 13.47 0.66
NPSH ft 24.87 1.18
ZcL ft 260.4 0.5
Zpot ft 258.5 0
Hi¢ ft 6.76 1.74
Patm Ib/ft2 14.7 (144) 0.25 (144)
Py lb/ft2 0.70 (144) 0
Y Ib/ft3 62.1 0
BL ft 1.07 3.02

NPSH
From curve fit of vendors data:

NPSH = 26.083 - 1.0507 (13.47) + 0.0029840 (13.47)2 + 0.0050712 (13.47)3

= 24.87 ft
GﬁPSH = ( ﬂ‘%%@ﬂ 0]2 °c2>
= [-1.0507 + 0.0059680 (13.47) + 0.0152136 (13.47)2]% (0.66)2
ONPSH =1.18 ft

by
A schematic of the PIPEFLOW 3.0 ECS piping suction model is shown in Figure
Al.

From the baseline or best estimate PIPEFLOW run:
Hj = Basin Energy Grade (surface elevation) - Node 3 Energy Grade
= 274,92 - 268.16 = 6.76 ft

PIPEFLOW Roughness and Minor Loss Coefficient Perturbations:

Ht o Ht,+o Ht.o - Ht;4o

Pipe & Ko € K € +0g Ko+ Ok € K € K
1 2.0 0.52 0.12 0.80 10.0 0.78 0.18 1.20 0.06 0.40
2 2.0 4.51 2.55 3.22 10.0 6.76 3.80 3.90 1.25 0.68
3 2.0 0.00 0.08 0.00 10.0 0.25 0.12 0.39 0.04 0.39
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where
€o = best estimate roughness,
Ko = best estimate minor loss coefficient,
Ht,0 = best estimate pipe head loss due to wall friction (€) and
minor losses (K),
€0 + O¢ = roughness perturbed by o,
Ko + OK = minor loss coefficient roughness perturbed by o,
Hf +o = perturbed pipe head loss due to wall friction (€) and minor

losses (K), and,
|H1;o - Hf;+o-l = absolute difference between best estimate and

perturbed pipe head loss due to wall friction (€) and minor
losses (K).

PIPEFLOW Fiow Rate Perturbation:

PIPEFLOW model rur with perturbed Booster Pump flow rate:
Q=Qo +0q =13.47 + 0.66 = 14.13 kgpm

Resulting head loss to Booster Pump:
Hf = 274.92 - 267.50 = 7.42 ft

|H:o - Hieo| =|6.76 - 7.42| = 0.66 ft

2 2 2
2 n ( dHi 2 dHi 2
08 + Zﬁa-‘ oK O-KI + aQ GQ
o o 0

2 oHy
0'Hf =( ot

= (Hio - Hie)® + 24 (Hro - Hiki)? + (Hio - Hi)?
= (0.06 + 1.25 + 0.04)? + (0.40)2 + (0.68)% + (0.39)2 + (0.66)2

O'Hf =174 f.

Bi
BL = NPSH + ZcL - Zgo + Hi - (—P—ﬂ’—“—lﬂ)

;
= 24.87 +260.4 - 2585 + 6.76 - (14.7 - 0.7) gt

=1.07ft
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2 2 2 1 2
S ONPSH + Ot + Ozcy + 72 OPaim + 2ONPSHOH
<(1.18)2 + (1.74)2 + (0.50)2 + (222U 5 4 18y (1.74)

62.1

<3.02 ft
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Table A1

Parameter Values

Parameter  Unit  Value Reference 2¢

ZcL:ECS A feet 257.0 [4,5] 0.5
ZcL:ECSB feet 257.0 [4,5] 0.5
ZcL: Booster Pump  feet 260.4 [3,4] 0.5
ZcL: Small 190 feet 260.6 (6] 0.5
ZcL: Large 190 feet 260.5 [6] 0.5
ZBot feet 258.5 (7] 0
Patm psia 14.7 std 0.25
Py psia .70 [10] 0
¥ lby/ft3 62.1 [10] 0
Table A2

NPSH Curve Fits
ECS A and ECS B
NPSH = 67.905 - 28.569 Q + 5.2157 Q2 - 0.42641 Q3 + 0.013549 Q4

aNa'Z:SH =-28.569 +10.431 Q- 1.2792 Q2 + 0.054196 Q3

Booster Pump
NPSH = 26.083 - 1.0507 Q + 0.0029840 Q2 + 0.0050712 Q3, for Q> 9.0
NPSH = 20.5, forQ <9.0

———aNaZSH =-1.0507 + 0.0059680 Q + 0.0152136 Q2, forQ > 9.0

Q%%Sﬂ=0, forQ<9.0

Il Buildi
NPSH (available) = 28.95 - 0.02652 Q2

QN_B%QU - not applicable since NPSHA is used as bounding value

Large 190 Buijlding Pump
NPSH = 22.069 + 0.024962 Q + 0.0013108 Q2 - 1.7794 (10'7) Q3

————aNa%SH = 0.024962 + 0.0026216 Q - 5.3382 (10-7) Q2

All equations for NPSH in feet and Q in kgpm.
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Figure A1. Schematic of PIPEFLOW 3.0 ECS pump suction piping model [8].
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Appendix B

ECS and CWS Pump Data
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Figure B3. Small 190 Building pump vendor test curves [18].
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Figure B4. Large 190 Building pump vendor test data [17].
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Figure B5. Large 190 Building pump vendor test data [17].
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