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1 Summary

A conservative evaluation model (EM) approach is used to analyze accident scenarios
with significant coolant inventoty losses during Large Break Loss-of-Coolant Accidents
(LBLOCAS) external to the cavity vessel, where only the beam power is shut down and
no other mitigation actions are taken. The EM is a simplified modeling approach that
performs a bounding analysis. Material design criteria have been established for each
blanket module to ensure that coolable geometries are maintained. Without corrective
measures, it has been conservatively determined that peak metal temperatures would
not exceed these design criteria until at least 28 hours after beam shutdown. This time
duration is sufficiently long that it is reasonable to assume that additional measures can
be implemented, such as:

● Restoring the availability of one of the Residual Heat Removal (RHR) systems;

. Restoring the availability of the cavity flood system; or

. Replenishing liquid coolant inventory that is boiled off using purification lines (initially
about 0.25 gpm would be required with demand decreasing as the residual
deposited power decays).

2 Introduction

This report is one of a series of reports that document LBLOCA analyses for the
Accelerator Production of Tritium (APT) primary blanket Heat Removal (HR) system [l-
6]. These analyses were performed for Revision O of the Preliminary Safety Analysis
Report (PSAR). This report documents the analysis results of a LBLOCA where the
accelerator beam is shut off without primary pump trips and neither the RHR nor the
cavityflood systems operate.
For the set of LOCA break locations examined, it is assumed that the trip signal to
shutdown the accelerator beam is initiated based on a 594. reduction in pressurizer
surge-line pressure. Signal detection occurs within hundredths of a second following
the initiating event. The trip signal is activated approximately 0.01 seconds after the
initiating event occurs. A consewative 0.2 second time delay to account for signal
processing is assumed (best estimate values range from 0.1 to 0.2 second delays) so
that the actual beam shutdown begins approximately 0.21 second after the initiating
event occurs. After the APT beam system shutdown, blanket deposited power drops
rapidly. Figure 2-1 shows transient decay power after shutdown as a fraction of steady-
state power for the 1700 MeV APT design with 13 tungsten ladders ~]. For example,
power levels are approximately 1 to 37. of their pre-shutdown levels within 1 second.

Trip signals for the primary HR pump are based on the same logic as for a beam
shutdown. For this set of LOCA break location scenarios it is assumed that the primary
HR pumps fail to trip. Also, the primary RHR pumps and the cavity flood system are
assumed to be inoperable. The likelihood of not having either the RHR or cavity flood
systems available upon demand is extremely unlikely. Therefore, for each break
location, this event sequence is in the Beyond Extremely Unlikely (BEU) frequency
range. After a beam shutdown, none of the other available accident mitigation options
are activated. The geometric configuration of the external piping for the primary HR
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system, in relation to the fixed headers, has been designed such that any external large
break would eventually break seal and would not continue to draw coolant inventory out
of the blanket modules and their fixed headers.
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Figure 2-1 Decay heat power fractions for various types of blanket modules.

The unmitigated accident analyses were performed using an EM based on an overall
thermal energy balance to model transient behavior for the blanket modules. The EM
consists of calculations to estimate the time it would take the APT blanket module to
heat to boiling under adiabatic heat up conditions. The masses of lead, aluminum and
water in the entire blanket module, and the mass of water in portions of the primary HR
loop, were estimated using data from the TRAC system model ~]. Individual deposited
power profiles were used to estimate the deposited power to each module during the
transient.

The current APT blanket system consists of 16 unique blanket modules. Each module
is separately connected to the two fixed coolant headers. A lumping strategy was
developed based on module similarity, deposited power levels, and locations that
resulted in a total of six separate lumped modules that significantly reduced system
computational requirements. Figure 2-2 shows a cross-sectional facemap for the six-
moduie blanket system. Table 2-1 summarizes the module description, thermal
deposited power, and connection pipe size for each of the six blanket modules as
modeled in the one-dimensional lumped approach. Detailed TRAC system Model
descriptions are provided in Ref. [7]. Results from a single long term TRAC system
calculation were used to analyze the loss-of-flow accident and to provide starting
conditions for the EM. The transient behavior of the six lumped blanket modules were
then predicted using as the initial conditions the results from the integrated system
model 950 seconds into an external LBLOCA.
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Figure 2-2 Cross-sectional facemap of six-lumped blanket system module model.
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Table 2-1 Kev ~arameters associated with each com~osite module of the six lum~ed. .
blanket module system model.

2

3

4

‘5

6

Total
Deposited

Power

Row 1 Module -
Back 1SLateral Decoupler/

Row 1 Module
Front 2“”Lateral Row 2 /

Row 3 Modules
Back 2M Lateral Row 2 /

Row 3 Modules
1S DownstreamDecoupler/

Row 1 Module

2ndDownstreamRow 1 /
Row 2 Module

3d DownstreamRow 2 /
Row 2 Module

Low Power Modules
Blanket Upstream Dec. /

Row2 Module
Lower Front Decoupler / Row 2 Module

Lower Front Row 2 \ Row 2 Module
Lower Back Decoupler / Row 2 Module

Lower Back Row 2/ Row 2 Module
Upper Front Row 2 / Row.2 Module
Upper Back Row 2 / Row 2 Module

.. ,,s. ,, ...,.. .. . . . . ,. . . . ./,. ,< ;

‘@@wlifioy&J@flowl :

‘+:$;3@$$!;Fo%66i;?3... -.,,-.<......,,..,-,.“--..,,.e. . . - ,.,.,.. . . . . . ,,

8.222115.768 /
23.990

3.060 / 7.660/ 10.720

0.744 / 2.812/ 3.556

4.750

3.750

3.92415.41219.336 I 5.375

1.355 / 1.811 / 3.166

(Horizontal Flow)
0.0 / 5.712/ 5.712

17.305 I 39.175 I
56.480

6.000

3.875

3 Solution Approach and Methodology
The solution strategy chosen is based on the realization that simulation times on the
order of days are unattainable using the integrated system model and that a simplified
bounding analysis is preferred when such analyses provide acceptable results. A
simplified conservative evaluation model based on a lumped overall energy balance was
used to analyze accident scenarios with significant loss of coolant water inventory,
where only the beam power is shutdown and no other mitigation actions are taken. The
transient behavior of individual blanket modules was predicted using as initial conditions
results from the integrated system model 950 seconds into an external LBLOCA (see
Ref. 2). At this point in time after a large break initiating event, the system behavior
(i.e., blanket module and HR coolant loop temperatures) is essentially the same
regardless of break location. Therefore, the EM results are valid for the entire set of
break locations considered.
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The EM approach conservatively assumes that beyond 950 seconds the pressurizer
inventory has been depleted and external loop flow to and from the fixed headers has
ceased. Beyond this point, since all potential external break locations are above the
fixed inlet headers, no additional loss of coolant inventory due to siphoning will occur. At
950 seconds we also no longer take credit for any water remaining in the loops beyond
the fixed headers including the inventory within the fixed headers themselves. Water
inventory within each module unit is assumed to be completely isolated from its
neighboring modules. No liquid inventory draining in from the HR, RHR, or pressurizer
ext&nal pifing is accounted for in the analysis.

The most limiting module corresponds to the one that
deplete the water inventory between the fixed headers
unmitigated LBLOCA conditions. That is,

. (* )
t“.mm “1‘i~~6ttmeduleI

takes the minimum time, t’minjto

and the top of the module under

(1)

Beyond this point in time, the module begins to uncover exposing the metal surfaces.
Table 3-1 lists the pre-incident deposited thermal power, the total cooling water
inventory (including the water within the module itself), and the water inventory above
the heated section of the module for all six blanket modules as modeled in the TRAC
system model. The shape of the deposited power decay curve and the water inventory
between the top of the module and the fixed header, as well as the total water inventory,
will determine the limiting module. Therefore, although Module 1 with the largest
deposited power did eventually turn out to be the limiting module this was not
immediately clear and all six of the lumped modules were subjected to the transient EM
analysis to determine the worst case. Figure 3-1 shows the geometrical arrangement
for Module 1 as it was used in the present analy&is.

Table 3-1 Deposited power and available liquid mass for each lumped blanket module.

Note: ● toi

I 1
>,.;-.-,-

1 23.99 3707.9 2033.5
9 I 10.79 I 3804.0 I

—--- .- !

I

I ----- 1 ---- .- , 1590.1
3 3.556 1700.3 1089.1 I

I 4 I 9.336 2084.5 1224.7
5 3.167 2171.0 1289.7

2 3784.8 2444.4I
I -----

; 5.71:
:al water inventory mass for each lumped blanket module loop from the s

fixed header to the returnfixed header
;Upply

In the first phase of the EM approach, an adiabatic sensible heat-up calculation is
performed to determine the time required to reach saturation conditions, corresponding
to the system pressure at the mid-plane, within the heated sections of each module.
These calculations take credit for the thermal capacitance of the metal and the water
residing within the blanket modules along with the water contained within the module
plenums (i.e., inlet, middle, and outlet plenums) and inlet/outlet piping attached to the
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fixed headers (excluding inventory within the fixed headers themselves). Each module
is materially and thermally isolated from its surrounding structures once the coolant
water has drained below the fixed headers. During the second phase of the EM
approach, boil-off calculations are performed based on the latent heat of vaporization of
light water until the level of water remaining within a given module loop reaches the top
of the module unit’s heated section. No credit is taken for condensationhefiux due to
cold surfaces above each blanket module.

Inletfixed
header

Outletfixed

Stagnant liquid inside header

!1

----- --

[F’”+

tl I-1
------ ----- ----- ------ ----- ------ ----

Referenceliquid
level for system-
pressure

Zo

J_..
)-4Inlet

H
Outlet

denum Plenum

r
Dw1

3.-.

J1811 I r t 11I

Middle plenum )\ A

=0 = Initial liquidlevel
QD, Q~l = Decay heat

>avity vessel
wall

Figure 3-1 A schematic of an isolated module loop (Module 1) used in the. EM analysis.

Limited preliminary FLOWTRAN-TF bin analyses have been performed to investigate
the heat removal capability of the long narrow discrete channels under partially filled
conditions. Beyond the EM calculations, preliminary FLOWTRAN-TF results indicate
that acceptable metal temperatures are maintained for channels partially filled with
water. However, at some reduced liquid level the onset of a thermal excursion (OTE) is
expected to occur. For these analyses we conservatively assumed that a thermal
excursion would occur once the tops of the heated sections are reached.

The EM approach uses the following governing equations for adiabatic heat-up (non-
boiling) and boil-off situations based on the assumption of thermal equilibrium. Using
the notation shown in Fig. 3-1, total thermal energy input (Q,) to the module unit (Module
1 is used as an example) is calculated as:
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In Eq. (2) Q~ is the thermal
thermal power deposited in
balance is performed using:

dm.

Q, =Q.+Q,, (2)

power deposited in the decoupler leg, while Q~l is the

the blanket Row-1 leg. Calculation of the liquid mass

(0 for non – boiling system .—.-=

1dt –rngfor boiling system
(3)

In Eq. (3) rn~ is the boil-off rate due to the phase change of light water.

During the time periods of interest, decay heat levels are generally quite low and
temperature differences between the fluid and its neighboring heated metal structures
will be small. Therefore, near thermal equilibrium is assumed for the fluid and solid
composite (i.e., T = T== TJ during both sensible heat-up and boil-off conditions. A
thermal energy balance for an entire module structure (including fluid and soild
components) becomes:

( dT

){

Q, for sensible heatup
@P.+mf Cpf ~ =

Q= – rnghfg for boil - off
(4)

In Eq. (4), m. and m, are the metal structure and total fluid mass within a given of module
unit, respectively. CP,and CPfare constant pressure specific heats of the metal structure

and fluid, respectively. hf, is the latent heat of evaporation. The boil-off rate (fig) in Eq.

(4) is zero for the non-boiling situation. The system pressure (P) is calculated in terms

of liquid height (z) and liquid density (@ assuming static equilibrium conditions from the
equation:

P = Pam+-pfgz (5)

In Eq. (5), z is the liquid level height with respect to the center of a blanket module as
shown in Fig. 3-1, while P- and g are atmospheric pressure and gravitational
acceleration, respectively. For modeling convenience the center of the blanket modules
is set as our reference elevation. Once fluid saturation conditions are met, bulk boiling
is initiated and the transient composite temperature (T) is set equal to the saturation
temperature (T$a)corresponding to the system pressure (P) predicted by Eq. (5). The
saturation temperature (T,a) is determined by an equation of state for light watec

T = T~at(P) (dting boiling) (6)

The gradient in saturation temperature with respect to system pressure can be
expressed in terms of the rate of change in liquid level as (making use of Eqs. (5) and
(6)):

$=(%w=’f’(%)($)
(7)
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The rate of liquid level change in Eq. (7) can be expressed in terms of the boil-off rate
(ti, ) under bulk boiling conditions by using the average flow area (Af) between the

bottom of the fixed header and the top of the modules:

$=-[2)=[5JR9 (8)

Under boiling conditions, the rate of change in liquid mass inventory within a given
module loop can be written as (making use of Eqs. (4), (7), and (8)):

dmf _ Q,—= –rng =
dt

()()

dT~at
hjg‘(mscp.+mf Cpf ; dp——

f

(9)

In Eq. (9) the change in saturation temperature with respect to system pressure is
approximated by the Clausius-Clapeyron equation:

(lo)

To perform the transient EM analyses, deposited power decay curves were integrated
over time to determine the total amount of heat released as a function of time. Figure 3-
2 summarizes the decay curves used for the six composite lumped modules in the
TRAC system model. For the purposes of this calculation, the deposited power curve
for each module was used to calculate the deposited power as an adiabatic heat-up
source.
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Figure 3-2 Deposited power profiles used in the TRAC system and EM models.

4 Evaluation Model Results and Discussions
Table 4-1 shows the results from the EM calculations for the six blanket modules.
Module 1 was determined to be the worst case module that would uncover the quickest
during an unmitigated LOCA scenario. Module 2, which has half the pre-incident
deposited power, but a higher decay curve (see Fig. 3-2), is the only other module with a
comparable dry-out time. Module 4, which also has a significant pre-incident deposited
power, takes twice as long to reach dry-out and the other low power modules would take
over four days to become uncovered.

Table 4-1 Times to reach boiling and initial dry-out for the six lumped blanket modules.

1 I 3 I 28
2 5 ,, 33
3 11 >96
4 I 6 I 71
5 I 23 I >96
6 11 >96



WESTINGHOUSESAVANNAHRIVERCOMPANY Report: WSRC-TR-98-O0213
Section: 1

BL4NKET MODULE BOIL-OFF TIMES DURING A LOCA Date: 08/1 2/98
(CASE O: WITH BEAM SHUTDOWN ONLY) Page: Ioof 14

Using 50 C as the initial water temperature, the EM results show that Module 1 reaches
the saturation temperature of 114 C in approximately 3 hours at which point the onset of
bulk boiling (OBB) is initiated. Beyond 3 hours into the transient, decay power levels are
sufficiently low to preclude the potential for a counter-current-flow limitation [8].
Saturated bulk boiling occurs within the Module 1 flow channels where it is assumed that
circulation is sufficient to bring the liquid water inventory to a nearly uniform
temperature. In this situation no credit is taken for potential reflux of cooling water from
condensation at the higher elevations within the piping network.

Once boiling occurs (i.e., at 3 hours into transient), the liquid level gradually drops until
about 28 hours after the initiating event when the top of Module 1 is uncovered. As
shown in Table 4-1, the lower power modules will take substantially longer to uncover.
During the boiling phase, metal structure temperatures are assumed to follow the liquid
saturation temperature corresponding to the system pressure. No liquid water inventoty
draining in from the HR, RHR, or pressurizer external piping is accounted for.
Therefore, as water is boiled away, the static pressure within each module drops and its
metal temperature slowly decreases. The thermal energy balance in the EM calculation
accounts for the release of stored energy in the metal and in the remaining water
inventory as the average temperature decreases.

The estimated coolant liquid level and maximum aluminum metal temperatures within
Module 1 are shown in Figs. 4-1 and 4-2, respectively. For comparison purposes, the
steady state and 10,000 hour exposure temperature limit criteria for aluminum are also
shown in Fig. 4-2. As Fig. 4-2 indicates, aluminum temperatures remain below the 150
C limit throughout the early times of the event sequence and also below the 115 C
steady-state limit. At the point where the blanket modules begin to be uncovered, the
estimated boil-off rate corresponds to about 0.25 gpm of liquid water. Figure 4-3 shows
estimated boil-off rate as a function of transient time, which is equivalent to the rate of
reduction in the cooling water mass within Module 1.

Without corrective measures, it is anticipated that peak metal temperatures would begin
to rise and exceed the design criteria beyond 28 hours after the initiation of the event.
However, this time duration is sufficiently long that it is realistic to assume that additional
measures can be implemented. Such measures include restoring the availability of the
RHR system or cavity flood system, or replenishing liquid coolant inventory that is boiled
away using, for example, purification lines. Initially about 0.25 gpm would be required
with demand decreasing as the residual deposited power decays. Beyond the EM
calculations, preliminary FLOWTRAN-TF [9,1O] results indicate that acceptable metal
temperatures are maintained for channels partially filled with water. However, at some
reduced liquid level the onset of a thermal excursion is expected to occur. Further
calculations will be required to quantify the point of thermal excursion.

In the above conservative EM calculations, credit was taken only for the safety class
beam-shutdown system. The calculations indicate that margin exists at early times in
the accident and, to prevent the loss of coolable geometty at later times, some sort of
corrective measures must be taken within approximately the first day (i.e., an ultimate
heat sink must be established). This time duration is sufficiently long that it is realistic to
assume that additional administrative measures can be implemented, such as:

● Restoring the availability of the RHR system or cavity flood system, or

. Replenishing liquid coolant water inventory that is boiled-off using, for instance,
purification lines.
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5 Conclusions
A conservative EM approach is used to analyze accident scenarios with significant
coolant inventoty losses during LBLOCAS external to the cavity vessel, where only the
beam power is shut down and no other mitigation actions are taken. Prevention of the
release of radioactive material to the environment is associated with maintaining a
coolable blanket geometry throughout the event sequences. Without corrective actions
the consequences for this event sequence are identical to those of Beyond Design
Basis Accident (BDBA) event sequences (with beam shutdown only), where 52 reins
and 0.16 reins would bound the maximum onsite and off-site consequences,
respectively.

5.1 Design Issues

Material design criteria (steady state derived) are imposed to determine the maximum
lead and aluminum (Series 6061 - Type T6) metal temperatures acceptable for the
module components. The limiting values for these parameters are 327.5 C and 115 C
for lead and aluminum, respectively. These material design criteria ensure that a
coolable geometry can be maintained throughout the expected lifetime of each module
unit. Less strict exposure dependent temperature limits can also be applied. Material
limits for the plate-type structures have been tentatively set to 115 C for steady-state
normal operation (or indefinite times of exposure); and 150 C for exposures less than
10,000 hours. Confidence bounds are required to establish the acceptable level of
probability of exceeding these criteria. The results presented in this report represent
conservative estimate values that should be bounding in nature. Quantification of
overall uncertainties and their corresponding confidence levels (i.e., operating and
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modeling uncertainties) has not yet been performed. Future efforts to assess and
confirm the bounding aspects of this EM will be performed.

Adequate safety margin is provided by the Reference 1 plate-type design to allow the
APT blanket section to withstand the unmitigated LOCA scenario analyzed for a time
period of over one day (28 hours). In particular, the maximum aluminum temperature
remains below 115 C during this time period. The maximum aluminum temperature is
expected to eventually exceed 150 C if the accident is allowed to proceed beyond this
time frame.

5.2 Predicted Impact

Anticipated blanket conditions during LOCA Case O fall within all specified
thermal/hydraulic design criteria for time periods of at least one day (28 hours). During
this time no onsite or off-site impact to people or the environment would occur from
conditions within the blanket region of the APT as a result of this LBLOCA. Beyond one
day, metal temperatures within the blanket module will slowly increase and can exceed
the limits imposed to ensure structural integrity. If this is allowed to occur slumping of
the blanket plates can damage the helium tubes and target ladders leading to the
potential release of hazardous and radioactive materials that could adversely impact. the
environment. However, the analysis presented in this report shows that a minimum of
28 hours are available in which to take additional action to mitigate the accident event
and prevent undesirable consequences.
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Appendix A: Software Specifications for BOIL Code

Requirements of the BOIL code (see Appendix C) are defined below. The BOIL code
was developed to analyze accident scenarios with significant coolant inventory losses
during LBLOCAS external to the cavity vessel.

The BOIL code computes transient liquid level and maximum aluminum temperatures
whose output results are converted to a form that is TECPLOT%t?ady. TECPLOV
(1996) is a commercially available interactive graphics tool outside the domain of this
report (see Ref. [11] for further details on TECPLOV.

Function:

The functional requirements placed on BOIL areas follows:

1) Capability to simulate saturated transient boil-off of water inventory using a

conservative lumped approach. The governing equations consider the
situations for adiabatic heat-up (non-boiling) and boil-off based on the
assumptions of thermal equilibrium.

2) Capability to impose prescribed initial decay power, prescribed level of initial
liquid inventory, and transient decay heat fractions.

3) Capability to write code results to output in a form which can readily be made
usable by standard graphics software such as TECPLOW.

Acceptance criterion: Documentation of test case results in graphical form using
TECPLOW or other graphics software.

Performance and attributes:

1) A UNIX based executable that has the capability to run on the following
computer platforms:

Computer Platform A:
Platform: SGI Indigo 2 (R1OOOO)
System: IRIX 6.2
Compilers: f77 V7.1
Options: -O for FFLAGS

Computer platform B:
Platform: SGI Indy (R5000)
System: lRIX 5.3
Compilers: f77 V7.I ;
Options: -O for FFLAGS;

Acceptance criterion: Successful installation testing using simple analytic solutions
and MicroSoft EXCELm spread sheet results, syntax error checking using ~NCHEK
(a UNIX utility feature for checking fortran coding), and spot checking calculations
within a computer run through the UNIX debug facility.

Design constraints imposed on design and implementation activities:

None
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External interfaces

1) Capability for BOIL to write its results to output in an ascii form that can readily
be made usable by standard graphics software such as TECPLOV version 7.

Coding standards:

1) UNIX version SGI fortran f77 compiler compatible under the IRIX operating
system.
Acceptance criterion: Successful installation testing.

2) A modularcode structure that minimizesthe time and effort requiredto perform
maintance and upgrades to its algorithms.
Acceptance criterion: Well commented subroutines having a uniform coding

style.

Designation of responsibilities:

Owner (and code proprietor): S. Y. Lee
Tester(s): F. G. Smith, Ill, and S. Y. Lee

Software Testing:

The BOIL code was tested on a lumped energy balance problem under transient
condition using a Microsoft EXCELm spreadsheet. The test problems were also
selected based on the fact that analytical solutions exists that definitively establishes
BOIL’S accuracy capability and the resulting impact that time step size parameter setting
has on accuracy. Verification was made through comparison of generated output
results published in the analysis report to analytic solutions.

The BOIL code was compiled on the following computer hardware and software
settings:

Computer Platform:
Platform: SGI Indigo 2 (R1OOOO)
System: IRIX 6.2
Compilers: f77 V7.I
Options: -O for FFLAGS

The executable file generated (boil) was then stored for later simulation tests performed
on the same computer platform as specified above.

An input deck consistent with those described in Appendix B was generated. For each
BOIL test run, its output files were stored for viewing. The graphics output files were
processed and viewed interactively within TECPLOP (version 7). Key results for the
test problem are presented in Section 4. From the above executions (the standard
output files from BOIL and the graphics output visually shown in TECPLOV), selective
liquid level and temperature solutions, along with integrated decay heat during LOCA
transient period, were cross verified with the tabulated values. The input deck, output
files, source coding, and executable are stored under SRTC’S AFS system. The official
version of the above files reside on the UNIX AFS system located in the directory

/afs/srtc/u3/b4777/APT_BOIUBOILOFF
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Appendix B: Sample Input Deck
A sample-input file for the BOIL code (see Appendix C) is provided below. The input file
applies to an external LBLOCA with beam shutdown only (i.e., no other migitative
systems were activated).

Input file data.in
mod Zo amf dt

1 6.608 0.398

zmo farea
1.379 0.405

mod Zo amf

2 6.944 0.432
zmo farea
1.750 0.319

mod Zo amf
3 6.608 0.04575

zmo farea
L.379 0.217

mod Zo amf
4 6.952 0.106

zmo farea

1.750 0.245
mod Zo amf
5 6.960 0.109

zmo farea

1.750 0.258
mod Zo amf
6 8.196 0.310

zmo farea
0.10 0.310

tend

0.50 345600.0

wm*cp qo

6.805e5 2.37e7
dt tend

0.50 345600.0
wm*cp qo
4.079e6 1.07e7

dt tend
0.50 345600.0
Wm’cp qo
3.839e5 3.56e6
dt tend
0.50 345600.0
wm*cp qo
2.431e6 9.34e6
dt tend
0.50 345600.0
wm*cp qo
3.875e6 3.17e6
dt tend
0.50 345600.0
wm*cp qo
4.609e5 5.71e6

tstrt

950.0

to
323.15
tstrt

950.0
to
323.15
tstrt
950.0
to
323.15
tstrt
950.0
to
323.15
tstrt
950.0
to

323.15
tstrt
950.0
to
323.15
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Appendix C: Code Listing
A code listing of the fortran program BOIL and its associated fortran subroutines is
presented below. An algorithm description is provided at the front of each routine. The
following is a listing of the routines:

. boil.f - main program that reads in the input and writes out the output.

. hfgsat.f - computes latent heat of light water.

. rhofs.f - computes fluid saturation density.
● tsat.f - computes saturation temperature at system pressure.

Main program boil.f
program boil
c
c ***** ***** ***** ***** ***** *********************************************

C* *

c * Program boiloff computes a liquid level as fn of time. *

C* *
C* *

c * INPUT File: data.in *
C* *

c ● OUTPUT: liquid level and max. aluminum temp as fn of time *
C* *
c *********************************’A’************************************

c
character*80 commnt
character*10 filename

c
parameter (max=800)
parameter (g=9.806, patm=l.013e5)

parameter (cpw=4.217e3)

parameter (hour=3600.0)
parameter (zero=O.0)
parameter (thousand=1000.0)
parameter (conv=273.15)
parameter (gpm=6.309e-5)

c
dimension time(O:max), hf(O:max),
& evpr(O:max), tf(O:max)

c
dimension qs(max), POW(8,6), tpowr(8)

c
c deposited power shapes and corresponding

c

times .

data powr / 5.058e-3, 4.454e-3, 3.849e-3, 3.457e-3,
& 2.267e-3, 1.472e-3, 9.137e-4, 4.449e-4,
& 8.183e-3, 7.174e-3, 6.370e-3, 5.783e-3,
& 3.872e-3, 2.573e-3, 1.618e-3, 6.990e-4,
& 4.520e-3, 3.998e-3, 3.346e-3, 2.938e-3,

& 1.898e-3, 1.284e-3, 8.591e-4, 4.776e-4,
& 4.746e-3, 4.179e-3, 3.519e-3, 3.103e-3,
& 2.008e-3, 1.348e-3, 8.917e-4, 4.856e-4,
& 5.983e-3, 5.332e-3, 4.!543e-3,4.012e-3,
& 2.586e-3, 1.747e-3, 1.168e-3, 6.158e-4,
& 5.472e-3, 4.932e-3, 4.287e-3, 3.841e-3,
& 2.516e-3, 1.667e-3, 1.063e-3, 5.131e-4 /

c
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c
c
c

.C

c

c

c

c
c
c
c
c
c
c
c
c
c

data tpowr / 600.0, 1200.0, 3600.0, 7200.0, .
& 36000.0, 86400-0, 172800.0, 432000-0 /

=== SET 1/0 UNITS AND OPEN FILES -------—————_______________________—------------———--—--————-——--——---

input files:

iinl = 7
outfiles:

ioutl = 8

iout2 = 12

iout3 = 13
iout4 = 14
iout5 = 15

open files:
open (unit=iinl , file=’data.in’ ,status=”old’)
open (unit=ioutl, file=’results.dat’,status= ‘unknown”)

=== READ IN INITIAL VALUES ----------------————--————------------------------------------------

farea - loop flow area
zo - initial water height from the center of the module
dt - time step size
tend - time to end computation
amf - module flow area
tstrt - time to start power integration
imod - module number

c .==––––-––
——-—---= . . === .======== .= . . . . . . . == ===== . . . . . . . == = . . . ===== == . .

c Read in constants and

c
do nmod=l,6
read (iinl ,900)

write (ioutl,901)
write (ioutl,900)
read (iinl ,* )

write (ioutl,’ )
read (iinl ,900)

write (ioutl,900)
read (iinl ,* )

write (ioutl,* )

count number of data points.

Commnt

comt
imod, ZO, amf, dt, tend, tstrt
imod, ZO, amf, dt, tend, tstrt
Colmnnt
Commnt
zmo, farea, Wins,qo, to
zmo, farea, wins,qo, to

write (*,‘(i3)’) imod
c

filename = ‘level”//char(imod+48)//’-dat’
open (unit=iout2, file=filenzune, status=’unknown’)
filename = ‘temps’//char(imod+48)//‘.dat”

open (unit=iout3, file=filename, status=’unknovm’)
filename = ‘evapo’//char(imod+48)//”-dat’
open (unit.iout4, file.filename, status=’unknown’)
filename = “power’//char(imod+48)//’.dat’
open (unit=iout5, file=filename, status=’unknown’ )

c
c compute initial heat capacity for metal structure
c

c set

emf = zero
emgr = zero

eltim = zero

Z1 = Zo

h = zero
t=to
ipt = 1
isat = 1
initial conditions for print output.
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time(0) = zero

hf(0) = zero

tf(o) = to

c compute Mtial pressure corresponding to initial liquid level.
call rhofs(t,rhof)
PO = patm + rhof’g”zl

c update thermodynamic properties at initial pressure.
call tsat(po,ts,dtsdp)

c compute liquid mass
Wmf = 2.O*rhof*amf*zmo*cpw
W1OOP = rhof*farea*(zl - zmo)*cpw

c compute total fluid and structure mass initially.
Wmfs = Wms + Wmf + Wloop

c print initial values for the present analysis.
write (ioutl,902) t-conv, ts-conv
write (ioutl,903) pO

write (ioutl,904) 20 - zmo
c
c nt is the number of time steps-
C

nt = int(tend/dt)
nfreq = int(hourldt)
qsum = zero

do 100 it=l,nt
eltim = eltim+dt
ptime = tstrt + eltim

c

c compute decay power at each time

c
if (ptime.le.tpowr(l)) then

decay = powr(l,imod)
else if (ptime.ge.tpowr(8)) then

decay = powr(8,imod)
else

do k=2,8
if (ptime.lt.tpowr(k)) then

&

frc = (ptime - tpowr(k-1)) / (tpowr(k) - tpowr(k-1))
decay = powr(k-l,imod)

+ frc’(powr(k,imod) - powr(k-l,imod))
goto 10

end if
end do

end if

10 qdl = qo’decay
if (it.gt.1) qsum = qsum + (qd - qdl)”dt
qd = qdl

c
c compute temperature when fluid is subcooled or boiled.
c

if ((t.lt.ts) and. (isat.eq.1)) then
t = t + qd*dt/wmfs

else
c fluid is saturated corresponding to the system pressure.’
c ts is the saturated temperature corresponding to system pressure.

isat = 2

P = Patm + rhof’g”zl
call tsat(p,ts,dtsdp)
call rhofs(ts,rhof)
call hfgsat(ts,hfgs)
denom = hfgs - g*wmfs*dtsdp/farea
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c

c

c

100
c
c .==

99
c

c

199

c

299

c

399

c

c
900

901
902

emfn = emf - qd*dt/denom
dz . (emfn - emf)/(rhof’farea)

zl=zl+dz
W1OOP = rhof*farea*(zl - zmo)*cpw
Wmfs = Wms + Wmf + Wloop
t=ts
h=zl-zo

em9r = (emf - emfn)/(dt*rhof)
emf = emfn

endif

if (ipt .eq. nfreq)then
tmhr = eltim/hour

iit = it/nfreq
time(iit)=tmhr
tf(iit) = t
hf(iit) = h
evpr(iit) = emgr
qs(iit) = qsum

ipt = 1
else

ipt = ipt+l
end if
continue

WRITE OUT OUTPUT FILE. =========================================
write (iout2,99)
format(”VARIABLES = time, level’)

do i=l,iit+l
write(iout2, “(2f11.2)‘)time(i-l),hf(i-1)

enddo

write (iout3,199)

format(’VARIABLES = time, temp ‘)
do i=l,iit+l
write(iout3, ‘(2f11.2)‘)time(i-l),tf(i-1)-conv

enddo

write (iout4,299)
format(’VARIABLES = time, evaporation in gpm’)
do i=l,iit+l

write(iout4, “(2f11.2)‘)time(i-l),evpr(i-1)/9pm
enddo

write (iout5,399)
format(’VARIAELES = time, pol
do i=l,iit
write(iout5, ‘(2f11.2)‘)time(i

enddo

close(iout2)
close(iout3)
close(iout4)
close(iout5)
end do

format (a80)

er’)

,qs(:

format( ’======= The following are the
format( ’Initial temp = “,f6-2,’C’,’

)/thousand

input parameters
Initial sat temp

------ = o )
. ‘,
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&f6.2,’C’)
903 format(’Initial pressure = ‘,fll.2, ‘Pa’)
904 format(’Initial liquid level above the top of the module = ‘,

&f7.2, ‘m’)
1000 format (lx,!*************************● ************************I)
c

stop
end

Subroutine hfgsat.f
subroutine hfgsat(t,hfg)
c
c
c
c
c
c
c
c

c
c
c
c
c
c
c
c

c
c
c

c

c
c

c

c

c

c

c

******************************************************************
*
* INPUT:
* t = TEMPERATURE IN K
* psat = SAT PRESSURS IN
*

* OUTPUT:
* hfgs = SATURATIONLATENT
*
* RANGE:
* 273K < t < 453K
*

*
*
*

Pa *
*

*

HEATENTHALPYIN J/kg ●

●

*
●

*
******************** *************************** ● ☛☛☛☛☛☛☛☛☛☛☛☛☛☛ ☛☛☛☛

parameter (two=2.0)
dimension cl(2), c2(2), c3(2)

H20 PROPERTIES

data cl(l)/-l.lO94e+6/, c2(l)/3960.2/, c3(l)/O.36868/
data cl(2)/2.4057e+6/, c2(2)/3949.5/, c3(2)/1684.5/

data all/-38.874/,
& d31-5.7014e-4/,

ps = exp(dl + (d2

z = log(ps)

d210.291291,
d4/4.0606e-7/

+ (d3 + d4*t)*t)*t)

sat liquid water enthalpy
hfs = Cl(l) + (c2(1) + C3(l)*t)*t

sat steam entha.lpy
hss = cl(2) + (c2(2) + c3(2)*z)*z

compute latent heat energy for water

hfg = hss - hfs

return
end

Subroutine rhofs.f
subroutine rhofs(t,rofs)
c
c *******’A’**********************************************************

c * *

c * INPUT: *

c* t = TEMPERATURE IN K *

c* *

c * ouTPuT: *
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c
c

c

c

c

c

c

c

c

c

c

c

c
c

c

c

end

* rofs = LIQUID SATURATION DENSITY IN kglm”3 *

‘ drfsdt = DERIVATIVE OF rofs W.R.T. t *
* *
● RANGE : ●

● 275K < t < 450K *
* *
● *****************************’k*************************● *********

parameter (two=2.0, hundrd=100.0)

H20 PROPERTIES

data cl/850.87/, c2/1.2788/, c3/-2.6526e-3/

rofs = c1 + (c2 + c3*t)*t

drfsdt = C2 + two*c3*t

return

Subroutine tsat.f
subroutine tsat(p,ts,dtsdp)
c

c

c

c

c

c

c

c

c

c

c

c

c

c

c
c

c

c

c

c

c

c

************* ************* ************* ************* ************* *
* *
● INPUT: *
* p = PRESSURE IN Pa *
* 1 = IDENTIFIER (1=1 FOR H20, 1=2 FOR D20) *
* *

● ouTPuT: *
●

☛

●

☛

☛

☛

ts = SATURATION TEMPERATURE IN K *

dtsdp = DERIVATIVE OF ts W.R.T. p *
*

RANGE : *

611.3Pa < p < 1.0e+6Pa ●

*
*************** *************** ***************** ● ☛☛☛☛☛☛☛☛☛☛☛☛☛☛ ☛☛☛☛

parameter (two=2.0, three=3.0)

H20 PROPERTIES

data ptp/611.3/
data cl/+146.97/, c2/+30.482 /,
& c3/-2.6382f, c4/+0.14715/

pmin = max(p,ptp)
z = log(pmin)

ts = cl + (C2 + (C3 + C4*Z)*Z)*Z
dtsdp = (c2 + (two*c3 + three*c4*z)*z)lpmin

if (p .lt- ptp) ts = ts - dtsdp’(ptp - p)

return
end


