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From: Rick Ennis

To: Cheng-lh Wu; Christopher Boyd; George Thomas; Harold Walker; Thomas
Scarbrough

Date: 8/2/05 4:33PM

Subject: VY EPU Supplement 30, Attachment 11

As followup to the email | sent earlier today transmitting portions of Vermont Yankee EPU Supplement 30,
the licensee sent me Attachment 11 to Supplement 30 which contains 10 exhibits (files are attached).
The exhibits relate to the following RAls:

SRXB-A-18 (1 exhibit)
SPSB-C-52 (6 exhibits)
EMEB-138 (3 exhibits)

Please let me know if you have any questions. Thanks,

Rick
415-1420
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(2) draft GDC-9, insofar as it requires that the reactor coolant pressure
boundary shall be designed and constructed so as to have an
exceedingly low probabillity of gross rupture or signlf icant leakage .
throughout |ts des!gn hfetlme .

P

2.8.5 Accident and Transient Analyses

28.5.1 Decrease in Feedwater Temperature, Increase in Feedwater Flow, Increase in
-Steam Flow, and Inadvertent Opening of a Main Steam Relief or Safety Valve

Rg. qulatory Evéluaﬂon

Excessive heat removal causes a decrease in moderator temperature which increases core

~ reactivity and can lead to a power level increase and a decrease in shutdown margin. Any
unplanned power level increase may result in fuel damage or excessive reactor system
pressure. Reactor protection and safety systems are actuated to mitigate the transient. The
NRC staff's review covered (1) postulated Initial core and reactor conditions, (2) methods of -
thermal and hydraulic analyses, (3) the sequence of events, (4) assumed reactions of reactor
system components, (5) functional and operational characteristics of the reactor protection
system, (6) operator actions, and (7) the results of the transient analyses. The NRC's

\ acceptance criteria are based on (1) draft GDC-6, insofar as it requires that the reactor core be

limits;

designed.to function throughout its design lifetime without exceeding acceptable fuel damage
(X)draft GDC-14 and 15, insofar as they require that the core protection system be

designed to act automatically to prevent or suppress conditions that could result in exceeding
acceptable fuel damage limits and that protection systems be provided for.sensing accident
situations and Initiating the operation of necessary ESFs; and (§ ) draft GDC-27 and 28, insofar
as they require that at least two reactivity control systems be provided and be capable of making
and holding the core subcritical from any hot standby or hot operating condition sufficiently fast
to prevent exceeding acceptable fuel damage limits. Specific review criteria are contained in ..

" SRP Section 15.1.1-4 and other guidance provided in Matrix 8 of RS-001. .

Technical Evaluation

" [Insert technlcal evaluation. The technical evaluation should (1) clearly explain why the
proposed changes satisfy each of the requirements in the régulatory evaluation and
(2) provide a clear link to the conclusions reached by the NRC staff, as documented in the
conclusion section.}

Conclusion

The NRC staff has reviewed the licensee’s analyses of the excess heat removal events
described above and concludes that the licenses’s analyses have adequately accounted for
operation of the plant at the proposed power level and were performed using acceptable .- Lo
. analytical models. The NRC staff further concltides that thé licenses has demonistrated that the T
reactor protection and safety systems will continue to ensure that the(@AFDLs)and the RCPB -
pressure limits will not be exceeded as a result of these events. Based on this, the NRC staf @
. concludes that the plant will continue to meet the requirements of draft GDC-6,¥14, 15, 27, and
28 following implementation of the proposed EPU. Therefore, the NRC staff fi nds the proposed
EPU acceptable with respect to the events stated.

INSERT 8 FOR SECTION 3.2 -BWR TEMPLATE SAFETY EVALUATION
DECEMBER 2003



(2) draft GDC-9, insofar as it requires that the reactor coolant pressure
" boundary shall be designed and constructed so as to have an .
| exceedingly low probability of gross rupture or significant leakage
throughout its design lifetime;

2.8.5.2 Decrease in Heat Rerhoval by the Secondary System

2.8.5.2.1 Loss of External Load; Turbine Trip; Loss of Condenser Vacuum; Closure of
Main Steam Isolation Valve; and Steam Pressure Regulator Fallure (Closed)

Regulato;y. Evaluation

A number of initiating events may result in unplanned decreases In heat removal by the
secondary system. These events result in a sudden reduction In steam flow and, consequently,
result in pressurization events. Reactor protection and safety systems are actuated to mitigate
the transient. The NRC staff's review covered the sequience of events, the analytical models
used for analyses, the values of parameters used in the analytical models, and the results of the
translent analyses. The NRC's acceptance criteria are based on (1) draft GDC-6, insofar as it
requires that the reactor core be designed to function throughout its design Iifetime without
exceeding acceptable Tuel damage limits] and ( draft GDC-27 and 28, insofar as they require
that at least two reactivity control systems be provided and be capable of making and holding the
core subcritical from any hot standby or hot operating condition sufficlently fast to prevent .
exceeding acceptable fuel damage limits. Specific review criteria are contained in SRP

Section 15.2.1-5 and other guldance provided in Matrix 8 of RS-001.

. Technical Evaluation

[Insert technical evaluation. The technical evaluation should (1) clearly explain why the
propased changes satisfy each of the requirements In the regulatory evaluation and

(2) provide a clear link to the conclusions reached by the NRC staff, as documented in the
concluslon section.]

Conclusion

The NRC staff has reviewed the licensee’s analyses of the ‘decrease in heat removal events

described above and concludes that the licensee’s analyses have adequately accoufited for

operation of the plant atthe proposed power level and were performed using acceptable

analytical models. The NRC staff further concludes that the licensee has demonstrated that the

reactor protection and safety systems will continue to ensure that thnd the RCPB

pressure limits will not be exceeded as a result of these events. Based on this, the NRC staff @
concludes that the plant will continue to meet the requirements of draft GDC-6¥27, and 28

following implementation of the proposed EPU. Therefore, the NRC staff fi nds the proposed
EPU acceptable \mth respect to the events stated B . .

INSERT 8 FOR SECTION 3.2 - BWR TEMPLATE SAFETY EVALUATION
DECEMBER 2003



(2) draft GDC-9, insofar as it requires that the reactor coolant pressure
. boundary shall be designed and constructed so as to have an

exceedingly low probability of gross rupture or signifi cant leakage

throughout its design lifetime; )

2.8.5.22 Loss of Nonemergency AC Power t‘o the Station Auxiliaries
Requlatory Evaluaﬂon .

The loss of nonemergency ac power Is assumed to result in the loss of all power to the station -
auxiliaries and the simultanequs tripping of all reactor coolant circulation pumps. This causes a
flow coastdown as well as a decrease in heat removal by the secondary system, a turbine trip,
an increase In pressure and temperature of the coolant, and a reactor trip. Reactor protection
and safety systems are actuated to mitigate the transient. The NRC staff's review covered
(1) the sequence of events, (2) the gnalytical model used for analyses, (3) the values of
parameters used in the analytical model, and (4) the results of the transient analyses. The
NRC's acceptance criteria are based on (1) draft GDC-8, insofar as it requires that the reactor
designed to function throughout its design Tifetime without exceeding acceptable fuel
amage limitsMand Q?draft GDC-27 and 28, Insofar as they require that at least two reactivity
control systems be provided and be capable of making and holding the core subctitical from any
hot standby or hot operating condition sufficiently fast to prevent exceeding acceptable fuel
damage limits. Specific review criteria are contained in SRP Section 15.2.6 and other guidance
provided in Matrix 8 of RS-001.

Technical Evaluation

[Insert technical evaluation. The technical evaluation should (1) clearly explain why the

proposed changes satlsfy each of the requirements In the regulatory evaluation and o
(2) provide a‘clear link to the conclusions reached by the NRC staff, as documented in the :
‘conclusion section] -

Conclusion

The NRC staff has reviewed the licensee’s analyses of the loss of nonemergency ac power to

station auxiliaries event and concludes that the licensee’s analyses have adequately accounted

for operation of the plant at the proposed power level and were performed using acceptable

analytical models. The NRC staff further concludes that the licensee iii i emonstrated that the

reactor protection and safety systems will continue to ensure that the(@ and the RCPB

pressure limits will not be exceeded as a result of this event. Based on this, the NRC staff @
concludes that the plant will'continue to meet the requirements of draft GDC-6¥27, and 28

following Implementation of the proposed EPU. Therefore, the NRC staff finds the proposed .
EPU acceptable with respect to the loss of nonemergency ac power to station auxiliaries event.

INSERT 8 FOR SECTION 3.2-BWR TEMPLATE SAFETY EVALUATION
DECEMBER 2003



(2) draft GDC-9, insofar as it requires that the reacfc'ir coolant pressure -
boundary shall be designed and constructed so as to have an

exceedingly low prabability of gross ruplure or significant leakage
1 throughout its design lifetime;

.\

2.8.5.2.3 Loss of Normal Feedwater Flow

. Regulatory Evaluation

A loss of normal feedwater flow could occur from pump failures, valve malfunctions, or a LOOP.
Loss of feedwater flow results in an increase In reactor coolant temperature and pressure which
eventually requires a reactor trip to prevent fuel damage. -Decay heat must be transferred from
fuel following a loss of normal feedwater flow. Reactor protection and safety systems are
actuated to provide this function and mitigate other aspects of the transient. The NRC staff's
review covered (1) the sequence of events, (2) the analytical mode! used for analyses, (3) the
values of parameters used in the analytical model, and (4) the results of the transient analyses.
The NRC’s acceptance critéria are based on (1) draft GDC-6, insofar as It requires that the
reactor care be designed tg function throughout its design lifetime without exceeding acceptable

fuel damage limits¥and (X)’draft GDC-27 and 28, insofar as they require that at least two
reactivity control systems be provided and be capable of making and holding the core subcritical

. from any hot standby or hot operating condition sufficlently fast to prevent exceeding acceptable

fuel damage limits. Specific reviey criteria are contained in SRP Section 15.2.7 and other
guidance provided In Matrix 8 of RS-001.

Technical Evaluation

[Inserttechnical evaluation. The technical evaluation should (1) clearly explain why the
proposed changes satisfy each of the requirements In the regulatory evaluation and

conclusion section.]

" {2) provide a clear link to the conclusions reached by the NRC staff, as documented In the-

Conclusion

The NRC staff hias reviewed the licensee’s analyses of the loss of normal feedwater flow event

and concludes that the licensee’s analyses have adequately accounted for operation of the plant

at the proposed power level and were performed using acceptable analytical models. The NRC

staff further concludes that the licensee has demonstrated that the reactor protéction and safety
systems will continue to ensure that thand the RCPB pressure limits will not be

exceeded as a result of the loss of normal féedwater flow. Based on this, the

concludes that the plant will continue to meet the requirements of draft GDC-6,*27, and 28

. following implementation of the proposed EPU. Therefore, the NRC staff finds the proposed
EPU acceptable with respect to the loss of normal feedwater flow event.

INSERT 8 FOR SECTION 3.2 - BWR TEMPLATE SAFETY EVALUATION
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(2) draft GDC-9, insofar as it requires that the reactor coolant préssure :
boundary shall be designed and constructed so as to have an

- exceedingly low probability of gross rupture or significant leakage
throughout its design lifetime; '

2.8.5.3 Decrease In Reactor Coolant System Flow

2:8.5.3.1 Loss of Forced Reactor Coolant Flow

Regulatory Evaluation

A decrease in reactor coolant flow occyrring while the plant is at power could resultin a
degradation of core heat fransfer. An increase in fuel {emperature and accompanying fuel
damage could then result ll@am exceeded during the transient. Reactor protection and
safety systems are actuated to mitigate the translent. The NRC staff's review covered (1) the
postulated initial core and reactar gonditions, (2) the methods of thermal and hydraulic analyses,
(3) the sequence of events, (4) assymed reactions of reactor systems components, (5) the
functional and operational characteristics of the reactor protection system, (6) operator actions,

"and (7) the results of the transient analyses. The NRC's acceptance criteria are based on (1)

draft GDC-6, Insofar as it requires that the reactor core be desigged to function throughout its
design Fetime without exceeding acceptable fuel damage Iimits¥and (}Ydraft GDC-27 and 28,
insofar as they require that at least two reactivity control systems be provided and be capable of
making and holding the core suberitical from any hot standby or hot operating condition
sufficiently fast to prevent pxceeding acceptable fuel damage limits. Specific review criteria are
contained In SRP Section 15.3.1-2 and gther guidance provided in Matrix 8 of RS-001. '

Technical Evaluation

[insert technical evaluation. The technical evaluation should (1) clearly explain why the
proposed changes satisfy each of the requirements In the regulatory evaluation and

{2) provide a clear link to the conclusions reached by the NRC staff, as documented in the
conclyslon section.]

Conclusion

. The NRC staff has reviewed the licensee's analyses of the decrease In reactor coolant fiow .

- - the decrease In feactor coolant flow event.

event and concludes that the licensee’s analyses have adequately accounted for operation of :
the plant at the proposed power level and were performed using acceptable analytical models.

The NRC staff further concludes that the licensee has demonstrated that the reactor protection . :
and safety systems will continue to ensure that thand the RCPB pressure limits will
not be exceeded as a result of this event. Based on this, the NRC staff concludes that the plant @ -
will continue to meet the requirements of draft GDC-627, and 28 following implementation of

the proposed EPU. Therefore, the NRC staff finds the proposed EPU acceptable with respectfo. -~ .-~

INSERT 8 FOR SECTION 3.2 - BWR TEMPLATE SAFETY EVALUATION
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| (2) draft GDC-9, insofar as it requires that the reactor coolant pressure
boundary shall be designed and constructed so as to have an
exceedingly low probability of gross rupture or significant leakage

. throughout its design lifetime;

2;8.5.5 Inadvertent Operation of ECCS or Malfunction that Increases Reactor Coolant
- Inventory

ﬁgg' ulatory Evaluation

Equipment malfunctions, operator errors, and abnormal occurrences could cause unplanned
increases in reactor coolant inventory. Depending on the temperature of the injected water and
the response of the automatic control systems, a power level increase may result and, without
adequate controls, could lead to fyel damage or ovérpressurization of the RCS. Alternatively, a
power level decrease and depressurization may result. Reactor protection and safety systems
are actuated to mitigate these events. The NRC staff's review covered (1) the sequence of
events, (2) the analytical model used for analyses, (3) the values of parameters used In the
analytical madel, and (4) the resulls of the transient analyses. The NRC's acceptance criteria
are based on (1) draft GDC-6, insofar as it requires that the reactor core be designed to function
throughout its design lifetime without exceeding acceptable fuel damage limits¥and (¥) raft
GDC-27 and 28, Insofar as they require that at least two reactivity control systems be provided
and be capable of making and halding the core subcritical from any hot standby or hot operating
candition sufficlently fast to prevent exceeding acceptable fuel damage limits. Specific review
gisteﬁa1are contained in SRR Section 15.5.1-2 and other guidance provided in Matrix 8 of

-001. '

Technical Evaluation

‘[Insert technical evaluation. The technical evaluation should (1) clearly ‘explain why the
proposed changes satisfy each of the requirements In the regulatory evaluation and
{2) provide a clear link to the concluslons reached by the NRC staff, as documented in the
conclusion section.]

Conclusion

The NRC staff has reviewed the licensee’s analyses of the inadvertent operation of ECCS or
malfunction that increases reactor coolant inventory and concludes that the licénsee’s analyses
have adequately accounted for operation of the plant at the proposed power level and were
performed using acceptable analytical models. The NRC staff further concludes that the

licensee has demonstrated that the reactor protection and safety systems will continue to ensure
that the@AFDLs)and the RCPB pressure limits will not be exceeded as a result of this event.

draft GDC-6)727, and 28 following Implementation of the proposed EPU. .Therefore, the NRC -~ -

Based on this, the NRC staff concludes that the plant will continue to meet the requirements of @

staff finds the proposed EPU &cceptable with respect to the inadvertent operation of ECCS-or: . -
malfunction that increases reactor coolantinventory.” - - o : :

INSERY 8 FOR SECTION 3.2 - BWR TEMPLATE SAFETY EVALUATION
DECEMBER 2003



(2) draft GDC-9, insofar as it requires that the reactor coolant pressure -
boundary shall be designed and constructed so as to have an
exceedingly low probabillity of gross rupture or significant leakage
throughout its design lifetime;

2.8.5.4.3 Startup of a Recirculation Loap at an Incomrect Temperature and Flow Controller
Malfunction Causing an Increase In Core Flow Rate

Be'gulato'g Evaluation

A startup of an inactive loop {ransient may result in either an increased core flow or the
introduction of cooler water into the corg. This event causes an Increase in core reactivity due to
decreased moderator temperature and gore void fraction. The NRC staff's review covered
(1) the sequence of events, (2) the analytical model, (3) the valyes of parameters used in the
analytical model, and (4) the results of the transient analyses. The NRC's acceptance criteria
are based on (1) draft GDG-6, Insofar as it requires that the reactor core be designed to function
throughout its design lifetime without exceeding acceptable fuel damage fimits™ (x)?‘draﬂ GDC-14
and 16, Insofar as they require that the care protection systems he designed to act automatically
ta prevent or suppress conditions that cquld result in exceeding acceptable fuel damage limits
and that protection systems be provided for sensing accident situations and initiating the
operation of necessary ESFs; (afdraﬁ GDC-32, insofar as It requires that limits, which include
considerable margin, be placed on the maximum reactivity worth of control rods or elements and
on rates at which reactivity can b increased to ensure that the potential effects of a sudden or
large change of reactivity cannot (8) rupiure the reactor caplant pressure boundary or (b) disrupt
the core, its support structures, ar other yessel internals sufficlently to impair the effectiveness of
emer'g"ency core cooling; and ({draft GDC-27 and 28, Insofar as they require that at least two
reactivity control systems be provided and be capable of making and holding the core subcritical
from any hot standby or hot operating cendition sufficiently fast to prevent exceeding acceptable
" fuel damage limits. Specific review criteria are contained in SRP-Section 15.4.4-5 and other -
guidance provided In Matrix 8 of RS-001. - o e -

Technical Evaluation

[Insert technical evaluation. The technical evaluation should (1) clearly explain why the
proposed changes satlsfy each of the requirements in the regulatory evaluation and

{2) provide a clear link to the conclusions reached by the NRC staff, as documented in the
conclusion section.] '

. Conclusion

The NRC staff has reviewed the licensee's analyses of the increase in core flow event and
concludes that the licensee’s analyses have adequately accounted for operation of the plant at

~ the proposed power lgvel and were performed using acceptable analytical models.:-The ... - .
‘NRC ‘staff further concludes that the licensee has demonstrated that the reactor protectionand .

. safety systems will continue fo ensure that the@AFDLS)and the RCPB pressure limits will not be L

exceeded as a result of this event. Based on this, the NRC staff concludes that the plant will - 9
continue to meet the requirements of draft GDC-6¥14, 15, 27, 28, and 32 following 7
implementation of the proposed EPU. Therefore, the NRC staff finds the proposed EPU

acceptable with respect to the increase in core flow event.

INSERT 8 FOR SECTION 3.2 - BWR TEMPLATE SAFETY EVALUATION
DECEMBER 2003



(2) draft GDC-9, insofar as it requires that the reactor coolant pressure
boundary shall be designed and constructed so as to have an
-exceedingly low.probability of gross rupture or significant leakage
throughout its design lifetime;

.8.5.6 Decrease in Reactor Coolant Inventory
2.8.5.6.1 Inadvertent Opening of a Pressure Relief Valve
Regu!atom Evaluation

The inadvertent openlng of g pressure relief valve results in a reactor coolant Inventory decrease
and a decrease in RCS pressure. The pressure relief valve discharges into the suppression
pool. Normally there Is no reactor {rip. The pressure regulator senses the RCS pressure
decrease and partially closes the turbine ¢ontrol valves (TCVs) to stabllize the reactor at a lower
pressure. The reactor power seftles out at nearly the initial power level. The coolant inventory is
maintained by the feedwater control system using water from the condensate storage tank via
the condenser hotwell. The NRC staff's review covered (1) the sequence of events, (2) the
analytical model used for anal¥ses. (3) the values of parameters used in the analytical model,
and (4) the results of the translent analyses. The NRC's acceptance criteria are based on (1)

ft GDC-B, insofar as it requires that r core be designed to function throughout its
design litetime without exceeding acceptable fuel damage limits;¥and (kf‘draft GDC-27 and 28,
insofar as they require that at least two reactivity control systems be provided and be capable of
making and holding the core subcritical from any hot standby or hot operating condition
sufficiently fast to prevent exceeding acceptable fuel damage limits. Specific review criteria are
contalned in SRP Section 15.6.1 and other guidance provided in Matrix 8 of RS-001.

Techmcal Evaluaﬁo

- [insert technlcal evaluation The technlcal evaluation should (1) clearly explaln why the
proposed changes satisfy each of the requirements in the regulatory evaluation and
{2) provide a clear link to the conclusions reached by the NRC staff, as documented in the
concluslon section.]

Conclusion

The NRC staff has reviewed the licensee’s analyses of the inadvertent opening of a pressure
relief valve event and concludes that the licensee’s analyses have adequately accounted for
operation of the plant at the proposed power level and were performed using acceptable
. analytical models. The NRC staff further concludes that the licensee has demonstrated that the
reactor protection and safety systems will continue to ensure that the(# and the RCPB
S,

pressure limits will not be exceeded as a result of this event. Based on this, the NRC staff - .
concludes that the plant will continue to meet the requirements, of draft GDC-6Y27, and 28

.+ ¢ {ollowing implementation of the proposed EPU.. Therefore, the'NRC staff fi nds the proposed
", EPUacceptable with respect {o the inadvertent opening of a pressure relief valve event. -

INSERT 8 FOR SECTION 3.2 - BWR TEMPLATE SAFETY EVALUATION
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Vermont Yankee Nuclear Power Station
Proposed Technical Speciﬁbation Change No. 263 — Supplement No. 30
Extended Power Uprate

Response to Request for Additional Information

Calculation VYC-0886, Rev. 2

Total number of pages in this Exhibit
{excluding this cover sheet) is 13.




VY CALCULATION CHANGE NOTICE (CCN)

CCN Number: 04 Calculation Number: ___VYC-0886 Rev. No. 2

Calculation Title: __Station Blackout Documentation Analysis

Initiating Document:___EPU
VYDC/MM/TM/Spec. NoJ/ other

Safety Evaluation Number: N/A
Superseded Calculation: N/A Superceded by, N/A

Implementation Required: X Yes [INo
Computer Codes: N/A

Reason for Change:
The VYC-0886 Rev 2 is updated to assess the effect of Extended Power Uprate (EPU) on this calculatmn

Description of Change: .
This CCN updates VYC-886 Rev 2, for EPU.

Technical Justification for Change:
See Attachment A

Conclusions:
The results of Reference 1 were addressed at EPU conditions. The effect of EPU on YYC-886Rev2 are summarized in

Attachment A.

Are there any open items in this CCN? Yes [JNo

, Prepared By/Date Interdiscipline Review By/Date | Independent Review By/Date Approved By/Date

N ogfigzony  pyp %#WM 21904

/18 Febrnary 3004
Liliane Schor Alan L. Robertshaw James G. Rogers

Final Turnover to DCC (Section 2):

1) A!_l.open items, if any, have been closed.
2) Implementation Confirmation (Section 2.3.4)
[[] Calculation accurately reflects existing plant configuration, -

(confirmation method indicated below)
O wakdown [} As-Build inputreview  [] Discussion with
OR . (print name)

N/A, calculation does not reflect existing plant configuration

3) Resolution of documents identified in the Désign Output Documents Section of VYAPF 0017.07 has been initiated as
required (Section 2.3.6, 2.3.7)1

J _J
Print Name " Signature Date

Total number of pages in package including all attachments: 13 pages

Note: VYAPF 0017.07 should be included immediately following this form. VYAPF 0017.08
. AP 0017 Rev. 8
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VY CALCULATION DATABASE INPUT FORM

Place this form in the calculation package immediately following the Title page or CCN form.

VYC-0886/CCN04 , 2 N/A N/A
VY Calculation/CCN Number Revision Number Vendor Calculation Number Revision Number
Vendor Name: N/A PO Number: N/A
Originating Department:_Design Engineerin

ng ___
Critical References Impacted: [_] UFSAR [X] DBD [] Reload. “Check" the appropriate box if any critical document is identified in the tables below.
EMPAC Asset/Equipment ID Number(s): N/A
EMPAC AssetISystem ID Number(s):_N/A

Keywords:__Decay Heat , SBO, Torus Temperature, Condensate Storage :[jank, Vcntnlano
For Revision/CCN only: Are deletions to General References, Design Input Documents or Design Output Documents required? [ Yest X No

Design Input Documents and General References - The following documents provide design input or supporting information to this calculauon (Refer to
Appendix A, sections 3.2.7 and section 4)

Significant ook Critical
Difference Affected Reference
*Reference # | *DOC# REVV # w*Document Title (including Date, if applicable) Review 11 Program ™)
1 VYC-0886 2 Station Blackout Documentation Analysls, 01/03/2001
2 TE 2003-064 | . Station Blackout PUSAR Input
3 GE-VYNPS- N/A Letter, Michael Dick (GE) 1o Craig Nichols (ENOI), VYNPS EPU Task T0400: Decay Heat
AEP-148 for Containment Analysis dated March 10,2003,
VYC-2282 0 Vessel Stored Energy with GE14 Fuel at 20% Powar Uprate, dated 6/9/03
NUMARC 87- N/A NUMARC 87-00, dated 11/20/87, including NRC accepted errata and Q & A's from
00 MUMARG seminars and Topical Report F.
6 NVY 91-98 N/A Letter, USNRC to VYNPC, NVY 91-88, “Vermont Yankee Station Blackout Analys's,”
June 5, 1691
7 N/A ASME Steam Tables
N/A VY Technical Spacification .
9 VYC-2270 0 VY GE 14 Appendix R at 20% Power Uprate, dated 05/09/2003 N
10 VYC-415 0 Appendix R/RCIC, HPCI & ECCS Room Cooling, dated 4/29/1986
11 VYC-415 0 Appendix R/RCIC, HPCI & ECCS Room Cooling, dated 9/04/2002
CCN o1
VYAPF0017.07
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Significant

L2t g

Critical

Difference Affected Reference
* Reference# | **DOC# | REV# ***Document Title (including Date, if applicable) Review 11 Program )

12 VYC-886 2 Station Blackout Documentation Analysls, dated 9/04/2002

CCN3
13 VYC-2279 0 Evaluation of EPU Impact on Amblent Space Temperatures During Normal Operation,

dated 04/11/2003

14 VYC-1347 0 Main Steam Tunnel Heatup Calculation, dated 11/1/96
15 OT-3122 19 Loss of Nommal Power, 04/18/00
16 VYC-1628D 0 Torus Temperature Responsa to Appendix R and Statlon Blackout Scenarlos, dated

CCNO02
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VY CALCULATION DATABASE INPUT FORM (Continued)

Deslgn Output Documents - This calculation provides output to the following documents. (Refer to Appendix A, section 5)

+1tCritical
¥k Affected Reference
* Reference # *DOC# REV i Document Title (including Date, if applicable) Program ™)

VYC-1432 4 VY Vessel Level for Appendix R, 05/17/1996

VYC-1458 0 Station Blackout Load Capacity Analysis, 10/15/1996

VYC-1628 0 Torus Temperature and Pressure Response to Large Break LOCA and MSLB Accident

ccN3 | Scenarios, 3/21/2002
VYC-1628D 0 Torus Temperature Response to Appendix R and Station Blackout Scenarios-dated

November 5, 1998.

VYC-2159 0. VY-Cycle Independent Decay Heat-Comparison Between ORIGEN-2 and ANSI/ANS
5.1-1979 Standard, 2/27/2001

VYC-2314 0 Minimum Containment Overpressure for Non-LOCA Events, 9/03/2003
DBD SADBD DBD v
DBD CPS DBD v
DBD HPCI DBD v
DBD HVAC DBD v
DBD MS DBD v
DBD NBVI DBD v
DBD RCIC DBD v
DBD RHR DBD v
SSCA Vol 1 AppendixR v
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VY CALCULATION DATABASE INPUT FORM (Continued)

* Reference # - Assigned by preparer to identify the reference in the body of the calculation.

** Doc # - Identifying number on the document, if any (e.g., 5920-0264, G191172, VYC-1286) :

*** Document Title - List the specific documentation in this column. "See attached list" is not acceptable. Design Input/Output Documents should identify the
specific design input document used in the calculation or the specific document affected by the calculation and not simply reference the
document (e.g., VYDC, MM) that the calculation was written to support.

*rex Affected Program -  List the affected program or the program that reference is related to or part of.

t If "yes," attach a copy of "VY Calculation Data" marked-up to reflect deletion (See Section 3.1.8 for Revision and 5.2,3,18 for CCNs).

1t If the listed input is a calculation listed in the calculation database that is not a calculation of record (see definition), place a check mark
in this space to indicate completion of the required significant difference review. (see Appendix A, section 4.1.4.4.3). Otherwise, enter
"N/A."

Tt

If the reference is UFSAR, DBD or Reload (IASD or OPL), check Critical Reference column and check UFSAR, DBD or Reload, as
appropriate, on this form (above).

Note: All calculations in the Design Output list were reviewed. No revision required.
Other Design Output were reviewed. The following revisions are required:

1) DBDs referencing VYC-886 Rev2 need to be addressed.

2) Calculation VYC-1347 should be addressed for EPU.

‘
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VY CALCULATION REVIEW FORM

Calculation Number:__ VYC-0886 Revision Number; 2 CCN Number: 04
Title: Station Blackout Documentation Analysis
Reviewer Assigned: Alan Robertshaw Required Date:__February 2004

] Interdiscipline Review DX Independent Review

Comments* Resolution
1. Assumptions on g‘age 1 of Att. A need Reference. 1. Added
2. Need Reference fo{' Table 1 in Att. A. 2, Done '
3. On page 5 of Att. A please state the TS CST Inventory. 3. Added TS CST inventory

ayscor Ol oapgfecoy

Date Calculation P‘r’eparer (Cor;lments Resolved) Date

Reviewer Signature
| Method of Review: Calculation/Analysis Review :

(] Alternative Calculation _[ﬂgﬁ%yﬂ 7{
1 Qualification Testing Reviewer Signature (Comments Resolved) Date

*Comments shall be specific, not general. Do not list questions or suggestions unless suggesting wording to ensure the correct interpretation of issues.
Questions should be asked of the preparer directly.
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Calculation VYC-0886 Rev 2 CCN 04 ‘ Page 1 of 6
Attachment A

Reason for Revision

Revision 2 of VYC-0886 is updated to incorporate the EPU changes
This CCN incorporates:
1) Condensate Inventory Requirements at EPU incorporating: -
- The decay heat at EPU from Reference 3.
- Vessel stored energy at EPU from Reference 4 (VYC-2282).
2) Loss of ventilation '

3) Torus Temperature

Assumptions (same as in reference 1)

1. No off-site power available (SBO)

2. The reactor depressurizes from 1095 psia to 100 psia during the SBO scenario. The 1095 psia is
assumed to be an average SRV setpoint. The 100 psia is assumed a low pressure setpoint where
RHR system is deployed for shutdown cooling. '

3. It is assumed that at about 8 hours, the vessel pressure decreased to about 100 psia.

4. 1t is assumed that at 100 psia the fluid and solids in the reactor vessel are at the same temperature.
This is a reasonable assumption, since at 8 hours, most of the metal in the vessel will be at the
fluid saturation temperature.

Condensate Inventory Requirements

The inventory required for decay heat removal will be calculated using a formula given in NUMARC
87-00 and also using the decay heat calculated in Reference 3.

Condensate Inventory to Remove Decay Heat

From Reference 5

V =35.55 gal MWt = 35.55 * 1912 * 1.02 = 69331 gallons for 8 hours

From the decay heat calculation

Q decay at 8 hours (interpolated in the integrated decay heat table — Table 1, Reference 3, next page)
20000 4.68951E+08

28800 6.11079E+08
40000 7.91978E+08
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Attachment A
Table 1 — Integrated Decay Heat for 20% power Uprate

Time (sec) GE 2sigma P/Po  Integrated Integrated Kwsec  Integrated, BTU
0.00000 1.00000 0.00000 0.00000 0.00000
0.10000 0.99210 0.09961 1.94254E+05 1.89980E+05
0.15000 0.96250 0.14847 2.89552E+05 2.83182E+05
0.20000 0.93280 - 0.19585 3.81959E+05 3.73556E+05
0.40000 0.74710 0.36384 7.09580E+405 6.93969E+05
0.60000 0.59080 0.49763 9.70503E+05 9.49152E+05
0.80000 0.49380 0.60609 1.18203E+06 1.15602E+06
1.00000 0.33880 0.68935 1.34440E+06 1.31483E+06
2.00000 0.15480 0.93615 1.82572E+06 1.78556E+06
4.00000 0.06073 1.15168 2.24606E+06 2.19664E+06
10.00000 0.05234 1.495089 2.90760E+06 2.84363E+06
20.00000 0.04546 1.97989 3.86127E+06 3.77632E+06
40.00000 0.03986 2.83309 5.52521E+06 5.40366E+06
60.00000 0.03687 3.60039 7.02163E+06 6.86715E+06
80.00000 0.03466 431569 8.41664E+06 8.23147E+06

100.00000 0.03321 4.99439 9.74026E+06 9.52598E+06
150.00000 0.03073 6.59289 1.28577E+07 1.25749E+07
200.00000 0.02909 8.08839 1.57743E+07 1.54273E+07
400.00000 0.02550 13.54739 2.64207E+07. 2.58394E+07

. 600.00000 0.02346 18.44339 3.59690E+07 3.51777E+07
800.00000 0.02197 22.98639 4.48290E+07 438427E+07
1000.00000 0.02079 27.26239 5.31682E+07 5.19985E+07
1500.00000 0.01861 37.11239 7.23781E+07 7.07858E+07
2000.00000 0.01707 46.03239 8.97742E407 8.77992E+07
4000.00000 0.01370 76.80239 1.49783E+08 1.46488E+08
6000.00000 0.01209 102.59239 2.00080E+08 1.95678E+08
8000.00000 0.01114 125.82239 2.45384E+08 2.39985E+08
10000.00000 0.01047 147.43239 - 2.87529E+08 2.81203E+08
15000.00000 0.00986 198.25739 3.86649E+08 3.78143E+08
20000.00000 0.00918 245.86739 4,79500E+08 4.68951E+08
40000.00000 0.00775 415.22739 8.09793E+08 7.91978E+08
60000.00000 0.00699 562.63739 1.09728E+09 '1.07314E+09
80000.00000 0.00647 697.19739 1.35970E+09 1.32979E+09
86400.00000 0.00633 738.15099 1.43957E+09 1.40790E+09
100000.00000 0.00608 82254579 1.60416E+09 1.56887E+09
150000.00000 0.00539 110927079 2.16334E+09 2.11575E+09
172800.00000 0.00515 1229.46099 2.39774E+09 2.34499E+09
200000.00000 0.00492 1366.41299 2.66483E+09 2.60621E+09
259200.00000 0.00451 1645.27459 3.20868E+09 3.13809E+09
345600.00000 0.00406 2015.28259 3.93028E+09 3.84382E+09
400000.00000 0.00384 2230.16259 4.34935E+409 4.25367E+09
432000.00000 0.00373 2351.26659 4.58553E+09 4.48465E+09
600000.00000 0.00327 2939.18259 5.73211E+09 5.60601E+09
800000.00000 0.00290 3556.48259 6.93599E+09 6.78340E+09
864000.00000 0.00281 3739.39459 7.29272E+09 7.13228E+09
1000000.00000 0.00265 4110.81059 8.01707E+09 7.84069E+09
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Attachment A
Q =M (h(g) — h(l)) to calculate the inventory requirement

Where:
h(g) (Reference 1) = 1187 Btu/lbm (average between 1095 and 100 psia) [see note on page 22

of Reference 1]
h() = 118 Btw/lbm (150 °F conservative temperature of CST)

v(l) = 0.01634 f/Ibm @ 150°F

All properties are from Reference 7.

6.11079 E8 *0.01634 *7.48

= 69867 gal
(1187 -118)

M=

This inventory matches very well the NUMARC formula and it will be used.
Therefore the inventory requirement for 8 hours of decay heat is 69867 gallons.

Condensate needed to remove the vessel stored energy to depressurize from 1095 psia
to 100 psia.

Stored Energy in Fluid

The fluid energy at full power (EPU conditions is) (Reference 4)

Fluid (EPU, t=0.0) Mass Enthalpy Total Energy
(bm) (Btu/lbm) BTU)
Liquid 386,971 525.54 2.03369E8
Steam 13,186.12 1191.05 0.15705E8
Total 2.19074E8

The fluid energy at 100 psia is not changed from Reference 4. The level will be the same after _
depressurization for current licensed power (CLP) as for EPU. Hence the volumes of steam and

liquid will be the same, as well as the enthalpy.

Total Energy

Fluid (depressurized at Mass Enthalpy
100 psia) (1bm) (Btu/lbm) (BTU)
Liquid 5103224 298.4 1.5228E8
Steam 703.13 1187.2 0.008ES8
Total ' 1.5311E8

Thus, the difference in fluid energy: AEqyg = 2.19074e8 — 1.5311E8 = 0.65964E8 Btu
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Stored Enerey in Solid (From Reference 4)

Solid Total Solid Energy Heat Conductor Effective

(EPU, time= 0.0) BTU) Temperature (°F)
Liquid Exposed 0.9604399E8 ' 601.24
Steam Exposed 0.25155507E8 609.18

Total 1.211995E8 602.83

Q=MCp AT =MCp (602.83 - 32) = MCp 570.83

MCp = 1.211995E8 /570.83 = 212321.53 Btu /°F

Tsat @ P=100 psia = 328°F (ASME Steam Tables- Reference 7)
At 100 psia:

Q=212321.53 * (328-32) = 0.628472E8 Btu

Total Energy removed from structures: AE structures 1.211995E8 - 0.628472E8 =
0.58352E8 Btu :

Total energy removed from the vessel during depressurization =
AEqyia+ AE girycrures = 0.65964E8 + 0.58352E8 = 1.24316E8 Btu

The inventory needed to remove this heat =

» _ L24316E8+(.01634)7.48
(1187-118)

=14,214gallons

Hence, the total inventory requirements = 69867 gallons +14,214 gallons = 84081 gallons
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For the CLP (Reference 1) the total CST inventory requirements for removmg the decay heat and
vessel stored energy = 75,837 gallons.

The TS (Reference 8) CST inventory of 75000 gallons is exceeded at both EPU and CLP for the 8
hours coping duration.

The HPCI/RCIC taking suction from CST has to make up for the vessel leakage (TS allowable and
pump seal leakage of 61 gpm — Reference 6, page 17 of TER, also used in both Appendix R analysis
(Reference 9, VYC-2270) and in Reference 1. The leakage amount does not change for EPU.

The needed CST inventory to account for leakage;
V=61 gpm * 8 hours *60 min/hour = 29, 280 gallons.

This inventory, added to that already calculated for decay heat and depressurization would total:

V = 29280 + 84081 = 113361 gallons, which would normally be available from CST but, if not
could easily be made available from the torus. Therefore, the conclusions of VYC-886 Rev2 that the
Technical Specifications CST inventory requirement of 75000 gallons is not adequate for an 8 hour
duration is valid at EPU. However, with Alternate AC (Vernon Tie) and low pressure systems
available, sufficient inventory is available from the torus for the required 8 hours.

The power uprate results in a need for more inventory, 113361 gallons versus 105117 gallons at
CLP.

Reactor Coolant Inventory

The depletion of the available inventory in CST will not jeopardize reactor coolant inventory because
makeup inventory can be provided from the torus. When the torus temperature exceeds 140 °F and
RCIC and HPCI can not be used with suction from the torus, reactor inventory can be provided from
the torus via low pressure pumps. Since VY is an Altemate AC plant, crediting use of the low

pressure pumps is acceptable. This conclusion is unaffected by power uprate.

Loss of Ventilation

The heat-up due to the loss of ventilation due to an SBO event for RCIC Room, HPCI Room, Main
Steam Tunnel, Control Room, Switchgear Room, and Intake Structure is addressed in Reference 1.

RCIC Room

The heat-up calculation is based on VYC-415 Rev0 (Reference 10 modified by CCN 1 (Reference
11)). The heatup is based on the piping temperature, RCIC turbine and Switch Heat Loss. The RCIC

Room Temperature calculated in Reference 12 is unaffected by EPU.
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HPCI Room. *

The heat-up calculation is based on heat loads from VYC-0415 Rev 0 (Reference 10). The heat loads
are from the piping and the HPCI turbine. The heat loads are unaffected by power uprate. Therefore
the calculation for HPCI room heat-up is not affected by EPU. '

Main Steam Tunnel

The issue is isolation of HPCI and RCIC on high steam tunnel temperature.

Reference 13 calculated an increase of 0.6 °F in the normal temperature of the steam tunn'él, at EPU.
The conclusion of VYC-886 Rev 2, that the main steam tunnel heat-up is slow on loss of ventilation
and the reactor will already be in the process of cool-down, is valid at EPU.

Furthermore, Reference 14 (VYC-1347) concluded that the heat-up in the main steam tunnel is less
than that required to isolate HPCI and RCIC. For the case when the feedwater and main steam
isolates (SBO conditions), the peak room temperature from Reference 14 is 174°F (isolation
. temperature assuming loop accuracy) at approximately 18 hours. Based on the results of Reference
13, the change in Main Steam Tunnel Heatup will be very small at EPU. Furthermore, procedure
OT-3122 (Reference 15) limits HPCI & RCIC operation to 2 hours; hence the reactor pressure after 2
hours should be low enough to permit operation of the Low Pressure Pumps (CS and RHR).

Therefore the impact of power uprate on heatup of the Main Steam Tunnel is negligible. 1t is
recommended that calculation VYC-1347 be updated for EPU conditions.

Control Room

Restoration of ventilation in the Control Room is govemned by Procedure OT-3122 and is unaffected
by Power Uprate. Control Room Heatup for loss of ventilation is unaffected by power uprate.

Switchgear Room

The heat loads in the switchgear room are unaffected by the power uprate.

Intake Structure

The heatup of the Intake structure on loss of ventilation with only 2 Service Water available is
unaffected by the power uprate since the heat loads in the intake structure are unaffected by power
uprate.

Torus Temperature

The Torus Temperature calculation for SBO at power uprate was performed in Reference 16 (VYC-
1628D CCNO2). The peak suppression pool temperature is 187.9 °F.
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1.0 PROBLEM DESCRIPTION

This calcula;ion determines the temperature rise in the main steam tunnel with a loss of HVAC to
document whether this rise will result in an automatic isolation of the HPCI and RCIC systems. The !
HPCI/RCIC excess air temperature switches, within the main steam tunnel, provide automatic

isolation of the HPCI and RCIC lines if a temperature of 185°F  5°F is sustained for longer than

30 minutes (References 23 and 24). The loop accuracy is 6°F {Reference 36). Therefore HPCI and

RCIC isolation can occur at a steam tunnel temperature as low as 174°F. This high temperature

isolation scheme is for line break protection and it is not intended for non-line break events, such as

loss of main steam tunnel cooling under loss of normal power.

Normal ventilation in the main steam tunnel is supplied by the Reactor Building Ventilation System
and by RRUs 17A and 17B, located in the tunnel. A Reactor Transfer Fan (RTF-1A/1B) exhausts air
from the main steam tunnel at approximately 4200 cfm. Each fan has a total capzcity of 14,400 cfm
and takes inlet air from various locations in the Reactor Building. The RRUs cm:ulate and cool air
inside the main steam tunnel. The fan capacity of cach RRU is 5000 cfm and service water, supplied
to coils within the RRUs, provides the cooling.

RTF-1A and both RRUs are powered from 480v MCC 6A. This MCC is NNS and is supplied from 4160v
Bus 1. RTF-1Bis pdwcrcd from 480v MCC 7A, which is also NNS, and is supplied from 4160v Bus 2.

Controls are located on the Turbine Building HVAC control pang'l, with auxiliary indications on the
Control Room 9-25 panel. Typically, one fan and both RRUs are operating, with the second fan in
stand-by. The operating fan and the RRUs maintain the main steam tunnel environment temperature
at a yearly avcraéc of 125°F, as described in the Vermont Yankee Environmental Qualification Program
(Reference 25). A rcwew of temperature data for the mam steam tunnel indicates that the air
tcmperaturc can pca.k at about 150°F during the summer months {Reference 30).

1.1 Objective

The objective of this calculation is to determine the temperature rise of the air in the main steam
tunnel, during a loss of normal power and under the following conditions:

o Loss of HVAC in the main steam tunnel.
» Summer peak temperature for initial and boundary conditions.
e Main steam and feedwater lines in the tunnel are:

- Isolated (stcam and water are not flowing, GOTHIC run MST1).
- Not isolated {steam and water are flowing, GOTHIC run MST2).
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1.2 Mctbod of Solui:ig;;n

A lumped pa.rameter GO‘I‘HIC model of the main steain tunnel is used to calculate the air tcmpcr..turc
rise on loss of HVAC. GOTHIC(”M is & general purpose thermal-hydraulic computer program for
design, lxccnsmg, safety, and operating analysis of nuclear power plant coitainment and othc;' i
confinement buildings. See Appendix C for verification of the GOTHIC version used.

“The modcls consxst of wlumes, Jlow paths, & thermal conductors arranged and connected to represent

the thcrmal-hydrauhc responsc of the main steam tunnel, Thc thermal mass of each conductor is
included in the GOTHIC computation. :

13 ge_simﬂzs.s.' -
1.3.1 The thcrmo-physwal properties for the materials used are shown in Table 1.3-1.

1.3. 2 'I‘hc boundary temperatures for spaces surrounding the main steam tunnel are shown
in Table 1 3-2. .
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- Iahl-—ﬁﬂm". = oot
m 7 ~ 105 ' 142 0156
Steel Pipe®" 68 250 487 0.11
' 1000 0.073
900 0.067
800 0.060
700 ‘ 0.055
Insulation®™ | 600, 0.050 ' 45® 0.10™
' . 500 . 0,046
400 1 T 0.042
300 0.038
200 0.036
100 0.033
Notes

a) Superscript numbers refer to References In Section 4. 0
b) Assumed. :
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Operation

, f’eak Summér_

50°F™

Notes .

a) Vermont Yankee FSAR (Reference 32), Table 2.3.2, Highest mean daily maxir um for summer

months.

b) Vermont Yankee FSAR (Reference 32), Section 10.12, Summer design temperature,
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14  Assumptions
The critical assumptions used in the GOTHIC models are as follows:

1.4.1 Initial main steam tunnel air temperature is 150°F. This is baced on Reference 30 and
is considered conservative. Reference 30, describes that this value is derived from a
temperature element that is close to hot process lines. Therefore, the corrcspondmg
ambient room temnperature should be lower.

- 1.4.2 Initial main steam thermodynamic statcpomt is saturated steam at 985 psia based on
the heat balance shown on Figure 1.6-1 in thc FSAR (Rcfcrencc 32). Therefore, the
. temperature is 543°F. . .

1.4.3 Initial feedwater thermodynamic statepoint is saturated water at 373°F based on the
heat balance shown on Figure 1.6-1 in the FSAR (Reference 32). Therefore, the
pressure is 179.8 psia.

1.4.4 HPCI aﬁd RCIC turbine steam supply temi:cmtum's are 543°F.
.1.4.5 Both RRUs are inoperative for the analysis.

1.4.6 The air temperatures in the spaces surroundixig the main steam tunnel are listed in
Table 1.3-2 and are assumed to be constant throughout the transients.

1.4.7 In model MST1, where the main steam lines are isolated and the feedwater pumps are
off, the four main steam lines {MS-1A through D) and the feedwater lines
(FDW-14/15/16/17) dissipate the heat in the line volume, cooling down as they do sc.
All other lines contain fluid at their respective constant temperatures, as listed in
Table 2. 1-2a

1.4.8 In model MST2, where the main steam lines do not isolate, all lines contain fluid at
their respective constant temperatures, as listed in Table 2 1-2a,

1.49 Miscellaneous piping, steel, and equipment are left out of the models.

' 1.4.10 The floor is left out of thc models to add conservatism to the room heat-up.

1.4.11 The west wall contains & metal section thmugh which the main steam lines pass and
which two blowout panels are installed. This inetal section is modeled in the GOTHIC
runs. However, other non-concrete wall sections are not. They include:

a) ventilation duct with blowout damper in the north wall,
b} a blowout pinel and a blowout door in the south wall, and
c) various duct work and pipe sleeves.

This is assumed to be ernservative since it inhibits natural circulation that would
normally exist in the room.
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2.0 ER'(;B'LE;w A.\.NALYSIS

2.1 Go'.r;uciu' .;J.c.lel Input

The fouowi‘n.ig.s_et?tiox,'xs describe the major input that was calculated for the GOTHIC models.
2.1.1 Contrdl Volumes

Main Steam :I:g. nn-e.l

The main steam tunnel is Volume 1 in the models. The relevant dimensional data of the main steam
tunnel for constructmn of the models are shown in Table 2.1-1. 'From these data, the wall surface
areas and the room ovemll volume are obtained. The volume of the steam tunnel is:

Vusr = (North Wall) x (East Wall) x (Height)
Viusr =36.25'x24'x255' =22,185° .
The hydraulic diameter is:
Dh = ‘ﬁ;"

where A is the cross sectional area of the volume (i.c., the ceiling or floor area) and Py is the wetted
perimeter. Py is,deﬁned by GOTHIC as S/h or the surface area of all structures divided by the height
of the volume. S would, therefore, be the total surface area of all the walls and the ceiling, The floor is
not modeled. '

-4Ah
Bn =5~

o 4(Acsting )
T Rt + Aoon + Aemt + Ayt * Aceting

b 4(870)255)
h = 92438 + 92438 + 612 + 612 + 670

Dy, = 2251t

In the run where the main steam and feedwater lines are isolated, those lines are modeled as separate
control volumes. The four main steam lines are lumped into one volume as are the two feedwater
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lines. The volumes arc obtained from the pipe data in Table 2.1-2b, and follow. The hydraulic
diameters are simply the pipe diameters.

Main Steam Lines '
- Vst = 4 x = R)? x L
Vuse = 4 x n(8062 1 12)° x 465
Vyusy = 26375 &
Fgc_lwat.er Lines
' ' = “Q R)’Q-{me + '-'151.:17)
Vipw = n(6781 7 12)2(457 + 479)
Vepw = 9390 f

2.1.2 Therma] Conductors

The input for the thermal conductors that represent the steam tunnel walls and ceiling is taken from
Table 2.1-1. The ﬂq'o'r is left out of the model to add conservatism. Typically there is little heat
transfer through: th§ floor of a heated room.

The thermally significant piping found in the main steam tunnel are described in Table 2.1-2. The
GOTHIC input for these conductors is also shown in the table.

2.1.3 Heaters: Main Steam lsolation Valves

The main steam isolation valves (MSIV] in the steam tunnel have a substantiai amount of un-insulated
structure that makes up the yoke and actuator. Figure 2.1.3-1 (Reference 39) shows the outline of the
valve. Heat will conduct through and out of this structure into the main steam tunnel. There are four
such valves in the tunnel.

The yoke of each MSIV consiats of four 3" solid fods attached to the bonnet (Reference 40). The yoke

acts a&s & support for the actuator and ns a spring guide.- Through the center of the yoke, the valve
stem travels.
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The method of modclmg the heat transferred to the main steam tunnel by this asscmbly will be to treat
each 3° yoke rod and the stem as a fin. The stem will be modeled as though it were a fifth yoke rod.
Therefore, éach MSIV will be modeled as having five 3" solid rod fins heated at one end. The heated
end is that attached to the body-of the valve. It is assumed that the actuator is far enough away from
the valve body that any heat conducted to it is negligible.

GOTHIC cannot modcl this situation because it involves two-dimensional conductive heat transfer.
GOTHIC can only model one-dimensional conduction. Therefore, a formulation of the heat rate
provided by the yokes will be derived here and input into GOTHIC as a “heater”.

The general equation for such a fin is (Reference 29):
q = JhPKA(T, ~ T.)tanh(mL)

where: q = heatrate (Btumr)
h = convective heat transfer coefficient (Btulhrft"'F)
P = perimeter of the fin (xd ) (R)
d = diameter of the rod (ft)
k = thermal conductivity of the rod material (Btu/hrft°F)
A = cross sectional area of the fin (ff%)
T, = temperature of the heated end (°F)
T = ambient room temperature (*F)

= [AP e
B

L =length of the fin (ft)

The values in the following table wﬂl be used. The value for h is taken from Reference 38 and is
considered to be conse.rvative. In a transient calculation, it would he expected to vary around a value
of 0.5 Btu/hr{t2*F to 1.0 Btu/hrft2*F, The length, L, is taken as the "AC" dimension from

Figure 2.1.3-1. This is clearly much longer than the actual length of the yoke. However, the yoke
dimension is not given. So, the more conservative, longer length {s arbitrarily used. This presents
hardiy any penalty in heat rate to the room because the value is used in the tanh() function which is
barely sensitive to the length. For example, using the 9 ft value tanh(9) = 0.9999 and using half that
value tanh(4.5) = 0.9998. '
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B ) 1.65 Btuhrft™F Reference 38

) ) =3in
d. Referetice 40

=0251

: eqd

P =x(0.25)
=0,785
k. " ] 25 Bumrfr°F Table 1.3-1

ad?

B e—

4

: aﬁfs)’

Y=0040 12

ﬁF_’ . -

kA

- ’1.65 x 0.785
‘25 x 0.049

=1,028 !

=108in Figure 2.1.3-1
=9ft {See discussion abave)

The temperatures will be taken from the GOTHIC run using control variables. This will allow the
temperature difference to vary with time to more accurately represent the changing heat transfer rate.

The source temperature, T,, will be taken as the temperature inside the main steam line. This is
highly conservative since the more appropriate value would be that ~f the bonnet. Calculation
VYC-660 (Reference 40) is a state-point calculation of the heat conduction through the same MSIV
structure. For the state-point modeled in VYC-660, the steam inside the pipe is modeled at 545°F and
the bonnet temperature is calculated to be about 375°F. So, as expected, the bonnet is cooler than the
steam inside the pipe.- However, the assumptions in VYC-660 are not all consistent with those of the
present calculation and a definitive correlation between these two temperatures is not readily
derivable. Therefore, using the steam temperature is g:ertainly conservative since.it is clearly bounding
- the bonnet can never be hotter than the steam.
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The ambient temperature, T, is the bulk room temperature calculated by GOTHIC.

So, theheat rate -'gencmted by a single yoke rod is:

q = J(165 = 0785 x 25 x G04O)T, - T,.) tanh{1028 x 9)
q = 126(1, - T.,) Btwhr

Each of the four MSle is to be modeled as having five such rods, and GOTHIC reqmres mput in units
of Btu[ sec So, the ﬁnal input to GOTHIC is: T

1hr
3600 sec

q = 0007(T; -~ Y,) Btus

q = 4 MSIVs x 5 Rods x x 126(T; - Ta)

In GOTHIC this wxll bc representcd as a heater with a heat rate of O 007 Btu/s multiplied by a forcing
function. The forcmg function is in turn equated to a control variable. And, the control variable
represents the t_c;nperaturc difference between the main steam line and the room average of the
tunnel. ' '
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La'ngth 35 25(11)

(")

2410

Helght / Width

(12)
(") 25.5

25512

Aroa
() 924.38

' 6120

Thickness

(10)
(#) 40

4009

Notes

Superscript numbers refer to References in Section 4.0.
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Helght/ Widﬂl 25 501D

Area . - ) 6120

420

{ Thickness m,
@, _ o

3.0

Notes

Superscript numbers refer to References in Section 4.0,
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" MS-1A
- MS-1B 1879 80 3.5 5430
Ms-1C 16877 80 3.5 5430
Ms;1n' 18%® 80 3.5%" 5430
MS4A® 109 80 35 5430
Ms-48™ 101" BY - 2,0 543%
vahum B B - 120 2010 373°
FDW-15117 . 1649 120 2,04 373°
MS-5A 3™ 160 20 543"
'RClC-_‘i“' 480 120 None®? 140™
Reic-2" 4% 120 None®! 1407
Reic-88" 4% 120 2,001 140™
RCIC-8A" 450 1120 2,079 140™
&965.158‘9’ 1489 %0 257" 140
HPCI-15A% 1470 120 2.5%" 1409

.

a) Reference 27 says 2.5"
b) HPCI Steam Supply
¢) RCIC Steam Supply

d) FSAR (Referenc: 32), Figure 6. 4-1 (Highest temperature at Location 2)

e) Superscript numbers refer to References in Section 4.0.

f) RCIC Discharge .
9) HPCI Discharge

h) FSAR (Reference 32), Figure 4.7-3 (H:ghest lemperature at Location 3)

i) Assumption 1.4.2
j) Assumption 1.4.3
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MS-1C B.062 8.000 46.5%7 304.3
MS-1D 8.062 9.000 46,507 304.3
MS4A™ 4781 5.375 17.6™9 81.8
Ms-4B™ - 4.781 5.375 3521 1358
FDW-14/16 - 6.781 8.000 . 457 239.3
FOw-sM7 | = 6781 - 8.000 47.8% ' 250.8
MS-SA® 1.312 1.750 46.72 81.7
Rcic-1® 1.812 2250, 28.7%Y 338
Rcic-2" 1.812 2.250 29.7%Y 35.0
Reic-88® 1.812 2250 6.5%" 14.5
RCIC-8A" 1812 . 2250 - 11450 254
HPCI-158" 5.806 7000 40.6%7 2020
HPCI-15A® 5.906 7.000 9.2%% 45.8
Notes .

a) Area= 2r(Outer Radius + Insulation) x (1 f/12 ln) X Length
b) HPCI Steam Supply

¢) RCIC Steam Supply .

) Superscript numbiars refer to References in Section 40.

f) RCIC Discharge

g) HPCI Discharge
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.2.2 . GOTHIC Runs
2.2.1 ‘Run MST1-
Thie run of the main steam tunnel heat-up represents a typical loss-of-normal pow'er event. On a loss-

o&ji_o'véejk. thc HVAC system trips and the MSIVs and feedwater pumps isolate. The room then heats
up because of the heat gain from the pipes within it. However, the major loads are from the main

steam. anci feedwater lines and the fluids in those lines are not flowing. Therefore, their heat gain to
;the mom dnmnishes as the transient progxesses and the room eventually peaks out and then begins to
':dmp in temperamre s

Thxs run represents a typxeal heat-up of the tunnel following loss of ventilation, however many
eonservahsms are mcluded s0 that the results are assured to bound a true event. These
conservatzsms mclude

* * The initial main steam tunnel temperature of 150°F is based on the Reference 30 data and
represents a peak room temperature as opposed to an average room temperamre A more
repnesentatxve average {initial) room temperature would be something lower.

e Miscellaneous structures and eqmpment in the room are not modeled. They would act as
heat smks resulting in a temperature rise that is slower than that predicted by GOTHIC

. stcellaneous "cold" piping, such as service water piping, is not modeled as heat sinks.

¢ Wall openings such as ventilation ducts/dampers or pxpe sleeves are not modeled inhibiting
cooling by natural circulation.-

» Natural circulation through the RRUs is not modeled. The RRUs trip on loss of power
however they continue to receive cool service water and would contribute a small amount of
coohng

« Ona loss of power, HPCI and RCIC would automatically start resulting in flushing ‘some of
-the 373°F water from the feedwater lines and replacing it with 140'F water. This is not
accounted for.

e The MSIV heat gain is conservative as described in Section 2.1.3. Most notably, the source
temperature of the yoke, modeled as a series of fins, is the steam temperature itself as
opposed to the bonnet temperature of the valve.

e Thefloorasa heat sink is not modeled,
The nonoconservatis:ms in the model are:

* Main steam line drains are not 'xnodeled' They “.'ould odd heat to the room but only a small
amount because the lines are about 2%" NPS. This is believed to be counteracted by the
lack of cold" piping being modeled as well.

e There is no account for MSIV lealcage that would contmuously add a shght heat load to the
main steam lines. (Run MST2 in Section 2.2.2 accounts for this).
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s There is no spatxal dcﬁmtxon in the modei, therefore an axial tempemture gradient is not
calculated. Because the HPCI/RCIC temperature switches are in the upper, ceihng,
they may experience a higher temperature thdn that of the bulk room. This is believed to
be counteracted by the initial ro6m temperature of 150°F which represents a temperature
from a hot area of the steam tunnel. (See Assumption 1.4, 1).

It is believed that the conservatisms listed above far outweigh the non-conservatisms. Therefore, it
can be assured that the true heat-up profile of the main steam tunnel will be a curve that is below -
and therefore bounded by - the GOTHIC result.

The GOTHIC model MST_I is shown schematically in Figure 2.2- ,1@. It consists of the following :

» Volume 1 representing the main steam tunnel.

s Volume 2 representing the main steam lines isolated at t = 0 seconds.

* Volume 3 representing the feedwater lines with pumps off and no flow at t = 0 seconds.

e Flowpathl connecting Volume 1 with a prt.ssure boundary condition 1P. This flow path

and boundary condition are used to maintain the pressure within the main steam tunnel at
14.7 psia as the air heats up.

. Thermal _Cor;diuctom.l-é. 8,9, 11-16 oonnéctin.g the i:éat sources and sinks to Volume 1.

e Thermal Conductor 7 connecting Volume 2 to Volume 1.

. Ther_mal‘ Conductor 10 connects Volume 3 to Volume 1.

« Heater 1 représenting the MSIVs.
Appendix A contains the detailed listing of the GOTHIC input for this run. Included are graphical
results and calculations validating the run. The model is run for 7 days to determine the temperature

rise profile of the air in the main steam tunnel. The heat-up of the main steam tunnel is shown in
Figure 2.2-1b for the full 7 days.

The graph shows that the steam tunncl rcachcs a pcak average tempemturc of 174°F after
approximately % of a day. It then drops durmg the remainder of the transient. The peak is considered

to bound the actual peak that would result during a true loss-of-ventilation scenario because of the
conservatisms discussed above.
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2.2.2 RunMST2*

This run of ,th'_e_'x.ﬁai'ﬁ-steam tunnel heat-up represents an extreme loss-of-normal power event. As
stated in Sec'tie'n: é 2.1,ona loss-of-power, the MSIVs and feedwater pumps normally isolate.

However, the possxbxhty exists that one or more isolation function fails - suci: as a MSIV not closing,
mrthermore, as stated in the non-conservatisms of run MST1, it is more than likely that some leakage
would exist past the MSIVs

Just:ﬁably quannfying such conditions is not straight forward. However, the situation can be
bounded.. The most bounding scenario is that none of the main steam anu feedwater lines isolate and
the ateam/wgter Eontinues to flow. The initial temperature of the fluids within these lines is,
therefore, c,ons-ta'nt throughout the transient resulting in a much higher heat gain to the room. This
modeling te_c}ih'ique'_also clearly bounds any postulated leakage past isolated MSIVs.

The model, itself, is identical to MST1 except:

* the volumes representing the main steam and feedwater lines are removed.

e the conductors (7 and 10) that connected those volumes are moved into the main steam
tunnel volume as internal conductors.

¢ the boundary heat transfer coefficients on conductors 7 and 10 are fixed temperatures
representing the steam and feedwater temperatures.

All other conservatisms and non-conservatisms listed for run MST1 remain in this run.
The GOTHIC model MST2 is shown schematically in Figure 2.2-2a. It consists of the following :

» Volume 1 representing the main stedm tunnel.”

. Flow Path 1 connecting Volume 1witha pressure boundary condition IP Ttus flow path
and boundary condition are used to maintain the pressure within the main steam tunnel at
14.7 psia as the air heats up.

¢ Thermal Conductors 1 - 16 connecting the heat sources and sinks to Volume 1.

» Heater 1 representing the MSIVs.
Appendix B contains the detailed listing of the GOTHIC input for this run and graphical results. The
model is run for 7 days to determine the temperature rise profile of the air in the main steam tunnel.

The heat-up of the main ‘steam tunnel is shown in Figures 2.2-2b for the full 7 days and 2.2-2c for the
first four hours. The first four hours is of particular interest for Appendix R scenarios.
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The graphs show that the steam tunnei reaches an average temperature of 172°F after four hours. It
contmucs to nse unhl it is about 207°F at 7 days and still rising.

As with M'STI' thesc results are considered to bound the actual temperature rise that would result
dunng auch a sccnano Furthermore, because the scenario itself is extreme by nature, the results
greatly bound any possible steam tunnel heat rise that may be postulated.
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A

30 CONCLUSION

The results of the'_'two GOTHIC runs show the air temperature in the steam tunnel to approach about :
172°F.in the i_irst ﬁfo.ur hours of each transient. Both transients show almost the same profile for that
time frame because the cooldown of the main steam and fecdwater lines is not large enough in the first
four hours to havc a significant effect on the room temperature rise.

In the case w'hei'c_:‘ ‘the main steam lines and feedwater lines isolate, the peak room temperature is
about 174°F at approximately 18 hours. In the case where these lines do not isolate, the room
temperature rises to 174°F at about 6% hours. It continues to rise and is about 207°F at the end of
the seven day *ransient and still rising.

As discussed in éefl"ﬁoh 2.2, the many conservatism included in the model offer a high degree of
confidence tﬁgt thc GOTHIC results envelop any true heat-up profile of the steam tunnel. Therefore,
the dctual room heat-up is expected to be something less and it is concluded that 4PCl'and RCIC
would not isolate iinder the conditions modeled.

The results of this calculation do not affect the FSAR, Technical Specifications, Technical Programs, or
controlled drawings.
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'mspomsebyacungasahmtsmk(asdcmemhwtsup, some of the heat is absorbed by the
interrjal condhictot :as:it heats up) or a heat soufce (if the heat sink started out hotter than the
Stmo;mdmgw,stwﬂlglvenpnshmmthe surroundings )
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_}obelargesoasnofto O deanymoxemtncuvean opefiing than "

Ve

1Qﬂj_iﬂéh'cmm:rtstheconh‘ol_vanablemtoafonnwhxchcanbemedas _ 7
cimpineis Gsécliad prviouly. -
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ithe room. They wereichiosén 6 bowid the period of interest (the first
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tmesinterval: is wsed:1o determinie'n pseudo-steady-siate temperature for the
»larg pf;‘Raho ?dn onduc ‘equations to convergence and a

mLI? sOdyriafuic equations 1o'reath equilibrium sooner. While
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o

"y
S

3.2 ’Aasumptxom

wees e

1w
Y
N

p hogsuseamth:sca]culanonmpmem&msematesecuonsasthmamsomc
‘and implicit AsSiirmptions tht apply to the GOTHIC model and those that apply to the
% wat amtctpmmtsons and calcolations associated with the test data.

3%‘

A

5
™
§~:. .
[ Y

GOTHIC Model Assumphom

-YF.\\\'[F}

o,
LI

W5l gt

-
0

'-','*In d&ch‘bmg the' basxc control room mod 4 GOTHIC i mpm several explicit assumptions were
made. }l‘h:y arehs'wﬂ here for reférence.

oy o

" 2.l A0 ot
o ‘:; Yo

: hallway outszﬂe the control room and the cible vaultlbattzry room lose HVAC at
‘same time 4s: the control room and expenenoe the' same temperature transient as

) control room. '

Whm the e '.m the- contml TO0m reachm 110°F the operators have remnved
-rj_:'émfﬁc»ént‘«’aéom?ﬁ”u]es' thc eexlmg zuch that the'two model volumes are now the

Tyt

:-‘deaim 'ofon ‘Volnme.

S = ret), wiogd

g n’x.ﬂént Loaa Calculahon Assnmpﬁons
it :i;!oad ﬂxat follows, there ére several explicit and

i AN R
SL O .,'.‘,rj-,;.

: 110%, the operators take sction in':.
ic:Geiling tiles (10 or foré s asimed in this caléulation) 9
in Wmmvix'ththa trolmommrmdvxecvcm.

":

thc eontrol Foom: xeachea :1110°F the
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490 ! Calculztwn '_ B
The calculatmn is ’dmd_ed into several sections. The objective of the calculation is to ‘
calciilhte the lro’om temperaturefdllomngalossofvenulanonduetoan
AppéidixR.¢ event:. The. physical configuration gnd model of the control room has been
described in- S'écﬁdn* 715 Two othet piedes f mfonnanon are required to complete the
.+ .. model}-contra rob' 'Ioadandcomro“i infernal heat sink characterization. ' Tests

C LT were conducted oR HVACsys!cmandthcda!athatWastakencanbcusedtochmcm

L - ot e e 1608 e el Bt ks
Secuotll4‘lqg1vgcadetéx‘leddmpﬁ ofthe datausedtoealmﬂatethc control room heat. -
load and the actualicalcilation of thiat heatlﬁad. Séctivti 4.2 uses the hes Joad information

el s the contn fodsd md aaiamghmmmmewntmlmom. i

; to assess.thé control room " 3
fils pnﬁﬁ'etéanAppmdncReme Seotmn44 g
"ﬂ:mla’tcdjong-tctmoonecnve actmnstomnmethe

S
1}

.i*,."
sk

i

'Wmtakénatth‘e‘sqppi
ehtmdx(ywﬂlha ';ﬁo'be

y’an;i_retumpomtssoforth:

ot o
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The Sollbwing dita s b e
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the result of sirfiple inass 4 energy balance relations. They afe
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4.1.2 Hut Load Tdst 2 3

'!‘o hc conﬁrm the heat load that was calculated in the previous section the control room 1

. .efrom datanxluded in amcmomndum that reported a control room

tudeflmAppendxx C.

: :_'*on the HVAG:system is morc complcxﬁ_mnthe data taken for and used in the

.t .‘"' v o130

«'a.schcmguc view of: the control.mom FVAC symm
12221f16]. " The daifs Fom:the HVAL elidbility study gives enough
TIAY ;}Theobndiﬁnnéofthemxaroxmdthcsystcmandto détermine the heat
"'mm L N W E:
rs»m'r. - .
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specifidally, at thé infet:

. .
SISR T AL (P

- am mosmen s o
.

ary 4L g

v mamrmste ® o

: (1093 -0:556 Sl 6) '0.m81374 -0.240:(54.4-51.6)
B 1093 +0, 444 54 -51.6
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]
and thé total heat addition to the air stream from the control room is:

m,(hs~h9

668.851b dry air"/minuze

2658282'U/1b-é}y air

21578m11b dry air

668 85(26.582 -21 578) = 33469 BTUfmin o~ 200,815 BTUJhr or 55.78 BTUjsec

m thJs valuc of contml room heat load are not enhre]y known since

\'raiues for cmtrol room heat load have been mlculated using independent methods,

ntstion andpczspnnc! The values-obtained are: 175,000 BTU/hr and

; pTU/hr ’l'helattetvaluewasdetennmedwnhdatatakenonawarmdaymmxd-

.:formct wasobtamedonacooldaymlatesz Variations in solar heat
ocwpancyanﬂmﬁxmcutmmycanaocoumfonhmdxﬁ’emwe. Each

mcludw_«hm Joad:from‘conductior into or out of the contro} room through the
. "-upancyheetload mw,the:elsanmherentconsetvahsmmmwe

,‘;DTHIC modcls will be s electrical.Joads (conduction and-

bod;;dmg value for control room beat load is used, the average of the

P

‘b %hecontmlroomheatloadusedfordetermxmngthecontrolmom

W lliade s miie are

4 $oF . L o, . .
- —liem Wl e cesmm W% TS e
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42 Characterization of Abstract 1icat Conductor

tioned previously, the transient temperature of the control room due to & loss of 4
éndcpcndsonmmmponamlactory the heat load in the confrol room and the internal 1
T hwt absotbing stnictites. This section attempts to characterize the interal heat absorbing 8
i asaGOHﬂChcatcondnctcrusmgmdamobtameddmngacontrolmomhmnm .
> .. test‘. i

o

2 Ina fo01m, the*lmnsxent temperature rise is predicated on two major factors: the heat

load afid the heat’ absoxbmg structures. For the control room, the previous sections have

identified the heat load. .. Thus, to be able to'predict th> transient temperature profile, the heat

45 absorbihg structures, must be able to be modeléed: However, the control room has a very

complqc array of heat absorbing structures (cabinets, panels, etc.,) making it difficult to model
with-ackuracy. - Thus; 8 test was performed to gather datd (temperature rise versus time and
h&tloqd)thatcanbeusedtochmctmmthehzaiabsoibmgstmcmres

Intheﬂrmomsecﬁom,xhzwnmlmombeatloaddunngthetesuschmwenzed. Given

" fhis HeatToad. and known ambient: condmons, it:is possible to modify the GOTHIC model
'dﬂelé‘;‘;bd firevidusly:toiattempt to model the test conditions. *An abstract internal heat -
nc@tembe"‘ludeflmtheGOﬂﬂCmodelofthem By varying the surface area of .

--theabsqacthw, dguégnwmm’blammkhﬁetanmmthandthushaveafmiy
good rcprwentanve mm’nal condm:tor modcl for use in later control room heatup analyses.

T mm data:is' sen oftempmnm atdifferert locations within the control room taken
. U OVetBf 3 fmmutw Beeausethe ¢ mtrol:room is a three-dimensional structure .
alized heat: soum {hghts, relays;:power supplies, etc.) but the
f.the cntrol room is Gue dimensional (a Jumped parameter volume)
GOTHIC modcl will Toatchi the fest results exactly. However, to

o onﬁ“ofthetcmpamreadmgs Infact.:twasmuchmoreeonstant
‘ &han thubsomtc tcmperanm bctwecn fodations. -

IR

% Thefollowing equatibnsméuscdtoobmnthe leaztsquamﬁt. NotethntsxncethcsIOpels

. : the only variable of concem, only the slope is calc:ilated.
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y = mx+b

N N X

- NEIM“(E*:][E?:]
where m = i=1 jul =]

N N\

Ny = -[Ex‘]

f=1 J=1

(B ol

wE {5

i=l i=1

“* Puiting 3 the data for the first data st in the equation for m gives:
VEETD L ra AR o -

. - oF emare - .

121 0

73.6, 25 368

252 .. ]| 100 752

5.8 . 225 1137

762 400 1524

76.4 625 1910

76.9 900 2307 |
712 11225 2702 |
6034 13500 1700 |

_ 8:10700 *Fm.1-140 'F+603.4 min
8+3500/mdn? - (140min)?

0.1338 *Fjmin
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The balance of the data can be similarly manipulated and the results are:

DataSit  Slope
e 1 - {01338 %F/min
2 | 01317 Ffmin
; 3 | 008262 °F/min
4 i 0.1057.5F/min
: s . | 01114 %min :
6 | . 01264 *F/min ,
: 7 1 . 04414*F/min
&8 i 01314"F/min
o i 01350Fin

Eac‘h's!c}pe mpresents xate of temperature increase in a Jocal region in the control room. As

. .sxxch,xt+|sdetcrmxnedmpartbythehwloadandthemtemalheatconductoxsmthatlocal

-, Tepion. -|Since other. testdata bas given'the aversge heat load in the control room during the

L test (Seﬁtwn 4.1.1),. the”ave:age of these slopa will give a representation of the combined
avi:‘ra'g’c"}:ﬂ'ect ot‘all thz heat conductom in the contml room.

e M !h i8] the target.;'ope ofthe transient temperature curve for the GOTHIC model.: The
' modxﬁ ons and nddmons to the zmt:al input model are:

- #12,abstmt._heaz sinz: Area = 25,000 f?

s - all initidl tempcratum at 73.16 °F ¢

Coefficients - all tcmpexmure boundary conditions set to 70°F to
laﬁ’ve)y mild ‘conditions in'the rooms adjacent to the control room and
pmtmwe (partiy cloudy day based on the test data) ?

: occupants at390 | 3FU/r [14][10]

CLEE Volmnetnc Fan - Ontnp set 1o 10° seconds, off trip set to 0 seconds (no opening of
ceiling il 3

'Val & Doots : '-'-

ceﬂmg hlm) '

! mocuiaMmmmm:&amummwmwwm.mm«wyuwm ]
oa!ymawmmmmmkmmhhmmmmmmmmwwmmmu«m
Munwmm!awmumpdwmmmmmomammhpumlmdgl\muumt <

: wwmum" mmuphnq!wus
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. IRun Control Paramcters the tes. lasted for;35 mmut&c, the GOTHIC problem wxll
p-unfor 60 mmut&stobeabletocovcrthctestpenodand see any shott term trends.

. 'tn:e G{bmc sipit i o i el i fochidéd SA:ppéidix A. The GOTHIC outpur
. mclu@eg on' lmc'roﬁche B uder,

the filename "CONTROL.SOT"

di‘this fon ownin Figure 7 ‘-gure ._'l‘hetcmpemtureplotshowsan
aSE ;T'liif,i,‘e,fmperaiure‘fonowed by 4 ;hgllower biit steddy incréase. The initial
is¢ 1T Yempérature is notrmdﬂjmehmthe'w‘st data but-can'be explained by.the
eatﬁ'”ix’:si‘ weﬁimenﬁ inthe codé:- 1n_mally»»the differential tétnperature
Ay dayers ¢ higdt -conductors isvery, small; Thxsleadstoaverysman
ential tmxperﬁnu*e (tbé correlation heat " -
e '_ﬁomthevaporphasemthe
ch oft’hemomi---

R
+

b s e s
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43 ' Control Room iiwup During App. R Event 4

Gtven'the information avaxlable from the test daty, it is now possible to adequately model the
ol contro] reom diring @ 1dss of HVA'Z followisg an Appendix R event. The generic control

room GOTHIC input model descril-ed previously is nsed witli modifications to the model - N
made thebasxsofthetestrwultsdm‘bedmprevxoussecuons. .

Thequxﬁmnons andaddmonstothe m'ual mputmodclare

« " bermal'Cofictor - #12 sbsimit it sick: Asei = 22,500 £
» - [hefmal Conductors - - all in ualmperatmwat78°f-‘
» - Heat Trasisfér Cod
. Boun&ary eondmops set'10' respectwe avcmgc SOLAIR
o v ":H&ter#l {electncalload)set:to 57428TUlmcbssedonmuhs
.. umetric F ‘trip set 10 llO"F contmlmomtempcmtmemaooordancemth :

R 10 prcwouslydiscussed
SRl Doors: Onﬁ'ip?settoll()%‘ control roomtemperamemaccordmethh

o ipticns p:cvxomlydzsmssed ’
Tl Volumg.lfﬁtial Conditions <:Volumnes{; a’nd2 dre setto78 °F;

=s:'orthlsmodclmmclwhdmAppenduB The GOTHIC aupet L
ﬁchcunderthcﬁlcnmae "}{EATUPSOT‘ CL T

,-~.

siiee results ...,_-shownonng'ﬁfw 'l'hermﬂtsclearlyshowthnttheconuol
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44 - Control Room Heatup Mitig: Son Options
As sien by the results'in Section 4.3, during the first four hours of the control room loss of
HVAC hansxent the 1emperamre 1 the control room stays under 120 °F. However, due to the
[ heat oadmthemomandthemmlahngeﬁ'ectofthethxckconcrctcwalls.theswadystate
e tem, mmq:ectedtobcwclrabove120°f~‘ To mitigate this temperature rise, two
RO possible optlons are: cxplored. Any option chosen will have to do one of two things, either

smgl orin combmahon. Either the heat load will have to be reduced or some alternate
vent onlcoohng will ‘have to be prov'ded.

The opnon explored was to provide a means of alternate ventilation. Given some
temp raryventﬂahonusmgommdcaxrthecontmlmwmtcmpemnuecanbemmnmnedator
g below 120°F. A GOTHIC model was used to-determing the :amount of air flow required.

¥ mwomonmwmmehwloadmdpmammmmsofﬂm

% C ezmlfmon (ai some reduced level fromithe first option.)

b

{Z R The biasxc GOTHIC Jcontrol room modél dcveloped. prcwously was used with some minor
T jqu:ﬁcanons A’schcmanc of thé nchOTHIC model is shown in Figure 10. As seen on
B "_f-the' schematic; aﬁ‘féctdmonal flow; bdundary condition gd s flow path to that boundary

£ "co' i onwmadaed. Detmls o?the modxﬁeanonsareouﬂmed bélow for each option.

¥ N

%f

LX)

By Optlo 1 - Tbc lnput'tab!es for this optxon are included .as Appcmhx E. The output for this

;! xs!mcluded oni mlcroﬁche undcrﬁthe Siléname "OPTIONT: SOT"

& 0ptwil 2 The if
¥ nin is| mc“luded on mxcmﬁehc unda the ﬁlenmze "OPTIONZ.SOT"

) 'for Optlon 2) thereaﬁer (thc ﬂow 13 ac’mauy negative, intd the
on, allowing the control room: pmcsure boundary coridition to provxde
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Docket No. 50-271

Exhibit SPSB-C-52-4

Vermont Yankee Nuclear Power Station
Proposed Technical Specification Change No. 263 — Supplement No. 30
Extended Power Uprate

Response to Request for Additional Information

Calculation VYC-2405, Rev.0

Total number of pages in this Exhibit
(excludina this cover sheet) is 85.




CALCULATION COVER PAGE

"Owr2- . [JIp3 [JJAF . [JeNps Xvy

Caleutation No. This revision incorporates the following MERLIN Sheet 1 of 85

DRN inor Calc Changes: : <082

VYC-2405 Rev. 0 s or Minor Cele Changes
/ .
rd R .
Title: Drywell Temperature Calculation for a Station - KoR [INQR
' Blackout Event at Extended Power Uprate. ' .

Discipline: Fluid Systems Design Engineering Design Basis Calculation? Yes [[JNo

This calculation supersedes/voids calculation: N/A

Modification No./Task No/ER No: EPU

0. Nosoftware used

X Software used and filed separately (Include Computer Run Summary Sheet).
“ 1 If “YES', Code: GOTHIC V7.0p2
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~CALCULATION SUMMARY PAGE

) C P . .
Calculation No. VYC-2405 - Revision No.0

Drywell Temperature Calculation for a Station Blackout Event at Extended Power Uprate.

CALCULATION OBJECTIVE:

This calculation will address the VY drywell temperature for Station Blackout (SBO) at

- | Extended Power Uprate (EPU) Conditions. The calculation will look into means to mitigate
the drywell temperature for this event, such that there will be no need for Emergency
Depressurization.

CONGLUSIONS:

1 See Section 70

ASSUMPTIONS

See Assumptnon in Section 4 0 (see also list of open items — assumptions which nced
verification or implementation - Section 4.1) :

DESIGN INPUT DOCUMENTS:

See Design Input Documénts identified in References Section 8.0

AFFECTED DOCUMENTS: .

See Assumption Section, Section 4.2

METHODOLOGY:

See Section 3.0‘
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1.0 Background

The Stanon Blackout (SBO) torus temperature calculation (Reference 1) accommodated a hlgher
coping tims of 2 hours versus 10 minutes previously assumed. In addition to an increased coping
time, Reference 1 also eliminated the potential need for Containment Overpressure (COP) for the
SBO event. In the process, it was determined that in order to implement coping strategies for the
* two hours, two additional parameters need to be analyzed:

- Drywell temperature and the coping strategy to accommodate an expected higher drywell
‘temperature, and

- Procedural direction for the operators (if needed) to limit the drywell temperature while
ensuring capability of HPCI/RCIC to maintain vessel level :

2.0 Purpose

This calculation will address the VY drywell temperature for Station Blackout (SBO) at
Extended Power Uprate (EPU) Conditions. The calculation will look into means to reduce the -
drywell temperature for this event, such that there will be no need for Reactor Pressure Vessel
Emergency Depressurization (RPVED — Reference 30).

This analysis will address control of the drywell temperature by controlled dcprcssurization

(cooldown) and will show that RCIC/HPCI injection is maintained until power is restored and

the low pressure pumps (RHR and CS) are available.

As indicated in Section 1.0 of Reference l for the SBO event; the Alternate ‘AC (AAC) | power.
source is restored at 2 hours into the event. After the restoration of power, torus cooling and
drywell spray will become available. -

2.1 Acceptance Criteria
To evaluate the results the following criteria are applied:

1. The maximum allowable drywell bulk average temperature should remain below the EQ
temperature (340°F for the ﬁrst 30 minutes and 325°F for the next 270 minutes)
(Reference 19)

2. The maximum allowable drywell surface temperature is 281 °F (Reference 20).
3. The maximum allowable drywell air pressure is 56 psig, (Reference 27).

4 Maintain the torus pressure below PSP curve (Reference 30) during the 2 hour coping
duration and the 10 minutes of low pressure pumps restoration period.

5. The analysés should provide assurance that there is no need to spray the drywell in the
unsafe region of the DWSIL curve (Reference 30).
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3.0 Method of Analysis

The model developed in Reference 1 is modified to accommodate changes related to the pﬁrpose
described in Section 2.

The GOTHIC code (Reference 7), Version 7.0p2 has been selected for use in this analysis. This
code was used in the original suppression pool temperature calculation (Reference 6) and in the
analysis for SBO at EPU conditions, Reference 1. This specific version of the code has been
installed and complies with the ENVY SQA procedures ENN-IT-104 (it replaced VY procedure
AP-6030) as documented in calculation VYC-2208 (Reference 8).

The following changes to the mput SBO-NoLeak-80 to producc SBO-drywellZ are being added: '

drywell heat load

- drywell heat slabs

leakage from drywell to wetwell
modifications to the vacuum breaker modeling

The GOTHIC input file for the case SB'O-drngllz is presented in attachment A.

4.0 Inputs and Assumptions

The inputs and assumptions for the SBO event were developed in Reference 1. For
completeness, they are added to this calculation. The more important modifications to the model
have been made, for this analysis, by the addition of the Drywell Heat Loads and Drywell Héat
Slabs (see Section 5.0 for details).

‘The SBO scenario postulates a complete loss of onsite and offsite AC power. The vessel is
assumed to be isolated at the start of the event.

The scenario is modeled as follows:
1) Scram occurs at time zero.

2) The MSIVs are isolated at tlrne zero (this is a conservative assumption for the drywell
. temperature calculation since the energy transferred to the condenser while the MSIVs are
- opened will remain in the vessel).

3) The Reactor Vessel level is maintained with HPCI or RCIC in a band between 127-177 inches
above Top of Active Fuel (TAF). Level is maintained with HPCI at a nominal flow of 4250
gpm. In reality HPCI flow will be adjusted to keep level in the band and to prevent excessive
start/stop cycles. The HPCI (or RCIC) modeling in the GOTHIC input as a continuous flow
(lower flow) or as intermittent flow has no effect on the drywell temperature analysis results.
The choice of RCIC or HPCI or the flow capacity has no effect on the analysis since HPCI
injects intermittently to maintain inventory or can be throttled as required to maintain level.
If RCIC were used, it would inject more often.
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" 4) HPCI takes suction from CST at 135°F The CST mventory available for injection is 75000

gal. -

The GOTHIC input value in Ibm = 75000 gals * 1 ft3/7.48 gals /0.01627 lbm/ft*

. (Reference 31 for the density a 135 °F) =616271.71bm

5) Power is restored at 2 hours. Torus cooling is initiated at 2 hours and 10 minutes. Two RHR
Service Water pumps are available at 2 hours and 10 minutes, -delivering 4700 gpm. The
second RHRSW pump is discontinued at 16 hours in the transient to maintain the Corner
Room temperatures below the EQ limit (Reference 1, Attachment B). The drywell
temperature analysis is performed for only 25000 seconds for the base case and for 14400 (4
hours) seconds for the sensitivity cases since, after 2 hours and 10 minutes (7800 seconds),
the low pressure pumps are available to spray the drywell, if needed hence there is no need
to analyze the drywell temperature fora Ionger duration.

6) An orderly reactor cooldown is initiated at one hour in order to maintain the dryweil.
temperature below the EQ limit (Reference 19) and the drywell shell metal below 281 °F
(Reference 20). Two cooldown rates will be analyzed: 80°F/hr and 45°F/hr -

7) The RPV level is controlled by HPCI until the CST is depleted or HPCI shutoff pressure is .
reached. When the pressure permissive is reached, one Core Spray pump.starts (after 2 hours’

. and 10 minutes).to inject into the vessel .-After the level is recovered in the normal range, the
Core:Spray system is used to maintain the level with the vessel pressure being controlled by
an SRV cycling between 50 and 100 psig. The suppression pool is cooled continuously by
the RHR system. The reactor vessel is maintained in this configuration. The RHR pump in
.torus cooling is also avarlab]e for drywell spray after 2 hour and 10 minutes.

.8) The.HPCI turbine takes steam from the vessel to provrde its motive power. It returns the -

exhaust steam to the torus. The steam to the turbine is not modeled since the model assumes
SRYV opening and closing to maintain pressure. Any steam not removed by the HPCI turbine
will be removed through the SRV to maintain a certain pressure. The total flow through the
SRV is increased, but the details of SRV flow are not important for this applications and the
two (SRV flow and HPCI turbine) can be combined for model simplicity.

9) The liquid ]eak is modeled as a fixed flow of 8.4585 lb/sec (61 gpm, Reference 3) [(61 gpm
/60 $/min 114805 gal/fe® /0.0161 ft’/ib = 8.4585 Ib/sec)] and it stays on for the entire
transient. (Analyses will. be performed with and without leak for one depressunzatlon
(cooldown) rate: 80 °F/hour) In reality, the leak is variable depending on pressure. Assuming -
a dens:ty of 62 Ib/ft® and fixed flow is conservative for the drywell temperature analysis.

*Analysis. of drywell temperature for a 45 °F/hour cooldown with no RPV leakage was not

performed because for the case. with 80 °F/hr cooldown, for the period of interest the drywell

temperature stays below 300 °F for both cases (with and without RPV Leakage). For the 45

°F/hour cooldown, the temperature in the drywell for the no-leak case is expected to remain
* below 300 °F as in the 45 °F/hour cooldown case with RPV leakage for the analysis duration.
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10) The analysis will assume a fouling of 0.0018 in the tubes and 0.0005 in the shell This
corresponds to an overall RHR Heat Exchanger (RHRHX) fouhng of:

* R, =Rﬁ(-j-)+R_o

where:

Rs and Ry, = tube and shell fouling factors, respecnvely (hr-f*-°F/Btu)
d, = outside tube diameter (in)
d; = inside tube diameter (in)

do =0.625 in (Reference 22)

di= 0.527in (Refcrence 22)

Ry = 0.0005 hr-ft>-°F/Btu (Reference 22)
Ryi = 0.0018 hr-f’-"F/Btu (from 0.0020)

Overall RHRHX fouling -

‘R, —00018*(0625

)+00005 0.0026

This number compares well with the maximum fouling calculated in Reference 23 of
0.002307 and 0.002445 for the RHR HX E14-1A and RHR HX E-14-1B, respect1ver

11) A variable SW temperature is used, consistent with Reference 1. :
‘Since this change of depressurization (cooldown) function of service water temperature
requires procedure changes, it is added in Section 4.1 as an unverified Assumption.

- For SW> 75°F, depre'osurizc the vessel at 80°F/hr or higher.
- For lower SW temperature (SW < 75°F no restrictions on depressurization) rates.

12) - Various assumptions made ‘concerning the added Heat Conductors:

- The heat load decreases linearly when the temperature difference between RPV and
drywell becomes smaller. :

- For all conductors, only heat conduction is conservatively assumed in the air and concrete -
layers. .

- The outer surface boundary condition is conservatlvely assumed to be adiabatic (i.e., the
heat transfer coefficient is set to zero)
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Table 1 — Vessel and Core Initial _Conditioh‘s and Parameters, Primary Variables

Paramete;:

Nominal
Value

Analysis
Value

Basis

.1 Initial Reactor Power

1912 Mwth

1950 MWth

100% power +2 % uncertainty (per NEI-
87-001, SBO can be performed at 100%
power, however this analysis used 102%
power, consistent with CLTP and the
Reference 1 analysis).

| Core Decay Heat

ANS 5.1

ANSS5.142¢0

ANS5.11979 standard+2 c uncertamty
-(Reference 24)

MSIV closure time

3.0-5.0 sec

0.0 sec (MSIVs
not modeled)

Minimum value allowed retains thc
maximum energy in the vessel.

-RPV ‘Pressure

1015- 1025 psia
(Reference 28)

10452 psia

Higher value, conservative, maximizes
the vessel energy. )

Initial Vessel Level

162 inches

172 inches

"Analysis value conscrvauvely accounts

for 3 inches increase above normal

(uricertainty and operational fluctuations)
and 7 inches for dimensional -
uncertainties. These assumptions are
LOCA assumptions and are judged
conservative for SBO.

Core Flow Rate

48.0E6 Ib/hr

51.36¢6 Ib/hr

Includes ICF of 7%.

Initial Feedwater Flowrate

7.876¢6 Ib/hr

8.076¢6 1b/hr

Reference 25 (TE 2003-20)

Initial feedwater
temperature

393.5-393.6 °F

393.9°F

See discussion in Reference 25.
Feédwater is tripped at time 0, due to

.| SBO. The feedwater is used only for :he

steady state initialization.

SRV Cycling

1080-1047.6 psi

.(between RPV

and Drywell)

1080-1047.6 psi
(between RPV

and Drywell)

The setpoints for the SRVs are nommal.
No additional as found allowable of 3% is
added since it will have no effect on the
drywell temperature since the SRVs open
to remove the decay heat and, until the
depressurization starts, indifferent of
setpoints, the SRVs will cycle to remove
the decay heat.

The operators will take manual control of -
the SRV and will cycle between 800 and
1000 psig (EOP-1- Reference 37) to
reduce the numbers of times the valves -
cycle. There is no effect on the
calculation since the valves in any
operational mode will open to remove
decay heat.

Vessel Leak

61 gpm

61 gpm

A constant 61 gpm leakage is assumed;
(Reference 3). The analysis will be
performed with & without leakage, since
the drywell temperature will have a
different profile for the cases with no
leakage.
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Table 2- ECCS Initial Conditions and Parameters
Parameter Nominal Analysis Value | Basis Comments ,
.| HPCI flow rate 4250 gpm 4250 gpm Tech Spec Flow Since the flow is intermittent there is
i : (Reference 2) no need to use the min flow of 3570
. gpm (uncertainty added) (References
2 and 5). In reality the HPCI flow
will be adjusted to maintain level to
prevent excessive pump stop/start.

HPCI pressure 1135-165 psia 1135-165 psia Reference 5 and 27. HPCl is shut off

range if vessel pressure drops below 165

psia.

CST Temperature | 120°F 135 °F OPEN Item

CST available 75000 gallons | 75000 gallons Available CST Per Reference 3, the Tech Spec value

inventory (VY Tech inventory for HPCI | can be used. -

Spec =~ injection An administrative limit for the CST
Reference 2) level of 25% is required.

Core Spray Flow .| Curve of flow | Same as The core spray The Core Spray System will be used
vs. vessel- nominal. flow rate used in for level control only after the CST is
torus AP. the SBO analysis | depleted and/or the low pressure is

-of Reference 1 will | reached.

be used. The flow .

rate is determined | OPLA -Reference 5
as a function of the -
vessel-torus AP.

(consistent with the

LOCA analysis)

RHR Flow 7000 gpm 6400gpm 6400gpm used in Consistent with Reference 1

(t=7800 seconds) . analyses limiting case and Reference 5. -

RHR Hx Fouling 0.0005 shell, | 0.0005 shell, Assumption input #10, supported by -

: 0.0018 tube 0.0018 tube . Reference 23.

RHR Hx Tube N/A 1 5% Allowable - Design value providing margin above

Plugging Pplugging margin the current plugging value of 3.6%

RHRSW Flow 4700 4700 gpm (2 4700 gpm (Reference 4)

RHRSW pumps) '
4700 gpm =
650.98 1b/sec (at
85 °F) .

| RHRSW Inlet 32-85°F Variable, see If SWis > 75 °F, Maximum Allowable Service Water

Temperature ’ assumptions, depressurize the Temperature (Reference 2) only for

based on RPV with rates 80 | depressurization rates > 80 “F/hr
depressurization | °F/hr or higher. For lower depressurization rates the
(cooldown) rate . ' SW has to be below 75 °F. This

requirement is derived from the torus
temperature calculation (Reference
1). The rate of depressurization was
shown in this calculation to have
minimal impact on the strategies to -
control the drywell temperature for
SBO.
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Table 3- Pfimary Containment Initial Conditions and Parameters

Parameter Nominal Value Analysis Basis Comments
. Value
Drywell 110-170°F 170°F Reference 5 The highest drywell
| Temperature temperature is used.
Drywell Pressure 16.4 psia | 16.4 psia ‘| VY Tech Spec
(Reference 2)
Wetwell 838 °F 90 °F Maximum Tech Spec | A 2 °F uncertainty is applied
Temperature Value (Reference 2) | via procedure to account for
instrument uncertainty
(Reference 26)
Wetwell Pressure | 14.7 psia 14.7 psia Normal Torus
operating pressure
(vented to
atmosphere via
Standby Gas
Treatment System )
Drywell Humidity { 20-100% 100% (base Nominal Values: Use maximiim drywell
: . case) VY UESAR humidity consistent with
(Reference 27) Reference 1 for the base
Sensitivity .| case. Sensitivities
performed at performed at 20% drywell
20% humidity humidity.
Wetwell Humidity | 100% 100% Nominal Values: Minimal to no impact on the
' : VY UFSAR SBO drywell temperature.
(Reference 27) .
Wetwell Water 68000 ft’ 68000 ft’ Minimum Tech.
Volume Spec. Value
(Reference 2)
Drywell free 128,370-131,470 | 131,470 fY Reference 5 The maximum value in
volume e ' (includes OPL-4A is used for
vents) Consistent with SBLOCA, IBLOCA and
Reference 6, the Small Steam Breaks.
The values volume of the Vents: 16703 fi* (VYC-
proposed are | drywell side of the 2306 -Reference 32)
consistent with | torus-drywell vacuum
OPL4A breakers of 3723 f* | Total Drywell Volume =
1 will be added tothe | 131470~ Vents Volume +
| proposed value. Drywell side of Vacuum
Breakers = 131470 -16703 +
372.3=1151393 f°
Wetwell free For the minimum | Nominal Reference 5 The value at Dp>0 of
volume water level of Values used. 105,932.0 ft’ is used for a
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Comments

Parameter Nominal Yalue Analysis Basis
Value
68000 ft’, the Consistent with total volume of 105,932 +
wetwell free The values Reference 6, the 68,000 = 173932 f¢
volume is proposed are volumes of the .
> 107,104.8 fc’ for consistent with | drywell side of the Used in calculation: 173932
: Dp =0.0 and OPLA4A torus-drywell vacuum | + 99.4 ='174031.4 fi®
105,932.0 for breakers of 99.4 ft*
Dp>0.0 where Dp | will be added the
is the pressure proposed value.
difference between . )
drywell and torus.
Vacuum Breakers- | 0.5 psi 0.5 psi 0.5 psi Reference 2
pressure difference
between wetwell
and drywell for
vacuurn breakers
to be fully open - . .
Drywell-to Max allowable Base case Reference 5 for the max
Wetwell Bypass | area=0.12 fi? =0.12 fi? leakage, Reference 33 for
Leakage . Tech Spec Allowable
: Tech Spec Allowable Sensitivity )
=0.0033 f*

=0.0033 fi2
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4.1- Assumptions that need Verification or Implementatibn

1) Two (2) hour restoration of outside power (coping time).
2) Ten (10) minutes to start RHR flow through the RHRHX, and the use of 2 RHRSW

pumps and CS.

3) Acceptability of using 75000 gal from CST (change of level setpoint).
4) Maximum CST temperature of 135°F.
5) The depressurization rate function of Service Water tcmperaturc needs to be verified

and proceduralized as follows:
- For SW> 75°F; depressurize the vessel at 80°F/hr or hxgher
- For lower SW temperature (SW < 75°F) no restrictions on cooldown rates.

4.2 Affected Docum-ents

1) DBD - for Resxdual Heat Removal ~ change the maximum tube 51de fouling resistance

2)
3)

4)

)
6)

from 0.002 hr-f*-°F/Btu to 0.0018 hr-fi’-°F/Btu as well as the total fouling.

Change the description of the SBO évent in the DBD for Safety Analysis.

Change all DBDs and documents that address the SBO copmg time (identify and
modify).

Change DBD Containment Pressure Suppresswn System to incorporate results of this
calculation.

Review following documents for need of modification: VY UFSAR, and PUSAR.
Modify SBO procedure (OT-3122-Reference 36) to incorporate cooldown at one hour
and provide guidance to the opcrators such that RPVED is precluded based on the results
of this calculation.

Note: Section 4.1 & 4.2 items are being tracked via LO-VTYLO-2005-00135.
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5.0 Input and Design Criteria

The GOTH]C input from Reference 1 is modified to implement the features described in this
section. The modified input is called SBO-drywell2.

The main features added to the SBO model are the drywell heat load and drywell heat structures.
A schematic of the system modeled is presented in Figure 1

Drywel
i Wall
" SRY RFV
——p¢ )
. . '. ! -
© | RCKC Inec . 5 “Shukiown -
Tubine Pumpg. {Il. 1 - , . Coolng
S | ST Heat 1] 5 :
" T ¥ank IR Load
Vocum ¢ . 1
Breaker .- Vents . .
' TRR LT g P =
Service
Water

* Figure 1 — VY Containment and the Associated Systems

Note: dnly RCIC pump is shown in this simplified model. Actually, HPCI is assumed to inject.
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5.1 Drywell Heat Load Calculation -

The Drywell Heat Load Summary at Current Licensed Thermal Power (CLTP) is summanzed in
Reference, 10. The total amount of heat given to the drywell at CLTP is 1,691 ,300 Btu/hr. The
drywell heat load was recalculated in Reference 18 for the Extended Power Uprate (EPU) as
1,700,675 Btu/hr. Since the Extended Power Uprate is performed at constant pressure, only-the
feedwater pipe and valves will be at higher temperatures (Referenice 18), hence a higher Q for
this component; (124,000 Btu/hr —Reference 10 versus 133,375 Btu/hr at EPU —Refcrence 18) is
calculated.

The total power to the drywell for EPU is presented in Table 4.

Table 4 Drywell Heat Load (Reference 18)

Item .| Component Cooling Load

No. (Btu/hr)

1 Reactor Vessel 459,000

2 | Recirc. Pumps, Valves and Pxpc - 278,000

3 Feedwater Pipe & Valves . ' 133,375 (EPU Modified-
Reference 18)

4 Steam Pipe & Valves 212,000

5 | Condensate & Instrument Lead Lines 82,000 .

6 | Control Rod Drive Pipe '] 50,400

7 Clean-up Pipe & Valves 17,800

8 -} Shutdown Supply Pipe 8,100 -

9 Steam Safety/Relief Valves - 206,600

10 | Biological Shield (Gamma Heating) 16,400

11 - | Safeguards System Piping 82,000

12 Steam Leak . 155,000

Total .| 1,700,675 Btuw/hr
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5.1.1 Drywell Load Modeling

The drywell heat is modeled as two heater #5H and #6H. The heater 5 represents the heat source
which varigs function of the liquid temperature in the vessel, while heater 6 represents the heat
source which varies as a function of the vapor temperature in the vessel. See explanation of these
- two heaters in Section 5.1.2.

The heat loads which are exposed to the steam atmosphere (for Heater #6H) are:

Table 5 Heat Loads Exposed to Steam

| Item No. | Component i Cooling Load
2 . : : (Btu/hr)
1 30% of Reactor Vessel Heat Load 459,000%0.3 =137700
4 Steam Pipe & Valves - 212,000
9 Steamn Safety/Relief Valves . 206,600
<112 Steam Leak : 155,000
[ Total . —____[711,300

The norrnal level is at about 0.3 of the total vessel height. From Reference 34 the distance from
the 152 inches above TAF to the top of the vessel is 21.432 ft in the GOTHIC vessel model and
to the vesse] bottom is 41.193 ft

The middle range of 152 inches is calcu]ated as (177 inches + 127 inches)/2 = 152 inches.

The model assumes a normal level of 172 inches (Table 1) which is 20 inches above the 152
inches, hence from 172 inches above TAF to the top of the vessel there are 21 432 1.667 =

19.765 ft

The liquid height =41.193 + 1.667 542.86 ft

Total GOTHIC vessel height = 62.625ft (from Reference 34 = 330.542 — 267.917 =62.625 ft)
Stéam region = 19.765 /62.625 =0.31 (used 0.3)

Heater 6 load = 711300 /3600 = 197.58 Btu/sec

Total Heat load = 1,700,675/3600 = 472.41 Btu/sec

Thus, Heater 5 load = 472.41 — 197.58 = 274.83 Btu/sec
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5.1.2 Transient Heat Load Behavior

It is assumed that the heat load decreases linearly when the temperature difference between RPV
and drywell becomes smaller. In order to calculate the transient heat load, the following transient
heat load p,r_ocedure is used o

1. When the difference between the vessel temperature and the drywell temperature is
less than or equal to zero, the power of the heat source is zero.

2. When the temperature difference is greater or equal with to Ty, the heater power wnll
increase above the nominal value.

3. When a temperature dlfference exists between T, and zero, the power 1s linearly
interpolated between the nominal value and 0.0.

Tset is defined in the way that the calculated power of the heat source is equal to the nominal
value at the beginning of the transient. Two GOTHIC control variable CV 41 and CV 42 are
defined as_the temperature difference between the vessel internal water temperature and the .
‘temperature inside the drywell (CV41) and between the vessel steam temperature and the
temperature inside the drywell (CV42), respectively. The model shows higher steam temperature
than saturation because of the heat slab exposed to steam which represents the heat structures in
the Reactor Pressure Vessel (RPV) €xposed to a steam.environment. Sensitivity studies which
placed this heat structure in liquid eliminated the steam superheat, as expected. Thxs is a
conservatism of the model. In reality all structures will be exposed to Tex = Thig=Tvap

The control variables are used as the independent variable of the functions, which gives the
transient heat loads to the drywell, as described above. e

5.2’ Drywell Thermal Conductor Model Development
The following thermal conductors are being added to the medel.

There are several types of heat sinks and thermal conductors inside the drywell. The components
included as heat sinks are the metal mass of 4 RRUs, vent pipes and the drywell liner.
Miscellaneous steel exists in the drywell, but has-not been previously quantified in detail.
Minimum heat sink components are considered conservative; therefore, miscellaneous steel is
not included as heat sinks.

Drywell liner divided in (Reference 21):
1) Lower Drywell spherical portion,
2) Upper Drywell cylindrical portion, and
3) Drywell head.

The drywell wall consists of the concrete, the inner surface steel plate and the air gap. Zero heat
flux boundary condition on the outside surface of the drywell wall is used.
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The data on OPL4A (Reference 5) is used to model the steel liner. The surface area calculation
for the liner was performed in Reference 9.

e

Table 6 - Drywell Steel Liner

Elevation Stecl Thickness (in) | Surface Area (ft°) | GOTHIC
Item #-fromRef. 9 " | thermal
conductor
No.
2,page 47 of Ref. 9 El 237.74’-El 1.0 page 47 of Ref 9 1856.24 5
257.15°
3,page 47 of Ref. 9 El.24724-E1 | 0.8125page 51 of Ref9 | 2041.28 6
257.75° :
4.1, page 47,48 of Ref. 9 | EI. 257.75-El. | 0.6875 page 51 of Ref9 | 125047 9
259.92’ . .o . .
.| 4.2, page 48 of Ref. 9 EL 259.92'-El | 0.6875 page S1 of Ref 9 380273 7
- | 283.69! .
5, page 48 of Ref. 9 El 283.60-El. | 2.5 page 51 of Ref 9 780.68 18
289.61°
6, page 48 of Ref. 9 El:289.61’-El | 0.635 page 51 of Ref 9 1898.24 10
1 " | 308.00°
7, page 48,49 of Ref. 9 E1.308.00'-El | 1.25page 51 of Ref9 1114.72 11
318.50°
8, page 49 of Ref. 9 E1318.50°-El | 1.25page 51 of Ref 9 7834 12 -
327.75°
1 9, page 49 of Ref. 9 1 EL 327.75'-top | 1.3125 page S1 of Ref9 | 17183 13.
) of drywell ) :
Total 15246.06 ft*

"I'he items 2 through 7 have 0. 0025 mches of paint per Reference 13 and Reference 9, Appendix

VI (for properties) and a 2 inches thick air gap (Reference 14) and a conservative low thickness
of concrete of 24 inches is used from Reference 21,

Item 8 (side of drywell head —small cylinder) is modeled, with a 2.5 ft air gap outside the steel
wall and conservatively low thickness of 1.5 ft of concrete (scaled from Reference 21). The
thermal conductor has an adiabatic heat transfer boundary condition. Only heat conduction is

assumed in the air and concrete layers. This is conservative.

" Item 9 (top of drywell head) is modeled with a 6.7ft air gap outside the steel wall and a

conservative low thickness of 24 inches of concrete (part of the concrete plugs) — (scaled from

Reference 21).

RRUs (References 11 and 12)

- Agru = 1272.8 ft%, thickness =0.125 inches (used in OPL-4A-Reference-12).
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Vent Pipes

Vent pipes surface area

A vent pip.,q = 2885.7 ft?, thickness =0.125 inches (used in OPL-4A-Reference 12)

NOTE: The total Surface Area of the steel components adds up. to the value obtained from OPL-
4a(i.e., Table 6 TotaJ = 15246.06 ft?, RRUs = 1272.8 ft?, Vent Pipes =2885.7 ft?, thus
Total = 19405 ft)

Total Surface area of Concfete Exposed to Drywell Air Space

The surface area of the pedestal is the only concrete component quantified in OPL4A. The
drywell floor is ignored because it may be covered with liquid and not dlrectly exposed to the
drywell airspace. Only the outer surface area of the pedestal was considered in OPL- 4A as well
as Reference 9 because the inner surface has limited communication with the drywell
atmosphere. The biological shield wall (BSW) is a concrete structure surrounding the reactor
pressure vessel and located above the reactor pedestal. Because of the proximity to the- reactor
pressure vessel the BSW is at a temperature greater than the drywell (DW) ambient and thus a
heat source (already incorporated into the drywell heater) and a lLeat -sink only when its
temperature drops below the. DW temperature. . Because of the uncertainty of the BSW
temperature and its limited value as a heat sink, the BSW is not considered here.

The OPL-4A value for the area is used and 2068 ft? (A value of 2108 ft? was used in the
model, addressed in Case 5).

Thickness of Concrete Exposed to Drywell Air Space

From Reference 5 = 4ft.

Properties of Materials

Table 7 - Thermo physical properties of Passive Heat Sink Materials (Reference 5)

Material’ Density (Ibm/ft’) | Specific Heat Thermal References
(Btu/Ibm-°F) Conductivity
(Btu/hr-ft °F)
Carbon Steel 489.0 . 0.11 32°F 31.8 15
J68°F 312
1212°F 30.0
392°F 27.8
572°F 260
Concrete 145 0.156 0.92 16
Paint 288 0.2 0.125 9
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Air Thermal Properties

From Reference 15.

T(F) K Btuwhr-ft-°F) Cp (Btw/lbm-°F) g(lbm/f?)

100  0.0157 024 - 0.07092
150  0.0167 0.241 - 0.06511
200 0.0181 0.241 0.06017
250  0.0192 0.242 0.05593 .
300  0.0203 0.243 0.05225

400  0.0225 0.245 0.04617

Heat Transfer Boundary Conditions

On the inner surface of all the thermal conductors, the heat transfer coefficient is calculated by
the GOTHIC code. The following options are used:

-Direct'Heat transfer Option.

-Summation of the condensation and convection heat transfer

-Max of Uchida and Guido-Koestel condensation heat transfer optlon (sensmv:ty with
Uchida for the limiting cases).

- Radiation heat transfer option is OFF for all heat structures with exception of the
drywell-dome.(sensitivity with option OFF for the limiting case). -

- The surface orientation is “FACE DOWN for the drywell dome”, thermal conductor -
#13,and “VERT SURF” for heat conductors 5 through 12

-All thermal conductors use “VAP” option.

The outer surface boundary condition is conservatlvely assumed to be adiabatic. The heat
transfer coeffi cxent is set to zero. :

5.3 GOTHIC Drywell SBO Model Development

The following changes to the mput SBO-NoLeak-80 (Reference Dto produce SBO-drywell2 are
being added: .

drywell heat load

drywell heat slabs

leakage from drywell to wetwell

modifications to the vacuum breaker modeling

1

The GOTHIC input is presented in Anachment A.

The GOTHIC model used for all cases is presented in Figure 2.
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Flow Paths

-Flow path 21 is added to model the vacuum breakers leakage path from the drywell air space to,
the wetwell air space. Per Reference 5, the maximum leakage area is 0.12 ft. The elevations and
the helght of this junction were elected to be the.same as the vacuum breaker junction since the
leakage is around the vacuum breakers.

The K reverse =K forward = 1.5 (expansion & contraction) (Reference 29)

Thermal Conductors

Twelve new thermal conductors were added. The description of the thermal conductors was
given in Section 5.2.

The temperatures of 11 of the thermal conductors were set at 160 °F, the pedestal thermal
conductor is set at 152 °F. On page 73 of Reference 9 the average temperature for the middle and
the top drywell node is calculated as 151.94 °F. Hence, the thermal conductors are sét,
conservatively at 160 °F. The pedestal is in the lower drywell and middle drywell hence 152 °F is
used (average.for middle and top drywell is conservative). In Case ‘5, the temperatures of the
heat slabs which represent the drywell wall were set at 170 °F (very conservative assumption).

‘Functions
Two new functions are added
Function 17 (FF17) represents the power to the drywell from the structures exposed to steam. .
The function multiplies Q inisa and represents (Tiiguid — Terywetr)-
The FF17 is:
AT (CV41)
-500 0
0 0
380 1
380000 1000
The independent variable is the temperature difference between (Tyquia — Tarywen), CV41.
Function 18 is identical to the Function 17, but the independent variable is CV42 (T vapor- Tarywen) -
Tref = Initial Vessel temperature — Initial Drywell temperature = 550°F -170°F =380 °F where
550 °F is the initial vessel temperature, and 170 °F is the initial drywell temperature. (550 is

determined from the GOTHIC mode! at time zero and 170 °F is the maximum drywell
temperature, OPL4A-Reference 5).
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Valves

"A new valve (V5) was added to represent the vacuum breaker. It opens on trip 33 (0.5 psi
difference between wetwell and drywell (Reference 2) and it closes on trip 34 (0.3 psx-arbltrary
since the Vacuum breaker valves reseat when the pressure difference becomes less than 0.5 psi. A

quick close valve is used for this component since the valve will close as soon as the 0.5 psi

" difference between wetwell and drywell disappears.

The vacuum breaker valve is ﬁodeled as Valve Type 3, with an area of 17.6737 ft* (Reference
9). Note: the area of the valve from Reference 9 is slightly larger than the area of the flow path in
which it is located. The valve area will have minimal impact on this analysis because the flow is

limited by the area of the flow path The area of the valve was changed to the area of the flow
path in the final case analyzed, Case 5.

Materials

Four new materials are added. The properties for the new materials are described in Section 5.2.

Trips and Controls

Trip 18 is modified to ADS when the vessel pressure difference between RPV and drywell is
lower than 100 psi instead of 50 psi in the original model. This trip is not used, however, the
SRV valves will open at a AP of 100 psi, not 50 psi .

Trip 21 is modified to start depressurization (cooldown) at one hour (3600 seconds) in order to
limit the drywell temperatures.

Trips 33 and 34 are added to opeﬁ the vacuum breakers valves at 0.5 psi pressure difference
between wetwell and drywell (trip 33) and close it on a AP of 0.3 psi. '

Coolers & Heaters

Two new heaters are added, SH and 6H to model the vessel heat to the drywell. These heaters are
described in Section 5.1.

For heater SH the heat rate of 274.83 is multiplied by the FF 17, while for heater 6H the heat rate
of 1997.58 is multiplied by FF 18.
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Heat Transfer Coefﬁéients Types

Two heat transfer coefficients are added.
The following options are used: .

-Direct Heat transfer Option.
-Summation of the condensation and convection heat transfer.
-Max of Uchida and Guido-Koestel condensation heat transfer option (sensitivity with

Uchida for the limiting cases).
- Radiation heat transfer option is OFF for heat transfer coefficient type 6.
- Radiation heat transfer option is ON for heat transfer coefficient type 7.

The use of the radiation option has no effect on the results at these low temperatures

- - The surface orientation is “VERT SURF” for heat transfer coefficient type.6.
- The surface orientation is “FACE DOWN for the drywell dome™, heat transfer
coefficient type 7.

The use of the surface onentanon is appropriate since this is the thermal conductor
physical arrangement. ,

~The heat transfer coefﬁcxent types 6 and 7 use ‘VAP” opnon since this is the drywell :
medium. :

-Convection bulk T model: T-T¢. The bulk températlire is the calculated vapor
temperature. Ty is the maximum between the calculated wall temperature and the
‘ calculated saturation temperatu're.

- Condensation heat transfer Bulk T Model : Ty, =T\ uséd. Ty, is the minimum between the
calculated vapor temperature and the calculated saturation temperature.

Control Variables

Two control variables are added, 41 and 42 they represent the AT between Tyq in RPV and Ty
drywell and between Ty, in RPV and Tv drywell, respectively. See Section 5.1.2 for additional
information on the operation of these Control Variables.
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6.0 Calculation / Analyses

Five (5) cases are analyzed:

Case 1 is called SBO-drywell2. It is the base deck, developed from Reference 1 and described in
Section 5.3. Case 1 assumes no RPV leakage, depressurization (cooldown) with a rate of
80 °F/hour a 100% humidity and base deck inputs as described in Section 5.0.

Case 2 is called Case SBO-drywell2-80-sensy2-NoLeak. Case 2 is identical to Case 1 with the
' change in humidity, changes in the leakage area-and minor changes in the heat transfer
type 6 and 7. Case 2 assumes 20% humidity and minor changes in the heat transfer type 6 .

_and 7. These changes are described in Section 6.2.1.

Case 3 is identical to case SBO-drywell2-80-sensy2-NoLeak but with leak. It is called SBO-
drywell2-Leak-80-sensy. These changes are described in Section 6.3.1.

Casé 4 is called SBO-drywell2-Leak-45-sensy and is identical to Case 3 but with a slower
depressurization (cooldown) rate. Tt assumes a depressurization of 45 °F/hour with leak.in -
order to show that with an early depressunzanon and slower cooldown rate the results are
not changed and the drywell temperature is not impacted neganvely by a slower

- cooldown. Consistent with Reference 1, the RHRSW temperature is changed to 75 °F.
Case 5 addresses changes found during documentation and as part of review. These .
changes are described in Section 6.4.1. '

Case 5 is called SBO-drywell2-comments. The followmg changes are made in Case 5 to address
changes found during documentation and review: '
« change the temperatures of the steel structures from 160 °F to 170 °F (very
conservative’ assumption),
» change the K reverse for the Junction 3 from to 3.93 from 3.964,
» set the V3 Valve with the same area as the junction, and
« change the area for the pedestal from 2108 ft2 to 2068 ft2, consistent thh OPLHA.

Case 5 changes are described in Section 6.5.1.
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6.1.1 SBO-drywell2 Model Development

. SBO-qul& represents the base model for this calculation. The modification to the input are
presented i,p Section 5.0 and the GOTHIC input deck is presented in Attachment A.

6.1.2 Case SBO drywell2 Results

Figure 3 through Figure 11 present the main parameters for the base case SBO-drywell2. Figure
3 presents the drywell temperature. The drywell temperature increases to about 285 °F after one
hour. The heatup is-arrested due to depressunzatlon At about 4 hours into the transient the
temperature in the drywell starts increasing due to lower heat removal into the passive heat sinks
(walls). The maximum drywell temperature is 290 °F. The air gap acts as an insulation-and the
steel liner is almost at 245 °F. However, after 2 hours and 10 minutes the Jow pressure pumps are
+ available so the operators can spray the drywell with the RHR pump, if needed. The results
indicate that the temperatures in the drywell stay below the EQ limit and the drywell lmer is well
below the 281 °F for the- SBO coping duration.

-Figure 4 presents the containment pressure. Due to the higher leak area the drywell and the
wetwell are at the same pressure. At about 2 hours the pressure in the drywell is too low to spray
the drywell, (unsafe area of DWSIL(EOP-3 —Primary Containment Control —Reference 30))
however the pressure increases to about 6 psig at -about 12000 seconds at which point the
operators would able to spray the drywell with the RHR pump, if needed.

Figure 5 presents the RPV pressure. At one hour into the event it is assumed that the operato'rs
start depressurization (cooldown). The pressure drops to the HPCI shutoff pressure of 165 psia at
about 12000 seconds. At that point only about 450000 Ib were injected from CST. (Fxgure 12). At
- this point the RPV is depressunzed and the CS is avaxlable to mJect

Figure 7 prcsents the RPV lcvcl. The core stays co_vered. There is a dip in the normal level at
about 12000 seconds when HPCI stops injecting and CS pump has not yet injccted This is due to
the fact that the CS pump was set to inject at 14000 seconds; however CS is ready to inject at
7800 seconds.

Figure 8, Figure 9, and Figure 10 presents the drywell liner temperature. The drywell liner stays
below 260 °F for the 7 hours analyzed. After 2 hours and 10 minutes the low. pressure pumps are
available for suppression pool cooling, drywell spray and maintaining vessel inventory.

Figure 11 presents the suppression pool temperature. Since the vessel is depressurized early, the
suppression pool temperature is below the maximum of 182.2 °F calculated in Reference 1,
hence no containment overpressure is required.
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6.2 Case SBO-drywell2-80-sensy2-NoLeak

6.2.1 Model modification -

Table 8 presents the modrficatrons to the base deck SBO-drywellZ to produce SBO-drywell2-80-
sensy2-NoLeatk.

The following modifications were made:
The Heat Transfer Coefficient Types 6 and 7 were modified to use Uchida correlation for.
condensation heat transfer instead of MAX (maximum of Uchida or Guido-Koestel). For. this

case since there is no RPV leakage, the choice of condensation correlation should have a
minimal impact on results. :

For the Heat Transfer Coefficient Type 7 the radiation option was turned off. Again, at these
small temperatures, the radiation has a minimal impact on results

The hurmdrty in Volume 1 (Drywell) was modifted from 100% humrdrty to 20% humidity to
encompass all the humidity range in the drywell (Reference 5). .

The reverse loss coefficient for the vacuum breakers was changcd from 1e18 to 3. 964 (equal to
the forward loss coefficxent)

A coefficient of 3.93 should have been used. This is corrected in Case 5.

The vacuum breaker reversé coefficient is the weighted sum of the flow paths 7, 8 &9of
Reference 9. (Same as the forward loss coefficient)

K reverse = 1.168 (15.63/16.23)% +2.528 (15.63/16.23)* + 0.5 (1.53/1. 53)%= 3 93
(A X of 3.96 was used, less than a 1% difference)

The area of junction 21 is changed from 0.12 ft?, maximum leakage to 0.0033 ft? (allowable
Tech Spec leakage) ~Reference 33. ‘

Table 8; lnput Modifications —SBO-drywell2-80-sensy2-NoLeak vs. SBO-drywell2
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ﬁgg/ﬁ;:ggagnsoin /hcme/schor/vyc 2120ccn/SENSITIVITY/SBOIdrymn-SBOISBO drywe112-80 sen
GOTHIC Version 7, 0p2(QA) - April 2002
File: Ihome/schorlvyc-2120ccn/SENSITlVITYISBOIdrywe‘I1 -SB0/SBO-drywel12- 80-sensy2 -NolLeak

EON . - .Graphs (continued)
Eraph . " Curve Number
3 Title Mn.- 1 - 2 3 4 5
42 Heat to the su CMH  CoH
43 leak Flow P FL4 FL19 F20
44 Integrated Leak cv4D
45 Title cv3d
46 : FVi8 FL18 FD18
47 cvas ..
48 Surface Tempera 85 186 187
49 Surface Tempera TJA8 TAS TALQ
50 Surface Tempera . TAIL TAIZ TAI3
51 Sorface Tempera 188 TB2 1810  TBl11
52 Surface tempera TB13 _ TB12
53 TP8L600 TPSte00 TP10t60 TP11t60
TP13t50 TP12t50

54
55 Drywell Tew_bera

Heat Transfer Coefficient Types - Table 1

Heat Cnd Sp Nat -For
Type Transfer Ncmina'l .Cnv CndCnv © Cny - Cnv Rad
# Option  Value FF Opt Opt HIC Opt Opt Opt

1 Correlat . 0 VERT SURF PIPE FLUd OFF

2 -Correlat -0 VERT SURF PIPE Lou OFF

3 Correlat FACE DOWN .PIPE FLOM OFF

4 Correlat . . . FACE UP PIPE FLOW OFF

5 Sp Heat . 0.

6 Direct - ~ ADD UCHI VERT ‘SURF PIPE FLOW OFF

7 Direct ADD UCHI FACE DOWN PIPE FLOW OFF -

Tile OT O OF End
.Ratio Time-  Int
100. 5.

Int Min ~ Max

1 1le-06 1.
2 le-06 .
3 le-06 1.
4 3e-06 1

1.
1.

1.

1200.  50.
1300.  500.
-25000.  600.

Print Gra h Max
0.1 “levs 0.  DEFAULT -
i, 1e+06 0.  DEFAULT
10. 1et06 0. DEFAULT
10. JetD6 --0.  DEFAULT

Run Control Parameters (Seconds)’

In Dumg Time Scfa’?e
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Modifications 1n /home/schor/ c-2120ccn/SENSITIVITYISBOIdry»e11-

Mar/m?%os 10:42:03 4 SB0/S80-trwe 12-80-sen
GOTHIC Version 7.0p2(QA) - April 2002

File: /home/schar/vyc- 2120ccn/SENSITIVHY/SBOIdrywe'n-SBO/SBO drywe112-80- sensyz NoLeak

' Vohme Initial Conditions
Vapor Liquid Relative Liquid Ice Ice
Vol Pressure T e;p Hummny Volume Volume Surf.A.
(psia (F) - F | (¥) ~ Fractio Fract. (ft2)
def 14.7 80. . _80. 60. 0. 0. 0. .
1 16.4  170. 170. 20. . D: 0. 0.
2 14 7 93, 90. 100. 0.39497 0. 0. :
3 90, 90, 100. 0.00595 0. Q.
4 1045.2 $49.97 533.12 100. 0.60794 . 0. 0.
' Graphs
Graph " . Curve Number - .
Title Mon 1 2 3 4 5 ©.
1 1 Tenpera vl 1 ' Co
bl BB
4  Reactor Vessel - T4 T4 ST4 ™
5. RHR Heat Exchan XxqiH
6 Reactor Vessel A4 . :
7 Torys Water Vol A2 .
8 Heat Exchanger - t11H  t21H ) )
9 Wetwell, Vessel M2 T4 TL S
10 Conductor Tempe CTAL JA2 TA3 TA
11 Integral Vessel ‘%,4 V4 -
12 Vapor & Conduct: TV4 Al
13 Liquid & Conduc 4 TA2
14 Vapor & Conduct- w2 TA3
15 Liquid & Conduc TL2 ™
16 Vapor Heat ‘Tran HAl
17 Liquid Heat Tra- hA?
18 Vapor Heat Tran -  HA3 .
19 Liquid Heat Tra hA4
20 " Feedwater & Bre f19° Fl4
%% RPV Liguid Leve - L4
SRV .an 0 FviD® Fvil
23 Feedwater Entha cvZ29 y
24 RPV Pressures - PR4 . !
25 Feedwater Contr cv27  cv28
26 Integrated ‘Feed cv4 .
271 RR ] . FLS -
28  Vessel Dr 1et AD4
29 ECCS Inj FL7 FL12  FL14
30 RPY Pressure PR4 veav  FL7
31 Valve Posit VC3V
32 SRV Position VC2y
33 Cool FLow FVi6 s
34 Vessel Drop. Dja D14 -
35 Reactor Vessel PR4
36 Suppression poa . - TL2
37 Reactor Vessel PR4
38 Superession Poo 112 . :
39 Flow ate FL18 . -
40 Integrated HPCI . cv3g .

41 {Core Spray Flgw FL8
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%/{6(/:%6 onsoinzlhane/schor/vyc-2120ccn/SENSITIVITY/SBOIdrywe1l-SBO/SBO dryweﬂz -80-sen
E0THIC Version 7.0p2(Q, fpril
- File: /homelschor/vyc-2120ccn/SENSIT1VITY/SBO/drywel1 ~SBO/SBO-drywe112- 80-sensy2-NoLeak

e F]ow Paths - Table 2
Flow Flow d. Inertm Friction Relative Mom Strat
Path Area S%[ am. Len f%t Rough- Beugg irn Flow’
#  (ft2)- (1) ness  (deg) Opt Opt
1 283.629 6.75 89.13_ 0. 0. - NONE
-2 286,114 1,948 4,16 -1. - NONE
g 15.63. 1.5625 44,925 28,72 0. - NONE
0.001005 0.03568 0.1 0. - NONE
5 3.14 2. 0.01 0. - NONE
6 3.14 2. 0.01 D. - NONE
7 3.14 2. 0.01 0. - NONE -
8 3.14 2. 0.01 0. - NONE
9 3,14 . 2, 0.01 0. - NONE
10 0.09945 0.35584 0.01 - 0. - NONE .
11  0.3978 0.35584 0.01 0. - NOAE
12 3.14 -2. 0.01 0. - NONE
13 3.14 2. - 0.01 0. - NONE
14 3.14 2. 0.01 0. - NONE
3.14 2. 0.01 0. - NNE
16 3.14 2. 0.01 0. - NONE
17 3.14 2. 0.01 ) 0. - NONE
18 3.14 ‘2. 0.01 . 0. - NONE
19  0.5454 0.8333 0.1 0.1 - NONE
20 D.54%4  0.54%4 0.1 0.1 - NONE
21 0.0033 1. 1. - 0. . - NONE
‘Flow Paths - Table 3
Flow  Fud, ‘Rev. Crittcal Exit. Drop
Path Loss Loss . .. Loss Breakup
Coeff. Coeff.. Opt. Model -Coeff. Model
1 4.2243 4, 2243 ON TABLES 1. OFF
2 1. ON  TABLES 1. OFF
3 3.964 3964 ON OFF 0. OFF
4 -0. OFF  TABLES 1. OFF
5 OFF OFF - 0. OFF
6 OFF OFF -0. - OFF
7 OFF OFF . 0. OFF
8 OFF OFF . 0. CFF
9 " OFF 0.. OFF
10 OFF T 8. OFF
11 OFF  TABLES 0. OfF
12 OFF 0. OFF
13 OFF OFF 0. OfF
14 OFF 0. OfF
15 OFF OFF 0.. "OFF
16 letl8 OFF OFF" 0. OFF
17 OFF OFF 0. ©0OfF
18 QFF OFF 0. OFF
19 OFF OFF 6.. OFF
20 OFF OFF 0. - OFF
21 1.5 1.5 OFF OFF D. OFF
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6.2.2 Case SBO drywellZ-SO-senst-NoLeak Results

Figure 13 through Figure 20 present the main parameters for the case SBO—drywellZ -80-sensy2-
NoLeak. Figure 13 presents the drywell temperature. The maximum drywell temperature is about
289.4 °F 'and is reached after one hour and 30 minutes.. The heatup is arrested due to
depressunzanon At about 4 hours into the transient the temperature in the drywell starts
increasing due to lower heat removal into the passive heat sinks (walls) . The air gap acts as an
insulation and the steel liner is almost at 255 °F. However, after 2 hours and 10 minutes the low
pressure pumps are available so the operators can spray the drywell with the RHR pump, if
needed. The results indicate that the temperatures in the drywell stay below the EQ limit and the
drywell liner is well below the 281 °F for the SBO coping duration.

Figure 14 presents the containment pressure. Due to a lower leak area the drywell and the
wetwell are at not at the same pressure, the vacuum breaker opens to relieve the pressure
difference at about -14000 seconds. At about 2 hours the pressure in the drywell is too low to
spray the drywell, (unsafe area of DWSIL (EOP-3 —Primary Containment Control —Reference
30)) however the pressure increase to about 6 psig at about 10800 seconds &t which point the
operators would be able to spray the drywell with the RHR pump, if needed.

Figure 15 presents the RPV pressure. At one hour into the event it is assumed that the operators
start depressurization. The pressure drops to the HPCI shutoff pressure of 165 psia at about
12000 seconds. At this point only about 450000 Ib were injected from CST (Figure 17). The
RPVis depressunzed and the CS pump is available to inject.

Figure 16 pump presents the RPV level. The core stays covered. There is. a dip in the normal
level at about 12000 seconds when HPCI stops injecting and CS does not inject yet. This is due .
to the fact that the CS pump was set to m_)ect at 14000 seconds; however CS is ready to inject at -
7800 seconds, prov:ded the pressure permissive is reached. .

Figure 18, Fxgure 19, and Figure 20 presents the drywell liner temperature. The drywell liner
stays below 260 °F for the 7 hours analyzed. After 2 hours and 10 minutes the low pressure
pumps are available for suppression pool coolmg, drywell spray and maintaining vessel
inventory.

The suppression pool temperature for this case is very similar to the case SBO-drywell2 since the
input changes results in minor changes to the drywell temperature and pressure but not in the
suppression pool temperature since the heat transferred to the drywell is not subtracted from the
vessel energy. '
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SBO - 80P-Noleak-drywell2-sensitivities-get2
Max/10/2005 10:36:15.
. GOTHIC Version 7.0p2{QA) ~ April 200
Pile: lhome/schor/vyc-nzOccn/SRNSI’rIVITY/SBO/dtywen-SBOISBO-drywellz -80
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Figure 13 — Drywell Temperature ~Case SBO-drwel[2-80;$e_hsy2-NoLeak

58O - 801’-Noleak-dtyne112-sensltivities-setz
Mar/10/2005 10:56:11
. ‘GOTHIC Version 7.0p2(QA) - April 2002 .
l'ile /wne/schor/vyc-zn0ccnlsmsmvmlsaoldzyweu-SBO/SBo-dryve'llz -80
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Figure 14 —Containment Pressure - Case SBO-drwellZ—BQ—sensyz-NoLeak
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SBO - 80F-Nolesk-drywell2-sencitivitics-setz’ S :

Mar/10/2005 11:11:35
GOTHIC Version 7.0p2{QA)} - April 2002
File: /homelschor/vyc-zuOccn/smsx'nvxﬂlsso/dryvell-saolwo-drywenz -80

e 24 XV Pressures
»34
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obtetslsr s teers areefeeqilensalaee
EN 7.2 10,3 4. 18 ..
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Time (se ©) !

mIIy 1432041 wRZINIINS 93,932

Figure 15 - RPV P.réss,u,re - Case SBO-drwellZ-SD—sénsiZ—NbLeak

SBO - SOF-Noleak-dxyvelIz‘sensitivities-setz . -
Mar/10/2005 11:15:46 .

GOTHIC Version 7.0p2(Qa) - April 2002 °
Pile: Ihome/schor/vyc-znOccnlsxnsmvmlsao/dxyven—SBO/sso-dryveII?-80 .
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Figure 16 — RPV Level - Case SBO-drwell2-80-sensy2-NoLeak
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SBO -~ 80P-Noleak-drywell2-sensitivities-get2
Mar/10/2005 11:10:47
GOTHIC Version 7.0p2{QA) .- April 200
. File: /home/schor/vyc-zlzOcm/msrrmwlsso/drywen-sso/sso-drywenz -80
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Figure 17 Integrated HPCI Flow - Case SBO-drwéIIé-Ba-sensyz-NoLeak
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SBO - 80P-Noleak- cxywenz sensx:ivities-setz . : -
Maz/10/2005 10:33312 - -
GOTHIC Version:7.0p2(QA) ~ Apzil 2002

Flle: /home/schor/vyc- 2120ccn/SENSITIVI'r¥ISBo/dzywe11 SBOISBo-dryveuz -80 -

’ Surface Temperatara R . .
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Figure 18- Surface Temperature for Heat Slabs 5,6 & 7 - Case SBO-drwell2-80-
sensy2-NoLeak
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S80 - 80Y-Noleak-drywell2-sensitivities-set2

Mar/10/2005 20:34:30

GOTHIC Version 7.0p2(QA) - April 200

File: /bome/schor/vyc-zzzoccnlsmsI'tm:r!/ssoldzyweu SBO/SBO-drywell2-~80
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Flgure 19~ Surface Temperature for Heat Slabs 8, 9, 10 & 11 - Case SBO drwellz-
: 80-sensy2-NolLeak

EBO - 8or-xoleak-d.ryveuz-sensiuvities-setz

Mar/10/2005 10:32:24 s

GOTEIC Version 7.0p2(QA) - April 2002

Pile: /home/schor, vyc-znoccn/smsnzvm/sao/dmen SBOISBO-dzyiellz -80
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Figure 20 Surface Temperature for Heat Slabs 12 & 13 - Case SBO-drwell2-80-
sensy2-NoLeak
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6.3 Case SBO-drywell2-Leak-80-sensy

6.3.1 Model modification

Table 9 prééents the modiﬁcatio;l's to the deck SBO-drywell2-80-sensy2-NoLeak to produce
.SBO-dryweIIZ-Leak-80-sensy

The fo]lowing modifications were made:

On BC 13, the ON trip is set to zero (0). This allows for a constant leak of 8.4585 Ib/sec to leave
_the vessel. :

‘The end time was changes to 14400 seconds (4 hours) since the purpose of this calculation was
to show that the drywell temperature stays below the EQ drywell temperature and the drywell
shell stays below 281 °F for the duranon of 2 hour and 10 mmutes

Table 9 SBO- drywellZ-Leak-SO-sensy vs SBO- drywellZ 80-sensyZ-NoLeak
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Modifications in {hane/schor/vyc-ZlZOccn/SENSITIVITY)S_BO/drwe’I'l-SBO{SBO-drywe’I]Z-Léak-s

e Gonoion 35020 - Aoril 2002
File: lhome/schor‘/%c-ZlZOocnlSENSITIVITYISBOIdrywe]1-SBOISBO-‘dr,w:e'l12-Leak-80-sensy

™ Flutd. Boundary Conditions - Table 1

s Press. Te;;)). Flow ON _OFF
BC¥ Description  (psia) FF ( FF (1bm/s) FF Trip Trip

1F RHR/LPCE Suctio 20. 160 v-0.002 8 1 13
2C RHR/LPCI Discha 20, 160 :
3F LPCS Suction 20. 160 v-0.002 7 30 31
4C LPCS Discharge 20. 160 .

5F Feedwater. 1000. el 5 1000 9 1 5
6F RHR/Torus Sucti 20. 160  v-0.002 6 21 1
7C RHR/Torus Disch  20. 16 - 0

8F HPCI/RCIC Sucti 20. 160 -326.1 9 1

9C HPCI/RCIC Disch 20. 160 .

10P Cooldown Inlet 1. 10 11 - 21

11F Cooldown Outiet 1. 10 - 111 112 .
12F (ST Tank* -~ 14.7 135 587 13 28 27
13F Vessel Leak 458513 0 .

1050. -
14C Vessel Teak to. 10500 O .

_ * Run Control Parameters (Seconds)

Time DI OT OT _End Print Greph Max Dung " _Phs Ch -
Int Min Max Ratio Time Imt I CPu  Int Time Scaje

1 le-06 1. . 1. _100. 5. 0.1 le+06 .  DEFAULT
2 le-06 1. 1. 1200. 50. 1. letdb 0.  DEFAULT.
3 le-06 1. 1. 1300. 500. 10. let06 0.  DEFAULT
4 le-06 1: 1. 14400. 600. 10. 1e+(6 0.  DEFAAT
Graphs
Graph - Curve Number
# Title . Mon 1 2 3 4 5
1 Drywell.Temera . 1TVl TL1
2 wg{:gn Tempera TV2 L2
3 -Containment Pre PR1 PR2
4  Reactor Vessel . Vg TL4 ST4 ™
5 RHR Heat Exchan XqiH .
6 Reactor Vessel ALd
7 Torus Mater Vol AL2
.8 Heat Exchanger t1lH  t2lH
9  Hetwell, Vessel 2z T4 Tl
10 Conductor Tempe TAL TA2 TA3 T™
11 Integral Vessel 4 ?V4
12 Vapor & Conduct 4 Al
13 Liqu Conduc T4 TA2
14 Vapor & Con 2 JA3

Vapor duct
15 Liquid & Conduc TH»L& T84

ha4
20 Feeddatgr & Bre FLS FL4

sesceses ¢ e

P T
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Modifications in /home/schor/ c-21200cnISENSITIVITYISBOIdr 11-SB0/SBO-drywe112-L

SRR e o -
rs

File: /home/schorleyc-2120ccnlSENSITIVITY/SBO/drywe]1-SBO/SBO ~drywel12- -Leak-80- -sensy

i Graphs (continued)

Grgph Curve Number
Tit‘le Mom - 1 2 . 3. 4 5
21 RPV:Li uid Leve LL4
22 8 V10 PVl
23 Feedﬂater Entha cv29 - .
24 RPV Pressures PR4
25 Feedwater :Contr V27 cvas,
26 Inte,grated Feed cv4
Z7 RHRF] FLS .
28 Vesse1 Dr egg]et AD4 .
29 . FL7 fL12  FL14 .
30 . RPV Pressure PR4 veav A7
31 " ADS Valve Posit - VC3V .
32 SRV Position - vCav
33 Cooldown.Flow. . FV16
34 Vessel Drop Dia D14
35 Reactor Vesse] - PR4
36 Suppression poo L2
37 Reactor -Vessel PR4
38 S ression Poo 112
39 HPCI Flow FL18 -
40 Integrated HPCI cv3s
41 Core Spray Flow FL8 -
42 -Heat to0.the sup -CqH  cogH .
43 Leak Flow Ft4 FL19  FL20
44 Integrated Leak cvdl . .
* 45 Title cv39 .
46 . Fv18 FL18  FD18
47 cv3s :
48 Surface Tenpera 185 186 187 -
49 Surface Tempera TA3 TA9 JA1D
50 Surface. iempera TA1L  TAlZ TA13 .
51 Surface Tempera T88- TB9. TB10  TBl1
52 Surface tempera ™13 IBl2 - .. .
53 el e TP8L600 -TP9L600 TP10t60 TP11t60
54 TP13t50 TP12t50 .
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6.3.2 Results Case SBO-drywell2-Leak-80-sensy

Figure 21 through Figure 29 present the main parameters for the case SBO-drywell2-Leak-80-
sensy. Figure 21 presents the drywell temperature. The maximum drywell temperature is about
290 °F and is reached at about 12240 seconds (3.4 hours). The drywell heatup rate is arrested due
to depressurization, however the leak brings enough energy from the vessel to continue the
heatup. At 7800 seconds the drywell temperature is 285.8 °F, well below the EQ limit of 325 °F.

Figure 22 presents the containment pressure. The available water to spray the drywell (Reference
30) is the Diesel fire pump per Appendix M of OE 3107 (Reference 35) and it takes about one
hour for aligning the fire pump for drywell spray. The drywell pressure is high enough to allow
for drywell spray, if needed. The drywell temperature does not exceed the EQ drywell
temperature limit and the drywell shell temperature stays below the limit of 281 °F hence the
analysis shows that drywell spray is not needed for the coping duration. At about 3 hours and 30
minutes the wetwell pressure reaches equilibrium with drywell and slightly exceeds the drywell
pressure. The vacuum breakers do not open during the time of interest.-

' At about 4 hours the wetwell pressure is about 26 psig, close to the PSP limit of 27 psig.
However at this time the RHR pump is available for containment spray. :

Figure 23 presents the RPV pressure. At one hour mto the event it is assumed that the operators
start depressurization. The pressure drops to the HPCI shutoff pressure of 165 psia at about
12000 seconds. At that point only about 540000 Ib were injected from CST (Figure 25). At this
time the RPV is depressurized, and the CS pump is available to inject.

Figure 24 pump presents the RPV level. The core stays covered. There is a dip in the normal-
level at about 12000 seconds when HPCI stops injecting and CS does not _inject yet. This is due
to the fact that the CS pump was set to m_]cct at 14000 séconds; however, CS is ready to inject at
7800 seconds, provided the pressure permissive is reached.

Figure 27, Figure 28, and Figure 29 presents the drywell liner temperature The drywell liner
stays below 280 °F for the 4 hours analyzed. After 2 hours and 10 minutes the low pressure
pumps are available for suppression pool cooling, drywell spray and maintaining vessel
inventory.

The suppression pool temperature is not a parameter of importance for this calculation. In
Reference 1 it was shown that the suppression pool temperature is lower for the cases RPV with
leakage and lower for earlier depressurization hence the maximum suppressron pool temperature
will be lower that 182.2 °F, calculated in Reference 1.
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6.4 Case SBO-drywell2-Leak-45-sensy

6.4.1 Model modification

LS

Table 10 presents the modifications to the deck SBO- drywellZ-Leak-SO-sensy to produce SBO-
drywellZ-Leak-45-sensy

Two I_nodxﬁcatlons are made, the depressurization (cooldown) table, is changed from 80 °F/hour
to 45 °F/hr (same cooldown curve as in Reference 1- Function 10).

The RHRSW temperature is changed from 85 °F to 75 °F consistent with Assumption 13 and
Reference 1.

Table 10 SBO- drywellZ—Leak-45-sen.sy vs SBO- drywellZ-Leak-80—sen.sy
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6.4.2 Results Case SBO-drywell2-Leak-45-sensy

Figure 30 through F1gure 38 present the main parameters for the case SBO-drywellZ—Leak-45-
sensy. Fxgure 30 presents the drywell temperature. The maximum drywell temperature is about
293 °F and is reached at the end of the run (4 hours). The run was not extended beyond the 4
hours even though the drywell temperature continues to increase because -at 4 hours the RHR
pump is available for drywell spray, if needed. The mission time of 2 hour and 10 minutes is.
achieved. The drywell heatup rate is arrested due to depressurization; however the leak brings
enough energy from the vessel to continue the heatup. At 7800 seconds the drywell temperature
is about 290 °F, well below the EQ limit of 325 °F .

Figure 31 presents the containment pressure. The drywell pressure is high enough to allow for
drywell spray after one hour into the transient, if needed. The available water to spray is the -
Diesel fire pump (Reference 30) per Appendrx M of OE 3107 (Reference 35) and it takes about
one hour for aligning the firé pump for drywell spray: The drywell temperature does not exceed
the EQ drywe]l temperature limit and the drywell shell temperature stays below the limit of 281"
°F for the mission time of 2 hour and 10 minutes hence spray from Diesel fire pump-is not -
needed. .

© The vacuum breakers do not Open during the time of interest.

-

" At4 hours the torus pressure is- about 25 psig and increasing, close to the PSP limit of 27 psxg
" However at thrs time the RHR pump is available for containment spray.

. Frgure 32 presents the RPV pressure. At one hour into the event it is assumed that the operators
start depressurizaiion The vessel pressure during the 4 hours of the run time does not reach the
shutoff pressure for the HPCI pumps, so at 4 hours the HPCI pumps still inject to maintain -

- inventory. At 4 hour into the event only about 540000 1b were injected from CST (Frgure 34), At.

-this.time the RPV is not depressunzed and the HPCI pump continues to inject. :

Figure 33 presents the RPV level. The core stays covered and HPCI maintains inventory for the
duration of the analyses. There is no need to continue the caqulatlon beyond 4 hours because the-
coping time of 2 hours was demonstrated.

Figure 35 shows that the leak is maintain constant for the duration of the transient.

. Figure 36, Figure 37, and Figure 38 presents the drywell liner temperature. The drywell liner
stays below 280 °F for the 4 hours analyzed. After 2 hours and 10 minutes the low pressure
pumps are available for suppressron pool cooling, drywell spray and maintaining vessel
inventory.

The suppression poo] temperature is not a parameter of lmportance for thxs calculation. In

Reference 1 it was shown that the suppression pool temperature is lower for the cases with leak

and lower for earlier depressurization hence the maximum suppression pool temperature will be
-lower that 182.2 °F, calculated in Reference 1.
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Figure 36 - Surface Temperature, Heat Structures 5,'6;7 - SBO-drywell2-Leak-45-
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Figure 38 - Surface Temperature, Heat Structures 12,13 - SBO-drywell2-Leak-45-



wEnt?rgy C Calculation VYC-2405 Rev.0 " = Page 61 of'g5” T

6.5 Case SBO-drywell-comments

6.5.1 Model Modifications

This case addresses the reviewer comments and also some discrepancies found during the
documentation. The following charnges are being made:

-change the initial temperature for Heat Structures 14 from 160 °F t6 170 °F.
-change the Kreverse in junction 3 to 3.93 from 3.964.

-change the flow area of the valve V3 to 15.63 ft?, same as the flow path flow area
~-change the surface area of the concrete pedestal to 2068 ft?

. The chia.nges are made to case 2 but it could be done t6 any of the other cases.

Table 11 presents the modifications made to file SBO drywell2- 80-sensy2-NoLeak to create
SBO- drywell2-comments i

Table 11 Comparison between SBO-drywell-comments vs SBO-drywell2- 80—sensy2-NoLeak
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Modifications in /hane/schor/vyc-ZlZOccn/SENSITIVITY/SBO/dmeI1-SBO/SBO dr_ywell-cmment
R O n 503(08) - Aori) 2002
File: /home/schorleyc 2120ccn/SENSITlVITY/SBOIdrweH -SBO/SBO- drymﬂ-caments

Flow Paths - Table 3

Flow Fwd.  Rev. Critical Exit _ Drop

Path loss - Loss Comp. Flow. Loss Break
# Coeff Coeff. g’p‘g Model Coeff. Mode !‘IP

1 4. 2243 288 ‘N TBUES L OFF
2 TABLES - 1. OfF
3 s 954 3 B 0N e O OFF
4 OFF - TABLES 1. TOFF
5 OFF  OFF 0. OFF
6. OFF  OFF 0. OfF
7 OFF 0. OFF
8 OFF  OFF 0. OFF
. OFF .- OFF 0. OFF
10 . OFF TABLES 0. OFF
i OFF  TABLES 0. OFF
. 12 OFF -OFF 0. OFF
13 OFF  OFF 0. OFF
14 OFF  OFF 0. OFF
15 .. OFF  OfF 0. OFF
16 le+18 OFF  OFF 0. OFF
17 - OFF OF.° 0. GOFF
18 OFF  OFF 0. OFF
19 OFF  OFF 0. OFF
20 OFF  OFF 0. OfF
21 1.5 1.5 OFF  -OFF 0. OFF

Thermal Conductors -'Table 1

Cond . Vol HT Vol HI Cond S. Init,
- Description A Co B Co Type (ft2) T.(E) Or

#
1° Steam Exposure 4 1 4 11 '2955 72 609 23 [
2 Liquid sure 4 2 4- 2 1 1.8 .
3 Torus, Vapor 2 3 2 5 2 .7 )
4 Torus, L1qu1d 2 -4 2.5 2 .7
5 Lower D 1 5 1 & 3 18%.24 170.
6 'Lmer-nr 11 1 5 1 6 4 2041.28 170.
7 - Middle.Drywell 1 5 .1 -6 5 3%2.73 170.
8  Middle Drywe]l 1 5 1" 6 '8 .68 170.
9 'MiddleDrywell - 1 5 1 6 5 1250.47 170.
10 Middle drmwell 1 5 1 & 7 1898.24 170.
11 Middle quen 1 5 1 6 .8 1114.72. 170..
Top Drywell 1 S5 1 6 13 78345 170.
13 Top Drywell 1 5 1 7 14 1718.3 170.
14 S 1 5 1 6 11 12728 110
15 Vent Pipe 3 5§ 3 6 11 .288.7 180
16 Concretg Sh1e'ld 1 5 1 6 12 208. 182

ﬁgg}gclzgtagns in /hcmelschor/vyc-2120ccn/SENSITIVITY/SBOIdrm11-SBO/SBO drywen comment
GOTHIC Version 00
File: /hanelschor(l)pyc-ZIZOCngENSITIVITYISBO/drywe]1-SBO/SBO-drwe]] carments

Valve/Door Types

Valve Stem_ Loss Flow
T Valve  Travel Coeff. Area
¥pe Option Curve Curve (ft2)

1 agnh OPEN O 0 . -1
7 GECKVAVE 0 15  3.141
5 GQICKCGE ©6 0 1563
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6.5.2 Case SBO-deeII-comments Resu]ts

-The results of this case are presented in Figure 39 through Figure 40. Fxgurc 39 presents the
drywell temperature. Due to the fact that the initial temperature for the drywell thermal
conductors increase by 10 °F, the drywell temperature is increased from 289.4 °F to 295.2 °F.

The containment pressure (Figure 40) is identical to the Case 2, hence the changes in the vacuum
breaker i inputs have no effect on results, as described in section 6.2.1.

Figure 41, Figure 42, Flgurc 44 presents the drywell liner temperature. The drywell liner stays .
below 260 °F for the 7 houirs analyzed. After 2 hours and 10 minutes the low pressure pumps are
available for suppression pool cooling, drywell spray and maintaining vessel inventory.

§BO - SOP-Noleak-dxyvellz aensi:ivities-cmn:s
N nar/15/zoosi:.4 gSoggmA) april 20 02
°  GOTHIC Versionm -
File: /hme/schor/vyc-zizOccn/smsnmn/sso/drywen SBOIS‘BO-d.rywell-com

Dryvell Texpetam:e
ViTLl .
L= . .
- s .. .
S‘ 3
&8 o " Dryvell ¥apor Teapergture
. . .
o
g 8
1 7}
B . . . .
E o . . ' .
- 4 ’ Liqjid Texppratute
:\‘\/1 J.N
ol } | I
3““3_6'IL’.2.1.]‘,U8 1 114118 tzllsLxxxlg
' Tine (soc) ®
serxts T.032{4n $/200S 11.40.37 -

Figure 39 — Drywell Temperature - Case SBO-drywell-comments



“‘?E"t.%y " Calculatio'VYC-2405 Rev. 0 * ~  Page 64 of 85° e -

D e )

SBO - 80P-Noleak-Arywell2-sensitivities-corments

Mar/15/2005 14:05:35 i

GOTHIC Vexsion 7.0p2(Qa) - April 2002 .
File: /home/schor/vyc-2120cen/SENSITIVITY/SBO/drywell-SBO/SBO-drywell-com

P Contairment Pressure
PR1PR2
Q===
kad B
© [ : u&l’ Pr ice.
L. ' ) Tk
g ¢ 1 W
& w = /// Dryvell Frzssure
© . I . Tt
i <A _
o .
3] - % .
- ) ' . .
i I 70 T R T S - s WA
S ' Xle3
- T Time (sec)
szt 7,420} wasjt S/1945 11,46,37

- Figure 40 - Containment Pressure — Case SBO-drywell-comments

SBO - 80P-Noleak-drywell2-sensitivities-comments

Mar/15/2005 14:04:06

GOTEIC Version 7.Cp2(QA) - April 2002 A X

Pile: /bome/schor/vyc-2120ccn/ SENSITIVITY/SBO/Arywell-SBO/SBO-Arywell-com -

(e Surface Temperature .
: s
®
o
-y
N
:‘; [ =
g &
8 g
o o
|- ~
-8
B
[=4
-]
-
(=23
v
Ll

.2 108 144 18 21

.2
Tine (sec) Xled

somxes 9.0p2{pa) Max/13/2808 13:49,37

Figure 41 - Surface Temperature, Heat Structures 5,6,7 - SBO-drywell-comments
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SBO ~ B0F-Noleak-drywell2-gensitivities-comvents

Maxr/15/2005 14:04:52

GOTEIC Version 7.0p2(QA)} - April 2002

File: /home/schor/vyc-zlzOccn/smsrrIVI'r!/SBo/drywell-SBO/sno-dryveu-com

?‘
. 51 SquaceTuperam:e
msmgmmnu
S -
SF
o
gF
E_f
© g:-
s
g &F
o F
-
-t
Slj—lllullllll LlJ_lll]lll'llLllll
b -‘L2 108 -14.4. .18

.6 .2
m: (aec) Xied

sroas 7 t;!(n) nu{l s/291% ll:ﬂ-n

Flgure 42 - Surface Temperature, Heat Structures 8 9, 10 11 SBO-drywelI-
comments

———— s

SBO - 80P-Noleak-drywell2- sensi:ivir.ies-couments

Mar/15/2005 24:05:12

GOTRIC Version 7.0p2(QA) - April 2002

rile: /m/scnox/vyc-mo::cn/smsrrxvrry/sao/azyven -5B0/SBO-drywell-cop

Su.rfm:s tnp'erature

181371812
[ = R
8
oF
€D pr=
: “r
& ofF :
e er Eeat Slah 12
P |
© <l
B ! :
| 2] . .
EE.' Heat Slab 13
gl ralaeseloseebogsslonyolensylonng
g 3.6 1.2 10.8 14.4 18

2
Tine (sec) He3

Soxxy V. 0y2098) Waxs18 203 21:48,37

Figure 43 - Surface Temperature, Heat Struetures 8,9,10,11 - SBO-drywell-
comments ‘
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SBO - 80P-Noleak-drywell2- sensir.ivities-comnts

Mar/15/2005 14:05:12 :

GOTHIC Version 7.0p2(QA) - April 2002 -

File: /homelachoz/vyc-znOcm/smtsnmrrlsao/drywen-snolsao drywell-con

P

52 Surfacs texpetatzn:e
751371812
o —
of
g
[ - '
E gF Heat S1ab 12,
-1
B St
P !
g:_ Heat lab‘-ll. .
g W /NI ETNE NN INE FUNTE BN R ll;;lll‘lll
N 3.6, 7.2 10.8 144 18 !1'2 .
Tine (sec) &3
- -3 1,9:(112 uqnums 11:43,57 :

F‘ igure 44 - Surface Temperature Heat Structures 12, 13 Case SBO-dryweIl~
comments
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7.0 Results and Conclusions -

Assuming= Station Blackout with RPV depressurization (cooldown) at 1 hour after the event the
following results and conclusions are found:

1) The drywell témperature for all cases analyzed stays below the EQ drywell
“temperature profile for the entire SBO coping period of 2 hours and the additional 10
minutes to power the low pressure pumps (i.e., the drywell temperature for all cases
analyzed stays below 300 °F for more than 4 hours of transient).

2) The drywell liner temperature stays below the design temperature of 281 °F for more
than 4 hours after the SBO event.

3) The drywell pressure stays below the design pressure of 56 psig.

4) For 2 hour and 10 minutes the wetwell pressure stays below the PSP curve for aIl
cases analyzed.

5) The analysrs shows that there is no need to spray the drywell when in the unsafe .
region of DWSII_. .

6) Therc is enough mventory in the CST to insure that the CST is not depleted before the
time of low pressure pumps availability such that the core stays covered. A CST
inventory of 75000 gallons was assumed.

7) The maxim suppression pool temperature for all cases stays below 182. 2 °F.

8) The analysis predicts a conservatlvely high drywell temperature. Several factors
contribute to this conservatism:

» The heat transfer from the vessel to the drywell is based on a constant heat
transfer coefficient at normal operating differential temperatures. However, this
heat transfer coefficient will vary with the temperature difference to the ¥
power based on the dependence on the Grashoff number.

* The heat transfer to the drywell from the drywell heaters is not subtracted from

the vessel.
* The reactor bul]dmg side of the thermal conductors are considered adiabatic.

» A constant leakage is assumed; the leakage will decrease as the vessel is
depressurized.

9) No restriction on the rate of cooldown is applied to protect the drywell temperature
beyond the restriction of depressunzatton (cooldown) function of RHRSW

temperature (Reference 1).

Note: “Unverified Assumptions” and “Affected Documents” items are being tracked via LO-
VTYLO-2005-00135 (also see Section 4.1 and 4.2).
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8.0 References

The References are divided into Section 8.1 and General References (Section 8.2). Section 8.1
includes all references.
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ATTACHMENT 8.10 - COMPUTER RUN SUMMARY SHEET

COMPUTER RUN SUMMARY SHEET

o Page 1of 1

Calculation No. VY C-2405 ) . Revision 0 . Date 16 March 2005

Sheet]l of1

Subject: Drywell Temperature Calculation for a Station Blackout Event at Extended Power Uprate

Code GOTHIC V7.0p2 Catalog No.02543 Version 7.0

SQA Classification Level A

Run Title (variable, described in Section 6.0 and Att. A)

RunNo.No - Run Date By
Output Use: [J Variable Values As Noted [<] Plot Attached
: . [J Disk. : _ [[1 File No.

Description Of Output:

* Figures in text.

* Input file on Disk.

* Multiple cases were run, all are described in Section 6.0.

¢ One case (base case) is attached in attachment A).

*

The Figures in text, for each case, have the date of the run & the run name.

Comments: None

(Attached .additional pages if necessary)

Review: DX Information Entered Above is Accurate
[X Input Entry Accurate o
(X Code Properly Exccuted (Based on User Manual)
]’ Output Accurately Extracted or Location Specified

Reviewer Comments /l/ on e

Preparer (Print/Sign) Date " Reviewer (Print/Sign) Date
Liliane Schor Alan L. Robertshaw .

%J?AD{ ﬁ|q|05 | %Wﬁ/ﬁ/ﬂf
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Calculation Impact Review Pages (ENN-DC-126 Attachment 9.7)

From System Engineering
> . . . SRS
QE . NUCLEAR QuALITY Rz ENN-DC-126 | REV.4 |
{=En MANAGEMENT |- — Ca
) gy MANUAL DrauTOL U - .PAGE 350F57
ATTACHMENT 9.7 : LT CALCULATION luncr stzw PAGE
. CALCULATION IMPACT REVIEW PAGE : .
Date: 14 Febmgzoos @on’ . [ONaR
(Mote: X Indicates required distribution) s .
Mechanlcal Engineering X _licensing X Opefalions
—_—18C Engineerdng - — Blett Maintenance —.Chémistry ~
Elecuw Engineering —— 1&C Maintenance —HP/Radiologlcal
/ oM Engineering —— Mech Maintenance COmpmerApprmbom
_g_System Engineeﬂng — Componert Engineering Rad Engineering
Reactor Engineering — Program Engineering — st Engineering
DBD Owner EHFI, P, Perez_ ___-Nuclear Engineéring — IST Engknesring
DBDOwner§ P, Perez _EQ __PSA."
(Name) ’ (Other)

From LI Tiane Schor 802-451-3013
- -(Originator Print Name and Phone extension)

Calculation Nos VYC-2405 ' RevisionNo.0
Title:__Drywell Temperature Calcutation for a Station Blackout Event at Extended Power Uprate.
Referance- NA :

DateResponseRequ.rect 16 Februarv 2005 . . " v o Lo

MESSAGE: Work organizations are requested o review the subject calcutation (parts anached) to . - -
Identity impacted calkcutations, procedures, Technical Specifications, FSAR sections, othér design

documents {e.g., EQ files, DBD, Appendix R, ISVIST, PSA, MOVS/AOVs, etc.) and othér documents,
whkhmustbeupdatedbemuseofmeca)cu!aﬁonreams Also provide the name of the individual .
responsiblo for the action and the tracking number. The tracking Rem should includa a requirement to
- ensurs that any ER implementation asséciated with the item Is completed priono ravising the

impacted document. Slgn and retum the form to the originater,  °

IMPACT HEVIEW RESULTS. -
Atftected Documents Responsible Tracking Remarks
- Individual Number -
EoP-3
coP Stwds Suide
DBD~SADER D
Responding Supervisor/Manager (or designee): _ Bedaw Ma.ee Ratosalle N7 )os

Name/Signature ’ . Date

oz
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Calculation Impact Review Pages (ENN-DC-126 Attachment 9.7), Cont_inued

18

From System Engineering

. Reference: NA

%E NUCLEAR QUALITY RELATED ENNDC-126 | REV.4
: b1 ‘'l  MANAGEMENT - —
. THETEY . MANUAL e PAGE 350F57
ATTACHNENTS.7 *° CALCULATION BIPACT REVEW PAGE
. CALCULATION IMPACT REVIEW PAGE '
Date: 4 Fe! 2005 XKoo 'OONGR
-(Note: X indicates requlred dlstrfbuticn) .
To: __Mechanical Englneering X Ucensing .- _LOperabons
. |&CEngineering . Elect Maiitenance — Chemistry .-
. Electrical Engineering __1&C Mainteriance — HPRadiological
—__ Civil Engineering ) —Mech Malntenance —_ Computer Applications
_LSys!am Engineering - — COmponent Engineering __ Rad Engineering
— Reactor Engineering - - °. — Program Enginesting |SI Engineering
_X_DBD Owner B@,-E.Pegz — Nuclear Engineering 15T Engineeiing
X _DBDOwnerSA P Perez = ___EQ - . PSA ’
Name) ¢ {Other)

From Uhane Schor. 80&-4510013
“(Originator Print Name and Phone exterston)

Ca!culabon Noz ﬂ(‘f!dos

Revision No. 0

Calcuhﬁon !ora Station Bladxout Event at Extended Powor

Title: 'n'r n

Dalenmponseﬂequired’]s Febfuarv2005 : S .. . .- v

NESSAGEkaorganhammmnqmstedbmvkw&nsmedcabuhﬁon(padsMed)b
identity impacted calcutations, procedures, Technical Specifications, FSAR sections, other design
doctiments (e.g., EQ files; DBD, Appendix R, ISVIST, PSA, MOVs/ADVs, efc.) and other documents,
whichmustbeupda!edbemuseoﬂheealculaﬁonmuu Also provide the name of the individual
responsible for the action and the fracking number. The tracking item should include a recuirement to

ensure that any ER implementation assockited with the Remlseompletedpﬁorbrevlsmgme
. Impacted document. smandrenmltnfonnbmo@mor
'IMPACT REVIEW RESULTS: .
Affected Documents Responsible Tracking Remarks
“Jndividuat Humber . .
OP 4032 S. Jouasch - . See attached comments
Responding Supervisor/Manager (or designee): hen Jonasch
Name/Signature Date
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Calculation Impact Review Pages (ENN-DC-126 Attachment 9.7), Continued

From RHR and SA DBD Owner
FR
- . EE...- .o | wNoctear, .| eswvRmame T} JENNDCA2% | REVA oL
- i nIEigV ‘thAGE]mII . . 2 webonand %S -3
oo MANUAL LerossimonaL Use PAGE 350F57
ATTACHMENT 9.7 cn.cuumu MPACT REVIEW PAGE
c.u.cuuﬂcm IMPACT REVIEW PAGE
Date: 14 Febi 2005_ - Kan CNQR
(Note X indicates required distribution) .
To: .. Mechanical Engineering  * . _X_Licensing . X _0Operations
. &C Engineering - Elect Malntenance — Chemistry
— Electrical Engineering —_|&C Maintemance — HP/Radiological
__-_Givil Engineering __Mech Maintenance " . Computer Applications
X_ System Engineering ." " —_Component Engineering -_:_ Rad Engineering
. Reactor Engineering  * - __Program Engineering - ___1S! Engineering
_X_.0BD Owner RHR. P, Perez -~ ___ Nuclear Engineering —IST Engineering
X DBDOwnerg,-E.Leg;' . EQ@ - - - —_PSA
(Name). = *(Other)

" From: Lillane Schor 8024513013

{Criginator Print Name and Phone extehsion) :

Calculation No: VYC-2405

Revis:on No ]

Title:

Réference:.N/A

Drywell Temperature Cakuhbon fora Stahon Blackout Event at Exbended Power U@

Date Response Requirec: é’l‘?eﬁrua.rv 2005

MESSAGE Work organizations are jequ&cted to review the subject calculation (parts attached) to
identify impacted calcutations, procedures, Technical Specifications, FSAR sections, other design. .
.documents:(e.g., EQ files, DBD, Appendix B, ISVIST, PSA, MOVs/AQVs, etc) and cther documents,

which must be updated becausa of the. calculation results. -Also provide the name of the Individual -

responsile for the action and the tracking number. The tracking tem should Include a requirement to -
ensure that any ER implementation essociated with the Rem Is‘completed prior to tevising the
Jmpacted document. Sngn and retum the form'to the odginator )

. IMPACT REVIEW RESULTS . .
* Affected Documents ‘Responsible “Tracking Remarks
. Individual Number - |.
.|SADBD |P.Perez | LO-VIYLO- | May need npdate for Drywell -
12005-00135 | SBO assumptions / Methodology -
. of VYC-2405.

Responding Supervisor/Manager (qr designee):
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Calculation Impact Review Pages (ENN-DC-126 Attachment 9.7), Continued
From Operations — EPU Engineering

Po

£ NUCL¥AR QuinvRewms | ENNDC16 | REV.4 :
= MANAGEMENT —
Eﬂfefgy MANUAL trorsaniovatUse PAGE 35 OF 57
ATTACHMENTO.7 L cu.cuumon PACT REVEw PAGE
. . CALCULATION IMPACT REVIEW PAGE | .
Date: J.B&r_t@r_m;%__ RKaR (ONQR
{Note: X Indicates required distribution)
To: '_ Mechanml Engineering X _Licensing . X_Operations
: - __1&C Engineering ___EBlectMainlenance ., ___ Chemistry :
. Electrical Engineering ___13C Maintenance __HPRadiological -
___Civil Engineering . ___Mech Maintenance _—_Computer Applications
X_System Engineering =~ - __ Component Engineering .____Rad Engineering
- Reactor Engineering - —_Pregram Engineering -~ ___ISI Engineering -
x DBD Owner Bﬂ& B, Perez Nuclear Engineering - - IST Engheering
X_DBD Ovmer SA, P, Perez —
. {Name) {Other)

" From: Llliane Schor 802-451-3013 °
(Originator Print Name and Phone extension)

Calculation No.: WC-2405 . Revlslon No ]

Titke;__ Drywell Temgera(ure Calculation for a Station Blackout Evont at Extended Power Ug

Reference: NJA

Date Resporise Reqursé: 16 February 2005

MESSAGE: Work orgarizahons are requested to review the subject caléulation (parts attached) to
{identify Impacted calculations, procedures, Technical Specifications, FSAR sections, other design
‘documents {e.g., EQ files, DBD, Appendix R, ISVIST, PSA, MOVS/AOVS, elc.) and other documents,
which must be updated becausa of the calculation resulls. Also provide the name of the indhvidual |
responsible for the action and the tracking number. The tracking em should include a requirement to
ensure that any ER implementation associated with the item s completed prior to fev!shg the .
Impacted document. Sign and return the form ta the originator.

IMPACT REVIEW RESULTS:
-Affected Documents Responsible . Tracking Remacks
: ) : Individua? . Number :

| EOP-3 Stady Guide
OT-3122

Lesson Plan for EOP-3

ON-3147 N

ON 3148

Responding Superviscr/Manager (or designee): B K fer 1672005
Name/Signatire | Date.
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Calculation Impact Review Pages (ENN-DC-126 Attachment 9.7), Continued

From Licensing
p\
523 1 nNucrear QuuTYRezaTI> ENN-DCA26 | REV.4 '
= Enle/zy . MANAGEMENT - :
. MANUAL hvomsarionat Use - PAGE 35 OF 57
ATTACHAENT 9.7 . I cu.cvumon Mw:-r REVIEW PAGE
. CALCULATION IMPACT REVIEW PAGE
Date: 14 February 2005 e ][0l O NaR
" (Note: X indicates required dlstribubm)
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PENN-DC-134 REVISION 1 ATTACHMENT 9.7 CALCULATION DESIGN VERIFICATION CHECKLIST
IDENTIFICATION: ) ) DlSCIPLﬂN_E:
Document Title: Drywell Temperature Calculation for a Station [ CivilStructural
Blackout Event at Extended Power Uprate [ Blectrical
Doc. No.: .VYC-2405 " Rev.0 QACat dr&c .
' ) Mechanical
.o Alan], Roberishaw . 1

Verifier: . e S T [CJNuclear
ﬁ:ﬁ‘:“m for B4 Other:

verification, - - Design Engineerin

Price . Si;n - - Dats Design kngineening,

OO NA; ‘ Fluid Systems
METHOD OF:VERTFICATTON: -

Design fleiﬁiev;/, X _-Altemate Caleulations []

Qualification Test [

1 Design Inputs ~ Were the Inputs ‘correcily selected and
*  Incorporaied into the design?

Design Inptts include design bases, plant operalional cohditions, performance
requirements, regudatory requremenls 8nd commitments, codes, standards,
ﬁeudahem.Mh!mﬂonwedasdalnnmm:houdhmbeen ¢
revlewedindappmvedbythe. ponsible design org 29 apphicabl

(4

NI hputs need lo be re&fevabfe or excerpts of documents used should be

S“ site specaﬁc dwgn‘lnpu procedures for guidance In Kertifying inputs.

:Yes X No [ NA [

Verifier Comments:

Design Input has been verified in VYC-2405,

Resolution: None needed.

Reference
Page No. sﬁmm:_nmc_zs_s_
OR-
Paragmph No.

Compietion of the Refersnce Boxes is
optional for 8} questions.  * .

Section 5.0, Input and Desiga Criteria, of VYC-2405, has been satisfactorily reviewed. Any . -
identified Design Input needing verification is listed in Section 4.1 of VYC-2405 and tracked via
LO-VTYLO-2005-00135 (see Ttem #2 of this Calculation Design Verification Checkhst) All other

Attachment 9.7

- Calculation Design Verification Checklist
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8,  Assumptions - Have the assumplions been verified? . Reference
: ’ Page No. (G jon &
4.1l VYC-2405

Yes [ No X NA-O OR
o ] Paragraph No.

Verifier Comments:

Section 4.1, Assumptions that need Verification or Implementation, and LO-VTYL0-2005-00135
.CA02, document identified *Unverified Assumptions” from VYC-2405 Drywell Temperature
Calculation for a Station Blackout Event at Extended Power Uprate The following lists the various
"Unverified Assumptions” from YYC-2405:

1) 2 hour restoration of' outside power (coping time).
2) 10 minates to start RHR through the RHRHX, 2 RHRSW pumps and CS.
3) Acccptabnhty of usmg 75000 g L,al from CST (chang,c of lcvcl sctpomt)

.....

procedumhzed as follows: * .
- For SW> 75°F; depressm'lzc the vesse! at 80°F/hr or higher.
- For Iower SW temperamre (SW < 75°F) vo restrictions on depressunzanon rates.

Upon verification of these assumptxons. thc calculauon should be revnscd to convert the
_assumptions to Design lnput and the calculatxon Status should be changed. )

Resolution:
LO-VTYLO-2005-00135 CA02 has been lssuod to tmck these Unvmﬁcd Assumpuons )

Upon venﬁmnon of these assumptions, the calculanon should be revxsed to convert thc
. assumptions to Design Tnput and the a.xlculanon Status should be changed.

3. Quality Assurance ~ s the Quality level correct? ’ ’ - "Reference
’ Page No. Cover Shest of VYC-2405 X

ves 4 No [J NA O 1‘,”‘ o,

- Verifier Comments: VYC-2405 is corréctly designated “Quality Related.”

Resolution: None needed.

Attachment 9.7 Calculation Design Verification Checklist
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Codes, standards and Regulatory Requirements ~ . Reference
Are the applicable codes, standards and regulatory PageNo.
requirements, induding issue and addenda propedy OR

identified and are their requnrements for design met? ngutho.

Yes [X) No N/A [

Verifier Comments: Appropriate use of requirements (inputs, assumpuons melhodology) set
forth in the VY Technical Specxﬁcatxons and UFSAR have been followed in VYC-2405 as

needed.
‘Resolution: None needed.

. operatmg experience been considered? -, * . Poge Na. _:

Operaﬁng Experience - - Have applicable construction and ) ’ -'R'efe:r_en_ee

Tor

Venﬁer Comments'

Consideration (dxscussmns and revxcws) bas been uvcn to various timelines for opcramr aazons.
equxpment start times, cooldown rates, etc.. Some Unvenfied Assumpnons exists which will rely .
on, in part, to VY operating experience (e £., two hour restoration of otitside power (copmg time -
of 2 hours and 10 minutes), ten minutes to start RHR flow through the RHRHX, the use of 2
RHRSW pumps and CS, and the acoeptabﬂxty of using 75000 gal from CST. (change oflevel .
setpdint). See Item #2, Assumptions,.of this Calcu]atmn Design Vcnﬁcanon Checklxst

Resoluhon' Consideration has been given to VY opcratmg experience. Some Unverxﬁcd
Assumptions exist (for which commitments have been issued). See Resolution of Item #2
Assumptlons of this Calculation Dcsxgn Venﬁcanon Checklist.

Interfaces — Have ke design interface requn'ements been Reference -

satisfied and documented? i Page No.
OR- .

Yes [ No [ - ) WA ‘E] P Ne, o
Verifier Comments: . .

The relationship between the Fluid Systems (*design group™) and other organizations. within VY
have beea satisfactorily met using the Calculation Impact Review Page. The Calculation Impact |
Review Page was completed by persons in the Operations Department, System Engineering, -
Licensing, and various DBD owners.

Resolution:

None Needed.

Attachment 9.7 - . Calculation Design Verification Checklist
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7. Methods —Was an appropriate analytical method used? : 4 Reference
) . PageNo. Section 30TVYC2405
- Na . . N OR - :
Yes X No .D /A [ | Pormpmgttv
Verifier Comments: -
The GOTHIC code (Reference 7 & 8 of VYC-2405), Vers:on 7 0p2 was selected for use in VYC-
2405.
Resolution: None Needed.
3 .Desfgn Outputs ~Is the' output reasonable compared to the ' Reference
. lnpuis? PageNo. __
. ' ) OR R
.Yes E : NO D NA O Puragraph No.
Venﬁer Comments, 'Ihe outpm is reasonable compared fo the mputs Previous, similar Drywell
SBO analyses are familiar with the preparer and reviewer of this SBO calculation and thus the |
output given in VYC-2405 was rcasonablc for the various chang,cs and modxﬁcanons made to the .
previous input. ‘ . . .
Resolution: None Needed.
-19.- Acceptanoe ,Cnteda -Are the acceptance citerla * Reference . .
incorparated in the calculation sufficient to aliow verfication y;g«.-]\o 55,-3;99 2.1oLVYC-2205
" that design requirements have been satisfactorily OR
accomplished? Mmpﬁm :
Yes @ No 1 Na [ ' .
" WVerifier Comments: °
‘Section 2.1 was added 1o include thc Acceptance Criteria,
Resolution:
None Neceded.
Attachment 9.7 Calculation Design Verification Checklist
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14,!) Records and Documentation - Are requirements for Reference
record preparation, review, approval, retention, ete., Page No. Section 42 of VY2408
adequately specified? . OR
Are af ¢ocuments prepared in‘a clear legible manner sultabla for microfibming and/or | Purugraph No.
other documentation storage method? Have al impacted documents been identified
for cpdate?

CYes X . No [ NA O )

. Verifier Comments: VYC-2405 was prepared in a clear legible manner suitable for
microfilming and/or other documentation storage method. All impacted documents (Design
Output) bave been identified for updatein Sectxon 4.2 of VYC-2405 and in LO-VIYLO-2005-
00135 CAOl.

Resolution: LO—V'I'YLO-ZOOS-OO]35 CAO1 has been xssued to track these aﬁ'ected documents.
If any other documents are idéntified dunng the Calculanon Impact Review process, othcr
commitments will be generated.

11.  Software Quality Assurance-For 8 ee!culabon that utilized - Reference
sofiware applications (e.g., GOTHIC, SYMCORD), was it Page No. s_g_rm Jof VYC-2405
properly verified and validated in Bccordanoe wih ENN IT- - lor
104 or prev!ous stte SQA Program? Puragraph No.

Yes E No [ . NA [

Verifier Comments: The GOTHIC code (Refercnce 7 & 8 of VYC-2405), Version 7.0p2 was
selected for use in VYC-2405 This code was used in similar SBO analysis (References 1 of
VYC-2405). This specific version of the code bas been installed and complies with the ENVY
SQA procedures ENN-IT-104 (replaced VY procedure AP-6030) 2s documented in calcu!atxon
VYC-2208 (Reference 8 of VYC-2405).

-Resolution: None Needéd.

OTHER COMMENTS

See Attached list of General comments from review of VYC-2405

RESOLUTIONS

Attached General comments have been made to reviewer’s satisfaction.

All comments for “NO” answers have been resolved satisfactorily.

Attachment 9.7 o Calculation Design Verification Checklist
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General Comments from Alan L. Robertshaw from Review of VYC-2405
(Attachcd to Calculation Design Verification Checklist)

EN
* Tn Section 2.0, Add addmon Section (2.1) entitled “Acceptance Criteria” and add appropriate
acceptance cntena .
Done
¢ In Section 3. 0 dxscussron of GOTHIC codc and V&YV calculation need appropriate
references. .
Done
* In Section4.0:
1. For Assumpuon #4, please correct the units for dcnsxty (value is correct). .
2. For Assumption #9, add that 61 gpm is from Reference 3.
3. Add VYC-2306 to Reference (from Drywell Free Volume of Table 3).
Added - : .
* In Section 5.0;
1. InSection 5. 3 1; ; show in more detail how total Heater #5 loads are calculated.
Done
e 22 In Secnon 3. 4 recommend addition of "sxmplc drawmg of Drywell .
Done
3. In Secnon 54 show that the total Surface Area adds uptothe Value obtained from
_ 0PL-43 (ie; Table A Total = 15246.06 £1%, RRUs = 1272.8 ", Vent Pipes = 2885.7.
R, » thus Total = 19405 ).
Added

4. Add to description of Ttem 8 “Side of Drywell Head.”
5. Add to description of item 9 “Top of Drywell Head.”

Done, botk items

* 6. IsRRU area Reference 11 or 12 o other? Please correct if needed.
Both, added :

7. Flow Path 21 Forward and Reverse loss coefficients should reference CRANE (or
similar), data not found in steam table. Need to add CRANE to references . -
Done i : .
8. Please add additional information on new valve added (vacuum breaker, Valve #5. -
e.g., size, type, etc).
Done i

Design Verification for VYC-2405 Page 7 of 8
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s 9. Also for Velve discussion, note that the valve areais different from the line area used
inFlowPath21 | .

Added : : . .

10. Initial Temperanires of the Thermal Conductors are not given (and reference).

Added

11. Please further explain why a loss coefficient of 3.964 was used instead of the
calculated value of 3.93 for the vacuum breaker flow path. Any impact on analysis?

1 added this discussion in the document, I also said that the difference is less than 1% and will
make no difference on the analysis. Anyway, was corrected in Case 5.

o 1In Section 6.0;

1. List Five case individually t6'add clarity. -

Done . - .

2. See minor grammatical / spelling concerns noted in marked-up calc draft
Done SRR -

3. Section 6.2.1 please 2dd info on Flow Path 21 (Leakage) area change.

Done
" In Section 80, Rcf'qrcuce Section:

1. Need to add Reference for ASME Steam Tables and o_né for CRANE Technical Paper

(if needed)
Added .

2. AreReferences 11 and 13 used?.

Yes, Reference 11and 12 are RRU}:fmca and 13 is for the paint (added some more discussion
about the paint) ' : . : : ‘

¢ Inthe GOTHIC lnput Deck, Thermal Conductor #16, Concrete Shield, a surface area value of
2108 fi* was used. A value of 2068 fi* was given in the text of VYC-2405 (Section 5.4). Both |
of these numbers are found on page 35 of VY'C-1850; Rev. 1 for OPL-4A preparation. The
larger value (2108 ft) is for total surface are4, the smaller value (2068 ft?) subtracts the -
“Slots.” The value used in VYC-1850, Rev. 1 CCN-01 (OPL-4A, Resolved for Analysis)
uses the 2068 ft* value. Please discuss this in the analysis and determine which value to use,
- any sensitivities, etc.

" Cnse 5 addresses this.
¢ TIn Attachment A,.it appears that Figure on page Al4isa duplidtc figure and should be
Temoved. )
Removed

Design Verification for VYC-2405 Page 8 of 8
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CALCULATION NUMBER VYC-2279 Rev.0 CCN 0 Page 7 of 28 @

1 Calculation

1.1  Objective

The purpose of this calculation is to evaluate ambient temperature increases in several plant spaces
following the increase in reactor power level to 102% of 120%, hereafter referred to as Extended Power
Uprate (EPU). The EPU will increase core thermal power from the current licensed level of 1593 MWt to
1912 MWt. For bounding purposes, the 122% (1950.9 MW1) heat balances are used for EPU HVAC
cvaluations.

This calculation evaluates the EPU impact on ambient air temperature in the following buildings or areas
during normal plant operation:

Reactor Building
u__Drywell
Steam Tunnel

m  Other Reactor Building Areas

Turbine Building

= Reactor Feed Pump Room

= Condensate Pump Room

= HP Heater Area (including steam line shelf containing main steam lines)
m  LP Heater Area

Note: Comments to this calculation provided by letters PUPVY-03-208 dated 7/16/03 and PUPVY-03-
212 dated 7/18/03 have been reviewed and incorporated (see Attachment D).

Increases in area heat gain and ambient air temperatures, as a result of EPU, are predominately caused by
increases in operating temperature of piping systems, and equipment, and air-cooled motors operating
under increased loads. The preuprate piping system temperatures are selected or extrapolated from a
PEPSE Heat Balance that is tuned to match preuprate (current) plant data. The EPU piping system
temperatures are selected or extrapolated from a PEPSE Heat Balance that provides the most conservative
results.

Affected areas are evaluated to determine the temperature gain due to increases in heat loss from piping
and mechanical equipment.

1.2 Summary of Results

The results of this calculation show the effects of the EPU in terms of increased ambient temperature and
heat load are due to increased feedwater temperature, as well as increased horsepower from the
condensate and feedwater pumps. The ambient temperature increases are specified in Section 1.6
(Results).
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1.3. Method of Solution

This calculation evaluates the temperature increase in a specified area using current fluid and ambient air
temperatures and EPU fluid temperatures to predict the EPU ambient air temperature and corresponding
temperature rise. PEPSE Heat Balances at 100% CTP and EPU at 122% CTP (References 7 and 8) are
used to obtain preuprate and EPU piping temperatures. The increase in heat loss from piping is
determined by comparing the ratio of "temperature differential between EPU pipe and area air
temperatures" to "differential temperature between pre-uprate pipe and pre-uprate area ambient air”.

The basis for using this scaling approach to determine increased heat loss from piping and equipment can
be obtained by referencing the ASHRAE Fundamental Handbook (Reference 12) Section 20.

Formula (9) - ASHRAE 20.9 is used for flat surfaces
qs =(tis -t os)/R
Formula (10) -ASHRAE 20.9 is used for cylindrical flat surfaces

Qs =(tis—t os) / [1s In (rs/r)Vk, + [ In (1/r)))V Kk,
Formula (11) -ASHRAE 20.9 for determining heat flow per arca of pipe surface

Qo =0s (r:/t3)
Where
q.= rate of heat transfer per unit area of outer surface of insulation
q.= rate of heat flow per unit area of pipe surface, Btu/(hr)(ft%)
R = surface to surface thermal resistance
k = thermal conductivity of insulation at calculated mean temperature.
t;is = Temperature of inner surface
t os = Temperature of outer surface
r; = inner radius of insulation
' r1, T2 = outer radius of intermediate insulation
1= outer radius of insulation

In = natural or Napemian logarithm

For the purposes of this calculation it can be assumed that there is one layer of insulation, therefore
Formula 10 can be simplified as follows:

Qs =(tis—t os) / [1s In (/) )/ky
The increase or delta in heat transfer per unit area of insulation can be stated as follows:
Aq =EPU [(ti—t o) / [rs In (ri/r)Vk ]/ pre-EPU[(ti—t o) / [1s In (11/1)V/k, ]

There is no change in either: 1y, ry, or ry,.

€%
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Based on the predicted temperature increases in the various process streams it can be assumed that there
is no appreciable change between the preuprate and EPU values for k.

Therefore
Aq=EPU [(ti~t o) / pre-EPU[(tis—t o)

Present station operating ambicnt air temperatures are used in the evaluation. If operating data is not
available, plant design area temperatures are used. An iterative process using an Excel spreadsheet is
utilized. First, an EPU ambient air temperature is estimated. Next, the EPU area heat gain multiplier is
obtained using the ratio of the EPU pipe / ambient air temperature difference to the preuprate (current)
pipe / ambient air temperature difference as shown below:

(EPU pipe temperature — EPU ambient air temperature) = EPU Area Heat Gain Multiplier
(preuprate pipe temperature — preuprate ambient air temperature)

The EPU factor is obtained by subtracting 1 from the EPU heat gain multiplier.

The EPU factor is then multiplied by the preuprate temperature difference between the air in and out of a
particular air handling unit to calculate the estimated EPU temperature rise. The temperature rise is then
compared to the difference of estimated EPU and preuprate ambient air temperatures. If required, a new
EPU ambient air temperature is estimated and the process repeated until the temperature rise is equal to
the difference of estimated EPU and preuprate ambient air temperatures.

r Feedwater and Condensate pumps, flows from preuprate and EPU PEPSE Heat Balances along with

being evaluated.

The heat load from the condensate and feedwater pumps is evaluated by calculating brake horsepower
(BHP) at preuprate and EPU Tiqws. BHP is calculated using the following equation from page B-9 of
Reference 14:

Bhp (hp) = Q(gpm)*H(f)* p(Ib/f%) / [24%Q00 * pump efficiency]

The flow, Q, is calculated from the mass flow rate’specified on the heat balance using the fluid density, p,
calculated at the average of pump inlet and outlet tempegatures. The pump head, H, and efficiency are
obtained from the pump curve.

The heat generated is due to pump motor inefficiency and is calctlated using Chapter 26, Equation 21
from Reference 12:
q (BTU/hr) = BHP (hp)*2545 (BTU/hr hp) *[100-% efficiency)/ % effici

The heat load due to the pump motor inefficiency is calculated for preuprate and conditions. The
overall heat removal capability of the coolers at preuprate conditions is determined an sensible heat
load due to piping is obtained by subtracting pump heat load from cooler heat removal capactty,_The
piping heat load at EPU is scaled due to the increase in fluid temperature and added to the EPU p heat
load to obtain total heat load for the room. The temperature increase across the coolers is calculated uSing
Equation 39.6(b) from Reference 13:
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(Btwhr) / {cfm * 1.08 (Btu min/(ft® hr °F))]

Both the feedwater and condensate pump 10 e evaluated in this manner.

1.4 Inputs and Assumptions

1.4.1 Inputs

The inputs for this evaluation are the fluid temperature in system piping and ambient room temperature of
the areas considered. The pre EPU fluid temperatures are obtained from a PEPSE heat balance based
upon current plant operating data adjusted to 5.00" Hg. condenser backpressure to obtain maximum fluid
temperatures (Reference 7). For those cases where the fluid temperature is not explicitly listed, the
temperature is obtained based upon the pressure and enthalpy listed using ASME steam tables (Reference
9). The EPU fluid temperatures are obtained from the 122% heat balance with a condenser pressure of
5.00" Hg (Reference 8) which provided the highest, and therefore conservative, temperatures.

The current ambient steam tunnel and pump room temperatures are obtained from HVAC system design
criteria (Reference 5). The main steam tunnel design temperature is 130°F, the reactor feedwater pump
room and condensate pump room design temperatures are 105°F. The current HP and LP heater area
temperatures are 125°F as taken from the Environmental Qualification Program Manual (Reference 6,
page 11). The 20°F Pre-EPU Vent/Cooling Air AT contained in the Table below for the HP and LP heater
area spaces is based upon transfer air at 105°F.

The design conditions for the air handling units are obtained from Reference 4, except for TRU-5 and
TSF1A/1B, which have their design conditions specified in Reference 19.

Table 1.4-1
Area Equip. ID Flow, cfm | Tin(°F) | Tout(°F) | AT
Reactor Feedwater Pump Room | TRU-1,-2,-3,-4 16,750 105 85 20
Condensate Pump Room TRU-5 21,400 105 85 20
Condensate Pump Room TSE-1A/1B 5,000 90 105 15
Drywell RRU-1,-2,-3,-4 16,000 135 97 38
Main Steam Tunnel RRU-17A, -17B* | 5000 130 105 25

*Per Reference 18, the coils for these coolers are incorrectly piped as parallel flow rather than counter flow

The design inputs for piping are summarized in the table below:

Table 1.4-2
Pre-EPU pipe Temp | EPU pipe Temp | Pre-EPU ambient air | Pre-EPU Vent/Clg
\ °F (Ref. 7) °F (Ref. 8) Temp °F Air AT °F
HP Heater Area~___
\\
ESS to FWH1 3833 403.7 125.0 20.0
FWH]1 Shell 3833 03.7 125.0 20.0
\
FW to FWH1 330.7 346.4 [~ _125.0 20.0
~

FW lvg FWHI1 374.4 392.6 125.0 T~ 20.0
Drains lvg FWH1 343.6 356.9 125.0 20.0
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Pre-EPU pipe Temp | EPU pipe Temp | Pre-EPU ambient air | Pre-EPU Vent/Clg
°F (Ref. 7) °F (Ref. 8) Temp °F Air AT °F
Eg\S‘S\to FWH2 338.0 358.1 125.0 20.0
FWH2 Shell 338.0 358.1 125.0 20.0
FW to FWHX 299.3 312.5 125.0 20.0
FWIlvg FWH2 \ 330.7 346.4 125.0 20.0
Drains vg FWH2 | 309.7 322.6 125.0 20.0
AN
LP Heater Area N\
AN
ESS to FWH3 385.4 321.2 125.0 20.0
FWH3 Shell 305.}\ 321.2 125.0 20.0
CND to FWH3 227.6 \\ 238.4 125.0 20.0
CND lvg FWH3 296.6 N\ 309.8 125.0 20.0
Drains lvg FWH3 235.0 >1‘7\4 125.0 20.0
ESS to FWH4 239.0 252.1\ \ 125.0 20.0
FWH4 Shell 239.0 252.1 > 125.0 20.0
CND to FWH4 167.9 180.9 \\ 125.0 20.0
CND Ivg FWH4 227.6 238.4 >2‘5\o 20.0
Drains lve FWH4 175.1 189.1 125.0\ N\ 20.0
ESS to FWHS 173.9 181.8 125.0 \\‘ 20.0
FWHS Shell 173.9 181.8 125.0 \\ 20.0
CND to FWHS 135.1 134.7 125.0 \\ 20.0
CND lvg FWHS 167.9 180.9 125.0 éb\o
Drains lvg FWHS 145.1 141.8 125.0 20.0\ N\
CND Pump Room
CND to CNP 133.8 133.8 105.0 20.0
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Pre-EPU pipe Temp | EPU pipe Temp | Pre-EPU ambient air | Pre-EPU Vent/Cig
°F (Ref. 7) °F (Ref. 8) Temp °F Air AT °F
CNBlvg CNP 133.1 133.1 105.0 20.0
\
RFW Pump Room ———~{—__
CND to RFP 296.6 3008 105.0 20.0
—] \
FW lvg RFP 299.3 312.5 1850 20.0
\'&—\

Main Steam Tunnel .
FW lvg FWHI1 374.4 392.6 130.0 25.0
Main Steam 547.6 547.6 130.0 25.0
Pump information:
Reactor Feedwater Pumps

- Table 1.4-3

~]__ Preupratc (Reference 7) EPU (Reference 8)
Flow 6407526{ibhr__ 8048044|Ib/hr
# of RFPs 2 T~ 3
per pump 3203763]ib/hr 268268 T{Ibrhe—_
Tin 296.6|°F 309.8|°F T~
Tout 209 3[°F 312.5|°F T
Condensate Pumps
Table 1.4-4

| Preuprate (Reference 7) EPU (Reference 8)
Flow [~~6437526|lb/hr 8076444]1b/hr
# of CNPs K] 3
per pump 2145842]Ib/hr T~ 2692148|lb/hr
Tin 133.8{°F 8|°F
Tout 133.1|°F 133.1|°F
Drywell information (Reference 17):
Drywell Cooling Load Summary*
N Table 1.4-5
Component~__ Btwhr
Reactor Pressure Vessgl 459,000
Recirc. Pumps, Valves, and-Ripe_ 278,000
Feedwater Pipe & Valves T~ 124,000
Steam Pipe & Valves T~ 212,000
Condensate & Instrument Lead ] 82,000
Lincs [~

——
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Component Btu/hr .
Control Rod Drive Pipe _~50,400
Control Rod Drive Pipe 569,000** |~
Clean-up Demineralizer Pipe & / 17,800
Valves
Shutdown Supply Pipe P 8,100
Steam Safety/Relief Valves - 206,600
Biological Shield (Gamma / 16,400
Heating)
Safeguards system Piping (RCIC, 82,000
LPCI, HPC], and core spray)
“Sensible Heat Gain Total, Normal 1,536,300
/ -Operation
Steam Leak, Valves 155,000
/ Latent Heat Gain Total, Normal 155,000
Operation
/
Total Cooling Load, Normal Operation 1,691,300

* Excluding allowance for drywell cooler motors
** Temporary initial load immediately following scram

(9
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1.4.2 Assumptions

For the piping in the main steam tunnel, it is assumed the feedwater piping contributes 1/3 to the total
heat gain and the main steam piping contributes 2/3 due to their respective surface areas. This is based
upon the fact there are four 18" main steam lines and two 16" feedwater lines. From Reference 14, the
external surface area of four 18" pipes is 4 * 4.712 ft? per foot of pipe = 18.848 fi? per foot of pipe and the
external surface area of two 16" pipes is 2 * 4.189 fi? per foot of pipe = 8.378 fi* per foot of pipe. No
confirmation is required.

It is assumed there is no appreciable change between the preuprate and EPU values for the thermal
conductivity, k, of the pipe insulation based on the predicted temperature increases in the various process
streams.

1.5 Calculation

Piping:
A sample calculation for the estimated temperature rise from the feedwater piping in the steam tunnel is
shown below.

Preuprate pipe temp. (°F) 374.4 Reference 7

EPU pipe temp. (°F) 392.6 Reference 8

Preuprate ambient air temp. (°F) | 130 Reference 5

Preuprate Air Handling Unit 25 Reference 4 (RRU-17A, 130 - 105 = 25)
(AHU) AT (F)

The EPU ambient air temperature is initially estimated at 131 °F. [used for initial iteration and checked
later]

The EPU Area Heat Gain Multiplier is obtained using the equation in Section 1.3.

EPU Area Heat Gain Multiplier = (EPU pipe temperature — EPU ambient air temperature)
(preuprate pipe temperature — preuprate ambient air temperature)

EPU Area Heat Gain Multiplier = (392.6 — 131)°F
(374.4 - 130)°F

EPU Area Heat Gain Multiplier = 1.070

The EPU factor is obtained by subtracting 1 from the EPU Arca Heat Gain Multiplier:
EPU factor=1.070 -1 = 0.070

From Assumptions section, the feedwater piping contributes 1/3 to the total heat gain in the main steam
tunnel, so the EPU factor becomes:

EPU factor = 0.070 *1/3

EPU factor = 0.023
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The temperature rise is then calculated by multiplying the EPU factor by the AHU temperature
differential.
Temp. rise = 0.023 * 25.0°F = 0.586

The difference between estimated EPU and preuprate ambient air temperatures is:
131 -130=1 (this is not close enough to the calculated temperature rise of 0.586 °F)

Try a different EPU ambicnt air temperature of 130.6 and repeat the process.

Preuprate pipe temp. (°F) 3744 Reference 7
EPU pipe temp. (°F) 392.6 Reference 8
Precuprate ambient air temp. (°F) | 130 Reference 5
Preuprate AHU AT (°F) 25 Reference 4 (RRU-17A, 130 - 105 = 25)

The EPU ambient air temperature is estimated at 130.6 °F.
The EPU Area Heat Gain Multiplier is obtained using the equation in Section 1.3.

EPU Area Heat Gain Multiplier = (EPU pipe temperature — EPU ambient air temperature)
(preuprate pipe temperature — preuprate ambient air temperature)

EPU Area Heat Gain Multiplier = (392.6 — 130.6)
(374.4 - 130)

EPU Area Heat Gain Multiplier= 1.072

The EPU factor is obtained by subtracting 1 from the EPU Area Heat Gain Multiplier:
EPU factor = 1.072 -1 =0.072

From Assumptions section, the feedwater piping contributes 1/3 to the total heat gain in the main steam
tunnel, so the EPU factor becomes:

EPU factor = 0.072 *1/3

EPU factor = 0.024

The temperature rise is then calculated by multiplying the EPU factor by the AHU temperature
differential.
Temp. rise = 0.024 * 25.0°F = 0.6°F

The difference between estimated EPU and preuprate ambient air temperatures is:
130.6 - 130 = 0.6 (this equals the calculated temperature rise of 0.6 °F)

The temperature rises for the remainder of the pipelines was calculated using the same method using an
Excel spreadsheet.

The results are shown in Table 1.5-1.
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The Total Cooling Load for Normal EPU Operation is: 1,700,675 Btu/br

The ratio of cooling loads to differential temperatures is;
Qepn/ Qore = AT epu / ATpre

ATepu = (Qepu * ATpre)/ Gpre = (1,700,675 B
AT, =3821°F

Since AT, =135-97 =38

(135 -97)°F) / 1,691,300 BTU/hr

The increase in drywell-tcmperature due to the higher feedwater temperature is:
AT = AT, - AT <= 38.2°F - 38°F
AT=02°

mbient drywell temperature at EPU is 135 °F + 0.2°F = 135.2°F

Main Steam Tunnel (RRU-17A, -17B)

q (Btwhr) = cfm * 1.08 (Btu min/ft’ hr °F) * [Tin - Tout]’F
q = 5000 cfm * 1.08 (Btu min/ft* hr °F) * [130 - 105]°F
q=1.35x 10° Btu/hr

The main steam tunnel piping is evaluated using the Excel spreadsheet described above. As stated in the
assumption section, the temperature rise from the feedwater piping is "weighted" at 33% based upon its
surface area ratio when compared to main steam piping. The increased feedwater temperature will result
in an ambient temperature increase of approximately 0.6°F to 130.6°F. As previously noted, the service
water to RRU-17A&B is piped backwards, such that there is parallel flow rather than counter flow
(Reference 18). Because of this, both coils are in continuous operation rather than the initial design of
one in operation and the other as a back-up. The minimal increase in ambient temperature duc to EPU
will not adversely affect current operation due to the fact the current peak allowable temperature in the
tunnel is 150°F (Reference 6, pg. 10). Also, per Reference 6, Section 7.5.2.5, the high space temperature
alarm set point is 160°F and the MSIV close/scram set point is 200°F.

eat removal capability of the reactor feedwater pump room is:
q = cfm * 1.08 (Btu min/ft® hr °F) * [Tin - Tout}°F
q =4 * 16756¢fm * 1.08 (Btu min/ft® hr °F) * [105 - 85]°F
q=145x10°B

From above, the preuprate load due to two pumps operating is 0.97 x 10° Btwhr and the EPU heat
load due to three pumps operatings 1.47 x 10° Btwhr.

Using the heat removal capability with all fo
is:
1.45 x 10° Btu/hr - 0.97 x 10° Btw/hr = 0.50 x 10° B

oolers running, the preuprate heat load due to the piping

The temperature scaling method using the preuprate and EPU heat\alances shows the ambient

temperature will increase 1.2°F.

The EPU increase in piping heat load due to higher feedwater temperature can be appraximated using:
Gpre = MCAT e and qepy = mC AT
Since mC, is the same preuprate and EPU,
Qepn/ Qpre = ATepu / AT OF

qepu = Qpre *(ATepu / ATpre)
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reas that contain condensate and feedwater piping are the only arcas that will experience an ambient
re increase during normal operation due to EPU. The following systems will not experience an
ambient temperature increase during normal operation due to EPU: Reactor Recirculation (RRS), Reactor
Core Isolation ing (RCIC), Residual Heat Removal (RHR), Reactor Water Clean Up (RWCU), High
Pressure Coolant Injecti PCI) and Core Spray (CS) (References 20 through 25).

Reactor Building open areas
Temperatures in the open areas of the rcacto
result of EPU (Reference 26).

ilding will not increase during normal operation as a

Control Room
As shown in Calculation VYC-1502 (Reference 28), Section 2.1, heat sources{in the control room are
from electrical equipment, ambient outside air temperature, and personnel. None 6fithese sources will
increase at EPU. Therefore, the Control Room HVAC system’s ability to provide appropri
and humidity conditions for personnel and equipment during all modes of operation and emergen
condition is not impacted by EPU.

1.6 Results

The results of this calculation are shown in Table 1.6-1 below.

Table 1.6-1
Area EPU Ambient Temperature Increase (°F)

Drywell 0.2 .

Main Steam Tunnel 0.6

LP Heater Area 4.1

HP Heater Area 1.7

Feedwater Pump Room 7.6

Condensate Pump Room 35

incpease 1 am t rature the hig feedwater te re i

135

The increase in main steam tunnel ambient temperature due to the higher EPU feedwater temperature is
0.6°F to 130.6°F.

e results of the piping evaluation are shown in Table 1.5-1. At normal operating EPU conditions, the
ambitnt temperature in the LP heater area will increase approximately 4.1°F to 129.1°F and the HP heater
area will intrease 1.7°F to 126.7°F. ‘

The increase in feedwaterqump room ambient temperature due to the higher EPU feedwater temperature
is 7.6 °F to 112.6 °F. This resuitwas achieved using both design and empirical information.

The increase in condensate pump room ambieat temperature due to the higher EPU feedwater temperature
is 3.5°F. The ambient temperature in the condensate pump room at EPU based upon design information
is 113.2°F and 122.5°F based upon empirical data.

It is noted that the temperatures obtained in this calculation are conse
the purposes of obtaining bounding temperature increases within the subject ar
maximum temperatures are anticipated to be lower than those calculated.

ive maximum temperatures for
Actual EPU
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The Turbine Lube Oil Room fire dampers are controlled by a local hand switch located
outside the Lube Oil Room door.

The air is exhausted to the atmosphere by wall exhaust fans, roof exhaust fans or through
the station stack. Several areas, such as the Control Room and office spaces recirculate air on a
continuous cycle.

The system serving the Control Room is designed to provide cooling during the summer
and heating during the winter. Air is circulated through a chilled water cooling coil, steam
preheat coil, a steam reheat coil and ductwork by one of two system fans. Fresh air is normally
drawn into the system mixing with the recirculated flow. A humidistat, on the west hallway wall

_in the first fan room, controls the relative humidity between 20% and 50% with a humidifier
located in SRHC-1. It is operated with instrument air and controls humidity by spraying steam
into the air flow. Two exhaust fans in the North wall of the Control Room, kitchen and rest
room, serve to exhaust these rooms. The "Control Room H and V" switch on CRP 9-25 is
provided to allow the operator to isolate the Control Room and Computer Room by closing the
fresh air dampers and the Control Room kitchen and bathroom exhaust vents during off normal
conditions. This is accomplished by moving the switch from "NORMAL" to "EMER". If a
report was received of a toxic gas release which could affect Control Room personnel, the
operators would don the self-contained breathing apparatus located in the Control Room. If
Control Room cooling is completely lost, emergency cooling can be initiated using portable

rﬁ@oke ejectors. (UND98080)

T ——

The Control Room and Service Building chilled water cooling coils are located in the
SAC-1 and SAC-2 supply fan housings respectively. The cooling coils are cooled by dual
compressor refrigeration units SCH-1 and 2 that cycle as necessary to maintain chilled water
temperature. Demineralized water from the chilled water pumps circulates through the chiller
heat exchanger and gives off its heat to the chiller units. The cooled water passes from the chiller
units to the cooling coils. The amount of chilled water flowing into the cooling coils is
controlled by the mixing valves. Each mixing valve is controlled by a thermostat that senses
supply air temperature. The Services Building chilled water piping system can be valved into the
Control Room HVAC because both the NNS piping system and the current SC3 piping system,
respectively, were designed and built to the same specifications (i.e., non-seismic), therefore,
failure mechanism(s) are the same for each system. In addition, isolation of the NNS and SC3
systems can be accomplished because the valves are in a mild environment area. Continued
operation of the Control Room HVAC by valving in the Service Building HVAC to supply
chilled water is consistent with the Safety Class Manual and the HVAC DBD.

Air for air compressor cooling is drawn through a wall louver located in the outside wall.
This louver also supplies any required room ventilation air. Discharge dampers which exhaust
into the room are located on the air compressor discharge duct to allow for air recirculation.

Two oil-fired steam boilers supply steam for the heating coils and some of the unit
heaters. Other unit heaters are run electrically.

All RRUs and TRUs utilizé service water as the cooling medium except the drywell
RRU—I through RRU-4 which use RBCCW. (MOOID9502_14)

OP 2192 Rev. 31
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7. For minimum ECCS RRU comer room support operation, RRU 7 must be operable for
the Northeast corner room and RRU 8 must be operable for the Southeast comer room.
RRUs 7 and 8 can be removed from service for maintenance and the associated Core
Spray Pump/RHR Pump may remain operable. Refer to OP 2181, Service
Water/Alternate Cooling Operating Procedure, Precautions and Limitations, for
administrative requirements and actions necessary to maintain operability.

8. SP-1, SCH-1 and SAC-1 supply air conditioning for the Control Room. This is é Safety
~ Class 3 system and requires special consideration for its timely repair.

9. To prevent the possibility of reverse air flow, building ventilation should be secured in
the following order:
a. Radwaste Building
b. Turbine Building
c. Reactor Building
d. Service Building

10.  Minimize the time that TEF-2/3 are operated in manual. The UFSAR specified minimum
Turbine Building design temperature, which includes the DG rooms, is 50°F and the
AS-2 battery load calculation assumes an electrolyte temperature of 50°F.
(ER960055_01)

11.  Securing TRU-5 with the condensate pumps running will result in a condensate pump
bearing temperature rise. Planned maintenance on TRU-5 should be coordinated such
that the time the unit is out of service is minimized.

— e ———

Control Room temperatures in excess of 78°F are indicative of a need for comrective
action. Corrective actions need to be completed prior to exceeding 95°F to ensure the
Control Room does not reach 120°F (upper temperature operability limit for Control
Room instrumentation). (UND98080)

13.7 HS-139 and HS-140 in the Reactor Building must remain locked closed during plant -
operation due to House Heating Steam, High Energy Line Break concerns. These valves
may only be opened with the permission of the Design Engineering Department.
(ER96-0482, TAG_REVIEW_9703_26) .

14.  The Main Station Battery Room must be maintained at 260°F. The main station battery
load calculations are based upon this minimum temperature.

15.  One of the two standby gas treatment trains should be placed in service whenever normal
Reactor Building ventilation is secured.

16.  In order to meet environmental qualification program requirements, the RCIC room fan
or alternate ventilation from the Reactor Building must be operable and the RCIC room
temperature must be less than 112°F. However, to satisfy station blackout analysis, the
RCIC Room temperature must be maintained less than 104°F. (EPC_9504)

OP 2192 Rev. 31
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2. Shutdown
a. Secure the West Switetigear Room exhaust fan SWGR-EF-1A.
b. If the-t€mperature cannot be maintained in the required range, notify the

Operations Manager of the need to initiate actions to provide supplemental
heating/cooling.

Q. Loss of Control Room Ventilation (UND98080)

1. If a loss of normal Control Room ventilation occurs, refer to Section J and place
SAC-1B in service.

2. If Control Room cooling is lost, perform applicable action:

a. Refer to Section L and cross-connect chilled water from the Service
Building to the Control Room.

b. Perform the following:

1) In the Control Room back panel area, remove 11 full size ceiling
tiles.

2) Open Control Room panel doors.

3) Notify Security and Shift Engineer that Control Room doors will ’
be opened. i

4) Open Control Room doors.

5) Using two smoke ejectors or other portable cooling equipment to
create temporary air flow paths, ventilate Control Room.

Implement the administrative requirements of AP 0077.

6)

R. Local Manual Operation of EDG Room A(B) Exhaust Fan TEF-2(3) (Use
VYOPF 2192.01) (ER990738_01) )

1. Ensure the selected EDG Room temperature is >60°F [RATS-1A(B)].
2. Obtain Shift Manager permission-for local manual operation of TEF-2(3).
3. Obtain key #D

on a dedicated Auxiliary Operator at the selected Diesel Generator Room

OP 2192 Rev. 31
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ABSTRACT

Large eddy simulations were carried out for the flow
around a hydrodynamically smooth, fixed circular cylinder.at
two Reynolds numbers, one at a subcritical Reynolds number
(Re = 1.4 x 10%) and the other at a supercritical Reynolds
number (Re=1.0 x 10%. The computations were made using a
parallelized finite-volume Navier-Stokes solver based on a
multidimensional linear reconstruction scheme that allows use
of unstructured meshes. Central differencing was used for
discretization of both convection and diffusion terms. Time-
advancement scheme, based on an implicit, non-iterative
fractional-step method, was adopted in conjunction with a
three-level, backward second-order temporal discretization.
Subgrid-scale turbulent viscosity was modeled by a dynamic
Smagorinsky model adapted to arbitrary unstructured meshes
with the aid of a test-filter applicable to arbitrary unstructured
meshes. The present LES results closely reproduced the flow
features observed in experiments at both Reynolds numbers.
The time-averaged mean drag coefficient, root-mean-square
force coefficients and the frequency content of fluctuating

forces (vortex-shedding frequency) are predicted with a

commendable accuracy.
INTRODUCTION

Unsteady loading on a circular cylinder caused by the flow
is a precursor to its vortex-induced vibration (VIV). The major
difficulty of computing flows around circular cylinders
originate from the fact that circular cylinder flows of practical
interest are high Reynolds number (Re) flows, often involving a
laminar-to-turbulent transition in various regions of the flows
such as boundary layer, separated shear-layer, or near-wake.
The location of transition and the extent of laminar or turbulent
flow regime, in real flows, depend on such factors as Reynolds
number, freestream turbulence, surface roughness, span-
diameter ratio (L/D), and blockage, among others. The state of
the flow in those regions dictates the formation and evolution

L. Srinivasa Mohan
Fluent India
Pune, India

of large-scale turbulent structure around a circular cylinder,
which in turn affects unsteady loading on the cylinder.
Apparently, turbulence modeling is an issue here.

There are largely three approaches being explored by CFD
practitioners to modeling high-Re turbulent flows around
circular cylinders and bluff bodies in general. One approach
employs unsteady Reynolds-averaged Navier-Stokes (URANS)
equations supplemented by turbulence models as the governing
equations. URANS-based approach, despite its low
computational cost mainly due to less demanding mesh
resolution requirement, is fundamentally ill equipped to capture
large-scale turbulent structure present in the flows. Results
obtained using URANS computations typically underpredict
the amplitudes of fluctuating forces.  Obviously, this
shortcoming has a serious negative implication to accurate
prediction of VIV.

Fundamentally more viable than URANS-based approach
for bluff-body flows is large eddy simulation (LES). LES is
designed to directly resolve large eddies, with the effects of
unresolved smaller eddies, namely subgrid-scale turbulence, on
the resolved large eddies accounted for by turbulence models.
However, LES is computationally very expensive, often
prohibitively, especially when thin turbulent boundary layerisa
predominant feature of the flow in question to be accurately
resolved in a LES. Resolving near-wall turbulence with
infinitesimal length and time scales requires extremely fine
mesh and small time-step size. For that matter, LES is more
feasible for free flows such as jets, mixing layer, and wakes,
and massively separated flows.

There are very few LES studies published in the literature
of flows around circular cylinders at high Reynolds numbers.
Breuer [1] was the one of the very few who tackled the case of
a high subcritical Reynolds number, Re = 1.4 x 10%, at which
the experiment of Cantwell and Coles [2] was conducted.
Using a multi-block, structured-mesh-based finite-volume
solver with an explicit time-marching scheme, Breuer was able
to predict the global parameters of the flow, and the mean flow
and turbulence with a commendable accuracy. More recently,
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Catalano er al. [3) attempted LES for three Reynolds numbers
in critical to supercritical Reynolds regime (Re = 0.5 x 105, 1.0
x 10% 2.0 x 10%.  Their predictions of the global flow
parameters were in reasonable agreement with the experimental
data, although the skin-friction and the Reynolds number-
dependency of the mean drag coefficient were poorly predicted.
" A more recent trend in turbulence modeling of bluff-body
flows is to employ what may be called “hybrid” approaches in
which one attempts to adjust turbulence models to local mesh
resolution in one way or another. In one such approach
referred to, in the literature, as detached eddy simulation
(DES), either a RANS-based or a subgrid-scale (SGS)
turbulence model is invoked depending on whether or not the
filter-length (local mesh size) is larger than the local integral
length-scale of turbulence. In DES, turbulence models
essentially reduce to RANS models in near-wall region or when
the local mesh size is too coarse to explicitly resolve energy-
containing eddies. One fundamental criticism about DES comes
down to the lingering question of how one can possibly
reconcile a RANS turbulence model and a subgrid-scale
turbulence model, two very different models in terms of their
spectral content, at the common interface. It should also be
realized that, as a consequence of falling back to a RANS
model in near-wall region, the fidelity of DES would be solely
determined by that of the embedded RANS model. Quite a few
studies employing DES have appeared recently on circular
cylinder flows. Among others, Travin et al[4], Vatsa and
Singer[5], and more recently Pandya et al. [6] all employed
DES based on an eddy-viscosity transport model to study the
flow around a smooth circular cylinder at subcritical and
supercritical Reynolds numbers. The results of these DES are
mixed, insofar as some of the global flow parameters such as
the r.m.s. force coefficients and the mean flow in the near-wake
were predicted poorly.
The objective of this study is to assess the feasibility of
LES for high Reynolds number flows around a fixed, smooth

circular cylinder. To that end, two Reynolds numbers, one in”

subcritical (Re = 1.4 x 10%) and the other in supercritical (Re =
1.0 x 10°) regime were deliberately chosen so that they straddle
the critical Reynolds number (~ 3 x 10%). The main concern is
how well LES can reproduce the known characteristics of the
flow at the two Reynolds numbers and the changes in the global
flow parameters such as drag coefficient, r.m.s. force
coefficients, and vortex-shedding frequency as the Reynolds
number increases.

The results of the LES.will be compared whenever
possible, with the experimental data and other LES and DES
results reported in the literature. )

NUMERICAL METHOD

The computations were carried out using the segregated
solver in FLUENT, a general-purpose CFD software. The
details of the numerical method are described in the following.

SPATIAL DISCRETIZATION SCHEMES

FLUENT employs a cell-centered finite-volume method
based on a multidimensional linear reconstruction scheme that
‘permits use of computational elements (cells) with arbitrary
polyhedral topology, including quadrilateral, hexahedral,

triangular, tetrahedral, pyramidal, prismatic, and hybrid
meshes. The solution gradients at cell centers that are needed
to compute convective and diffusive fluxes are determined
applying the Green-Gauss theorem (7). Diffusive fluxes are
discretized using central differencing.  Discretization of
convective fluxes requires great caution in LES. Upwind-
biased schemes such as second-order upwind scheme have been
widely used for RANS computations. Unfortunately, numerical
diffusion introduced by upwind schemes, which might be
acceptable in RANS computations for high-Re flows where
eddy-viscosity is larger than molecular viscosity by orders of
magnitude, can overwhelm physical diffusion that is typically
much smaller in LES; subgrid-scale turbulent viscosity is
smaller than RANS-based eddy viscosity by orders of
magnitude. For this reason, a central differencing scheme [13]
was employed for the discretization of convection terms in this
study.

TIME-ADVANCEMENT SCHEMES

An implicit fractional-step method. (FSM) {8] in
combination with a second-order accurate, three-level
backward-differencing scheme for time-discretization was
employed to advance the solution in time. In this algorithm, the
momentum equations are decoupled from the continuity
equation using an approximate factorization of the coupled
Navier-Stokes equations. For incompressible flows, the FSM
preserves the formal second-order temporal accuracy without
having to perform, at each time-step, costly outer iterations to
couple velocity and pressure. The FSM thus provides a highly
efficient algorithm for CPU-intensive transient computations
like LES.

Consider a semi-discrete form of the Navier-Stokes
equations in “pressure-correction” (§"*/ = p™*! — p") form,

[ P L I

where u**! and r are the velocity vector and the momentum
source vector, respectively, and the integer n the time level,
with n+J refers to the current time Jevel. A is the coefficient
matrix defined in terms of the discrete convective and diffusive
operators and the time-advancement scheme chosen, and G and
D the discrete gradient and divergence operators, respectively.

The coupled system of equations in Equation (1) is
extremely difficult to solve as it stands, since the matrix A has
to be inverted for every iteration. In the FSM, the original
coupled equations in Equation (1) are approximated by

[z AtgG][(l) | A;G]( &un.l)=(;)+ [o(ar?)] @)

Factorizing equation (2), we have a series of split operations
that consist of

AG=-Gp" +r"
AMDGE®™ = Dii 3
uml =_ﬁ —NG&”,
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On a per-iteration basis, the series of operations in
Equation (3) closely resemble the SIMPLEC scheme. The
difference is that, in the iterative SIMPLEC scheme, the series
of operations in Equation (3) are repeated in a’loop until the
solutions converge, while the FSM needs only one sweep. To
preserve second-order accuracy with the FSM, however, sub-
iterations are needed for the set of three momentum equations
and individual scalar equations to account for the nonlinearity
in and coupling among the individual equations and high-order
source terms. Yet, the non-iterative FSM is takes much less
CPU time than the jterative SIMPLEC scheme.

The system of discretized goveming equations are solved
using a point-implicit, Gauss-Seide) relaxation along with an
algebraic multigrid (AMG) method to accelerate solution
convergence. The solver and the subgrid-scale turbulence
mode] are fully parallelized.

As a validation for the spatial discretization schemes and
the transient algorithm, we computed laminar flow around a
circular cylinder at the Reynolds number of 100 with both non-
jterative FSM and iterative SIMPLEC scheme. = At this
- Reynolds number, the flow exhibits a periodic vortex-shedding.
A C-type structured mesh with 48,000 cells was used for the
computation. A dimensionless time-step size of 4t = 0.04 (non-
dimensionalized by D/U,, D being the cylinder diameter, U, the
freestream velocity) was used, with which one period of the
vortex-shedding was resolved with approximately 150 time-
steps. The predicted mean drag coefficient (C,), r.m.s. lift
coefficient (¢} ), and Strouhal number (Sr) are summarized in
Table 1. The FSM gives practically the same predictions as the
iterative - SIMPLEC scheme, and the global parameters
predicted by both methods are seen to closely match the other
predictions and the experimental data.

Table 1. Summary of the global flow parameters predicted
for laminar flow (Re = 100) — Norberg [10} compiled
numerical results whose references can be found in ref. [10]

C, C, St
Present - FSM 1.336 0.28 0.165
Present - SIMPLEC 1.345 0.28 0.166
Pack et al. [9) 1.33 0.33 0.165
Norberg (10} - 0.23/0.29 -
Williamson [11] - - 0.164

SUBGRID-SCALE TURBULENCE MODELING

For incompressible flows, the filtered Navier-Stokes

equations can be written as

%, 3L, 13 3% 2 [0 @
a dx, T pax ax,+3x} Vax]

where 7, =uu, -iu, is the subgrid-scale turbulent stress. In

this study, the subgrid-scale (SGS) stress is modeled using
isotropic eddy-viscosity as

9
T, -—1“ =-2C,A

ry )

We determine the mode! constant, C,, using the dynamic
Smagorinsky model (DSM) originally proposed by Germano et
al. [12]). To implement the dynamic procedure for the present
finite-volume solver requires a special test-filter applicable to

. arbitrary unstructured meshes. The dynamic procedure employed

in the present study is “local” in the sense that it does not require
the existence of any statistically homogeneous directions, being
applicable to arbitrary complex three-dimensional flows. The
details of the implementation of the DSM in the framework of
unstructured mesh based finite-volume solver can be. found in
Kim [13]. ‘The DSM has been validated for a number of wall-
bounded flows such as a square cylinder and a sphere.

SOLUTION DOMAIN AND COMPUTATIONAL MESH

Our choices of the solution domain and the computational
mesh were guided by the fmdmgs in Breuer's LES study (1.
‘What one should keep in mind in determining the size of the .
solution domain is that the spanwise extent of the domain
should be larger than the spanwise correlation length of
turbulence. Fortunately, the spanwise correlation length is
known to decrease as the Reynolds number increases. We took
advantage of this fact, having decided to use a spanwise length
of 2.0D for both the subcritical and the critical Re numbers.
The top and bottom boundaries of the domain were placed at
10.5D from the cylinder'axis. Thus, the blockage ratio of our
numerical model (H/D, where H is the height of the domain) is
approximately 4.8 %. The upstream inlet and the downstream
exit boundaries are located at 8.5D upstream and 20.5D
downstream of the cylinder axis, respectively.

A locally refined,” hexahedral mesh with a total of 6.8
million cells was used for the computations for both Reynolds
numbers. The overall mesh resolution is comparable to case
“B1” in Breuer [1]. The near-wall mesh resolution is such that
the distance from the cylinder surface is 10D at the wall-
adjacent cells, which translates to y*(=u.)y/v) well under 1.0 for
the subcritical flow, and below 6.0 for the supercritical flow.
For the subcritical flow, the boundary layer was resolved with
10 — 18 cells in the laminar region.

BOUNDARY CONDITIONS. AND OTHER DETAILS OF
COMPUTATION

On the cylinder wall, we employ a law-of-the-wall that
invokes proper wall-laws depending on the mesh resolution,
namely, y* at the wall adjacent cells. The top and bottom wall
boundaries were treated as a slip (zero-stress) wall. A
periodicity condition was applied on the pair of lateral
boundaries in the span-wise direction. At the upstream inlet
boundary, the freestream condition was specified. At the
downstream exit boundary, we extrapolated the solution
variables from the adjacent interior cells in a mass-conserving
manner.

The time-step size (4r) used for the computations is 0.005
in a dimensionless unit for both Reynolds numbers. The time-
step size was determined based on the estimate of the
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characteristic length and time scales of the smallest resolved
eddies, 7=¢/u’, where ¢ was taken as 0.05D, and u’as
0.2U, From these rough estimates and with the dimensionless
time-step size of 0.005, one turmnover time of the smallest
resolved eddies will be resolved with 50 time steps.

To shorten the initial transient period of the solution and to
quickly attain a statistically stationary state, we took, as the
initial condition, a partially converged steady RANS solution
with pseudo-random fluctuating velocity components
superimposed on the mean velocity field.

The computations were carried out on a 16-CPU Inx86
cluster with AMD Opteron processors and Infiniband
interconnects. With the non-iterative FSM, the computation
took approximately 12 CPU-seconds per a time-step, which
translates into being able to complete roughly 7,200 time-steps
in 24 hours, . '

RESULTS
Subcritical Reynolds number (Re = 1.4 x10)

Figure 1 depicts the flow structure around the cylinder.
Although the near-wake flow appears chaotic, the figure clearly
shows the existence of a large-scale motion, namely alternate
vortex-shedding known to occur in the subcritical Re number
range. The color map of the resolved turbulent kinetic energy

in Figure 1 also indicates that the boundary layer remains’

laminar up to the separation point, and transition occurs in the
separated shear layer. -

Figure 1. The flow structure behind the circular cylinder at

"Re = 14 x 10° - iso-surface of the second invariant of
velocity deformation tensor, colored by the resolved
turbulent kinetic energy

The global flow parameters predicted by the present LES
are summarized in Table 2 along with the LES prediction of
Breuer [1] and the DES predictions of Travin et al. 4], and the
experimental data. . As for Breuer’s LES result, among the
cases involving different mesh resolution and SGS turbulence

models, we picked the result of case “B1” whose mesh and

SGS turbulence model (dynamic Smagorinsky mode) closely
match ours.  In selecting the experimental data for the
comparison, we gave more weight to the ones measured on
smooth cylinder surface, and with sufficiently large span-wise
Iengths (L/D > 5) and smaller blockage-ratio (H/D < 0.1).

Table 2. Summary of the global flow Jparameters predicted by
the present LES for Re = 1.4 x 10°, compared with other
numerical results (Breuer [1]; DES-TS — Travin et al.[4]); DES-LS
— Travin et al[4); and experimental data (CC - Cantwell &
Coles[2], WA - West & Apelt [14], SB: Szepessy & Bearman [15),
NO - Norberg [10], ZD: Zdravkovich [16])

C, o “Cp | Le | St
LES (Presenl) | 1.13 | 0.59 120 | 067 | 0205
LES (Breven) | 1.45 . 176|034 | 0.204
DES-TS 059 | 0.6 0.67 12 | 031
DES-LS - 108 | 029 1.04 11| 02
Exp.(CC) 124 . 1.21 05 | 0.3
Exp(WA) 13 | 0.58 . = -
Exp.(SB) 135 | 05 .05 | - -
Exp.(NO) - 0.52 - T [ 0.18/0.195
Exp. (ZD) 115 | 0506 | 1.051.2 | - | 018021

The present LES gave the mean Cp around 1.13, which
falls within the scatter of the experimental data (1.1 ~ 1.35) for
smooth cylinders. Interestingly, our prediction came out
substantially lower than Breuer's prediction despite the
comparable mesh resolution, the same formal order of spatial_
accuracy (second-order) and the same dynamic SGS turbulence
model used in both computations.
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Figure 2. Ti'me‘historios of the drag and lift coefficients
predicted by the present LES for Re = 1.4 x 10°

The DES-TS result [4] is shown to severely underpredict
the mean Cp, better matching the data obtained with rough
cylinders [17], which is consistent with the DES predictions by
others [5, 6]. It has been found that DES, run in a normal
mode with finite freestream turbulence, essentially yields a
tripped boundary layer, leading to a premature transition to
turbulence and an early drag crisis even at a subcritical
Reynolds number. The DES-LS result [4] based on the so-
called “tripless” approach, in which laminar flow is essentially
enforced in the boundary layer, better predicts the mean Cp.
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Figure 3. Power spectral density of C; time-history for Re
=14x10°

The r.m.s. lift coefficient predicted by the present LES is
within the scatter of the experimental data, although it is closer
to the upper bound. The C history Figure 2 clearly shows
that, despite modulation of the amplitude, there is a distinct
frequency of vortex-shedding, which is consistent with what
has been known for smooth cylinders in the subcritical regime.

The Strouhal number corresponding to the main shedding’

frequency was found to be 0.205 as shown in Figure 3.
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= Exp. (Sarioglu & Yavuz, 2002) .
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Figure 4. Mean static pressure (Cp) distribution on the
cylinder surface for Re = 1.4 x 10°

The time-averaged pressure distribution on the cylinder
surface is shown in Figure 4, along with the experimental data
[2, 18] obtained at the same Reynolds number. The negative
peak predicted by the present LES is larger than the measured
ones. However, the pressure level in the separated region - the
plateau after 8= 90 degrees, and the mean base pressure (C,, )

are all accurately predicted by the present LES.

1.0 M LI T N L A L

T

0. 8 O eecasoncaoon R oo >

— Present
o Measured (Cantwell & Coles, 1983)

0 10 20 30 40 50 60 70 80
x/D

Figure 5. Time-averaged axial velocity profile in the wake
predicted by the present LES for Re = 1.4 X 10°

Figure 5 depicts the predicted time-averaged axial velocity
profile along the wake centerline at the mid-span. The overall
agreement between the prediction and the measurement is quite
good. The rapid relaxation of the mean axial velocity in x/D =
1.0 ~ 3.0 shown in the measurement is an indication of
vigorous mixing of momentum taking place in the near-wake
region. That our prediction closely captures the recovery of the’
mean axial velocity verifies that the dynamics of the Jarge-scale
structure in the near-wake is well predicted in the present LES.
The length of the time-averaged recirculation bubble (see also
Table 2 for L,) from our LES was found to be slightly larger
than what Cantwell and Coles [2] reported. Yet the present
LES prediction is much closer to the data than the DES
predictions. Considering that hot-wire measurements become
increasingly difficult and less reliable near the recirculation
region, our LES prediction is considered quite good.
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Figure 6. Scaled instantaneous skin-friction cocfficient
distribution on the cylinder surface at Re = 1.4 x 10°
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Figure 7. Resolved turbulent kinetic energy distribution at
0.0001D above the cylmder surface, predicted the present
LES at Re=1.4x 10°

As mentioned earlier, the experimental evidence [19]
indicates that, in the subcritical regime, the boundary layer
remains Jaminar until it finally separates from the cylinder
surface. Therefore, it would be of much interest to see how
closely LES can reproduce the physics associated with the
separation and the transition. Figures 6 and 7 depict the
circumferential variations of two quantities along the cylinder
surface that shed some light on how the LES predicts -the
separation and transition.

Figure 6 shows a plot of the instantaneous skin-friction
coefficient - rescaled to match the non-dimensionalization
adopted by Achenbach [19] - against the circumferential angle.
First, it is noticeable that the skin-friction distribution exhibits a
considerable top-bottom asymmetry. This is a clearly the
(upstream) influence of the large-scale, alternate vortex-
" shedding. What is most interesting in the figure is the
appearance of small transient separation bubbles on both upper
and lower surface starting as early as 70 - 75 degrees.
Interestingly, this range largely coincides with the range of
separation angles reported by many others (2, 19] deduced from
the inflection point of mean Cp curve; 77 degree by Cantwell
and Coles [2), and 78 degrees by Achenbach [19] at Re = 1.0 x
10°. Although not shown here, the separation angle determined
based on the time-averaged velocity field obtained from the
present LES was found to be much larger than the ones
determined from Cp distribution, reaching around 98 degree,
which was also found by Breuer [1]. Based on the
instantaneous skin-friction distribution, we surmise that a
transient laminar separation occurs much earlier than the mean
separation angle.

The distribution of the resolved turbulent kinetic energy
depicted in Figure 7 supports the possibility of an intermittent
laminar separation around 70 - 75 degrees, insofar as the
turbulent kinetic energy is still quite lowthere. The complete
transition occurs a little downstream as indicated by the rapid
increase in the resolved turbulent kinetic energy between 75
and 85 degrees. The magmtude of the skin-friction coefficient
predicted by the present LES is also in good agreement with
Achenbach’s data [19] measured at Re = 1.0 x 10°
Achenbach’s data show that the scaled skin-friction coefficient

peaks at 3.0 around &= 50 degrees, which is closely reproduced
by the present LES.

Supercritical Reynolds number Case (Re = 1.0 x10%)

Figure 8. The flow structure behind the circular cylinder at
Re = 1.0 X 10° — an iso-surface of the second invariant of _
velocity deformation tensor, colored by the resolved
turbulent kinetic energy

Figure 8 portrays an impression of the instantaneous flow
structure. Compared to the flow structure for the subcritical
flow shown in Figure I, the wake is much narrower and more
chaotic without any trace of a large-scale alternate vortex
shedding, suggesting a delayed turbulent separation. This is
typical of the flow in the supercritical regime. The color map
on the iso-suraface - representing resolved turbulent kinetic
energy - also indicates that the laminar boundary layer is
sustained farther downstream than the subcritical flow.

Table 3. Summary of the global quantities predicted by LES for
Re = 1.0 x 10%, compared with other LES result and the
experimental data; CA — Catalano ef al.[3]; SZ — Szechenyi. [20],
SH -~ Shih et al. [21); ZD - Zdravkovich [16])

En C. - E,, St
LES (present) 0.27 0.12 0.28 -
LES (CA) 0.31 - 0.32 035
Exp.(SZ) 0.25 - - -
Exp.(SH) 0.24 - 0.33 -
Exp. (ZD) 0204 | 0.1/0.15 0.2/0.34 0.18/0.5

The global flow parameters predicted by the present LES
are summarized in Table 3. Our prediction of the mean drag
coefficient (C,) closely matches the data of Szechenyi [20] and

Shih et al. [21] interpolated at the present Reynolds number.
‘We consider their data more reliable than others in view of the
sufficiently large spanwise lengths used (L/D = 9.3 and 8.0,
respectively), relatively low blockage ratio (7% and 11%,
respectively), surface smoothness; and relatively low
turbulence intensity of the wind tunnels — 0.08 % for Shih et
al’s data [21]. The r.m.s. lift coefficient prediction by the
present LES falls within the scatter of the experimental data
compiled by Zdravkovich [16). The base pressure is also seen
to be in the range of the experimental data.
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Figure 9. Time histories of drag and lift coefficients for the
circular cylinder at Re = 1.0 x 10°

The time histories of drag and lift coefficients are shown in
Figure 9. Consistent with the flow structure porirayed in Figure
8, the C;-history at this supercritical Reynolds number is more
random than that for the subcritical flow. Indeed, no single
frequency of vortex-shedding could be identified at this
Reynolds number, as shown in the plot of the power spectral
density of C, in Figure 10. This finding is consistent with the
others’ experimental observations, for instance, Shih ez al. [21]
who found that coherent vortex shedding disappeared on a
smooth cylinder beyond Re = 4 x 10°.

§
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Figure 10. Power spectral density of the lift coefficient (Cp)
for the critical Reynolds number (Re = 1.0 x 10%)

For a smooth cylinder, the experimental data collected by
Zdravkovich [16] and Achenbach’s .data [19] indicate that,
above the Reynolds number of 1.5 x 10° réferred to as “TrBLA”
in [16), transition clearly precedes the boundary layer
separation. The exact location of the transition depends on
such factors as freestream turbulence level and surface
roughness. At Re = 1.0 x 10° falling in the range referred to as
“TrBL3", however, both sets of data seem to suggest that
transition occurs near the separation.

As before, we plotted the circumferential variations of the
instantaneous skin-friction and the resolved turbulent kinetic
energy in Figures 11 and 12. The top-bottom asymmetry of the
skin-friction distribution is seen to be much less pronounced
than for the subcritical flow. Figure 12 suggests that the
boundary layer sustains being laminar down to 90 degrees. The
separation angle of the time-averaged velocity field from the
present LES was found to be around 108 degrees, which is
close to 106 degrees estimated by Shih er al.[21] using their
experimental data on a smooth cylinder at approximately the
same Reynolds number. All this taken together, our LES result
suggests that the boundary layer undergoes transition starting as
early as 90 degrees, before it finally separates - “turbulently” -
at around 108 degrees. :

e Upper surface
5.0t —— Lower surface —

o
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Figure 11. Scaled instantaneous skin-friction coefficient

distribution on the cylinder surface at Re =1.0 x 10°
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Figure 12. Resolved turbulent kinetic energy distribution at
0.0001D above the cylinder surface, predicted the present
LES at Re = 1.0 x 10°

The skin-friction prediction, including the location of the
peak and the magnitude, is also in good agreemént with the
egeﬁmemal data of Achenbach [19] measured at Re = 8.5 x
10° and Re = 3.6 x 10% At these two Reynolds numbers,
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Achenbach’s data show that the scaled skin-friction
distributions have the maximum values in the range of 3.5 -4.0
occurring around &= 60 - 65 degrees. As shown in Figure 11,
our LES prediction closely matches Achenbach’s data. This is
in a sharp contrast with the LES prediction by Catalano et al.
[3], which significantly overpredicted the overall level of the
skin-friction on the front half of the cylinder. Contrary to what
is suggested by the experimental evidence, their LES seem to
yield too early a transition, giving a skin-friction level typical
of a turbulent boundary layer from immediately downstream of
the front stagnation point. As they pointed out [3], one most
likely cause for the discrepancy is the substantially coarser
mesh (y* around 50) used in their LES predictions.

SUMMARY AND CONCLUSIONS

Turbulent flow around a smooth fixed circular cylinder
was computed using large eddy sxmulatlon (LES) at two
Reynolds numbers (Re = 14 Xx 10°, 1.0 x 10%. ‘The
computations were carried out using a second-order accurate,
parallelized finite-volume Navier-Stokes solver capable of
handling arbitrary unstructured meshes. An implicit, non-
iterative fractional-step method was employed in favor of its
high efficiency in LES for incompressible flows.

The LES results for both Reynolds numbers predicted,
with a good accuracy, the global flow parameters such as mean
drag coefficient, r.m.s. lift coefficient, and the Strouhal number.

" Furthermore, the salient features of the subcritical and the
supercritical flows experimentally observed and measured on a
smooth cylinder, such as the separation angle, mean velocity in
the wake, length of the recirculation bubble, and transition
location, are largely reproduced by the LES. Despite the use of
a large number of computational elements (6.8 million cells),
the solution turnaround time was quite reasonable.

To summarize what has been achieved through this study:

e The spatial discretization method (finite-volume on
unstructured meshes) and the solution algorithm
(implicit fractional-step method) employed in this study
have been shown to be sufficiently robust and accurate
to be used in LES for high Reynolds number flows.

* The dynamic Smagorinsky model adapted to
unstructured meshes using a novel test-filter [13) has
been shown to work robustly and accurately for
complex, high Reynolds number turbulent flows.

* The present LES capability has been shown to predict
the salient features of turbulent flow around a smooth
circular cylinder at both subcritical and supercritical
regimes with a good accuracy and reasonable
computational cost.

It is planned to continue this work to include higher
Reynolds numbers.
ACKNOWLEDGEMENT

The authors acknowledge that FLUENT and GAMBIT

software were ‘used for this study. The authors are also
thankful to Dr. Mustafa Sarioglu at Karadeniz Technical

University in Turkey for kindly allowing me to use his
experimental data.

REFERENCE

[1] Breuer, M., 2000, “A Challenging Test Case for Large
Eddy Simulation: High Reynolds Number Circular
Cylinder Flow,” Int'l J. Heat and Fluid Flow, 21, pp. 648 —
654.

(2] Cantwell, B. and Coles, D., 1983, “An Experimental Study
of Entrainment and Transport in the Turbulent Near-Wake
of a Circular Cylinder,” J. Fluid Mech., 136, pp. 321 - 374.

[3] Catalano, P., Wang, M., Iccarino, G. and Moin, P., 2003,
“Numerical Simulation of the Flow Around a Circular
Cylinder at High Reynolds Numbers,” Inst'l J. Heat and
Fluid Flow, 24, pp. 463 —469.

{4] Travin, A., Shur, M., Strelets, M. and Spalart, P., 1999,
“Detached-Eddy Simulation Past a Circular Cylinder,”
Flow, Turbulence and Combustion, 63, pp. 293 - 313.

{5] Vatsa, V. N. and Singer, B. A., 2003, “Evaluation of a
Second-Order Accurate Navier-Stokes Code for Detached
Eddy Simulation Past a Cricular Cylinder,” AIAA Paper
2003-4085.

[6) Pandya, M. J., Frink, N. T., Abdol-Hamid, K. S., and
Chung, J. J., 2004, *Recent Enhancements to USM3D
Unstructured Flow Solver for Unsteady Flows,” AIAA
Paper 2004-5201.

* [7] Kim, S. E., Makarov, B., and Caraeni, D., 2004, “Multi-

Dimensional Reconstruction Scheme for Unstructured
Meshes,” AIAA Paper 2004-2548.

[8] Kim, S. E. and Makarov, B., 2005, “An Implicit
Fractional-Step Method for Efficient Transient Simulation
of Incompressible Flows,” To be presented at 17 AIAA
Computational Fluid Dynamics Conference, June 6 ~ 9,
Toronto, Ontario.

(9] Park, J., Kwon, K, and Choi, H., 1998, *“Numerical
Solutions of Flow Past a Circular Cylinder at Reynolds
Numbers up to 160,” KSME Int. J., 12, pp. 1200 - 1205.

[10]Norberg, C., 2003, *“Fluctuating Lift on a Circular
Cylinder: Revxew and New Measurements,” J. Fluids and
Structures, 117, pp. 57 - 96.

{11]Williamson, CH.K., 1989, “Oblique and Paralle! Modes of
Vortex Shedding in the Wake of a Circular Cylinder at
Low Reynolds Numbers,” J. Fluid Mech., 206, pp. 579 —
627. :

{12]Germano, M/, Piomelli, U., Moin, P., and Cabot, W. H,,
1991, “Dynamic Subgrid Scale Eddy Viscosity Model,”
Physics of Fluids A, 3, 19, pp. 1760 - 1765.

{13]Kim, S. E., 2004, “Large Eddy Simulation Using
Unstructured Mesh and Dynamic  Subgrid-Scale
Turbulence Models,” ATAA Paper 2004-2548. ,

[14]JWest, G. S. and Apelt, C. I, 1993, “Measurements of
fluctuating Pressures and Forces on a Circular Cyllnder in
the Reynolds Number Range 10* to 2.5 x 10%," J. Fluids
and Structures, 7, pp. 227 - 244.

[15)Szepessy, S. and Bearman, P. W., 1992, “Aspect Ratio and
End Plate Effects on Vortex Shedding from a Circular
Cylinder, J. Fluid Mech., 234, pp. 191 - 217.

[16)Zdravkovich, - M. M., 1997, “Flow Around Circular
Cylinders, -Fundamentals, Vol. 1, Oxford Univ. Press
{(Chapter 6). .

8 " Copyright © 2005 by ASME



l17JRoshko, A., 1961, “Experiments on the Flow Past a
Circular Cylinder at a Very High Reynolds Number,” J
Fluid Mech., 10, No. 3, pp. 345 - 356.

(18)Sarioglu, M. and Yavuz, T. 2002, “Subcritical Flow
Around Bluff Bodies,” AJAA J. Vol. 40, No. 7, July.

[19] Achenbach, E., 1968, “Distribution of Local Pressure and
Skin-Friction A:ound a Circular Cylinder in Cross-Flow up
to Re = 5 x 105" J. Fluid Mech., 34, Part 4, pp. 625 - 639.

{20)Szechenyi, E., 1975, “Supercrmcal Reynolds Number
Simulation for Two-Dimensional Flow Over Circular
Cylinders,” J. Fluid. Mech., 70, pp. 529 - 542.

[21]Shih, W. C. L., Wang, C,, Coles, D., and Roshko, A., 1993,
“Experiments on Flow Past Rough Circular Cylinders at
Large Reynolds Numbers,” J. Wind Eng. And Indus.
Aerodynamics, 49, pp. 351 - 368.

Copyright © 2005 by ASME



BVY 05-072
Docket No. 50-271

Exhibit EMEB-B-138-2

Vermont Yankee Nuclear Power Station
Proposed Technical Specification Change No. 263 — Supplement No. 30
Extended Power Uprate

Response to Request for Additional Information

Large Eddy Simulation of Confined Swirling Coaxial Jets.

Total number of pages in this Exhibit
{excludina this cover sheet} is 10.




Proceedings of ASME-FED:

2™ Symposium on Measurements and Modeling of Large-Scale Turbulent Structures

June 19 — 23,2005

FEDSM 2005-77085

LARGE EDDY SIMULATION OF CONFINED SWIRLING COAXIAL JETS

Sung-Eun Kim, Fluent Inc.,
Lebanon, NH 03766, U.S.A.

ABSTRACT

Large eddy simulations (LES) have been carried out for
confined swirling coaxial jets discharged into a suddenly
expanded pipe, which was studied experimentally by Roback
and Johnson [1, 2]. The computations were made using a
parallelized finite-volume-based Navier-Stokes solver that is
second-order accurate in time and space, and permits use of
unstructured meshes. The computational domain starts from an
inlet placed upstream of the swirl generator, which makes the
inlet boundary condition easy to specify. Subgrid-scale
turbulent stresses were modeled using a dynamic Smagorinsky
model applicable to complex three-dimensional flows without
any statistically homogeneous directions.  Subgrid-scale
turbulent scalar flux is modeled using a constant Schmidt
number in conjunction with the dynamically computed subgrid-
scale turbulent viscosity. The LES predictions were found to
closely reproduce the salient features of the flow and the
species concentration downstream of the expansion. One of the
conclusions was that a good resolution of the mean flow and
turbulence in the upstream region is crucial in accurately
predicting the mixing downstream of the expansion.

INTRODUCTION

Confined swirling co-axial jets discharging into a suddenly
expanded pipe [1, 2] have been studied numerically by several
others using the Reynolds-Averaged Navier-Stokes (RANS)
equations [3, 4] and large eddy simulation [6]). The flow in
question consists of a non-swirling jet in the center, and an
outer annual jet with a swirl imparted by a 8-vane, variable-
angle swirl generator, with a swirl number of approximately
041.

Earlier numerical studies using RANS-based turbulence
models (3, 4] have shown that the mean velocity field in the
mixing region - the shear layer between the jets and the inner
recirculation region - was predicted with a reasonably good
accuracy. However, the predictions of the mean species

.

Xuelei Zhu, Fluent Inc., Lebanon,
NH 03766, U.S.A.

Stefano Orsino, Fluent Inc.,
Lebanon, NH 03766, U.S.A.

concentration were much less satisfactory. The major
discrepancy was found in the core region, where the mean
species concentration was grossly underpredicted by the RANS
computations. Evidently, the RANS model employed gives
rise to an excessive mixing. Brankovic et al. [3] investigated
the sensitivity of their RANS predictions to such parameters as
the turbulent Schmidt number and the inlet turbulence level.
However, the influence of these parameters was negligibly
small. The poor prediction of the species mixing has been
attributed to the inability of RANS-based turbulence models to
accurately represent the mixing by large-scale turbulent
structure (or large eddies).

Playing a major role in mixing, large eddies are also
responsible for undesirable yet somewhat subtler phenomena
such as combustion instability and acoustic excitation inside
combustors. To address these issues properly, one has to tum
to high-level turbulent simulation like LES. Akselvoll and
Moin [5] used LES to compute the flow and the species
concentration in non-swirling coaxial jets. Pierce and Moin (6]
attempted LES for the same confined coaxial swirling jet as is
considered here. These studies demonstrated that LES can
indeed predict the flow and the species concentration in
confined coaxial jets with a commendable accuracy. LES also
allows one to directly compute r.m.s. velocity fluctuations and
r.m.s. species fluctuation which are important quantities in the
context of turbulent combustion.

The present study concerns a LES computation for the
swirling coaxial jets using a finite-volume solver that permits
use of unstructured meshes.  Unlike the study of Pierce and
Moin [6], however, our computational domain starts from an
inlet boundary placed upstream of the swirl generator. Despite
the larger solution domain and the implied increase in the
computational resource, having the inlet boundary upstream of
the swirl generator makes it straightforward to specify the inlet
boundary conditions. Meshing the computational domain
including the swirl generator, which could become a difficult
and time-consuming task with structured meshes, is made
easier by the flexibility offered by unstructured mesh allowed
by the present finite-volume solver.
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This paper is, in many aspects, a progress report about an
ongoing study whose ultimate goal is to find an optimal
strategy based on the technique of LES for modeling turbulent
flow and species mixing in coaxial combustors with or without
swirl.

The paper is organized as follows. First, we briefly discuss
the numerical method and the subgrid-scale turbulence models
for stresses and scalar flux. Special emphasis is laid on a
transient algorithm whose efficiency significantly benefits the
present study. This is followed by the details of the LES
computations regarding the choices of the solution domain,
mesh (resolution), boundary conditions, time-step size, and the
overall solution strategy. The results are then presented.

NUMERICAL METHOD

The computation were carried out using the segregated
solver in FLUENT, a general-purpose CFD software.
FLUENT employs a cell-centered finite-volume method based
on a multi-dimensional linear reconstruction scheme that
permits use of computational elements (cells) with arbitrary
polyhedral cell topology including quadrilateral, hexahedral,
triangular, tetrahedral, pyramidal, prismatic, and hybrid
meshes. The solution gradients at cell centers that are needed
to compute convective and diffusive fluxes are obtained by
applying Green-Gauss theorem {9]). Diffusive and convective
fluxes are discretized using central differencing [8].

An implicit fractional-step method (FSM) [10] in
conjunction with a second-order accurate, three-level
backward- differencing scheme for time-discretization was
employed to advance the solution in time. In this algorithm, the
momentum equations are decoupled from the continuity
equation applying an approximate factorization of the coupled
Navier-Stokes equations. For incompressible flows, the FSM
preserves the formal second-order temporal accuracy without
having to perform, at each time-step, costly outer iterations to
couple velocity-field and pressure. The FSM thus provides a
highly efficient algorithm for CPU-intensive transient
computations like LES. )

Consider the semi-discrete form of the Navier-Stokes
equations in “pressure-correction” (ép™*’ = p"*! — p") form:

o oflsm ) @

where u™! and r are the velocity vector and the momentum
source vector, respectively, and the integer n is the time level.
A is the coefficient matrix defined in terms of the discrete
convective and diffusive operators and the time-advancement
scheme chosen, and G and D are the discrete gradient and
divergence operators, respectively. The coupled system of
equations in Equation (1) is extremely difficult to solve as it is,
since the matrix A has to be inverted for every iteration. In the
fractional-step method, the original coupled equations in
Equation (1) are approximated by

[g Argc][(l) A;G](&:’.)=(;)+[O(Aﬂ)] @

Factorizing equation (2), we have a series of split operations as

AG=-Gp" +r"
ADG&™ = Dii 3
u™ =G -AGH™

On a per-iteration basis, the series of operations in
Equation (3) closely resembles SIMPLEC scheme. The
difference is that, in the iterative. SIMPLEC scheme, the
operations in Equation (3) are repeated in an outer loop until
the all the solution variables converge, whereas the FSM needs
only one sweep. To preserve second-order accuracy with the
FSM, however, sub-iterations are needed for the set of three
momentum equations and individual scalar equations to
account for the nonlinearity in and coupling among the
individual equations and high-order source terms. Yet, non-
iterative FSM is takes much less CPU time than iterative
SIMPLEC scheme.

The system of discretized govemning equations are solved
using a point-implicit, Gauss-Seidel relaxation along with
algebraic multi-grid (AMG) method to accelerate solution
convergence. The N-S solver and the SGS turbulence model
are fully parallelized.

SUBGRID-SCALE TURBULENCE MODELING

For incompressible flows, the filtered Navier-Stokes
equations can be written as

E.{..all':‘—_l..—___l.gg__ai.}.i Va_‘—"_ . @)
o ox pox, ox; ox,| Ox

where T; =, — i, is the subgrid-scale turbulent stress. In

this study, the subgrid-scale stress is modeled using isotropic
eddy-viscosity as

5, ®

We determined the model constant, C,, using the dynamic
Smagorinsky model (DSM) originally proposed by Germano et
al.[7, 8].

The filtered transport equation for a passive scalar is given

by

J,
7 -—3’1-1',, =-2C, &
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where g,is the subgrid-scale turbulent flux of the species

concentration (), and ¢ the molecular diffusivity. The subgrid-
scale flux is modeled using

Al —
g =-22P197 ©)
! Sc, ox,
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where Sc, is the subgrid-scale turbulent Schmidt number. In this
study, we used a constant value of 0.9.

To implement the dynamic procedure for the present finite-
volume solver requires a test-filter applicable to arbitrary
unstructured meshes. The test-filter finally adopted for this study
is a top-hat filter involving a volume comprising the cell in the
center plus the neighboring cells that share the faces with the
center cell. To make the dynamic procedure tractable, an
approximation was made that is tantamount to a non-varying C,
over the test-filter volume. Thus, the dynamic procedure
employed in this study is “approximately local” in the sense that,
despite the ad hoc assumption, it does not require an existence of
any statistically homogeneous directions, being applicable to
complex three-dimensional flows. To avoid numerical instability
likely to be caused by a large fluctuation of the model constant,
we smoothed the model constant by applying the test-filter on it,
and also clipped it so that the effective viscosity remains positive.
The additional details of the implementation of the DSM in the
framework of an unstructured mesh based finite-volume solver
can be found in the reference [8]. The DSM has been validated
for a number of wall-bounded flows such as fully-developed
channel flows and flows around bluff bodies such as a square
cylinder and a sphere.

DETAILS OF COMPUTATIONS

Solution domain, swirl vane geometry and meshes

A partial view of the computational domain is depicted in
Figure 1, along with the coordinate system. The inlet boundary
is placed at 1.0D upstream of the swirl generator, where D is
the downstream pipe diameter (D = 122 mm). The exit
boundary is at 15D downstream of the pipe expansion. The
computational domain thus has the swirl generator in it. The
entire inlet tube, 8 swirl vanes, and the downstream pipe were
modeled without using any periodic boundaries.

pipe expausion

swirl vane

Figure 1. A partial view of the computational domain

The swirl generator consists of 8 identical vanes mounted
on the hub with an equal spacing in the azimuthal direction.
The blade-section has a camber and a vane-angle that change
with the radius. The blade geometry was taken from the
design data given in the Ref. [I]. A NURB surface was built
based on the digitized surface geometry.
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Figure 2. A sectional view of the computational mesh
(medium-sized mesh with 2.7 million elements) used in the
computations.

The computational meshes were built using Gambit. We
used three progressively refined, unstructured hexahedral
meshes for the computations. The three meshes have 1.1
million (coarse), 2.7 million (medium), and 4.8 million (fine)
elements, respectively. A sectional view of the medium-size
mesh is shown in Figure 2. The resolution of the medium mesh
is such that, in the mixing region, it can resolve the integral
length-scale estimated around 20 mm based on the experimental
observation {1, 2}, which is equivalent to D/6, with
approximately 20 elements. It can resolve the smallest
observable eddies of a size around 6 mm, which were observed
in the experiment {1, 2], with 6 — 7 elements.

It is worth mentioning here that the mesh resolution in and
around the inner and the annular tubes and the swirl vanes is
too coarse to resolve the energy-containing eddies originating
from and transported in that upstream region. We recognize
that poor resolution of the turbulent structure in the upstream
region will negatively impact the prediction in the downstream,
particularly in the shear layers of the mixing region, inasmuch
as the energy-carrying eddies from upstream feed the turbulent
structure being developed in the downstream mixing region.
Furthermore, none of the three meshes are fine enough to
accurately resolve the viscous sublayer on the pipe wall
downstream of the expansion. This was deemed justifiable in
light of a relatively passive role played by the wall downstream
of the expansion in the mixing occurring near the central core.

Boundary conditions, time-step size, and solution strategy

On the annular jet inlet, a uniform axial velocity of 1.667
m/s was specified according to the data given by Roback and -
Johnson [1]. For the velocity boundary condition at the inner
jet inlet, we used 0.797 m/s, a value derived from the
volumetric flow-rate (6.2 gallon per minute) given in Ref. [1],
instead of the inlet velocity mentioned in the same report (0.52
m/s). The inlet velocity of 0.52 m/s quoted in the report does
not match the given volume flow-rate, and is inconcejvably too
low considering that the measured axial velocity immediately
downstream of the expansion is around 0.8 m/s.

On wall boundaries, we employed a blended law-of-the-
wall that invokes proper wall-laws depending on the local mesh
resolution, namely y* at the wall-adjacent cells.  The
downstream exit boundary was treated as a “pressure-outlet”
boundary offered in FLUENT. In essence, the solution

3 Copyright © 2005 by ASME



variables are extrapolated in a mass-conserving manner on this
boundary. '
The influence of the exit boundary condition was
discussed at length by Pierce and Moin [6]. They found that
the usual convective outflow boundary condition applied on an
exit boundary with a cross-section of the downstream pipe
yielded a central recirculation zone that is far smaller than what

Figure 3. Instantaneous velocity vectors at four axial
locations - top-left, z = 25 mm; top-right, z= 51 mm;
bottom-left, z=102 mm, bottom-right, z = 203 mm

was observed in the experiment. They were able to bring their
LES prediction much closer to the experimental data by putting
a second expansion before the exit boundary, which was
conceived based on an argument that it better represents the
settling chamber used in the experiment.

We also investigated the effect of the second expansion,
comparing the result to what was obtained without he
expansion. However, we could not notice any appreciable
difference between the two. The insignificantly small
difference found in our computations is perhaps due to the way
the solution variables are extrapolated at “pressure-outlet”
boundary that could be different from their treatment of the
convective boundary.

The time-step size used in the present LES was determined
based on the estimated characteristic time-scale of the smallest
eddies to be resolved in the LES. We took v = 1.0 m/s and £
= 0.05D (D = 0.122 m) as the characteristic velocity-scale and
length-scale of the smallest eddies. These estimates give an
eddy-turnover time of 7={¢/v= 0.006 second. It was finally
decided to use a time-step size of Ar = 0.0002 second, which

will resolves one eddy-turnover time (1) of the smallest
resolved eddies roughly in 30 time steps.

The LES was started using a steady RANS solution as the
initial guess. To accelerate the solution to a statistically
stationary state, we superimposed a pseudo-random fluctuating
velocity-field on the mean velocity field taken from the RANS
solution.  Before the statistics are collected, the LES
computation was run until the initial transients in the solution
are completely washed out, which typically took 2 ~ 3 flow-
through times; one flow-through time is taken to be L/U,,
where L is the length of the downstream pipe, and U, the axial
mean bulk velocity.

RESULTS
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Figure 5. Time-averaged velocity vectors in the r-z plane

To obtain stable statistics of the solution, the transient
computations were continued for a sufficiently long period of
time, typically for more than 7 — 8 flow-through times, until
the time-averaged velocity and species concentration fields
largely recover an axisymmetry.

Regarding the mesh-dependency of the solutions, it was
found that the LES results from the medium mesh (2.7 million
cells) and the fine mesh (4.8 million cells) showed little
difference, while the coarse mesh result deviates a little farther
from other two.  Unless stated otherwise, the results presented
in this paper are for the medium mesh.

4 Copyright © 2005 by ASME



Figure 6. Instantaneous velocity vector plots at two axial

locations - left, z = 25 mm; right, z= 51 mm

Overall flow structure

Figures 3 and 4 show the instantaneous velocity vectors

projected on four crossflow (r-6) planes and a r-z plane. The

vector plots portray turbulent eddies with widely varying
length-scales throughout the mixing region. Small eddies are
shown to form in the shear layers between the inner jet and the
outer annular jet, growing in size in the downstream direction.
At z = 25 mm, small eddies are confined near the shear layer
between the inner and the outer annual jets. Yet, larger eddies
are also seen to have formed in the annular recirculation region
behind the step. One can visually tell from the figure that the
smallest structure at z = 25 mm resolved in the LES is roughly
DR (D = 122 mm), which is close to the size of the smallest
eddy, 6 mm, observed by Roback and Johnson [1]. The size of
the largest eddy at z = 25 mum, which is about two-thirds of the
step-height as shown in the figure, also closely matches the
experimentally observed value, 20 mm, quoted in ref. [1].
Figure 5 depicts the mean velocity vectors on a r-z plane.

Contours of the instantaneous species

Figure 7.
concentration in r-z plane

Figure 6 and 7 depict the contours of the instantaneous
species concentration on two crossflow planes and a r-z plane.
The contours on the crossflow planes give an idea of the length-
scale of the turbulent structure. The observations from these
figures are consistent with those from the instantaneous
velocity vector plots discussed earlier. In the experiment [1],

the penetration length of the center jet with high species
concentration (colored pink in the figure in Figure 7) was found
to be around 50 mm, which is closely reproduced by our LES

“results as shown in Figure 7.

Figure 8. Vortical flow structure in the mixing region
visualized by the iso-surface of the second-invariant of the
velocity deformation tensor, colored by velocity magnitude.

Figure 8 gives an overall impression of the turbulent
vortical structure in the mixing region. This figure indicates
that the flow in this coaxial jets are well mixed.

Velociiy field

Figure 9 shows the mean axial -velocity profile along the
centerline of the pipe. The LES prediction quite closely
reproduces the general trend such as the rapid drop of the mean
axial velocity immediately downstream of the expansion and the
gradual recovery further downstream. However, the recirculation
zone predicted by the present LES appears to be shifted slightly
downstream compared to what is indicated by the measurement.
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Figure 9. Mean axal velocity along the centerline of the
pipe.
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Figure 10. Mean axial and azimuthal velocity profiles at two axial locations (z = 25 mm, z = 51 mm)

Figure 10 shows the radial profiles of the mean axial and
azimuthal velocity components at three axial locations (z = 5
mm, 25 mm, 51 mm). The profiles shown in the figure were

obtained by averaging the radial profiles taken at four
azimuthal locations (8= 0°, 90°, 180°, 270°). The predictions
are seen to capture the overall trends and the peak values of the
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velocity components. However, it is clearly noticeable that the
locations of the peaks predicted by the LES are generaily
shifted toward the centerline. This implies that the outer
annular jet expands or opens up less than it does in reality.
This also means that the annular recirculation zone predicted by
the present LES is longer (in the axial direction) than in the
experiment. The underprediction of the jet angle is also
correlated with the downstream shift of the central recirculation
zone discussed eatlier.
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Figure 11. r.ms. axial velocity fluctuation at two cross-
flow planes (z=25mm,z = 51'm)

We surmise that, among others things, the most likely
culprit for this discrepancy is the lack of mesh resolution in the
region upstream of the expansion, in and around the inner and
the outer annular pipes, and the swirl vanes. As mentioned
earlier, turbulent eddies coming from the upstream region feed
the shear layers developed downstream of the expansion,
enhancing the mixing of the momentum and the species
concentration in the inner and the annular jets with the
surrounding flow, which will lead to an increase in the jet
angle. In our LES computations, these energy-feeding eddies
are almost missing, since none of the computational meshes

used in this study, including the fine mesh (4.8 million cells),
are fine enough to accurately resolve the energy-containing
eddies generated in the upstream region.

The r.m.s. axial velocity fluctuation shown in Figure 11
seems lo support our reasoning. The r.m.s. axial velocity
fluctuation at the centerline (r = 0) at z = 25 mm shown in the
top-figure, and the one at z = 5 mm (not shown here) are
severely underpredicted in the LES computation. As shownin
the bottom-figure for z = 51 mm, further downstream of the jet
exit, the r.m.s. axial velocity fluctuation catches up with the
data, as the turbulent eddies generated in the shear layer
become full-fledged.

The impact of the incoming turbulent eddies on the mixing
in the downstream as suggested above and the cost implication
of using an extremely fine mesh in the upstream region beg a
question; what would be the best practice that can be adopted to
obtain a sufficiently accurate prediction of the flow and species
mixing occurring in a coaxial jet combustor with LES? We
will ponder a little upon this question at the very end.

Species concentration

Figure 12 shows the profile of the mean species
concentration along the pipe centerline. The LES prediction
closely reproduces the trend - the plunge of the mean species
concentration occurring near z = 50 mm. One noticeable
discrepancy between the prediction and the measurement is in the
Iength of the inviscid core for the species concentration. The LES
yields an inviscid core for the species concentration almost down
to z = 35 mm, whereas the experimental data indicates that the
mean species concentration starts being diffused away almost
immediately after the expansion. We think that this is again, ina
major part, due to the poor resolution of the incoming turbulent
eddies which would take part in *“tearing” the inner jet.
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Figure 12. Mean species concentration along the centerline
of the pipe

The radial profiles of the mean species concentration at two
axial locations are shown in Figure 13. The predictions are in
good agreement with the measurements at both locations. The
mean species concentration profile at z = 25 mm predicted by the
LES computation shows a sign of being “under-diffused”, insofar
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as it has a fuller profile than the measured one. The prediction at
z = 51 mm is somewhat lower than the measurement near the
centerline. However, the overall agreement at this location is
remarkably good in view of the steep change of the mean species
concentration near z = 51 mm, as can be seen in Figure 12. It
should be noted, in passing, that the RANS predictions reported
in the literature {3] severely under-predicted the mean species
concentration at this axial location.
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Figure 13. Mean species concentration at two axial
locations (z = 25 mm, 51 mm)

Equally important - probably even more important than the
mean species concentration in the context of modeling
turbulent combustion, is the fluctuation of species
concentration. The usual RANS-based turbulence models
cannot directly predict the rms. fluctuating species
concentration, unless the transport equation for the variance of
fluctuating species concentration is explicitly solved. One
obvious benefit from LES is that one can directly compute it.
Figure 14 depicts the r.m.s. fluctuating species concentration at
the two crossflow planes. At z = 25 mm, as in the case of the
rm.s. axial velocity fluctuation, the LES result grossly
underpredicts the r.m.s. value in the core region. The peak

r.m.s. value at z = 25 mm, located in the shear layer between the
inner and the outer annular jets, is also considerably
underpredicted.  Apparently, the LES underpredicts the
entrainment of the ambient fluid occurring at this location. At z
= 51 mm, the prediction comes much closer to the
measurement, as the r.m.s. velocity fluctuation did at the same
axial Jocation.
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Figure 14, r.m.s. species concentration at two axial locations
(z=25mm, 51 mm)

The same remarks given regarding what might have caused
the discrepancy in the r.m.s. velocity fluctuation (Figure 11)
largely apply to the results for the r.m.s. fluctuating species
concentration.

PRELMINARY RESULTS WITH LOCALLY REFINED
MESHES
The fact that the fine mesh (4.8 million cells) offers a

meager improvement over the medium mesh (2.7 million cells)
in terms of the mesh resolution (spacing) warrants additional
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computations with substantially finer mesh, for instance, by
halving the grid spacing in all three (axial, radial, and
azimuthal) directions. However, doubling the number of
elements in the three directions results in an eight-fold increase
in the total cell counts, which becomes unwieldy.

z=51lmm
2.5 r I v I v T v —
L | © Measured (Roback & Johnson [1]) 4
20k |— LES (2.7M cell mesh) h
— L |-+ LES (2.7M cell & locally refined)
E 1sf -
2 L
8
E 1.0:‘
=
= 051
s -
S 0.0k
b
0.5
0
z=51mm
1.0 v 1 T T L 1 M T T
- | © Measured .
| |— LES (2.7M cell mesh) |
- | |--- LES (2.7M cell mesh & locally refined)] -
E . R .
:;:, 0.5
g |
g 3
e 0.0
b
=
-0.50

Figure 15. Mean axial and azimuthal velocity profiles at
two axial locations - predicted with a locally refined mesh

To keep the mesh size under a tractable limit, the medium
mesh was locally refined only in the domain upstream of the
expansion. Furthermore, only the cells within a specified
distance from the wall, roughly 0.07D in this study, were
refined to further save the cell counts. The local refinement
resulted in a total of 6.5 million cells. The computation has
been carried out on this mesh. The results are shown in Figure
15, being compared with the medium mesh results, for the
radial profiles of the mean axial and azimuthal velocity
components at z = 51 mm. Clearly, the predictions with the
adapted mesh are significantly improved over the predictions
with the medium mesh. The overall shift of the velocity peaks
is now far smaller than what we saw earlier, and the predictions
capture the profiles of the mean velocity components much
more closely.

CONCLUSION

"The flow and the species transport in confined swirling
coaxial jets were computed using LES. An unstructured mesh-
based finite-volume solver was employed for the computations.
A highly efficient time-advancement scheme was used in
conjunction with second-order accurate temporal and spatial
discretization schemes. A dynamic Smagorinsky model
adapted to general three-dimensional flows was employed as
the subgrid-scale turbulence model.

For LES, it is evidently a bold attempt and a costly
proposition to include the upstream components of 2 combustor
like the swirl generator and the upstream tubes in the
computational domain. Nevertheless, the present LES
computations closely reproduce the salient features of the flow
and the species concentration in the mixing region. For an
accurate prediction of the mixing in the downstream (e.g.,
combustion chamber), a good resolution of the mean flow and
the turbulence in and around the inner and the outer annular
tubes, and the swirl vanes turned out to be more important than
originally thought. The numerical evidence found from this
study indicates that the three globally refined meshes used in
the present study, despite the largest cell counts reaching up to
4.8 million cells, still cannot provide a sufficient resolution of
the upstream region. We believe that the lack of mesh
resolution is responsible for the discrepancy between the
predictions and the measurements, most notably the overall
shift of the velocity peaks toward the centerline.

Finally, a preliminary result was presented which was
obtained with a new mesh lacally refined in the upstream part
of the domain. The significant improvement from this locally -
adapted mesh supports our conclusion, and at the same time,
provides us with an avenue to improving the accuracy of LES
prediction for the subject flow.
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This paper concerns development of a large eddy simulation (LES) capability based on a finite-volume
solver that permits use of unstructured meshes. The solver employs a cell-centered scheme along with a
multi-dimensional linear reconstruction. Convection and diffusion terms are discretized using a second-order
central-differencing scheme. A three-level second-order scheme is used for temporal discretization. Subgrid-
scale turbulent stresses are closed using dynamic Smagorinsky model and dynamic turbulent kinetic energy
transport model. A test-filter was designed for the dynamic procedure which is applicable to unstructured
meshes of arbitrary cell-topology. The dynamic procedure also avails Itself to three-dimensional flows without
any statistically homogenous directions. Wall boundary conditions are imposed using a wall-function approach
that applies appropriate wall-laws depending on near-wall mesh resolution. The LES capability Is validated
for a wide range of wall-bounded flows. We present here the results for a fully-developed channel flow and two
bluff-body flows. The predictions are in good agreement with direct numerical simulation (DNS) results and
the experimental data. ’

I. Introduction

E encounter many industrial applications of computational fluid dynamics (CFD) where the flows are dominated

by unsteady, large-scale coherent structures. Those large-scale structures impact, to a great extent, various
aspects of the flows such as energy consumption, safety, comfort, and noise. The ramification of whether or not
one can harness the large-scale structures is therefore quite significant. Attempts to numerically predict such flows
using unsteady Reynolds-Averaged Navier-Stokes (URANS) equations have been met with limited success. Some of
the better RANS models seem to be capable of capturing the “largest” scale occurring often in the form of alternate
vortex-shedding. However, the remaining coherent structures are left largely unresolved.

Large eddy simulation (LES) is fundamentally suited to the task of predicting coherent structures. The major
obstacle in using LES for practical high Reynolds-number (Re) flows, from the practitioners’ standpoint, is its high
cost incurred by an unwieldy number of computational elements and painfully long solution time. Yet today’s ever-
increasing computing power is rapidly making LES feasible. Another difficulty often encountered when attempting
LES for industrial applications comes from complex geometry. In CFD, meshing for industrial applications involving
complex geometry by itself can become a grand challenge. It is hugely time-consuming or often impossible to generate
high-quality structured meshes for complex configurations, which has led industrial CFD practitioners to opt for
unstructured meshes. Although unstuctured meshes are routinely used today in RANS computations for industrial
applications, attempts to conduct LES with unstructured meshes are just starting to appear in the literature.!> As yet
the efficacy of unstructured meshes for LES for practical high-Re flows has not been fully established. Among the
issues yet to be addressed are numerical accuracy, stability, and subgrid-scale turbulence modeling.

This paper is concerned with evaluating a LES capability developed using a finite-volume solver based on second-
order numerics. Permitting use of unstructured meshes, the resulting LES capability can easily handle complex ge-
ometries encountered in industrial applications. In addition, it Iends itself to Iocal mesh adaptationthat can be utilized

* Principat Engineer, Fluent Inc., Lebanon N.H., Member AIAA.
Copyright © 2004 by Fluent Inc.. Published by the American Institute of Aeronautics and Astronautics, Inc. with permission.
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to efficiently allocate computational cells, substantially reducing the computational cost. Adequacy of second-order
spatial discretization for LES has often been questioned, and there are some misgivings about using it for LES. 1t will
be shown in this paper, however, that the second-order central differencing scheme adopted in the present work yields a
commendable accuracy for LES. For subgrid-scale (SGS) turbulence closure, we implemented two dynamic SGS vis-
cosity models in the framework of unstructured meshes, namely, the dynamic Smagorinsky model originally proposed
by Germano et al., and Lilly” and the dynamic turbulence kinetic energy transport model of Kim and Menon.®? For
the dynamic procedure, a test-filter readily applicable to unstructured meshes was designed. The resulting dynamic
SGS models can be used for three-dimensional flows without any statistically homogeneous directions.

The paper is organized as follows. We start with a brief description of the two dynamic subgrid-scale turbulence
models and the details of their implementations. This will be followed by an overview of the numerical methods and
algorithms adopted in this work. Finally, validations will be presented for a selected number of wall-bounded flows
ranging from a fully-developed channel flow to a couple of bluff-body flows including one around a square-cylinder
with salient edges and another past 2 smooth sphere.

II. Filtered Navier-Stokes Equation and Subgrid-Scale Turbulence Modeling!

A. Implicit filter with finite-volume discretization

The goveming equations for LES are generally obtained by filtering the Navier-Stokes equations in either Fourier
(wave-number) or physical space. In the present work, the filtering operation (denoted by an overbar) is defined as a
spatially convoluted integral of the variable in question as

39 = [ 611G y)dy M

where 2 is the computational domain, y € D, and G is the filter function.
With the cell-centered finite-volume discretization and the linear reconstruction scheme employed in this work,
the discrete solution variable at a cell-center (co) can be written as

¢(co) = -‘17 fv¢(y)dy,' yev 2

where V is the volume of a computational cell.
The definition in Equation (2) of a discrete solution variable at cell center can be interpreted as a filtering operation

- 1
0(x) = ¢(co) = 5 /v¢(y)dy, yev 3
The implied filter function, G(x,y), is then a top-hat filter
1/v forlx—yle v
G(x,y) = { / rpx-yl

0 otherwise
Using the filtering operation in Equation (3), the filtered Navier-Stokes equations for incompressible flows (as-
sumed for brevity) can be written as

@

o1; aﬁ,"ﬁj 1 op ot;; 0 on;
Ty T P o T a ("ax,) ©)
o
-371 =0 ©6)
where Ty is the subgrid-scale stress defined by;
Ty = U — UR; Q)]

which is unknown and needs a closure.
Thus, we used in this work grid and finite-volume discretization as an implicit filter.
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B. Subgrid-scale (SGS) stress models

The SGS models based on the concept of isotropic eddy-viscosity compute the SGS turbulent stress from
1 -
Tij— 3‘%5: = —2V;Sj; ®
where V; is the SGS eddy-viscosity, and Sj; the resolved rate-of-strain tensor defined by

- a", aﬁ])

The task of SGS turbulence modeling is to express SGS viscosity, v;, as a functional of known quantities. In the
present work, we employed two dynamic SGS eddy-viscosity models. They are described below.
1. Dynamic Smagorinsky Model (DSM )

The underpinning of DSM is the algebraic eddy-viscosity model originally proposed by Smagorinsky.!? In the original
Smagorinsky’s model, SGS eddy-viscosity is computed from

vi=GA [5] ©)
where Cy is a model constant (G, = 0.1 ~ 0.2), |§| =4/25; ,-§,-j the modulus of rate-of-strain tensor of the resolved
scales, and A= V!/3,
The subgrid-scale stress can then be written as
Sij 27 = .
w5 %= 268 S| Sy ' (10)

Despite its simplicity, this model has several shortcomings. The most problematic one, from a practical standpoint,
has to do with the mode] constant, C,. There is no single value of the constant which is universally applicable to a
wide range of flows. Another serious drawback is that the SGS viscosity model in Equation (9) with a constant value
of Cy is not applicable to transitional flows where the flow in question is laminar either locally or intermittently, since
Equation (9) always gives a finite SGS viscosity even in laminar region as long as there is velocity gradient.

Germano et al.5 and subsequently Lilly” conceived a procedure that resolves these problems. In this procedure, Cy
is dynamically computed during LES, on-the-fly, using the information provided by the smaller scales of the resolved
(known) fields. To separate the smaller scales from the resolved field, the dynamic procedure needs a so-called *“test-
filter” having a width (A) that is larger than the grid-filter width (A). Denoting the test-filtered variables by a tilde
and putting the “grid-filtered” Navier-Stokes equations through the test-filter, we obtain *“test-filtered” Navier-Stokes

equations as
W Fy 15Ty, 3 (van,) an

o " ox; pox ox; ox;\ ox;
i
— = 12
P 0 (12)
where T;; is now a “subtest-scale” stress defined by
T = Gy - i) (13)

The underpinning of the dynamic modeling is a similarity concept that 7j;, the subtest-scale stress, can be written
as a functional of the larger resolved scales in a manner similar to 75, 6 which leads to
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5 -
Ty — —:;-1-72& = -2G,A?

§| Eij . 14)

where A is the test-filter width. Note that the same model coefficient, Cy, is used in the expressions for both 7; 7 and Tj;.
Equation (14) alone is not helpful at all in determining C,, because Tj; is not known in LES. The breakthrough
came from the realization that t;; and 7j; are related to each other by®

Ty=T = ﬁ?-ﬁiﬁj-(ﬁ—ﬁ)
= Tl—',?ﬂ;—ﬁ,"ﬁjEij @15)

The stress, L;;, which might be called subtest-scale Leonard stress, can be interpreted as the stress associated with

the smaller resolved scales between the test-filter scale (Z) and the grid-filter scale (8). Since L;j can be directly
computed from the resolved scales in LES, the identity given by Equation (15) can be used to determine Cy. Thus, we
have

14-;—%"&“ = 0;;Cv — BijCv (16)

where
oy = —28°[5[5; an
By = —28 55y (18)

One predicament that makes it difficult to determine G, from Equation (16) is the fact that Cy in the second term
on the right-hand side of the equation is under the test-filtering operator. As it stands, Equation (16) is an integral
equation for Cy as discussed at length by Ghosal e al.!! This difficulty can be avoided by taking out G, from the
test-filter operation as

) Lj- -a:;—jl-kk =Cy (aij - Bij) (19)
We followed this rather ad hoc approach in this work despite its mathematical inconsistency, which amounts to as-
suming that Cy remains constant in the computational cells associated with the test-filter.

Since there are more equations in Equation (19) than the unknowns, the model constant Cy is obtained by secking

for Cy which minimizes the error norm defined by
5 2
E= (L,- - -S:lLu —GM, ,) (20)

where — — | 24T
My = oy~ By = =2 (B35, - B°|5[5)

Taking 0E /0C, and setting it zero, we obtain

LijM;;
= 2 21
V= (21)

Cy determined in this way varies with time and space. In fact, it varies in a wide range, often taking either large
negative or positive value. Although negative C, and consequently negative eddy-viscosity is often interpreted as
representing “back-scatter” (flow of energy from smaller to larger scales), too large a negative eddy-viscosity causes
numerical instability, ultimately leading to divergence of numerical solutions. The usual remedy for this numerical
difficulty is to average C in statistically homogeneous directions. Obviously, this workaround can be exploited only
when there are such homogeneous directions, which is a rarity in practical applications. Even if there are any statisti-
cally homogeneous directions, the averaging becomes extremely cumbersome with unstructured meshes. In the present
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work, we simply “condition” the G, computed by Equation (21) by test-filtering it. This simple volume-weighted aver-
aging better preserves the locality of the model constant. To ameliorate the potential numerical difficulty caused by C,
being negative for an extended period of time, we evaluated two alternative approaches. In'one approach, we simply
clip G at 0 when it becomes negative. This option therefore rules out any chance for the model to mimic backscatter.
In another, effective viscosity (v V) instead of C is clipped at zero, permitting small negative SGS viscosity to
happen. As yet we do not have any conclusive evidence that supports superiority of one approach to another in terms
of prediction accuracy, except an indication that computations with the first approach appear numerically more robust.
For this reason, we used the first approach in the computations presented in this paper.

As mentioned earlier, the dynamic procedure described above requires a test-filter. The most important criterion
the test-filter should satisfy specifically for this work is that it should be applicable to unstructured meshes of arbitrary
cell topology without incurring unduly high cost. The test-filter finally adopted is a top-hat filter that involves a volume
comprising the cell itself plus the neighboring cells that share the cell faces with the center cell. Thus, the test-filter
operation amounts to a volume-weighted averaging of the variable in question, which is easily implementable and
takes advantage of the data structure of the underlying finite-volume solver. With hexahedral meshes, the ratio of the
test-ﬁlula;ato the gird-filter scale (A/B) is approximately 2.1 (= 9'/3). The ratio for tetrahedra is smaller, being around
1.7(=5'°).

2. Localized Dynamic Kinetic Energy Model (LDKEM)

The dynamic Smagorinsky's model described so far is essentially an algebraic model in which subgrid-scale stresses
are modeled using the resolved velocity field. A more elaborate SGS stress model would be the one which is directly
based on SGS turbulence and can be used to parametrize SGS stresses. The most widely used ones among others
are what can be called “one-equation” models in which SGS turbulent kinetic energy, kyps = (12 — %) /2, is explicitly
computed by solving its transport equation.3.% 112

In the present work, a localized dynamic kyg-equation model of Kim and Menon®
overall efficacy.!3-14

In the LDKEM, the subgrid-scale eddy viscosity, v;, is computed from

9 was chosen in favor of its

v =GhkIA (22)
Consequently, SGS stress is can be written as
2 —_
T~ ghesBij = —2GKI2 RS, (23)
Ksgs is obtained by solving its transport equation®.?

Ohegs | ikegs 5 Kbe . 3 [(ve ) ks
or + axj - t‘jaxj—ct A +ax, O‘k+v BXj (24)

The only difference between the original formulation and the present one is that the contribution from the molecular
diffusion of kg is included in this work]

As shown above, there are three model parameters appearing in these equations, namely, G, Ce, and o}, which
need to be specified. In the current implementation of the LDKEM, the first two are determined from the dynamic
procedures to be described in the following, whereas o, is simply set to a constant value of 1.0. The underpinning of
the dynamic procedure employed in the LDKEM is the hypothesis corroborated by the experimental evidence!3+16 that
there is a strong correlation between the subgrid scale stress, Tij, and the subtest-scale Leonard’s stress, Ly;. In place
of parameterizing T;; and utilizing the Germano’s identity as was done in the DSM, the LDKEM models L;; directly
as
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where k;.;; is the resolved turbulent kinetic energy associated with the scales between the test-filter (&) and the grid-
filter (A). It can be directly computed from

1 ==
kess = 3 ("k“k - l‘kuk) (26)

The model parameter, Cy, can then be determined from Equation (25) by minimizing the error norm as in the DSM.
Consequently we have

LMy
C=—"—+ 27
= My (27)
with M;; defined by ) _
My = 28011 Sy _ (28)

The model parameter, Ce, of the dissipation term in Equation (24) is also deiermincd by a dynamic procedure,
whose underpinning is the hypothesis that the dissipation-rate of k;.s; (€) can be expressed in the same functional form

as the dissipation-rate of kygy.
32
e=C 29
A

The dissipation-rate of ;.5 can also be computed from
8575:7; aﬁ; aﬁ;
e= (V+V1) ('a;‘a; 5;;32’1
From Equation (29) and Equation (30), C, is given in a closed form

_ 8(vev) (9605 _ 3 0% :
C=—gn (ax,ax, 3% %) @D

(30

The DKEM has several desirable attributes that the DSM lacks. First, as a consequence of parameterizing Ly
directly, the dynamic procedure in the LDKEM does not involve any test-filter operation on the model parameter, C;.
Thus, unlike the DSM model, C; is a genuine, local quantity free from any mathematical inconsistency. Secondly, Cy
in the LDKEM behaves numerically more benignly than Cy in the DSM, having much less fluctuation. As a small
premium, one can even save a small amount of computational effort with the LDKEM, inasmuch as the test-filtering on
the SGS stress done on in the DSM is not needed. Lastly and probably most important, the LDKEM enjoys the benefits
of a high-order turbulence model. Adopting SGS turbulent kinetic energy to parametrize the SGS stress renders the
LDKEM better suited to non-equilibrium flows. By accounting the &s,.-budget more rigorously, backscatter of kinetic
energy is allowed in the LDKEM on a much sounder physical basis than in the DSM.

1. Boundary conditions

Wall boundaries are the most crucial and yet difficult ones to handle in LES. In LES resolving all the way down
to viscous sublayer, no-slip would be clearly the choice for wall boundary condition for the resolved velocity field.
However, the cost of such “wall-resolving” LES is prohibitively high for practical flows involving high-Re flows. A
practical alternative is to use the law-of-the-wall bridging the wall and the first grid point (cell center) off the wall. The
simplest implementation of the wall-law can done using

+ + eyt
T = { poo oty 32)
zIn(Ey*) fory* 2yy

where E =9.793, x = 0.419, y* =Ty/v, o+ = u/ty, y} is the “cross-over”at which the two wall laws intersect. This
demarcation of the entire inner layer into the two distinct layers is apparently a simplification which is at odds with the
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presence of a buffer region in reality between the viscous sublayer and the log-layer. However, this is much better than
exclusively relying on no-slip condition. One can mimic the presence of the buffer layer by blending the linear and
the logarithmic laws using an adequate blending function. The blending has some merits, inasmuch as, besides giving
a smooth transition between the two layers (numerically more stable) and representing the mean velocity profile in
the buffer layer more accurately, the blending also allows the respective laws in the two regions to be independently
modified or extended to take into account other effects such as pressure gradient, surface roughness, and transpiration.
In the present work, we employed the blending function suggested by Kader.!”

In the finite-volume discretization adopted in this work, the blended wall-law is employed to compute wall-shear,
essentially diffusion flux at wall. To thatend, the wall-law is applied to the parallel components of the resolved velocity
at wall-adjacent cells to compute the friction-velocity (&) in an iterative manner.

The LDKEM needs a wall boundary condition for ksgs. To that end, either a Dirichlet-type boundary condition
(ksgs = 0) or 2 Neumann boundary condition (dkses/0n = 0, in view of ez, ~ ) is conceivable. In the present work,
we simply set the diffusion flux of ke at walls to zero, which is essestially equivalent to the Neumann boundary
condition.

IV. Flow solver

The present work was carried out using FLUENT, a general-purpose CFD code. FLUENT employs a cell-centered
finite-volume method based on a multi-dimensional linear reconstruction scheme, which permits use of computational
elements (cells) with arbitrary polyhedral topology, including quadrilateral, hexahedral, triangular, tetrahedral, pyra-
midal, prismatic, and hybrid meshes. There are several choices of the solver algorithms in FLUENT including coupled
explicit, coupled implicit, and segregated solvers. For the computations presented in this paper, we used the segregated
solver exclusively.

In the segregated solver, the governing equations are solved sequentially. Several different solution algorithms are,
offered including SIMPLE, SIMPLEC, PISO, and fractional-step method (FSM). The temporal discretization in the
segregated solver employs a fully-implicit, three-level second-order scheme. Time-accurate solutions can be obtained
using either iterative time-advancement (ITA) scheme or non-iterative time-advancement (NITA) scheme. The NITA
scheme greatly saves CPU time, since the costly outer itcrations arc not needed. Unless stated otherwise, we used the
fractional-step method in conjunction with the NITA scheme in this study.

Accurate spatial discretization is crucial in LES. The spatial discretization schemes employed in this work are
based on a multi-dimensional linear reconstruction scheme.'®2% Diffusive fluxes are discretized using central differ-
encing. Discretization of convective fluxes requires caution in LES. Upwind-biased schemes such as second-order
upwind, QUICK, and third-order MUSCL schemes have been most widely used for RANS computations. Unfortu-
nately, numerical diffusion introduced by upwind schemes, which might be acceptable in RANS computations for
high Reynolds-number flows, is detrimental to LES. This is because, in LES, numerical diffusion, however small it
is, can easily overwhelm physical diffusion. This is the case even with high-order upwind schemes. For this reason,
for LES, central-differencing schemes have been preferred for their meritoriously low - or zero in ideal conditions -
numerical diffusion. Thus we added a second-order central differcncing (CD) scheme for discretization of convective
terms specifically for LES.2! Unfortunately, any pure CD schemes are susceptible to producing unphysical oscillations
in the solution fields, which becomes especially pervasive in high Peclet-number situations - low diffusivity and coarse
mesh which is almost a norm in LES for industrial applications. The usual remedy is to add a modicum of numerical
dissipation, either explicitly or implicitly, to suppress the oscillations at the price of sacrificing spatial accuracy. In
our implementation of CD, however, no numerical dissipation was explicitly added. And, unless stated otherwise, the
CD scheme was used in this work. To back up the CD scheme in case it fails, we also developed what may be called
a bounded central differencing (BCD) scheme that essentially detects in the solution fields any wiggles with a wave
length of 2Ax or less (A < 2Ax) and suppress them by switching to upwind schemes of varying orders depending on the
severity of the wiggles, while retaining the CD elsewhere. It should be emphasized that the BCD scheme significantly
differs from the often-employed hybrid schemes blending central differencing and upwind schemes with a fixed ratio.
The BCD scheme is reserved for industrial applications involving high-Reynolds number flows and less-than-ideal
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meshes.

The discretized algebraic equations are solved using a point-wise Gauss-Seidel iterative algorithm. An algebraic
multi-grid (AMG) method is employed to accelerate solution convergence. The solver is fully parallelized, which is
crucial in LES for industrial applications.

V. Validations

The LES capability described so far has been validated for a wide range of wall-bounded flows from simple to
complex ones. In this paper, we present the results of a fully-developed channel flow and two bluff-body flows. The
channel flow case is a fundamentally important case whose subtlety offers an opportunity to critically evaluate various
aspects of SGS turbulence modeling such as the dynamic procedure used to determine the model constants.

The bluff-body flows include the one around a cylinder with square cross-section at a moderately high Reynolds
number and the one around a sphere at two Reynolds numbers. Deliberately chosen, both involve large-scale, co-
herent structures around the bodies and in the wake, representing typical bluff-body flows encountered in industrial
applications.

A. Fully-developed channel flow at Re; = 180

A fully-developed channel flow was computed for the Reynolds number of Rer = 180 (Regy; = 3,300) using the two
dynamic models. The computational domain is a box of the size [2nH x 2H x nH] in the axial, normal, and spanwise
directions, respectively. The computational domain is bounded by two walls on the bottom and the top of the channel,
two pairs of periodic boundaries in the axial and the spanwise directions. The computations were carried out using
two hexahedral grids; a coarse grid with 36 x 36 x 36 cells and a globally refined mesh with 72 x 72 x 72 cells. The
resolutions of the meshes are such that, with the coarser mesh, y* value at the wall-adjacent cells is approximately
0.6, and the cell size is Ay* = 27 near the channel centerplane. The channel walls are treated effectively as no-slip
boundaries due to sufficiently low y* values at the wall-neighboring cells. On the pair of periodic boundaries in the
axial direction, a pressure-drop across the pair derived using the given wall-shear (%, = pu?) was specified, with the
flow-rate determined as a part of the solution. The time-step size of At* = 0.3 was used, where Ar* = Aru?/v. The
CD scheme was used for the discretization of convection terms.

The mean axial velocity (U*) and the three r.m.s.velocity components (1/+,v'*+,w'+) predicted using the two dy-
namic models are shown in Figure 1 on the following page along with the DNS results of Kim ez al.Z2 The predictions
with the coarse mesh are seen to overpredict U by about 8 ~ 12% near the center of the channel. The peak in the &+
profile is also overpredicted with the coarse mesh, whereas the peaks in the profiles of '+ and w/* are underpredicted.
Our results with the coarse mesh show largely the same trends as found by others who employed grids of somewhat
finer resolutions (32 x 64 x 32 mesh,2? 65 x 65 x 65 mesh!), yet closely matching their predictions despite the coarser
mesh employed in this work. However, our predictions of the r.m.s. velocity components near the channel center is
relatively poor. We surmise that the much larger grid spacing near the channel center (Ay* = 27) is responsible for
that.

The predictions improve greatly with the fine mesh. Both dynamic models reproduce the DNS results remarkably
well. The mean axial velocity and the r.m.s. fluctuating velocity components are accurately predicted throughout
the entire range of y+-. Particularly noteworthy is the excellent agreement with the DNS data in terms of the peaks
values and their locations of the r.m.s.fluctuating velocity components. Overall, the results obtained with the fine mesh
compare favorably with other results mentioned earlier.!23 For instance, our predictions are substantially closer to the
DNS data than the results of Haworth and Jansen! who computed the same channel flow using LES on a 65 x 65 x 65
node mesh using the Lagrangian dynamic Smagorinsky’s model.

The present results are promising, inasmuch as they demonstrate that the second-order CD scheme in conjunction
with the dynamic models is able to accurately predict this fundamentally important wall-bounded flow carrying an
intricate negr-wall physics. Regarding the impact of SGS modeling, we did not find any significant difference between
the results from the two dynamic models. This should not come as a big surprise, however, since the fully-developed
channel flow is near equilibrium in the mean.
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Figure 1. The results of LES using two dynamic SGS turbulence models for Re; = 180
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B. Flow around a square cylinder

The flow past a square cylinder measured by Lyn et al.?* was considered. The Reynolds number based on the
freestream velocity (Up) and the width of the cylinder (H) is 22,000. The subject flow is featured by a massive flow
separation accompanied by unsteady large-scale structures of widely varying length scales. As such, it aptly represents
turbulent lows around bluff bodies with sharp edges. Some others have also tackled this flow using LES.13.23

The domain size and the mesh resolution were chosen in reference to the earlier studies by others.!>% A more
comprehensive study using different mesh resolutions and domain sizes (spanwise 1n particular) 1s delerred for a future
study. Our objective here is to evaluate the efficacy of the present LES capability by comparing the predictions with
other results based on méshes with comparable resolution. The computational domain is bounded by an upstream
inlet boundary, top and bottom boundaries located 7.0 H from the center of the cylinder, and an exit boundary at 20 H
from the cylinder axis. Freestream conditions were specified at the inlet. The top and the bottom boundaries were
treated as symmetry planes (frictionless walls). The exit boundary was modeled as a pressure boundary where the
solution variables are extrapolated in a mass-conserving manner. A pair of periodic boundaries separated with a span
of 3.0H were used in the spanwise direction. The computational domain is filled with a hexahedral mesh with 660,000
elements. We took advantage of our unstructured mesh capability, embedding a block of locally refined mesh around
the cylinder to better resolve the near-wall and wake regions as depicted in Figure 2 on the next page. The averaged
wall-distance at the wall-adjacent cells is 0.012 H. The time-step size (Af) used for the present computations is 0.02
time unit (H/Up) which is comparable to that used by others.!® The CD scheme was used for the discretization of
convective terms. The statistics were obtained during the LES for a sufficiently long period of time, typically for more
than several scores of time units.

Figure 2 on the following page shows the profiles of the mean axial velocity (U /Up) and the r.m.s.velocity fluctua-
tions (¢ and V') along the centerplane (y = 0) in the wake predicted using the two dynamic models. The time-averaged
axial velocity distributions show that the length of the recirculation bubble behind the cylinder is predicted by the two
dynamic models to be around L, = 0.9 which agrees remarkably well with thc experimental value (L, = 0.9). The
negative peak and the recovery of the mean velocity in the near-wake are also captured very closely. However, the
predictions start to deviate from the measurement for x/H > 2.0, reaching 0.8 Up asymptotically in the far-wake. As
shown in the figure, this value is considerably larger than what the measurement indicates (0.62 Up). 2 Interestingly,
others who computed the same flow!25 also have grossly overpredicted the recovery of the axial mean velocity. Our
LES predictions of the mean axial velocity in the far-wake with both dynamic models were found to be largely com-
parable to the prediction by Sohankar et al.!? based on their dynamic one-equation model denoted by “OEDSMA”
in their paper. However, the present LES predictions reproduce the mean velocity profile in the recirculation bubble
more accurately than others. Particularly noteworthy is that our DSM yields somehow a much better prediction than
the DSM model used by Sohankar et al. in terms of the recirculation bubble size and the asymptotic value of the
axial mean velocity in the far-wake, which begs a question of what could possibly contribute to this sizable difference.
One possible cause is the effectively finer mesh used in the present computations which was made possible by the
embedded region of fine mesh around the cylinder. It is also quite likely that the differences in the details of the DSM
implementation is responsible. In this regard, it should be noted that Sohankar er al. average Cy in the spanwise
(homogeneous) direction, whereas the DSM used here does not.

The r.m.s.fluctuating velocity components are also predicted with a reasonable accuracy by the present LES. The
peak values are appreciably underpredicted. However, the locations of the peaks are closely captured. Another obser-
vation worthy of mentioning is that v/ is relatively poorly predicted by both dynamic models.

Table 1 on page 12 summarizes other global parameters predicted by the present computations, along with the
results predicted by others.’>25 QOur LES predictions of the mean drag coefficient, Strouhal number, and r.m.s.lift
coefficient well match the measurements and the predictions by others.
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Table 1. Summary of the LES predictions of the global quantities for the square-
cylinder casc (Rey = 22,000)

Methods L St Cp (o]

DSM (present) 0.9 0.133  2.19 1.19
DSM (Sohankar et al.13) ~0.6 0126  2.03 1.23
DSM (Fureby et al.?%) 0.83 0.132 20 1.34
LDKEM (present) 0.9 0.131 214 117
OEDSM (Sohankar et al.®) 0.6 0.132 232 1.54
LDKEM (Fureby et al.?) 0.74 0.130 210 1.32

Measured (Lyn et al.2%) ~0.9 =013 ‘=21 1.2

C. Flow around a sphere
1. Direct simulation for Rep = 300

Before tackling the turbulent flow cases, laminar flow at Rep = 300 was computed on a hybrid unstructured mesh using
direct numerical simulation. At this Reynolds number, the flow exhibits a weak unsteadiness leading to oscillations in
drag and lift forces. The hybrid mesh has a total of 860,000 cells, consisting of prismatic cells in the near-wall region
grown from the surface triangles on the body surface and tetrahedral cells filling the rest of the solution domain. The
time-step size of 0.04 D/U was used. Several others have computed this flow to validate their numerics.26-28

Y

Table 2. Summary of the prediction for the laminar flow over 8 sphere

{Rep =300)
Methods St Cp
Present 0.133 0.667
Tomboulides et al.*’ 0.136 0.671
Iohnson and Patel?$ 0.137 0.656
Measured?? 0.15-0.16 0.629

The results are summarized in Table 2 along with others’ predictions.?®28 Tomboulides et al.?’ and Johnson and
Pate]?® used, respectively, a high-order spectral element method and a second-order upwind finite difference scheme
on high-quality structured meshes. As shown, our predictions agree well with others’ results, which is remarkable
considering that a hybrid unstructured mesh was used in this work in conjunction with the second-order discretization
scheme.

2. Turbulent flows

We considered two Reynolds numbers (Rep = 1.0 x 10%,1.14 x 10%), onc being in sub-critical and the other in super-
critical regime. The subcritical flow case has been numerically studied by several others, 233 while the supercritical
case was studied experimentally by Achenbach.?!

In this work, a hybrid unstructured mesh was deliberately used for both Re cases. The hybrid mesh has in total
2.46 million cells, consisting of 0.6 million prismatic cells in the near-wall region and tetrahedral cells filling the rest
of the solution domain, with a large fraction of the total cell counts clustered in the near-wake region (see Figure 3).
The mesh quality is not exceptionally high and yet quite reasonable, except the rapid expansion of cell size around the
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Figure 3. Hybrid unstructured mesh used for the flow around a sphere

cell-clustered region. The average distance from the wall at the wall-adjacent cells is around 1.1 x 103 D, For the
lower-Re case, the near-wall mesh is sufficiently fine to resolve the boundary layer, with the y¥ values at the wall cells
below y+ = 1.0 for most part of the wall. For the higher-Re case, however, the near-wall mesh is far from being fine
enough to accurately resolve the boundary layer which is much thinner than the lower-Re case, and the y* values at
the wall cells increase by almost two orders of magnitude. Thuos, the wall adjacent cells are most likely to penetrate the
fully turbulent region (log-layer) on a significant portion of the wall, especially near 8 = 90° where the skin-friction
reaches a maximum. The mesh being not ideal, the higher-Re case offers a good opportunity to assess the wall-function
based approach adopted in this work. Partial views of the mesh are shown in Figure 3. ‘
Attempts to use the pure CD scheme have not been successful for this case. Numerical oscillations were observed
sporadically in a few spots rather remote from the body where the cell size increases rapidly, being accompanied by
abnormally large velocity magnitude. Although the oscillations were not catastrophic and affected the global quantities
very little, the subsequent computations were carried out using the BCD scheme discussed earlier. A time-step size
of 0.02D/U was used for both Reynolds numbers. The data were collected for more than hundreds of time units.
Figure 4 shows the time-histories of Cp for the lower-Re case recorded during the LES using the two dynamic models.

Table 3. Summary of the LES prediction for turbulent flow past a sphere (Rep = 10,000)

Methods Cp St ¢s &
LES with DSM (present) 0.438 0.182 86-87 86-88
LES with LDKEM (present) 0.433 0.185 86-87 86-88
DES (Pelaez et al.)*® 0.430 - - -

DES (Constantinescueral)® 0397 0200  84-87 93-108
LES (Constantinescu et al.)*® 0.393 0.195 84-86 86-88

Measured?!:32 ~040 0.185-0.19 - -
Correlation3? ~0.46 - - -
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The global quantities predicted for the lower Re case are summarized in Table 3 on the page before along with
others’ results. The predicted Cp values (0.438 and 0.433 for the DSM and LDKEM, respectively) are in fair agreement
with the often-quoted experimental value of 0.4 measured in 1920°s>* and other predictions. Constantinescu et al.2
predicted Cp at around 0.4 using LES and detached eddy simulation (DES) on a structured hexahedral mesh having
450,000 nodes. Our predictions are closer to the value obtained by Pelaez et al3® (Cp = 0.43) who carried out a
DES on an unstructured mesh with 770,000 nodes. The Strouhal numbers predicted by the two dynamic models came
out very close to each other, matching the measured one quite closely in view of the scatter in the experimental data.
The data of Achenbach?! and Kim and Durbin®® favor lower Strouhal number around St = 0.15, whereas Sakamoto’s
data®? suggests a higher value between 0.18 and 0.19. The locations of flow separation (¢;) predicted by the two
dynamic models are nearly identical and were found in 86° ~ 87°. The locations of laminar-to-turbulent transition
(¢:), which were obtained in this work by reading off the angle beyond which v; or ks, increases rapidly, were found
in 86° ~ 88° for both dynamic models, which compare well with the LES predictions by Constantinescu et al.28
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(a) Time histories of Cp for Rep = 10,000 (b) Comparison of the predicted time-averaged Cp values (Rep =
300,10,000,1.14 x 10%) and the experimental mean Cp-curve for
a range of Reynolds number

Figure 4. Time histories of drag coefficient (Cp) and and the predicted mean drag coefficients for the sphere

With the higher-Re case, the flow in reality has already undergone the “drag crisis”, and the flow structure has
changed drastically from those of subcritical regime. The change in the flow structure can be seen from Figure 5 and
Figure 6. Depicted in these figures are the iso-contours of the second-invariant of the deformation tensor, (Q;;Q;;—
SijS17)/2. Both figures aptly portray the hairpin-like vortical structures in the wake observed in experiments. The wake
for the higher-Re case (Figure 6) is much narrower than in Figure 5, which is the consequence of the delayed onset
of flow separation. The Cp values predicted by the DSM and the LDKEM are 0.139 and 0.142, respectively. These
values arc fairly close to the range of values (Cp = 0.12 ~ 0.14) measured by Achenbach 3!

For the higher-Re case, the predictions of the locations of the separation and the onset of transition were much less
satisfactory. At Re = 1.14 x 10°, the experimental results®! show that the transition occurs near 97° ~ 98° well before
the separation occurring near 120°. The present predictions failed to reproduce this experimental finding. The present
results exhibit too early a separation at around 100° and a delayed transition. This discrepancy is most likely due to
the use of too coarse 2 mesh in this work to resolve the very thin boundary layer for the high-Re case.

The drag coefficients predicted in this study for the three Reynolds numbers are plotted in Figure 4 along with the
mean experimental curve.
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Figure 5. Vortical structure in the near-wake of the sphere for Rep = 10,000

the velocity deformation tensor

visualized using the iso-contour of the second-invariant

L.14x 105 -

Figure 6. Vortical structure In the near-wake of the sphere for Rep

of the velocity deformation tensor
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VI. Summary and Conclusion

A large eddy simulation capability based on a finite-volume solver has been developed and validated for a num-
ber of wall-bounded flows. The finite-volume solver employs second-order numerics and permits use of unstructured
meshes, thus being able to easily handle industrial applications involving complex geometry. Turbulence closure for
subgrid-sale stresses is effected using two dynamic subgrid-scale viscosity models, namely, the dynamic Smagorin-
sky model (DSM) and the localized dynamic k-equation model (LDKEM). These two dynamic models allow one to
compute arbitrary three-dimensional flows without any statistically homogeneous directions. The validations demon-
strated that the present LES capability is capable of predicting the wall-bounded flows of varying complexity with
a commendable accuracy, having a potential to provide a practical tool for high-level simulation of turbulent flows
encountered in industrial applications.
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