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TORAC USER'S MANUAL
A Computer Code for Analyzing Tornado-Induced

Flow and Material Transport in Nuclear Facilities

by

R. W, Andrae, P. K. Tang,
R. A, Martin, and W. S. Gregory

ABSTRACT

This manual describes the TORAC computer code, which can model
tornado-induced flows, pressures, and material transport within struc-
tures. Future versions of this code will have improved analysis capa-
bilities. In addition, it is part of a family of computer codes that
is designed to provide improved methods of safety analysis for the
nuclear industry. TORAC is directed toward the analysis of facility
ventilation systems, including interconnected rooms and corridors.

TORAC is an improved version of the TVENT computer code. In
TORAC, blowers can be turned on and off and dampers can be controlled
with an arbitrary time function. The material transport capability
is very basic and includes convection, depletion, entrainment, and
filtration of material. The input specifications for the code and a
variety of sample problems are provided.

I. INTRODUCTION

This user's manual supports the computer code TORAC, which can simulate
tornado-induced flows, pressures, and material transport within structures. Its
use is directed toward nuclear fuel cycle facilities and their primary release
pathway—the ventilation system. However, it is applicable to other structures
and can be used to model other airflow pathways within a facility.



This computer code is essentially the TVENT computer code, but it has been
modified to include material transport, particularly transport of radioactive
material. This is the first of a number of versions that will evolve into more
refined and improved codes. In addition, it is part of a family of computer
codes that are designed to provide improved methods of safety analysis for the
nuclear fuel cycle industry. The family of accident analysis codes also will
include codes to address fire, explosion, criticality, and equipment failure
within nuclear facilities.

This manual is similar to the TVENT user's manual, and we suggest that the
reader obtain a copy of it for reference.1 TORAC retains all the gas-dynamic
features of TVENT plus gives the user an additional basic ability to simulate
the transport of material through and out of the facility. TORAC is written in
FORTRAN IV and is designed to run on a CDC 7600 computer. As in TVENT, the
free-format and film-plotting options are precluded but can be added easily to
fit particular computer installations.

TORAC simulates steady-state and transient pressure and flow distributions
in complex airflow pathways within structures. System pressures, flows, and
material transport in this version of the code are based on the following
assumptions.

° Isothermal flow
Lumped-parameter formulation
Incompressible flow with compressibility at nodes
Gas dynamics decoupled from material transport

No material interaction, phase change, or chemical reaction allowed
during transport

Homogeneous mixture and dynamic equilibrium
0 Material deposition only by the mechanism of gravitational settling
0 Material entrainment based on the resuspension factor and other
concepts for rooms and on semi-empirical entrainment rate equations
and wind tunnel data for ducts
A problem can be stopped and restarted; this is especially advantageous when
modeling systems with changing time steps or analyzing complex systems requiring
long computing times. This feature was used in TVENT to simulate the failure of
components or system changes during a transient., A detailed description of the
modeling necessary to simulate the facility system and the tornado accident
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event will be given. Detailed discussions of the gas dynamics and material
transport theory are in Appendixes A and B, respectively.

II. THE COMPUTER CODE

TORAC is designed to be used on large computers. It is portable; that is,
it should be installed easily on most computers with a minimum of changes re-
quired. Three BCD and four binary files are used: input (unit 5), standard
printed output (unit 6), special printed output for restart fumit 18), temporary
read/write (units 10, 17, and 59), and saved output (unit 23). (The latter four
files are binary.) CRT plots can be made using an auxiliary program based on
the DISSPLA language (input unit 10). Standard printed plots and the unit 10
file can be made after the run from the information on unit 23.

This version of TORAC uses five special utilities that are on the Los Alamos
National Laboratory's LTSS computer system. They have a convenient, but not
vital, role. If at all possible, these callouts should be replaced by their
counterparts in the user's computer system. These five utilities and their line
Tocations are given in the "Glossary of Variables" appearing at the end of the
code. They are defined as follows.

1. CALL FEXIST (IFILE,IFLAG)
Routine to see whether a given file exists
IFILE = Name of File
IFLAG = 0 does not exist
1 exists

2. CALL DESTROY
Routine to destroy a file

3. CALL SECOND(T)
Routine to return the difference between the initial time 1limit
and the time remaining for the job.

4, CALL DATEH(IDATE)
Routine to return the current date

5. CALL TIMEH (ITIME)
Routine to return the current time
Information that will make it easy for a programmer to modify the code also is
given at the end of the code. This includes an index of subroutines, a summary
of read-in statements, and a glossary of variables.



IIT. MODELING

A. General Information

TORAC is designed to predict airflows in an arbitrarily connected network
system. In a nuclear facility, this network system could include process cells,
canyons, laboratory offices, corridors, and offgas systems. The ventilation
system is an integral part of this network; it moves air into, through, and out
of the facility. Therefore, TORAC must be able to predict flow through a net-
work system that also includes ventilation system components such as filters,
dampers, ducts, and blowers., These ventilation system components are connected
to the rooms and corridors of the facility to form a complete network for moving
air through the structure and perhaps maintaining pressure levels in certain

areas.

B. System Modeling
The first and most critical step in setting up a model of the air pathways
in a nuclear facility requires a comprehensive schematic of the system compo-

nents and their interconnections. Drawings, specifications, material lists,
safety analysis reports, and existing schematics can be used in deriving a sys-
tem description. A physical inspection of the facility and consultations with
the designer(s) before and after it is drawn may be necessary to verify that
the schematic is correct. (At this stage, there frequently is a lack of data.)
Although there is no substitute for accurate data, certain assumptions, aver-
aging, or conservative estimates can be used to make the problem manageable.
Figures 1 and 2 show how a simple ventilation system within a facility structure
can be transformed into a network schematic. We will illustrate the system-
modeling concepts in the next section and then provide additional modeling
detail for the flow and material transport modeling.

1, System Definitions. Three terms are used to describe the construction

of a model, and they are used extensively in the remainder of this report.
o System. A network of components (branches) joined together at points
called nodes.
® Branch. A connecting member between upstream and downstream nodal
points. A branch contains one component. (Ducts, dampers, filters,
and blowers are components that can exist in a branch. Flow is defined
for a branch.)
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Facility with ventilation system.
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Fig. 2.

Network schematic of facility with ventilation system.



e Node. A connection point or junction for one or more branches. Volume
elements such as rooms, gloveboxes, and plenums are defined as capaci-
tance nodes. The compressibility of the system fluid is accounted for
at these capacitance nodes. Boundary points (inlet and exhaust) are
defined at nodes. System pressure and material concentration also are
defined at nodes.

2. System Modeling Examples. Network systems for airflow through a nu-
clear facility can be constructed using a building block approach. The building
blocks used to construct network systems are shown in Fig. 3 and can be arranged
to form arbitrary systems (Fig. 4). The building block symbols will be used
throughout this report. An example of the correspondence of the building block
schematic to a simple network system is presented in Fig. 5.

Nodes 1 and 9 in Fig. 5 are boundary nodes. A capacitance node, 4, repre-
sents the sampling room. Branches are shown in Fig. 5 at the tips of arrows.

The branch numbers are in parentheses adjacent to their corresponding branches.
Note that branch 3 is connected on the upstream side by node 3 and on the down-
stream side by capacitance node 4. Duct resistance is shown separately in
branch 2, whereas it is lumped or combined with damper resistance for branches 4
through 8.

Thus far, we have discussed extremely simple network systems. A slightly
more complex system is shown in Fig. 6, and its corresponding schematic is shown
in Fig. 7. This system shows a room (node 2) with three connected branches (1,
2, and 3). Also illustrated, using branch 5 and node 5, is the leakage path
around the cell access hatch.

Additional network complexity is shown in Fig. 8. Figure 8 is a single
frame from a computer-generated movie that shows the tornado-induced flow
through a system. Figure 9 is the network schematic for the system shown in
Fig. 8. Although the system shown in Fig. 9 is quite small when compared with
many network systems in nuclear facilities, it contains most of the elements
common to larger facilities. This system features the following.

e Natural bypass around rooms

Recirculation
Combinations of series and parallel component arrangements

°
°
o Rooms (confinement volumes) with multiple inlets and outlets
e Duct friction

°

A network consisting of 30 components and 25 nodal points
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C. Gas Dynamics Modeling
A more detailed summary of the gas dynamics model is given in Appendix A,

The modeling defines the system elements; a branch is defined as a connecting
member between nodes and contains only one component. Boundary conditions
(pressures as a function of time) and capacitance are prescribed at the nodal
points. Following the Tumped-parameter approach, all of the pressure losses for
a branch are ascribed to the components contributing the largest pressure loss;
thus, duct losses may be lumped with the damper loss. Similarly, the effects of
components such as elbows or turning vanes are lumped with the duct losses.

This is correct if the characteristic relationship between pressure drop and
flow is the same (has the same exponent value). However, branches should be
added when the relationship is not the same; for example, where a duct contains
a filter and the duct loss is significant. A common method of representing the
pressure-flow re]ationship] is

s =RQ" (1)
where
AP = pressure drop across the component,
R = resistance coefficient,
Q = branch volumetric flow, and
n = flow exponent (1.0 for filters,

2.0 for dampers and ducts).

TORAC can calculate the resistance coefficients of dampers, filters, ducts,
and leakage based on Eq. (1) with the input values of pressure drop and flow., A
user-supplied resistance overrides the calculated value from Eq. (1) and is par-
ticularly useful in parametric and sensitivity studies. However, any supplied R
will be used with Eq. (1) in obtaining steady-state and transient results, Con-
sequently, the supplied value must be compatible with Eq. (1).

1. Ducts. Ducts are modeled using the friction loss equation

P = fLid, (su’/2g) (2)
11



where

f = nondimensional friction factor obtained from the
Moody diagram,

d, = hydraulic diameter,

= duct length,

average velocity in duct,

= acceleration of gravitational constant, and

= air density.

T au £ =
i

Replacing u in Eq. (2) with its equivalent Q/AC (volume flow divided by the
cross-sectional area) gives an expression similar to Eq. (1). The friction fac-
tor varies little for transition or turbulent flow and is considered constant
for transient calculations. The duct length L in Eq. (2) should include the
physical length plus the summation of equivalent duct lengths because of all the
minor duct losses such -as elbows, bends, contraction, and expansion.

An important variation in duct modeling in TORAC is that the duct also can
be treated as a capacitance or volume node with its resistive nature preserved
in connection with other nodes. This representation is useful for material
transport and will be discussed later.

2. Dampers and Valves. The treatment of dampers is similar to that of
ducts except that the length need not be specified. The effective resistance
coefficient is prescribed or calculated similar to the treatment of ducts.

Ducts and dampers are nonlinear system elements. Thus, the damper or valve
losses can be lumped freely with those of ducts. Control valves with variable
resistance coefficients are included in this version of the TORAC code; the
variable resistance coefficient option is provided to allow the user to simulate
manual opening or closing of damper components. Parametric studies could be
performed to determine the effects of isolating or not isolating portions of the
system model at different times during the transient, but this option was not
incorporated into the code.

3. Filters. The filters are considered linear elements [n in Eq. (1)
equals 1]. The filter resistance coefficients can be obtained from the manu-
facturer, or the code will calculate them for given pressure drop and flow rate
if desired. The resistance of dirty filters is usually estimated as 2 to 5
times that of clean filters.

12



Based on empirical evidence, the filter is no longer a linear element as
the flow rate increases. In Sec. VI of Appendix B we will review the more fun-
damental aspects of filter behavior for a broad range of velocities from the
viewpoint of flow through porous media. We then conclude that the pressure
drop across a filter contains the summation of linear and quadratic dependencies
on flow rate. The TORAC code contains these new features, but the option of
using the quadratic portion requires additional input for the turbulence dissi-
pation. This is done by the filter function card specification.

4, Blowers and Fans. The blower head-vs-flow characteristic curve is ap-

proximated by a series of straight-line segments (Fig. 10). The curve is valid
for a given blower speed and will be shifted vertically for other blower speeds.
The appropriate curve can be obtained from the blower manufacturer's literature,
The blower is placed in a branch, as are filters, dampers, and ducts, and is
considered an active element in the system because it supplies energy to the
system, Blower branches must be assigned blower characteristics obtained from
blower performance curves furnished by the manufacturer. Such curves provide
data for the positive flow and head region (first quadrant data).

Tornado depressurization can produce backflow (negative flow) when applied
to the supply side of a blower and outrunning flow (positive flow with negative
head) when applied to the discharge side. Usually manufacturers do not have
blower operating data for these regions. Los Alamos has obtained blower data

No. of linear
increments (n) = 20
3
4
©
:g 5
~ n-2
N
\n
Flow
Fig. 10.

Blower characteristics representation.
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for regions of outrunning and backflow, and an example of the quasi-steady data
is given in Fig. 11,

The above information is preliminary, and more data are needed (especially
for dynamic testing) before the blowers can be modeled accurately in these ab-
normal flow regions. However, combining this information with worst-case as-
sumptions can give a designer guidelines for determining the effects of these
abnormal operating conditions on system integrity.

As an approximation, we use the same slope in the backflow quadrant as that
to the right of the typical operating point in our blower models. (We feel that
this practice is conservative.) Also, because blower curve data for the region
of outrunning and backflow are not available from the manufacturer, the user
could encounter problems when attempting to generate blower curves for TORAC.
After the user has obtained the operating characteristics of the blowers to be
modeled, a similar blower curve profile (slopes of the blower curve) as shown in
the input deck of the sample problem can be used as a first approximation to
generate the TORAC blower curve data. The user may choose to perform a series
of sensitivity studies to determine the importance of the selected backflow and
outrunning region data on the calculated results.

Blower oscillation has been observed for some probiems. We avoid curves
with local maximums or minimums. The slope of the alternate curve should be
monotonically decreasing as in Fig. 10. The curve may be nearly flat; that is
the slope may approach but not equal zero.

Preliminary dynamic tests indicate a band of values around the steady-state
characteristic curve as shown in Fig. 12 (QSS means quasi-steady state). Fur-
ther, the transient induced by a tornado does not dwell for a significant period
of time in the oscillatory region of the blower curve., Therefore, the required
alternate representation may not be a poor assumption.

Blower control capability has been added to TORAC. This capability in-
cludes blower curve change and turning blowers on and off during a transient.
The blower is assumed to behave as a damper in the of f-mode.

5. Rooms, Cells, and Plenums. Rooms, cells, and containment volumes are
specified at nodal points. The capacitance coefficient is a function of room
volume estimated from architectural and construction drawings. A room acts as
an accumulator and provides storage for the gas; manifolds and returns also may
have sufficient volume to require a capacitance node. TORAC produces a message

14
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indicating this when it finds that the duct volume is greater than half the vol-
ume of the smallest room. The capacitance coefficient can be varied for para-
metric studies by adjusting the room volume. An average cross-sectional area
also can be specified by the user code so that velocities through rooms can be
calculated.

The capacitance of ducts is not included automatically even when duct di-
mensions are specified; capacitance is included only for rooms defined at nodal
points. Therefore, a volume node must be given the capacitance of a duct. The
material transport option requires that some of the ducts be represented as vol-
umes, which is discussed in the material transport section. The dimensions of
rooms always must be specified even though capacitance only enters into tran-
sient calculations.

6. Boundary Nodes. Any atmospheric region that has supply or exhaust
openings to the ventilation system of a facility is considered to be a boundary
node. This node can be held at a constant initial pressure, or pressure can be
varied by specifying a time function as described in the input section. In
either case, the pressure is known, and the node acts as a source or a sink to
the rest of the system. The accident description for a tornado is given in
greater detail in Sec. III.F,

7. Leakage. Effective leakage can be approximated in the model by using
a boundary node and a fictitious duct. The leak rate is the flow rate. One
could specify a filter in the leak branch and use an exponent of 1.0 in Eq. (1).
However, it is usually more convenient to use the default (blank) specification
on the branch description and use an exponent of 2.0 in Eq. (1) because a duct
is assumed in this case.

D. Material Transport Models

1. Introduction. The material transport portion of TORAC estimates mate-
rial transport (aerosol or gas) in an interconnected network of ventilation sys-
tem components that represent a given fuel cycle facilty. Using this capability,
TORAC can calculate material concentrations and mass flow rates at any location

in the network. Most importantly, the code will perform these transport calcu-
lations as a function of time for arbitrary user-specified pressure transients
imposed on the facility boundary. There is no need to piece together a material

16



transport estimate based on separate steady flow calculations for rooms and duct
segments. TORAC solves the entire network for actual transient flow and in do-
ing so accounts for system interactions.

A generalized treatment of material transport under tornado-induced acci-
dent conditions could become very comp]ex.z—-4 Several different types of mate-
rials could be transported, and more than one phase could be involved, including
solids, liquids, and gases with phase transitions. Chemical reactions could
occur during transport that lead to the formation of new species. Further,
there will be a size distribution function for each type of material that varies
with time and position, depending on the relative importance of effects such as
homogeneous nucleation, coagulation (material interaction), diffusion (both by
Brownian motion and by turbulence), and gravitational sedimentation. No current
computer code can handle transient flow-induced material transport in a network
system subject to the possibility of all of these complications, and the trans-
port portion of TORAC also does not include this level of generality. (See
Sec. 3 below.) However, this version of the TORAC code does provide a simple
yet powerful material transport capability. TORAC's material transport compo-
nents consist of the following.

(1) Material characteristics

(2) Transport initiation
(3) Convective transport
(4) Aerosol depletion
(5) Filtration

Material characteristics .and transport initiation are areas that must be consi-
dered by the user as he begins to set up the TORAC code to solve a given pro-
blem. Calculations of convective transport, aerosol depletion, and filtration
are performed automatically by the code. Items 2--5 are actually separate sub-
routines or modules within the code. Item 3, convective transport, is a key
subroutine that calls on items 2, 4, and 5 as needed during the course of the
calculation. Each of the components listed above is subject to certain limita-
tions and assumptions that will be discussed below or in Appendix B. We also
will specify the required user inputs and provide appropriate references for the
theory in each case.

2. Material Characteristics. The limitations of the TORAC material trans-

port capabilities with regard to the physical and chemical characteristics of

17



the material are as follows. The pneumatically transportable contaminant mate-
rial is restricted to a single phase of a single species. No phase transitions
or chemical reactions are allowed. For example, condensation and gas-to-particle
conversion are not permitted. If the contaminant is an aerosol (solid particles
or liquid droplets suspended in air), it will be treated as monodisperse (equal-
sized) and homogeneous (uniform density) with spherical particles or droplets
during a given code run. Both size and density must be specified by the user.
If the contaminant is a gas, it is assumed to be inert. Guidance in the area of
aerosol and gas characteristics is provided for the user in Appendix B. (We
will make some suggestions for describing fuel-grade plutonium and uranium
oxide powders.)

3. Transport Initiation. To calculate material transport using TORAC, the
analyst must determine or assume the location, distribution, and total quantity
of contaminant material. The contaminant may be located in any or all rooms,

cells, gloveboxes, corridors, or rectangular ducts. (An assumption about mate-
rial distribution is necessary only when the user wishes to use the calculated
aerodynamic entrainment of dry powder from thick beds option discussed below.)
A total quantity (mass of material) must be known or assumed.

There are two options for material transport initiation: user-specified
and calculated aerodynamic entrainment. The user-specified option gives the
analyst considerable flexibility but requires engineering judgment to specify
input to the code. This option involves preparing a table or graph of mass
injection rate (kilograms per second) vs time. The data are supplied to the
code on the input deck Material Injection Cards. The material also could be a
gas. This user-specified option may be used to calculate the consequences of a
hypothetical aerosol or gaseous release, and we recommend using it to handle
reentrainment from thin beds (dirty cells or ductwork). The TORAC code was
developed assuming that tornado-induced off-design flows are the primary cause
of source-term initiation. Los Alamos is developing other codes specifically
to assess the consequences of fires and explosions. For accidents that do not
disrupt the normal ventilation system flow significantly (such as pressurized
releases, spills, and equipment failures), a general purpose utility code may
be used. Guidance for user source-term estimation is given in Appendix B.

The calculated entrainment option refers specifically to a subroutine
designed to calculate aerodynamic entrainment of dry powder from thick beds.
It uses a new semi-empirical analytical approach for calculating entrainment

18



that takes advantage of detailed flow information produced by the gas-dynamics
module of TORAC. To arrive at our estimate of the mass of material entrained
at each time step of calculation, this subroutine calculates when the surface
particles will begin to move. Particle, surface, and flow characteristics are
taken into account. It also accounts for the aerodynamic, interparticle (cohe-
sion), and surface to particle (adhesion) forces that may be acting. This pro-
cedure was used in ReF. 5 and is discussed more fully there and in Appendix B.

This calculated entrainment option can be used whenever powder beds are
known or assumed to be present in rooms, cells, gloveboxes, corridors, or rec-
tangular ducts. The user must provide the code with particle size (microns) and
density (kilograms per cubic meter) (see Appendix B), total mass of contaminant
(kilograms), and the width (meters) and length (meters) of the {assumed floor)
surface over which the powder is distributed uniformly. This information is fed
to the code through the input deck on Control Card I, the Boundary Control Card,
the Material Generation Cards (Material Function), the Room Data Cards, and the
Calculated Source and Sink Cards.

[f material transport is requested on Control Card I, the user must select
at least one of the material transport initiation options. This may be user-
specified with data on the Material Generation Cards or calculated entrainment-
specified on the Calculated Source and Sink Cards. (See Sec. V.) Both options
can be used simultaneously.

4. Convective Transport. The convective transport module of TORAC is the
controller for material transport. This module is called only when the user
requests a material transport calculation. Thus, TORAC may be run to calculate
pressures and flow rates with or without material transport, depending on how

the user sets a flag (a numerical value of zero or one) on Control Card I of
his input deck. (See Sec. V.) For each time step of a calculation, the gas-
dynamics problem is solved first for the entire network to yield pressures and
flow rates independent of material transport. The gas dynamics module then can
call the convective transport module to advance the material transport calcula-
tion by one time step from the last.

The mass conservation equation solved in this section and the assumptions
leading up to it are given and discussed in detail in Appendix B. References
for this section also are provided in Appendix B. Two-phase flow is allowed in
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the sense that normal ventilation gas (usually air) is one phase and a pneuma-
tically transportable contaminant material is the other phase. The contaminant
material must be dispersed sufficiently (by volume fraction) so that equilibrium
conditions exist between the air and contaminant and no material interactions
occur, This assumption is discussed more fully in Appendix B, and it will be
valid for most conditions of interest here.

5. Material Depletion. When the user has chosen to exercise material

transport, he can calculate aerosol losses caused by gravitational sedimentation
in rooms, cells, and so on and in horizontal, rectangular ducts. This module
can be turned on for horizontal ducts and rooms and turned off for vertical ducts
by adjusting the input flags on the Calculated Source and Sink Cards. Aerosol
depletion may be calculated throughout the network during transient flow. The
theory is based on quasi-steady-state settling with the terminal settling velo-
city corrected by the Cunningham slip factor. The flow in ducts and rooms is
assumed to be well-mixed so that the aerosol concentration is uniform within the
volume, More detail and references can be found in Appendix B. The user must
supply only the aerosol diameter and density to this model. The aerosol may
consist of solid particles or liquid droplets.

6. Filter Loading. A phenomenological approach to filter loading is pre-
sented so that the filter-gas dynamic performance can be changed by accumulation
of the airborne material on the filter, which in turn causes an increase in the

resistance as used in Eq. (1). A model is used in which the increase in resis-
tance is linearly proportional to the amount of material on the filter; the pro-
portionality constant is a function of material and filter properties. The user
supplies the filter efficiency and plugging factor.

E. Initial Conditions
The gas dynamics require that steady-state conditions be established in the
system before initiating the transient perturbation caused by the tornado.

F. Accident Description

A tornado can interact with a nuclear facility in several ways. In many
cases, the principal concern is the potential threat of tornado-generated mis-
siles. Our concern here is the atmospheric depressurization caused by the tor-
nado. High airflows or large differential pressures may be generated through
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plant openings to the atmosphere as a result of the tornado-induced lTow atmos-
pheric pressure. (This is illustrated in Fig. 13.) The principal areas of con-
cern are the ventilation supply and exhaust openings. Cracks in building walls
or other openings also must be considered.

"

/}/ Tornado
NI e
\-- —— /

&__ J
\\“"-t; Inlet

e Ng
5 .Tornodo causes extremely high = '
airflow in exhaust 8

ST S S S

Blower may be damaged

Damper may be damaged

Some particles may escape from the
HEPA filter and get out

Fig. 13.
Tornado at plant exhaust.
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The transient effect of a tornado is simulated at the boundary nodes.
Reference 6 provides information that allows the analyst to develop a pressure
profile to simulate a tornado. Parameters that affect this profile are tornado
depressurization rate, pressure drop, diameter, and translational speed.

G. Expected Results

Pressures, flows, material concentrations, material flow rates, and mate-
rial accumulations are expected results. Pressures are calculated at nodal
points, and flows are calculated in branches. Material concentrations are cal-
culated at nodal points, and material accumulations are calculated as the amount
passing through branches (ducts) and the amount remaining on filters (branches).
A complete table of pressures and flows is given for the first and last calcula-
tion time step. These archival data also are broken down into component pres-
sures and flows. Up to five special output times can be requested during the
run. Filter material accumulation data are given for all filters in the system
and for up to 100 times in tabular form. Material concentrations and accumula-
tions are available in time plots if requested, as are pressures and flows.

IV. TINPUT PREPARATION

A. Data Deck Organization

After the TORAC model parameters have been evaluated fully, the information
is placed in a file that becomes the input for the computer program. This file
is based on fixed formats; that is, the location of card information is pre-
scribed. Table I shows the organization that must be followed. Control infor-
mation and data follow the title. The control information specifies the amount
of data to be read, prescribes solution run options, and indicates the size of
the model. Each type of information is separated from its neighbor by a blank
card called a separator card that should be used to identify what follows. The
separator cards must appear in the input file, but they are not read by the pro-
gram, Note that if the number of data items specified on the control cards does
not agree with the number of data cards provided, the program will try to read
data from an adjacent category and probably will abort with a diagnostic message
because the format will not be correct.
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Order

LD OELLELDEDWWWWWWWWWWNNNMN NN NN NN =t = = = =
CONONPWNHOOVONOANPWNHOWVENAUIAEWNHFOVLONOUIAWNFOWVONOUVIAWNF

TABLE I

TORAC INPUT FILE ORGANIZATION

Card Name

*Separator

TITLE

*Separator

*Separator

RUN CONTROL I

*Separator

PRINT/PLOT CONTROL
*Separator

PLOT FRAME DESCRIPTION
*Separator

RUN CONTROL II

*Separator

BOUNDARY CONTROL
*Separator

GEOMETRY AND COMPONENT CONTROL
*Separator

BRANCH DATA

*Separator

BOUNDARY NODE DATA
*Separator

CONTROL DAMPER CONTROL
CONTROL DAMPER DATA
*Separator

BLOWER CHANGE CONTROL
BLOWER CHANGE DATA
*Separator

PRESSURE FUNCTION CONTROL
PRESSURE FUNCTION DATA
*Separator

MATERIAL FUNCTION CONTROL
MATERIAL FUNCTION DATA
*Separator

RESISTANCE FUNCTION CONTROL
RESISTANCE FUNCTION DATA
*Separator

BLOWER OFF/ON CONTROL
BLOWER OFF/ON DATA
*Separator

ROOM DATA

*Separator

BLOWER CURVE CONTROL
BLOWER CURVE DESCRIPTION
*Separator

FILTER MODEL DATA (NUMBER)
FILTER MODEL DATA ﬁEFFICIENCY)
FILTER MODEL DATA
*Separator

PRESSURE INPUT

CALCULATED SOURCE AND SINK

Notes:

1.

This card is required but is not read.
indicating what follows.

required, neither is the separator card.

Required.

Optional, depending on "control" requirements.

PLUGGING FACTOR)

Use it for
[f "what follows" is not

Note

wwv—-wwuv—-wwv—-wv—-wwwww»—-wwv—-wwv—-wwv—-wwwmwmv—-mwmv—-mmwwmv—-mv—-v—-mw
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B. Input Card Description

Input cards are described in the approximate order they occur in the card
deck. Abbreviations used under the heading "Data Type" are A/N, for alphanumer-
ic data (any combination of letters and numbers); FP, for floating-point data;
and [, for integer data. Alphanumeric data should be Teft-justified with res-
pect to the first column of the field definition. (Data should start in the
first column of the field.) The filter-type field is defined as Cols. 47--50 of
the branch description card., Integer data should be right-justified in the data
field. (The last data character should appear in the right-most column of the

field.) For example, the integer 5 placed in Col. 4 of the branch description
card would be interpreted as branch 50 because the field definition encompasses
Cols. 1—5. Floating-point data are also right-justified. Only large or small
floating-point numbers require the format +nnnE+mm, where n and m are integers.
Intermediate floating-point numbers may be specified as *nn—.nnn-- with the
decimal point given or as integers with the decimal point assumed to the extreme
right of the number, Values of data occurring under the heading "Default Value"
are used by TORAC if the input data field is left blank.
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DATA SEPARATOR CARD

Col.(s) Data Description
1-80 These cards may be left blank or
may contain alphanumeric data.
They are used to separate different
types of data cards. The contents
of these cards are ignored by TORAC.
TITLE CARD
Col.(s) Data Description
1-80 Eighty columns of alphanumeric data

are available to the user. These
data are used for headings on output
lists.
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RUN CONTROL CARD I

Data Default Max imum
Col.(s) Data Description Type Value Value
1-3 Not used.
4-5 Run option. AN ST
SS - steady-state solution only.
ST - steady-state plus transient.
RS - restart problem.
TP - restart after transient,
SP - restart after steady-state.
RP - restart after restart.
6-10 Problem start time(s). FP 0.0
11-15 Transient time step size(s). FP 1.0
16-20 Total problem run time(s). FP 1.0
21-23 Not used.
24-25 Not used.
26-29 Not used.
30 Number of special outputs. I 0 5
31-35 First special output time(s). FP 0.0
36-40 Second special output time(s). FP 0.0
41-45 Third special output time(s). FP 0.0
46-50 Fourth special output time(s). FP 0.0
51-55 Fifth special output time(s). FP 0.0
60 Flag for material transport option. I 0
70 Flag for calculated source and I 0

sink option.

Transient values are saved for listing and plotting.
tant in time between the problem start time and the total problem time.
number of output time values saved is determined by the program,

put times (up to five) also may be requested.
not included in printer plots.
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PRINT/PLOT CONTROL CARD

Data Default Maximum
Col.(s) Data Description Type Value Value
1-2 Units for output lists and plots. A/N English
SI specified here yields pressures Units
(kPa) and flows (m3/s).
3-5 Entering the letters "ALL" produces A/N (blank)
lists at every output time (includ- Lists pro-
ing special outputs). duced only
at start
time, total
run time,
and spe-
cial output
times.

6-10 Number of pressure plot frames. I 0 25
11-15 Number of flow plot frames. [ 0 25
16-20 Number of pressure differential I 0 25

plot frames.
21-25 Number of material concentration I 0 25
plot frames.
26-30 Number of material flow plot frames. I 0 25
31-35 Number of material accumulation I 0 25
on filter or amount through branches
plot frames.

The maximum number of plot frames that can be requested is 25; therefore, the
sum of any frames is 25. These entries may be left blank if printer plots are
not desired.
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PLOT FRAME DESCRIPTION

Data Default Max imum

Col.(s) Data Description Type Value Value
1-5 Total number of curves this frame, I 0 4
6-10 Node/branch number for first curve. I 0

11-15 Node/branch number for second curve. I 0

16-20 Node/branch number for third curve. I 0

21-25 Node/branch number for fourth curve. I 0

26-35 Scale Timit for frame. FP Blank

Pressures and material concentrations are calculated at nodal points (nodes).
Flows, pressure differentials, material flow rates, and material accumulations
on filter or through a flow pathway are calculated for branches. This card
identifies how many and which nodes or branches are to appear as curves on the
print/plot frame. Plot parameters cannot be mixed on the same frame. Frame
description cards should appear in the order as in the PRINT/PLOT CONTROL cards.
These cards may be omitted if plot frames are not requested on the print/plot
control card for steady-state runs. A scale 1imit may be specified for the
frame; otherwise, the plot routine finds the maximum and minimum values of all
the variables and uses these values as 100% of full scale.
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RUN CONTROL CARD II

Data Default Max imum
Col.(s) Data Description Type Value Value

1-5 Maximum iterations permitted per time I 300

step. The program will abort if
convergence has not been achieved for
this number of iterations. Ten times
this number is permitted for the
steady-state calculations.

6-15 Convergence criterion, FP 0.0001

21-25 Relaxation parameter. A value great FP 1.0
er than 1.0 and less than 2.0 can be
specified to reduce the number of
iterations per time step. This is
determined through successive runs
and is different for each problem.

26-29 Not used.

30 Pressure input option. Insert the A/N (Blank)
letter "P" in this column if no input
pressures at nodal points are to pressures
be supplied. supplied

35 Flag for blower failure option. I 0

40 Flag for changing blower curve. I 0
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BOUNDARY CONTROL CARD

Data Default Max imum
Col.(s) Data Description Type Value Value
1-5 Total number of pressure-time func- [ 0 5
tions for all boundary nodes.
6-10 Total number of boundary nodes for I 2 20
this problem.
11-20 Value for atmospheric pressure (abso- FP 14.7 psia
lute, psia).
21-30 Value for atmospheric temperature FP 530 R
(absolute, R). (60%F)
35 Number of resistance functions. I 0 5
40 Flag for control damper option. I 0
45 Number of material functions. I 0 5
GEOMETRY AND COMPONENT CONTROL CARD
Data Default Max imum
Col.(s) Data Description Type Value Value
1-5 Number of branch description data I 0 500
cards.
6-10 Number of nodes defined for problem I 0 400
(includes boundary nodes).
11-15 Not used.
16-20 Number of rooms defined for problem. I 0 60
21-25 Total number of blower characteristic I 0 15
functions defined for problem,
30 Number of filter models. I 0 5

Values of these parameters control the reading of input data and therefore

should not exceed maximum values.
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BRANCH

DATA

Col.(s)

Data Description

Data Default
Type Value

Max imum
Value

1-5

6-10
11-15
16-25

26-35

36-45

46

51-60

Branch number.
Upstream node number,
Downstream node number,

Initial estimate of flow (ft3/min). FP 0.0
This value is used to calculate damp-

er, filter, and duct resistance coef-

ficient and to indicate the proper

segment on the blower characteristic

curve.

Hydraulic radius of duct (in.).

Defined as the cross-sectional area FP 0.0
divided by the wetted perimeter.

Duct length (ft). This value and FP 0.0
the hydraulic radius are used to

calculate duct volume. This volume

is compared with room volumes for

model consistency checks.
Component type

V «ee.. Damper

F oeeess Filter

B «v... Blower

D .eee. Duct

A/N D

Branch pressure differential FP 0.0

(in. w.g.).

500
400
400
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BRANCH DATA (CONT)

Data Default Max imum

Col.(s) Data Description Type Value Value
61-70 Resistance coefficient for branch. FP TORAC-
This value (if greater than zero) calculated
overrides that calculated by TORAC value

from pressure differential and
initial flow.
71-72 Blower curve identification. I
Identifies which blower curve to
use for component type B.
73-75 Filter model identification number. I 0 20

The branch pressure differential is used with the initial estimate of branch
flow to calculate a resistance coefficient using Eq. (1). The differential
pressures also are used to calculate initial estimates of system pressures if
these pressures are not input separately.

The BRANCH DESCRIPTION cards need not be ordered in the input deck (branch 10

might preceed branch 5)., However, the number of cards should agree with that
specified in Cols. 1—5 of the GEOMETRY AND COMPONENT CONTROL CARD,
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BOUNDARY NODE DATA CARD

Data Default Maximum
Col.(s) Data Description Type Value Value
1-5 Boundary node number. [ 0 400
6 Not used.
7-16 Initial value of pressure at node FP 0.0
(in. w.g.).
17-20 Identification number of time func- I 0 5
tion at this boundary node. (See (Steady
time function data card.) value
of
pressure)

A11 nodes that are problem boundaries must be listed on the BOUNDARY NODE DATA
CARD. Furthermore, the total number of these nodes must agree with the number
of boundary nodes previously specified on the BOUNDARY CONTROL CARD.
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CONTROL DAMPER CONTROL CARD

Data Default Max imum
Col.(s) Data Description Type Value Value

1-5 Total number of control dampers. I 0 5

This card tells the program how many cards of control-damper data to read.

CONTROL DAMPER DATA CARD

Data Default Max imum
Col.(s) Data Description Type Value Value
1-5 Branch number. I 0 500
6-10 Resistance function I.D. number. I 0 5
11-22 Initial value of resistance. FP Steady-
state

One CONTROL DAMPER DATA CARD is needed for each branch with a control damper.
A control damper can be any damper in the system. Its initial value for a
resistance coefficient can be obtained from a steady-state (SS) run.
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BLOWER CHANGE CONTROL CARD

Data Default Maximum
- Col.(s) Data Description Type Value Value

) 1-5 Total number of blowers involved. I 0 5

The number given on this card tells the program how many blowers (branches) are
subject to a blower curve change during the run.

BLOWER CHANGE DATA CARD

Data Default Max imum
Col.(s) Data Description Type Value Value
1-5 Branch number. I 0 500
6-10 New blower function I.D. number. I 0 5
11-20 Time that change occurs. FD 0.0

One BLOWER CHANGE DATA CARD is needed for each blower involved.
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PRESSURE FUNCTION CONTROL CARD

Data Default Max imum

Col.(s) Data Description Type Value Value
1-5 Pressure function I.D. number. I 0 5
6-10 Number of data points in pressure I 0 20

function definition. A data
point is defined as an ordered
pair of values of time and pressure.

This card controls the reading of subsequent PRESSURE FUNCTION DATA cards and
should precede each time function definition. The PRESSURE FUNCTION CONTROL
card is followed by one or more PRESSURE FUNCTION DATA data cards. This set of
cards may be present, but it is not required for steady-state runs.

PRESSURE FUNCTION DATA CARD

Data Default Maximum

Col.(s) Data Description Type Value Value
1-10 Value of time(s) at first time FP 0.0
function data point.
11-20 Value of pressure (in. w.g.) FP 0.0
at first time function data point.
21-30 Value of time for second time function FP 0.0
data point.
31-40 Value of pressure at second data point,. FP 0.0
41-50 Value of time at third data point. FP 0.0
51-60 Value of pressure at third data point. - FP 0.0

Insert as many PRESSURE FUNCTION DATA cards as needed to define all the data
points.
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MATERIAL FUNCTION CONTROL CARD

Data Default Max imum

Col.(s) Data Description Type Value Value
1-5 Function I.D, number (n). I 0 5
6-10 Number of points. I 0 20

11-20 Total amount of material (kg). FP 0.0

These cards control the reading of subsequent MATERIAL FUNCTION DATA cards and
should precede each time funtion definition. This function is called by the
ROOM cards. '

MATERIAL FUNCTION DATA CARD

Data Default Max imum

Col.(s) Data Description Type Value Value
1-10 Value of time(s) at first point of FP 0.0

function,
11-20 Value of material generation FP 0.0

(kg/s) at first point of function.
21-30 Value of time at second point. FP 0.0
31-40 Value of material generation at FP 0.0

second point.

41-50 Value of time at third point. FP 0.0
51-60 Value of material generation at FP 0.0

third point.

Insert as many MATERIAL FUNCTION DATA Cards as needed to define all the data.
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RESISTANCE FUNCTION CONTROL CARD

Data Default Max imum

Col.(s) Data Description Type Value Value
1-5 Resistance function I.D. number. I 0 5
6-10 Number of points. I 0 20

This card controls the reading of subsequent RESISTANCE FUNCTION DATA cards and
should precede each time function definition. This function is called by the
CONTROL DAMPER DATA card.

RESISTANCE FUNCTION DATA CARD

Data Default Max imum

Col.(s) Data Description Type Value Value
1-10 Value of time(s) at first point. FP 0.0

11-25 Value of resistance at first point. FP 0.0

26-35 Value of time at second point. FP 0.0

36-50 Value of resistance at second point. FP 0.0

51-60 Value of time at third point. FP 0.0

61-75 Value of resistance at third point, FP 0.0

Insert as many RESISTANCE FUNCTION DATA cards as needed to define all the data.
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BLOWER ON/OFF DATA CONTROL CARD

Data Default Max imum

Col.(s) Data Description Type Value Value
1-5 Total number of blower branches I 0 5
involved.

This card controls the reading of subsequent BLOWER ON/OFF DATA. A blower
branch is changed to a damper branch with a specified resistance coefficient.

BLOWER ON/OFF DATA CARD

Data Default Max imum

Col.(s) Data Description Type Value Value
1-5 Blower branch number. I 0 500
6-15 "OFF" time(s). FP 0.0

16-25 Value of branch resistance in FP 0.0

blower-off position.
26-35 "ON" time(s). FP 0.0

One DATA card is needed for each blower branch.
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ROOM DATA CARD

Data Default Max imum

Col.(s) Data Description Type Value Value
1-5 Node number for room. [ 0 400
6-15 Room width (ft). FP 0.0

16-25 Room height (ft). FP 0.0

26-35 Room length (ft). FP 0.0

36-40 Material generation identification [ 0

number

One card is required per room. The dimensions are used in the calculation of
capacitance coefficients, and zero volume is not permitted. Room volumes are
required input for steady-state runs, but they are not used. Duct volume, if
significant, must be input as a pseudo-room, which requires an additional node.
Rooms cannot be located at boundary nodes. The ROOM DATA cards need not be in
numerical order.
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BLOWER CURVE CONTROL CARD

Data Default Max imum

Col.(s) Data Description Type Value Value
1-5 Blower curve number identifier. I 0 15
6-10 Number of points defining this I 0 20

blower curve. A point is defined
as an ordered pair of values of flow
(ft3/min) and head (in. w.g.).

The blower curve data are ordered in the same way as time function data—a
curve input control card is followed by one or more curve description cards.
One curve control card is required for each blower type. The order of the
blower curve is unimportant (curve 3 might preceed curve 1); however, this card
is used in reading the following blower curve data points and must appear just
before the appropriate curve description card(s).
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BLOWER CURVE DATA CARD

Data Default Maximum
Col.(s) Data Description Type Value Value
1-10 Flow (cfm) for the first point. FP 0.0
11-20 Blower head (in. w.g.) .for FP 0.0
the first point.
21-30 Flow for the second point. FP 0.0
31-40 Blower head for the second point. FP 0.0
41-50 Flow for the third point. FP
51-60 Blower head for the third point. FP 0.0

Figure 10 illustrates a sample blower characteristic curve that contains back-
flow (negative flow), normal flow, and outrunning flow (negative head for posi-
tive flow). The points that define the linear segments of the blower curve
should be ordered algebraically in flow (- to +). A card can accommodate three
pairs for values of flow and blower head. Values for curves containing more
than three points would appear on successive cards.
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FILTER MODEL CONTROL CARD

Data Default Max imum
Col.(s) Data Description Type Value Value
1-5 Filter-model identification number. I 0 20
6-10 Number of species. I 0 1
11-20 Turbulent coefficient. FP 0 0.0
21-30 Laminar coefficient. FP 0

One CONTROL card is needed for each filter model and each is immediately fol-
lowed by its model data cards. This card contains the laminar and turbulent co-
efficients plus the number of material types. For now we limit the number to
just 1. To use this filter model, a branch must call the filter identification
number in the BRANCH card.

FILTER MODEL DATA CARDS
(First Card)

Data Default Max imum
Col.(s) Data Description Type Value Value

1-15 Filter efficiency. FP 0.0

(Second Card)

Data Default Max imum
‘ Col.(s) Data Description Type Value Value

1-15 Filter plugging factor (kg~l). Fp 0.0

The filter efficiency and plugging factor are specified here. .3



PRESSURE INPUT CARD

Data Default Maximum

Col.(s) Data Description Type Value Value

1-15 Pressure (in. w.g.) at the FP 0.0

first node.

16-30 Pressure at the second node. FP 0.0
31-45 Pressure at the third node. FP 0.0
46-60 Pressure at the fourth node. FP 0.0

61-75 Pressure at the fifth node. FP 0.0

One data separator card precedes the PRESSURE INPUT data cards. These cards
are required only if column 30 of the RUN CONTROL CARD II is set to P. The
values of pressure for boundary nodes may be left blank because these values
are supplied on the BOUNDARY NODE DATA cards. Use as many cards as required to
define all the system pressures.
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CALCULATED SOURCE AND SINK

(First Card)

Data Default Max imum
Col.(s) Data Description Type Value Value
1-10 Material density (kg/m3). FP 0.0
11-20 Material diameter (m). FP 0.0
(Second Card)
Data Default Max imum
Col.(s) Data Description Type Value Value
1-5 Room entrainment flag. I 0.0
6-10 Room deposition flag. [ 0.0
11-15 Duct entrainment flag. I 0.0
16-20 Duct deposition flag. I 0.0
21-30 Material mass available for FP 0.0
entrainment (kg).

There must be as many second-card types are there
the same order.

(See CONTROL CARD I.)

are rooms, and they must be in
This is not read unless the IMAT flag is greater than zero.
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C. Restart Procedure

The restart option permits the continuation of a solution starting from the
last calculated time of the previous solution. This restart capability is use-
ful in debugging large problems before committing to runs that require large
amounts of computer time.

RUN CONTROL CARD I 1is used to specify the restart option. The run option
(Cols. 4--5) is set to the value RS if restart of a previous problem is de-
sired. Restart is valid only if the run option for the previous problem was
selected as TP or SP (transient calculation plus punch, or steady-state cal-
culation plus punch respectively). The parameters on RUN CONTROL CARD I should
be altered for restart. Columns 4--5 should be set to RS, Cols. 6--10 (problem
start time) should be set to the total problem time of the previous problem, and
Cols. 16—20 should be set to the new total problem time.

A restart file called RESTT is generated automatically. After the total
run time has been set, this file is renamed "INPUT" and becomes the new input
file for TORAC.

V. CODE OUTPUT

A. Input Return

The input return consists of two parts. The first category of input re-
turn is an echo of the input data card images with the card column heading
across the top of the list and the card number to the left of the card image.
The second part of input return consists of edited Tists of input after the
input has been converted to a form usable by the systems solver algorithm.
This output expands the abbreviated input and gives default values that are
not specified on the input cards. The card image Tist always appears regard-
less of the occurrence of errors in the input data.

B. Output Lists and Summaries

Flows, pressures, differential pressures, material concentrations, mater-
jal flows, material accumulations, and extreme values are written to a scratch
file during the transient calculation for editing or plotting by the output
processor. Lists for each output time requested consist of tables of archival
data showing (1) pressures and flows, (2) differential pressures and flows by
component type (filters and dampers), (3) a table of differential pressures
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between rooms, and (4) a summary of extreme values for a specified output time.
A summary of extreme values spanning the entire period of the problem is pro-
duced at the end of the problem. Pressures and flows are inspected each time
step during the calculation in compiling data for this 1ist so that extreme
values are not missed by poor selection of output frequency. Frequently, one
might wish output lists for a specific point in time not covered in the selec-
tion of output frequency. A maximum of five special output times may be select-
ed arbitrarily. These special output times do not appear in the printer plots.

C. Printer Plots

Line-printer plots may be requested .on the PRINT/PLOT CONTROL card and the
PLOT FRAME DESCRIPTION cards. A maximum of 10 frames can be requested, and a
maximum of four curves can be put on a single frame. Each curve is identified

by an alphabetic character A through D; overlapping curves are shown by the
character X at the point of overlap. The first and last archival lists and
summaries are produced automatically when plots are requested. Intermediate
lists are suppressed because the volume of output data can be quite large. The
intermediate lists can be requested with a nonblank specification in Cols. 3-5
of the PRINT/PLOT CONTROL card.

The program attempts to fill the plot frame page when the number of output
times is sparse by spacing with blank lines between points. The extreme value
summaries can serve as valuable guides in selecting node or branch candidates
for plotting. Further, the final extreme value summary can be checked for miss
ing extrema on the plots. By their nature, printer-plots are not precise; how-
ever, they can give the analyst a good picture of how the system behaves.

D. Diagnostic Messages

Diagnostic (warning or error) messages are provided to help the user iso-
late possible input data or modeling errors. In most cases, the error is easi-
ly discerned from the message. However, out-of-order or missing cards tend to
produce messages that may confound the reader. In these cases, a careful check
of the input return 1ist and a review of input preparation usually can isolate
the problem.

Diagnostic messages are produced during input processing or the system
solver calculations, and thus, there is not a set pattern to their location in
the output. ***DIAGNOSTIC MESSAGES always precede these messages, and if the
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error is fatal, either ERROR WITH INPUT CAN'T CONTINUE or ****FATAL ERROR****
SEE PREVIOUS MESSAGES is printed following the message. See Fig. 14 for an
illustration of the mixture of informative (nonfatal) messages and fatal error
messages that can occur.

VI. SAMPLE PROBLEMS

A single file containing the input for all the sample problems appears as
a subroutine at the end of the TORAC source program. Executing of this file
"as is" results in a simulation of the "Tornado at Exhaust" condition. Nine
other sample problems can be run from this same file by following the instruc-
tions given in comment statements at the end of it. The hypothetical ventila-
tion system for these problems is shown in Fig. 15 and consists of a supply and
exhaust blower, a large room, dampers, a filter plenum, a long duct, and an
exhaust stack. The corresponding computer model is shown schematically in
Fig. 16. The purpose of these sample problems is to demonstrate the capabili-
ties of the various program features. The problems do not necessarily reflect
a realistic situation.

**DIAGNOSTIC MESSAGES
BRANCH 6 FLOW NEGATIVE, UP AND DOWN-STREAM NODES 6 5 REVERSED BY PROGRAM
PRESSURES READ IN (NOT CALC, FROM DP)

INPUT RESISTANCE 1.00000E-04 USED FOR BRANCH 4

INPUT RESISTANCE 6.94400E-07 USED FOR BRANCH 5
CAN'T CALC. RESISTANCE (SET TO MIN. VALUE) FOR BRANCH

INPUT RESISTANCE 6.94400E-07 USED FOR BRANCH 13

INPUT RESISTANCE 1.42800E-03 USED FOR BRANCH 14

INPUT RESISTANCE 6.94400E-07 USED FOR BRANCH 23

INPUT RESISTANCE 3.08600E-07 USED FOR BRANCH 24

BRANCH COUNT IMPOSSIBLE FOR NODE 1  COUNT
BRANCH COUNT IMPOSSIBLE FOR NODE 25  COUNT
*kkkxkFATAL ERROR*****SEE PREVIOUS MESSAGES

1
1

Fig. 14.
Multiple diagnostic 1ist.
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UCT Vv
DAMPER OUCT VOLUME

DAMPER

BLOWER
DAMPER

Fig. 15.
Sample system for TORAC.

OUCT DUCT

OAMPER BLOWER OAMPER  ROOM VOLUME VOLUME FILTER
oucT pucT
1 2 3 4 5 6
SN AVAVAV. BERN AVAVA P BNo)
(4) {5)
(n (2) (3) (6)
7 8 9 10
(7) (8) (9)
OAMPER BLOWER STACK

Fig. 16.
Sample system for TORAC.
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The input file (Fig. 17) at the end of the program is written to a file
called "INPUT" if TORAC is executed without the existence of a file called
"INPUT." The test for this file is made automatically if the file-search utili-
ty is available, If this is not the case, the user must change the source pro-
gram for the initial run only to write the input file rather than reading from
one in the local file space, The sample problems demonstrate the following
program features.

® A tornado
Turning a blower off and then on
Changing blower characteristics during a run
Closing a damper
Combining features
Material transport

e Filter plugging
A tornado is imposed on the system by specifying a pressure-time function at
one or both boundary nodes. The sample problem input file shown in Fig. 17
initiates the tornado transient after 10 s of normal operation. Because the
code determines a steady-state solution before time = 0.5, the user could ini-
tiate the transient at time = 0.5. If the user desired to rerun the sample
problem with the tornado transient starting at time = 0.5, to the pressure time
function data would have to be modified. Up to 20 points can be used to define
the assumed fluctuations in pressure that simulate the passing of a tornado. A
blower is turned off by replacing it with a damper having a known resistance
characteristic. Blower characteristics are changed during a run by substitut-
ing another blower curve at the time the change occurs. A damper is closed or
opened according to a given resistance coefficient time function for that
branch. These features can be made to occur at different intervals during a
run to depict a sequence of events. Material can be injected into any room and
will be transported to the boundaries by the flow. Filter plugging will occur
if the filter model used is assigned a plugging coefficient.
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VONOCUNHWN -

*

example problems (e.g. tornado at exhaust)

*

# run control 1
st 0.0 .01 @30.

# print/plot control plot option no. 2
3 1 1 [} " n 2
* frame descriptions " " v o2
4 2 3 4 5 n n n 2
4 6 7 8 9 " " 11} 2
2 lm 1 n ”" »” 2
4 2 4 6 8 n n " 2
3 2 6 8 n n n 2
# run control 2
500 1 1
% boundary control
1 2 1 1 1
# geometry and component control
9 10 3 3
# branch data
1 1 2 1000. v
2 2 3 100a. b 1
3 3 4 1000. \%
4 4 5 1000. v
S S 6 1000. v
6 6 7 100a. £ 2
7 7 8 1000. v
8 8 9 1000. b 2
9 9 10 1000. v
* boundary data
2
12 1
# control damper instructions
1
7] 1 4.000e-07 9
* blower curve change instructions
1
7] 3 50. 2
# tornado pressure function
1 S
2.2 2.0 10. 2.0 12, -25.
16. -25. 18. 2.0
# particulate function
1 6 @.35
2.0 2.2 1@. 2.0 12, a.1
14, 2.1 16. 2.0 60. 22
# control damper function
1 4
2.0 4.000e-07 80. 4.,000e-07 100. 1.0200e-06
150. 1.000=-06
* blower turned off/on instructions
1
2 Sa. 1.000e-09 150@. 2
* room data
4 1@. 10. 7]
5 2. 2,
6 2. 2,
* blower curves
1 6
Fig. 17.

Input file for sample problems.
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60 -100. 2.7 2.2 1.9 800a. 1.8
61 1000. 1.6 130@. @.8 1400. 2.2
62 2 6

63 -200. 1.4 2.2 1.0 70@. 2.9
64 1000. a.7 140@. 2.4 1600. 2.0
65 3 6

b6 -100. 2.3 2.0 1.6 77@. 1.5
67 940, 1.3 1100. 2.8 120a. 2.0
48 # filter model data

69 1 1

70 -8

71 2.0

72 # pressures

73 2.2 -0.5 +1.1 1.2 a.9
74 a.8 -0.2 -@.3 2.4 2.2
75 # calc. source/sink coefficients

76

77 2 2 2 7] 2.2

78 7] 2 2 2 2.2

79 2 7] a 2 2.2

80 end of input file. anything written beyond this point will be ignored
81 when this file is read.

82

83 replace lines 6 thru 13 with one of the following options
84

85 # print/plot control plot option no. 1
86 2 1 1 2 2 2 " " " o1
87 # frame descriptions " " "1
88 4 2 3 4 5 " " " o1
89 4 6 7 8 9 " " "1
90 4 2 4 6 8 " " " o1
91 3 2 6 8 " " "1
92

93 # print/plot control plot option no. 2
94 3 1 1 2 2 2 " " “ 2
95 # frame descriptions " " v 2
6 4 2 3 4 5 " " " 2
97 4 6 7 8 9 " " v2
98 2 12 1 " " " 2
9 4 2 4 6 8 " " "2
100 3 2 6 8 " " "2
101

102 # print/plot control plot option no. 3
123 7] 2 1 1 1 1 " " " 3
124 * frame descriptions " " * 3
1 05 1 6 n n n 3
126 3 3 4 S " " " 3
107 4 4 5 6 7 " " " 3
128 4 4 5 6 7 " " " 3
129

110
111 # print/plot control plot option no. 4
112 2 1 2 1 1 1 " " " 4
113 # frame descriptions " " " 4
114 4 2 4 5 8 " " R )
115 4 4 5 6 7 " " "4
116 4 4 5 6 7 " " " 4
117 4 4 5 6 7 " " " 4

uns can be made from the above input file by
118 changes indicated

making the

Fig. 17. (Cont.)
Input file for sample problems.
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119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183

run changes to "combined input file"
tornado at exhaust (plot option no. 2)
II-S isll
tornado at intake (plot option no. 2)
line 32 - 1 to @
line 31 - @ to 1
supply blower turned off and on (plot option no. 1)
line 5 - 230. to 200.
line 32 - 1 to @
line 53 - @ to 2
supply blower speed reduced (plot option no. 1)
line 5 - 030. to 200.
line 32 =1 to @
line 38 - @ to 2
control damper closing (branch 9) (plot option no. 1)
line S5 - 230. to 200.
line 32 =1 to @
line 35 - @ to 9
blower speed reduced & damper closing (plot option no. 1)
line 5 - 030. to 200.
line 32 = 1 to O
line 35 - @ to 9
line 38 - @ to 2
material transport (plot option no. 3)
line 5 - 030. to 200.
line 5 - 0 7] @ to 1 2 2
line 32 = 1 to @
line 26 - @ to 1
line S5 - @ to 1
filter plugging (plot option no, 3)
line S5 - @30. to 200.
line 5§ - 0 2 @ to 1 2 2
line 26 - @ to 1
line 32 - { to @
line 55 - @ to 1
line 71 - 0.2 to 30.
entrainment (plot option no. 4)
line 5 - @ 7] @ to 1 7] 1
line 26 - @ to 1
line 41 -~ -25. to -50.
line 42 - -25, to -50@.
line 76 - add 3000. 1.0e-05
line 78 - @ .o 7] ® to O ") 1 ")
line 78 - 0.0 to 1.0
deposition (plot option no. 4)
line 5 - 2 2 @ to 1 7] 1
line 26 - @ to 1
line 41 - -25, to -50.
line 42 - -25. to -50@.
line 55 - @ to 1
line 76 -~ add 3000. 1.0e-05
line 78 - @ 2 2 ? to @ 2 2 1
line 79 - @ 2 2 @ to @ 2 7] 1

Fig. 17. (Cont.)
Input file for sample problems.
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The Sample Problems appearing in this combined input file are (1) Tornado
at Exhaust, (2) Tornado at Intake, (3) Supply Blower Turned Off and On,
(4) Supply Blower Speed Reduced, (5) Control Damper Closing, Blower Speed Re-
duced, and Damper Closing, (6) Material Transport (No rilter Plugging), and
(7) Material Transport (Filter Plugging).

Problem No. 1 - Tornado at Exhaust
A pressure-time function dropping to -25 in. w.g. (about 1 psi or 6200 Pa)
is placed at the exhaust boundary, node No. 10. (Figs. 18--22)

Problem No. 2 - Tornado at Intake

The same pressure-time function used in Problem No. 1 is reassigned to the
system intake boundary, node No. 1. (Figs. 23--27)

Problem No. 3 - Supply Blower Turned Off and On

The branch containing the supply blower is replaced by a damper with a
resistance coefficient of 1.000E-09 at 50 s. This branch is returned to a
blower again at 150 s. (Figs. 28--31)

Problem 4 - Supply Blower Speed Reduced

The supply blower normally identifies with blower curve No. 1 as specified
on the branch 2 input card. This changes to Curve No. 3 at 50 s. Curve No 3
reflects a speed reduction. (Figs. 32--35)

Problem 5 - Control Damper Closing

The damper in branch No. 9 is assigned Control Damper Function 1, which is
a resistance coefficient time function showing an increase in resistance to
simulate a closing damper. (Figs. 36--39)

Problem 6 - Blower Speed Reduced and Damper Closing

This is an example of how features can be combined to depict a scenario
from a series of events. In this case, reducing the speed of the supply blower
has made the pressure in the room more negative. Closing a control damper
Tocated in branch 9 is an attempt to restore the pressure in the room to its
original value. (Figs. 40--43)
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Pressure (in. wg.)
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LEGEND
- v =NODE 10 -1
0= NODE 1
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0.0 50 10.0 15.0 200 250
Time (s)
Fig. 18.

Tornado at exhaust.
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Tornado at exhaust.
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Tornado at exhaust.
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Fig. 21.

Tornado at exhaust.
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Differential Pressure (in.w.g.)
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Tornado at exhaust.
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Tornado at intake.
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Problem 7 - Material Transport (No Filter Plugging)
Runs 7 and 8 involve the transportation of material injected in the room

at node 4 and carried downstream by the normal operating flow of 0.5 m3/S
(1000 ft3/min). Most of this material is trapped on the filter.
(Figs. 44--47)

Problem 8 - Material Transport (Filter Plugging)
This is the same condition as in problem No. 7, but the filter has been
assigned a plugging factor of 30, (Figs. 48--51)

Problem 9 - Calculated Aerodynamic Entrainment

This sample problem illustrates use of the calculated aerodynamic entrain-
ment option for material transport initiation in a duct. The user requirements
and theory for this option are discussed in Sec. III.D.3. and in Appendix B,
Sec. IV, For convenience, we used the same system shown in Figs. 15 and 16,
The 30.48-m (100-ft)-long duct connecting the room at node 4 to the filter in
branch 6 was modeled using two segments. Each segment contained a resistance
lumped in a branch and a volume lumped at a node. Duct entrainment should be
specified at the latter nodes. More segments should be used for more accurate
results. In this version of TORAC, entrainment of beds of material in rooms or
cells is treated in the same way as illustrated here. The following conditions
were assumed and set up in the master input file of TORAC. (See Fig. 17.)

1. A tornado of strength 127 cm w.g. (50 in. w.g.) applied at exhaust
node 10.

2. No material injection (transport initiation) occurs in room 4 or
elsewhere using the user-specification option.

3. A total of 1 kg of contaminant material is subjected to entrainment in
the duct volume represented by node 5.

4. The contaminant material is assumed to consist of homogeneous,
monodisperse, spherical particles with aerodynamic diameter
D, = 100 wm and bulk density o = 3 glemd (0.11 1b/in.3).

5. The contaminant material is distributed uniformly over the 0.6-m by
15,24-m (2-ft by 50-ft) floor area of duct volume 5,

6. No deposition occurs in duct branches 4 or 5.

7. The filter efficiency was set at 0.8.
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Our choice of material and surface loading for this example were somewhat arbi-
trary. Specific values are presented for illustrative purposes only. Based on
data referenced in Appendix B Sec. IV, for mixed-oxide fuel Pud, powder size,

a more realistic choice may be mass median aerodynamic diameter equals 20 um and
density equals 10 g/cm3 (0.36 1b/in.3). The theoretical density of Pu02 is about
11.5 g/cm3 (0.42 1b/in.3). The values used here may be representative of a more
agglomerated material. The material loading of 27 g/m2 (0.000038 1b/in.2) (based
on four surfaces) for duct volume 5 is about four times 7 g/m2 (0.00001 1b/in.2),
which is for a very dusty surface., The latter material loading value is reported
in Ref, 13.

The tornado-induced nodal pressure time histories for this example are sim-
ilar in shape to those shown in Figs., 18--20 except that they show more negative
peaks in gauge pressure because the tornado is more severe in the current exam-
ple. The peak negative gauge pressure for node 10 is -127 cm w.g. (-50 in. w.g.)
compared with -63.50 cm w.g. (-25 in. w.g.) shown in Fig. 18.

The results of sample Problem 9 are shown in Figs. 52--55, The volume flow
rates in four selected branches are shown in Fig. 52. These flows were induced
by a tornado depressurization from 0 to -127 cm w.g. (0 to -50 in. w.g.) between
times 10 and 12 s, constant at -50 in. w.g. from times 12 s to 16 s, and back up
to 0 cm w.g. (0 in. w.g.) at time t = 18 s. A flow reversal occurs in branch-
es 4, 5, and 8 at about t = 18 s. The material concentration time histories
for four selected nodes are shown in Fig. 53. Aerodynamic entrainment of pow-
der with Dp = 100 um and Pp = 3 g/cm3 (0.11 1b/in.3) from thick beds may be
expected for surface friction velocities exceeding a threshold value of about
Ugy = 21,7 cm/s (42.7 ft/min), This corresponds to an air velocity of about
U= 374 cm/s (12.3 ft/s) and an airflow rate of about Q =1.42 m3/s (3000 ft3/min)
through a duct with a cross section of 0.37 m2 (4 ftz). In Fig. 52 for branch 4,
Q =1.42 m3/s (3000 ft3/min) is induced by the tornado at about t = 12 s. At
about this time the aerosol concentration at node 5 jumps as a spike to over
0.16 kg/m3 (0.01 1b/F3 in Fig. 53. If 1 kg of material were injected instantly
into the 5.66-m3 (200-ft3) volume of the duct segment represented by node 5, we
would expect an instantaneous spike in concentration to 0.18 kg/m3 (0.011 1b/ft3).
The airborne material is convected into node 6 and partially collected on the 80
filter in branch 6. Particulate flow rate is presented in Fig. 54. Figure 55
gives the cumulative particulate mass on a filter or through each branch., The
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curves in Fig. 55 represent the integral of their counterparts in Fig. 54. At
t =30 s in this example, Fig. 55 shows that about 0.92(2.03 1b) kg of material
was removed from node 5 with about 0.15 kg (0.33 1b) surviving the filter. The
net reduction in concentration ahead of the filter observed here is caused by
dilution and time delay only as deposition was turned off. That is, before
material can flow through branch 6 (filter), the concentration in node 6 (duct
volume) must be built up by material flow in branch 5 following entrainment in
node 5, We observe that deposition by sedimentation was turned off in this
example for simplicity and clarity but could have been turned on simultaneously
with entrainment. Problem 10 shows that this 100-um, 3-g/cm3 (0.11 1b/in.3)
material would have been substantially removed from suspension if deposition
had been turned on.

Problem 10 - Aerosol Depletion

This problem illustrates TORAC's capability to account for aerosol deple-
tion by gravitational sedimentation. The user requirements and theory for this
subroutine are discussed in Sec. III.D.5. and in Appendix B8, Sec. VI, below.

As before, our model is shown schematically in figs. 15 and 16. In this ver-
sion of TORAC, aerosol depletion is handled in the same way for ducts and rooms.
The following conditions were assumed and set up in the TORAC master input file,
(See Fig. 17.)

1. Tornado of strength 127 cm w.g. (50 in. w.g.) applied at exhaust
node 10.

2, From times t = 10 s to 16 s, a total of 0.4 kg (0.88 1b) of aerosol is
injected into the 28.32-m3 (1000-ft3)—v01ume room represented by
node 4.

3. No material subject to entrainment anywhere.

4, The contaminant material is assumed to be composed of homogeneous,
monodisperse, spherical particles with aerodynamic diameter D =
10 wm (10”°m) and bulk density op = 3 glemS (0.11 1b/ind).

5. As the contaminant material is injected, it instantly forms a
homogeneous mixture with the air in room 4.

6. Deposition by sedimentation occurs in the duct lengths represented by
volumes at nodes 5 and 6 only (but was not turned on for room 4).

7. The filter efficiency was set at 0.8.
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In this example we illustrate the alternate user input option for material
transport initiation as opposed to the other option, calculated aerodynamic
entrainment, which was illustrated in Problem 9. Material is injected at node
4 to simulate accident conditions there. Deposition occurs in the two down-
stream duct segments. The choice of material characteristics for this example
is strictly hypothetical and different from that discussed for Problem 9. (See
example Problem 9 above.) The same tornado pressure function described in Prob-
lem 9 was used here. However, the material generation function goes from O kg/s
(0 1b/min) at time t = 10 s to 0.1 kg/s (13.2 1b/min) at t = 12 s, stays con-
stant until t = 14 s, and returns to O kg/s (0 1b/min) at t = 16 s. (See
Fig. 17.) '

The results of sample Problem 10 are shown in Fig. 52 and Figs. 56—&60.
That is, the tornado-induced flow time histories are identical to those dis-
cussed for Problem 9. The material concentration histories for four selected
nodes are shown in Fig. 56. The aerosol concentration in room 4 begins to rise
immediately at t = 10 s because that is when material injection begins. As the
28.32-m3 (1000-ft3) room 4 receives aerosol, the concentration goes up to a peak
at t = 16 s. Meanwhile, there is a delay while particulate-laden air drawn out
of room 4 flows into duct volume 5. A dip in the concentration profiles at about
t = 10 s was caused by the flow reversal. Figure 57 also shows this momentary
flow reversal in particulate flow rate. In Fig. 58 the material accumulations
on the filter (branch 7) and passing through branches 4--6 are shown. Although
0.4 kg (0.88 1b) of aerosol is injected into room 4 during 10 < t < 16 s, the
accumulated aerosol mass flow passing through branch 4 at t = 30 s is only about
0.143 kg (0.32 1b). This is because fresh air from branch 3 is diluting the
mixture in room 4 continually. By t = 120 s, the accumulation of mass through
branch 4 is about 0.34 kg (0.75 1b), and the concentration in node 4 is down to
about 0.0012 kg/m3 (0.000075 1b/ft3) (not shown in Fig. 58). The effect of
deposition can be observed by comparing Fig. 58 with Figs. 59 and 60, Figure 59
was run for the same conditions as Figs. 56—58 except that deposition in branch-
es 5 and 6 was shut off. Notice that the reduction in accumulation of 10 um
material in branches 5—7 in Fig. 58 from Fig. 59 is relatively small. However,
material losses resulting from sedimentation in these branches are more pro-
nounced in Fig. 60. Figure 60 was run for the same conditions as Figs. 56—58
except that the material size used was 100 um instead of 10 um,
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APPENDIX A
GAS DYNAMICS SUMMARY

This is a very brief summary of the gas dynamics used in the TORAC compu-
ter code. The formulation of the equations is the same as that used in the
TVENT codel, and the reader should see Ref. 1 for a more detailed discussion
of the theoretical and numerical formulation of the working equations.

The lumped-parameter method is the basic formulation in TVENT and TORAC
that describes a ventilation system or any other air pathway. No spatial dis-
tribution of parameters is considered in this approach, but an effect of spati-
al distribution can be approximated. Using the Tumped-parameter method, net-
work theory includes a number of system elements, called branches, joined at
certain points, called nodes. Ventilation system components that exhibit resis-
tance, such as dampers, filters, and blowers, are located within the branches
of the system. The ductwork of a ventilation system is considered a resistive
element because of frictional resistance to fluid flow.

The connection points (nodes) of the system elements or branches are at the
upstream and downstream ends of the branches. Components that have larger vol-
umes, such as rooms, gloveboxes, and plenums, are located at nodal points.
Therefore, a node may possess some volume or capacitance where fluid storage or
compressibility may be taken into account.

The governing equations in TORAC require that the continuity equation be
satisfied at every node and that a pressure-flow equation be satisfied for each
element or branch. Variations in the node equations depend on whether the node
represents a finite volume; the equation of state for a perfect gas must be sat-
isfied. This variation also exists for the branches, depending on whether the
branch is simply a duct or contains a filter, blower, or damper,

The relationship between pressure and flow for the elements is nonlinear
and is written in the general form

Qk = BK(Pi - pj)N . (A-1)
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The volumetric flow rate into branch k is represented by Qk’ the conductance

by B> the pressures at the ends of the branch by P; and pj’ and an arbitrary
exponent by N. This numerical scheme uses a perturbation technique coupled with
a Taylor series expansion of Eq. (A-1). For a small perturbation (ap), the cor-
rect value for pressure pj is

Py =P * » . (A-2)

where the sign ~ indicates a temporary value. Substituting Eq. (A-2) in
Eq. (A-1) gives

% = Bk(?i “ Py T AP>N y (A-3)

Using a Taylor series expansion, Eq. (A-3) gives a linear relationship between
flow and pressure as

Q= A - C o s (A-4)

where Kk and Ek are temporary iterative values based on previous values of
pressure. The flow-pressure relationships in the branches for the ducts, dam-
pers, filters, and blowers all can be formulated as Eq. (A-4). A1l flows must
satisfy the continuity equation at the nodal points. Summing all flows at a
nodal point allows us to solve for the perturbation pressure ap. The numerical
process then iterates through a set of equations for ap until that value is very
small. We then say that the numerical process has converged and all the govern-
ing equations are satisfied. This numerical scheme is a fully implicit itera-
tive process.
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Material transport is uncoupled from the gas dynamics and is discussed in
Appendix B. After the flows are determined, the material is transported accord-
ingly. However, we note that it may be desirable to represent a network duct
as a room or series of rooms with a small, finite volume. The resistive nature
of the duct is preserved through its connection to other rooms. The logic in
this approach is related to the source and sink (deposition and entrainment) of
material and is discussed in greater detail in Appendix B.

Summarizing, an implicit numerical scheme is used to solve for the pres-
sure correction at each node. The iterative process continues until the pres-
sure correction (Ap) approaches zero and the system is balanced. The numerical
scheme is altered slightly by using the equation of state for a node that repre-
sents a volume or some capacitance., Our approach in including material trans-
port is to use the flow conditions determined by the gas dynamics to transport
the material.
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APPENDIX B
MATERIAL TRANSPORT THEORY

[. INTRODUCTION

The material transport algorithms in TORAC provide an estimate of the aero-
sol or gas transport within a nuclear fuel cycle facility. Ultimately, we would
like to predict the quantity and physical and chemical characteristics of hazard-
ous material that may be released from the facility as a result of tornado-
induced depressurization. The transport can take place through rooms, cells,
canyons, corridors, gloveboxes, and ductwork installed in the facility. In many
cases, the entire flow pathway forms a complex, interconnected network system.,
Using TORAC, we can calculate material concentrations and material mass flow
rates at any location in the network, including the supply and exhaust of the
network system. Most importantly, the code will perform the transport calcula-
tions as a function of time for arbitrary user-specified pressure transients
imposed on the facility boundaries. There is no need to assume steady flow as
required in some material transport codes, but TORAC can be used to determine
material transport under steady flow conditions if desired.

In Ref. 7, the material transport estimate is obtained in piecemeal fash-
ion using steady flow calculations for rooms and duct segments. TORAC solves
the entire network for transient flow and in doing so takes into account system
interactions.

A generalized treatment of material transport under tornado-induced acci-
dent conditions could become very comp]ex.z"4’8"11 Several different types
of materials could be transported. Also, more than one phase could be involved,
including solids, liquids, and gases with phase transitions. Chemical reactions
leading to the formation of new species could occur during transport. Further,
there will be a size distribution function for each type of material that varies
with time and position, depending on the relative importance of effects such as
homogeneous nucleation, coagulation (material interaction), diffusion (both by
Brownian motion and by turbulence), and gravitational sedimentation. -4 No
currently existing computer code can handle transient flow-induced material
transport in a network system subject to the possibility of all of these compli-
cations. The transport portion of TORAC also does not include this level of
generality. This basic form of material transport consists of the following.
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Gas dynamics decoupled from material transport
Homogeneous mixture and dynamic equilibrium

Material transport limited to a single size and species
No material interaction during transport

Material deposition based on gravitational settling using relationships
from the 1iterature

Turbulent and Brownian diffusion and phoretic effects are neglected
e Phase change, chemical reaction, and electrical migration not allowed
o Material entrainment can be specified arbitrarily using tabular inputs
or calculated using semi-empirical relationships based. on wind tunnel
data
Although the material transport capability is limited in the TORAC code,
this initial version does represent a significant advancement for the predic-
tion of material movement within a nuclear facility. The code is structured in
a modular fashion so that improved versions are easily incorporated. This con-
cept is discussed in Sec. II and is followed by information on material charac-
teristics that can be useful to the user. The following sections are detailed
descriptions of the material transport modules within the code.

II., MODULAR STRUCTURE

Movement of material by a flowing fluid involves several basic mechanisms.
The primary mechanism for movement is the flow of the fluid itself; this process
will carry along material and is referred to as convection. The other mecha-
nisms involve physical models that could be upgraded as the state of the art

improves., The basic mechanisms that we will consider in a tornado-induced flow
environment are Tisted below.

e Transport initiation

e Convective transport

e Transport depletion

e Transport interaction

The material transport option in TORAC uses all of the basic mechanisms
except transport interaction. In addition, the transport depletion module is
restricted to gravitational settling and filtration. The detailed discussion
of these mechanisms will be reserved for later sections because we wish to

introduce the concept of analysis levels and the modular structure of the com-
puter code.
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The material transport capability in TORAC is composed of separate subrou-
tines or modules that can be added or removed without disturbing other parts of
the computer code (Fig. 61). The purpose of this structure is to allow us to
begin with a basic material transport capability using modules that are based
on relationships found in the literature. From this initial analysis level we
will improve each module such that a higher analysis capability can be achieved.
When they are complete, we will interchange an old module with a new one without
disturbing the rest of the code.

IIT., MATERIAL CHARACTERISTICS

In applying the material transport capability in TORAC, the user must iden-
tify the type (aerosol or gas), quantity, and location of material at risk. If
the material is a solid or liquid aerosol, a characteristic size and density
must be specified. In the simplest case, these parameters may be assumed. For
example, if the user is concerned primarily with the transport of aerosols in
the size range of Dp < 12 uym and densities of 0.5 < Pp < 12 g/cm3, he could
run TORAC for some assumed cases of (Dp, pp) to determine entrainment or depo-
sition sensitivity.

In general, the user may wish to characterize a nonideal aerosol contami-
nant with approximate or idealized values of (Dp, pp). Here we advise cau-
tion because there are many different ways to characterize the diameter of aero-
sols having an irregular shape and nonuniform density. For example, diameters
representing a mean value relative to total count, surface area, volume, weight,
or terminal settling velocity may be estimated based on the frequency of occur-
rence data,> %12

For the case of aerosol transport along fuel cycle facility pathways, we
are interested in changes in aerosol concentration resulting from entrainment,
dilution, deposition, and filtration. Entrainment, deposition, and filtration
all depend on the quasi-steady aerodynamic drag characteristics of the aero-
s01.27"% Unless the aerosol is very small (less than 0.5 um), the probabili-
ty that a spherical particle or droplet will deposit depends on the magnitude
of its terminal settling velocity, us.3

2
ug = pprCg/lBu , (B-1)
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where pp = actual density,
Dp = diameter,
C = Cunningham slip factor,
g = gravitational acceleration, and
u = air dynamic viscosity.

Most aerosols--spherical or not--having the same settling velocity will be dis-
tributed throughout a ventilation system network in a similar manner. The

recommended deposition parameter is aerodynamic diameter or Stokes diameter.3
(1) Aerodynamic diameter Da is the diameter of a sphere of unit density
having the same terminal speed as the contaminant.
(2) Stokes diameter DS is the diameter of a sphere with the same bulk
density and terminal speed as the contaminant.
These diameters are related by the equation
u_ = p D2C_g/18y = p DC g/18u (8-2)

s ps's 0aa

where CS and Ca are the slip factors associated with DS and Da’ respective-

ly, and Py is unit density. For the contaminant of interest, DS or Da may

have been measured directly using such aerodynamic classification devices as
impactors, centrifuges, sedimentometers, or air elutriators. These devices are
suitable for measuring the size of irregularly shaped particles. An aerodynamic
diameter measurement should be based on activity if possible. Otherwise, we
recommend using Da based on mass measurements.

[f count frequency data, based for example on projected area diameter for
irregularly shaped particles, are available for the contaminant, then they must
be converted to aerodynamic diameter. Such data should be plotted on log-proba-
bility paper and fit with a straight line. If this straight-line fit to the
data is acceptable, the size distribution is approximately log-normally distri-
buted and may be described completely by two parameters, geometric count median
diameter Dgc and geometric standard deviation og- Most fine particle systems
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formed by comminution of a bulk material or grown by accretion have log normal
size distributions; therefore, this assumption is recommended.z——4’12

Thus, the user can obtain Dgc and cg from log-normally distributed
count frequency data. The set of Hatch-Choate transformation equations now
applies. These equations relate Dgc and °g to a number of other median and
mean diameters that may be important depending on how the toxic substance or
"activity" is related to the physical properties of the particle. For example,
the activity may be proportional to the total number, total surface area, or
total mass of the particles. We choose to work on a mass basis. The user may
calculate the geometric mass median diameter D

: . 12 9
Dv’ and the weight mean diameter Dw from

the volume mean diameter

2

Tog Dyy = Tog Dy + 6.908 1092 ogs

log DV = log Dgc + 3.454 log og» and (B-3)
2

log Dw = log Dgc + 8,023 1log I

where the logarithms are calculated using base 10. The median diameters D

and D m referred to above divide the count-based and mass-based size distribu-
tions in half. For example, half of the mass of the sample lies above D m and
half below. A mean diameter is the diameter of a hypothetical particle that is
intended to represent the total number of particles in the sample.

In the absence of specific information on the aerodynamic properties of the
aerosol of interest, Stockham12 recommends using Dw as an approximation to
aerodynamic size. An alternative is to convert DV to an aerodynamic diameter.
(If we assume the material density to be uniform, independent of size, and

known, then the mass of the particle with size DV is a mean mass.) To do
. 3
this, use

D, = [(6/11) (’p/°0> 63/Kr>]1/21)v , (B-4)
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where a3 = volume shape factor, and

=~
I

resistance shape factor.

Values of a3 and K, are given in the book by Mercer where this calculation
is discussed.

We also advise caution in estimating aerosol density. The aerosol produced
by accident conditions may in fact consist of flocculi and agglomerates with ac-
tual densities well below the theoretical density of the pure parent materials.
The floc densities may be as much as an order of magnitude less than the normal
density.12 The user can find pertinent information on fuel grade powder size
and density in Refs. 13—27, Useful information on droplet sizes and densities
can be found in Ref, 13.

IV, TRANSPORT INITIATION

TORAC gives the analyst two options for transport initiation: (1) user
specification of mass injection rate vs time and (2) calculated aerodynamic
entrainment. These options are quite different. They require different levels
of effort and judgment from the analyst. In this section we will provide back-
ground to help the user supply numbers for source-term initiation using option
(1), and we will describe in detail the procedure and equations used with op-
tion (2). The primary cause of initiation is assumed to be transient flow in-
duced by a tornado. Two examples illustrating the use of option (1) will be
discussed first,

As a first example, consider a decomissioned fuel reprocessing facility
with contaminated enclosures. The analyst can estimate the preaccident aerosol
concentrations in these areas using the resuspension factor concept.13’14’28"30
The resuspension factor K was used extensively to quantify airborne contamina-
tion levels in operational fuel cycle facilities. By definition,

. 3
- 2erosol concentration (g/m") Um

.

surface loading (g/mz)

m



Sutter14 has tabulated ranges of K that were compiled from numerous referen-
ces. Her tables include values of K derived from measurements of airborne con-
tamination resulting from numerous and varied cases of exterior wind stresses
and interior mechanical stresses. Sutter's summary tables are useful for ob-
taining bracketing or bounding values of K. With assumed or measured values of
K and surface loading, the user can calculate the airborne material concentra-
tion subject to transport. Based on the enclosure volume, a quantity or mass
of contaminant subject to transport can be calculated from the concentration.
This mass then can be injected using the user-specified option at the system
node representing the enclosure of interest. Mass injection rate must be speci-
fied by the analyst.

Hea]y28 reviewed many measurements and applications of this simplistic
resuspension factor concept. Several of its Timitations are noteworthy. First,
measured values of K range over 11 orders of magnitude. For benign conditions
where K is most reliable, the uncertainty is at least 2 orders of magnitude.
Further, K fails to account for particle, surface, or local flow characteristics
except as they existed during a particular measurement., Therefore, we recommend
using a resuspension factor only for estimating preaccident airborne mass sub-
ject to transport as suggested by this example.

As a second example, consider a mixed-oxide fuel fabrication facility in
which bulk MOX powder is being protected. The user may elect to model this
facility using TORAC and run the code for a tornado transient without material
transport. This preliminary run would supoly an estimate of system flow rates
and pressure drops during the accident. Some controlled areas may be subjected
to abnormally high air velocities that could lead to entrainment because of
aerodynamic stress. A knowledge of the air velocity time history will be use-
ful to estimate the quantity of material made airborne.

We will summarize briefly three methods that can be used to estimate aero-
dynamic entrainment of aerosol material. Sutter14 has reviewed and compiled
data from numerous papers under the heading "aerodynamic entrainment." (We re-
commend this paper as a good source of reference information.) The analyst's
objective here should be to estimate a quantity of material made airborne dur-
ing the first part of or during the entire tornado transient. This quantity
then must be converted to a mass injection rate for input to TORAC as in the
first example.
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The first method for estimating the quantity of material made airborne by
aerodynamic entrainment is to use the "per cent airborne" and "resuspension
flux" data measured by Mishima and Schwendiman.27 For example, they measured
entrainment of uranium dioxide powder and uranium nitrate solution at different
air velocities. The application of these data will require engineering judg-

ment. A second method for estimating entrainment is to use the results devel-
31,32

14

oped by Singer et al. to estimate coal dust entrainment. These results

are discussed by Sutter.
Finally, the analyst may use the resuspension rate concept introduced by

Sehme1.33 Resuspension rate is defined as fraction of initial mass resus-

pended per second. By definition,

A

S=G—A_f s
where S = resuspension rate, fraction/s,
A = mass suspended and flowing horizontally
through a given cross-sectional area, g,
G = ground source mass, g, and
At = duration of sampling, s.

Measurements of S obtained during a number of atmospheric field tests are given
in Sutter's paper. The user should become familiar with the Timitations of all
three of the above methods so he can use them correctly.

Here we will present in detail the procedure and equations used with
option (2)--calculated aerodynamic entrainment of dry powder from thick beds.
This technique is modeled in a subroutine in TORAC, and it has the advantage of
calculating entrainment automatically for the user. As with the three methods
discussed above in the second example, our objective is to provide the material
convection module with an estimate of the quantity of particulate material that
can be entrained from a contaminated surface as a result of tornado-induced
transient flow conditions. However, the previous three methods are not suit-
able for use in TORAC because they are based on steady-state measurements for
specific conditions. Except for Singer's31 work with coal dust, they fail to
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couple unsteady flow (changing velocity) conditions to the amount of material
entrained. In addition to Tocal flow characteristics, the previous methods fail
to account for material or surface characteristics in a systematic way. Thus,
resuspension factor, resuspension rate, and per cent airborne would have to be
measured for innumerable cases to encompass accident conditions,

The analytical method used in TORAC for calculating aerodynamic entrain-
ment was proposed and illustrated in a fuel cycle facility application in
Ref. 5. To estimate the quantity of material entrained, this method considers
the following questions. (1) When does the surface material begin to move?

(2) What criterion determines when material will be suspended? (3) How much
material becomes suspended? A valid answer to (1) implies that one has taken
into account particle, surface, and flow characteristics. Some account also
must be made for the forces acting, namely, aerodynamic, interparticle (cohe-
sion), and surface to particle (adhesion) forces. This procedure is similar to
the approach taken by Travis,34 who developed a computer model to predict re-
entrainment and redistribution of soil contaminants as a result of eolian
effects.

The first question we must answer is: When does material begin to move?
Before particle motion can occur, & threshold airspeed must be equalled or
exceeded so that the aerodynamic forces will be sufficient to overcome restrain-
ing forces. To relate threshold airspeed to surface effects, we introduce the
friction speed

u, = vtlp , (B-5)
where T = mean shear stress at the surface and

o = fluid density.

Experimental measurements of threshold friction speed Uy 4 obtained at the on-
set of material movement are available for a wide range of material sizes and
densities.
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These measurements were plotted in Fig. 62 (from Ref. 35) and are fitted

to the following semi-empirical equations.36

A = (0.108 + 0.0323/B - 0.00173/8%) (B-6a)

2)1/2 ,

1 + 0.055
x 0.0 /ppg Dp

where A = u*t/l}pp - p)gnp/;] 1/2 ’
B = u*tDp/v,
Dp = average particle diameter,
Py = particle density,
g = gravitational acceleration, and
v = u/p = fluid kinematic viscosity.

Equation (B-6a) holds for 0.22 < B < 10. The variable A is the threshold
coefficient, The variable B is the particle friction Reynolds number. For the
range B < 0.22, Eq. (B-6b) applies:

A = 0.266(1 + 0.055/ppgD§)1/2 (B=6b)
x (1 +2.1238)742

Equations (B-6) collapse the threshold friction speed data in the appropriate
range of B onto a single curve with Dp and Pp as parameters, Given a parti-
cular aerosol size and density, we can calculate Usey from Egs. (B-6). An
iterative technique is used to solve for Uy in Eqs. (B-6) because this vari-
able appears implicitly on both sides of the equations. The value of v was
assumed to be constant at v = 0.1454 cm2/s (0.02254 in.2/s), corresponding

to standard atmospheric conditions.,
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In Uyy We have a measure of when particle motion will occur and, there-
fore, when entrainment is possible. Under given flow and surface conditions, a
value of the friction velocity exceeding the threshold friction velocity can
produce entrainment. That is, entrainment can occur only when u, > Uy »

We may relate u, to the corresponding velocity at the turbulent boundary layer
edge using one of the following two equations. For a smooth surface with a lam-
inar sub]ayer,37

u(y)/u, = (1/0.41) 1n (yu,/v) + 5.0 . (B-7)

For a rough surface with no laminar sub]ayer,38

u(y)lue = (1/k) 1n (yly,) (B-8)
where y = distance from surface,
k = 0.4 = Von Karman constant,
Yo = R/30 = roughness length, and
R = average surface roughness height,

and where the velocity u(y) is calculated by TORAC's gas dynamics module. For

a duct with fully developed turbulent airflow conditions, the centerline velo-
city or velocity at the boundary Tayer edge may be 25% higher than the average
or bulk velocity. This version of TORAC uses Eq. (B-8) for a rough surface with
an assumed boundary layer thickness of y = 10 cm and a roughness length of

Yo = 0.0104 cm (0.0041 in.) (a moderately rough surface). Our use of Eq. (B-8)
will lead to higher values of u, for the same values of u(y) and y than

Eq. (B-7). Because entrainment is known to depend on the difference (u, - u*t),
our choice of Eq. (B-8) will lead to conservative estimates of entrained
material.

117



The next question is: What determines whether particles go into suspen-
sion? That is, of all the particles, how do we divide those that could become
airborne from those that remain close to the surface? Iversen et a1.36 have
shown that suspension occurs as soon as the threshold speed is reached. The
criterion assumed here was that suspension will occur for those particles for
which uS/u* =1 and u, > Uy, Where ug is the particle fall or terminal
speed. The friction speed u, is of the same order of magnitude as the verti-
cal component of turbulence in a boundary layer. Values of Dp < 50 um for
suspension are in agreement with measurements using soi]s.34 In TORAC we have
assumed that all of the particles are subject to suspension.

How much material becomes suspended? Travis34 has suggested the follow-
ing expression for q,» the mass of particles per unit area per unit time that
go into suspension.

0
]

v = G (e /udc,) [(u*/u*t)””-l] : (8-9)

where P = mass percentage of suspendable particles, and
-10 and 107°
In Eq. (B-9), qp is the mass of material moving horizontally through a verti-

Cys Cp = empirical constants (2 x 10 , respectively).

cal plane perpendicular to the surface per unit width per unit time and may be

determined from39

Gy = 261(/9) (ug + U 2(ug = Uyy) (8-10)

The calculated aerodynamic entrainment option of the TORAC material trans-
port module is a subroutine that uses Egs. (B-6) through (B-10). The steps can
be summarized as follows. At a given time, the gas-dynamics module of TORAC
supplies the velocity u(y) for every volume with material subject to aerodynamic
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entrainment. This value of u(y) and the turbulent boundary layer velocity pro-
file Eq. (B-8) are used to compute a surface friction velocity u,. A charac-
teristic value of threshold friction velocity Uy for the input material char-
acteristics is obtained from Eq. (B-6). If U < Uy, N0 entrainment occurs.
[See Eq. (B-10).] If u, > Uyys then the semi-empirical entrainment equa-

tions [Egs. (B-9) and (B-10)] are used to estimate the vertical flux of suspend-
able material qye Knowing q, and the floor area over which the contaminant

is uniformly distributed A, we can compute the source term

M =qA , (B-11)

which has the units kilograms per second. As a source term, Eq. (B-11) repre-
sents a positive contribution to the Mp term on the right-hand side of

Eq. (B-29) in Sec. V. The floor area A is assumed to be flat and free of obsta-
cles or protuberances.

The question of how heavily a surface must be loaded before equations Tlike
Eqs. (B-6), (B-9), and (B-10) are applicable is debatable. For the realistic
types of loadings such as we expect to find in many locations of a fuel cycle
facility, the empirical constant in Eq. (B-10) may not be satisfactory because
it was obtained for relatively thick powder beds. Furthermore, the empirical
coefficients in Eq. (B-9) are suspect because they were obtained from experi-
ments with soil particles.

The recent experimental and theoretical work underlying Eqs. (B-6) and
(B-10) is believed to be the best available.32230:3% Thys. the basis for pre-
dicting Usey using Eq. (B-6) is sound; however, the data base to which Eq. (B-6)
was fit is sparse for small heavy particles. In principle, these uncertainties
could be checked and reduced with appropriate experimentation.

V. CONVECTION

A. Assumptions
The usual mathematical formulation for the motion of a multiphase, multi-

component material system is based on the concept of continuum mechanics with
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some pertinent qua]ifications.9 We can obtain a set of partial differential
equations for some macroscopic parameters with a few phenomenological descrip-
tions of the stress, heat flux, and diffusion plus other formulations for the
physical and chemical interactions among phases and components and with the
boundary. Some of the relationships are either incomplete or not yet known.
Depending on the range of interest, an extensive simplification is necessary.
The following assumptions are made to reduce the complexity of the problem but
still enable us to meet our simple objective, namely, the capability of handling
material transport without disturbing the main gas flow to any significant
degree.

We define the material as any pneumatically transportable substance in a
ventilation system. The material can be solid, 1iquid, or even gas other than
the main gas stream. The individual material point is assumed to be quite small
in size if it is in the condensed phase. A material cloud is an ensemble of ma
terial; throughout the ventilation system, the main body of the gas and the ma-
terial cloud form a mixture. The description of the flow system is based on the
continuum point of view. We will neglect all chemical reactions and physical
processes such as deposition, entrainment, coalescence, material break-up, eva-
poration, and condensation. Material generation is a prescribed quantity; once
the material cloud is formed and mixed with the main gas stream, our attention
will be on the movement of the material.

Even for a dusty cloud, the volume occupied by the material is quite small
compared with the gas volume, We will assume this is the case in our first mo-
del and refer to it as the disperse condition. A consequence of this is that
the material motion is dominated by the aerodynamic forces (mainly drag), not
by the inter-particle forces. Furthermore, the material size we most often
encounter in a ventilation system falls into the micron range. For that small
size, the aerodynamic relaxation time is quite small compared with the typical
residence time. This means the material can respond quickly to the variation
of gas velocity, and most of the time the material would have a velocity nearly
identical to the gas at any location and time. Thus, we have obtained the dyna-
mic equilibrium condition between the gas and the material cloud, and the only
equation needed to find the material flow rate is the material continuity equa-
tion. We can add one more equilibrium condition; that is, the material tempera-
ture is the same as the gas, and we have a homogeneous equilibrium model for the
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gas and material cloud mixture. This mixture can be treated as a simple gas
with proper thermodynamic and transport properties used in all usual gas-dynamic
equations.

In principle, we could proceed to solve the set of gas-dynamic equations
for the mixture. However, the mixture transport properties are not easy to de-
termine. On the other hand, we still can obtain governing equations for the
main gas stream and for the material cloud separately. Some of these equations
will contain terms that express the effect of interaction between the gas stream
and the material. A closer examination of these terms reveals that if the ma-
terial mass fraction is quite small compared with that of the gas, then the
effect of the interaction on the gas-phase flow is negligible. This is the dis-
perse condition for the material cloud relative to the gas mass, and we shall
assume so. At this point, we have achieved the complete separation of the gas-
phase flow dynamics from the material cloud. The gas-dynamic aspect of the ma-
terial transport problem can be solved first and then the continuity relation
of the material will be used to determine the material flow. A more complete
presentation of various multiphase, multicomponent flow problems is given in the
1iterature.9’40’41 A11 the above assumptions and steps leading to the final
simplification of the material transport problem are based on those literature
cited.

B. Continuity Equation
In a volume of V, a part of it is occupied by a material with mass Mp and

volume Vp and the rest by a gas of mass Mg and volume Vg; obviously
V=V +V . (B-12)
P g

We define a volume fraction of the material

v
o =2 (B-13)
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and the densities (concentrations) of the material and gas based on the
mixture volume,

p! = TE and p! = $9

14
L=y cevd (8-14)

which differ from the densities based on the volume of the individual phase,
P M
= = . B-15
°p Vp and °q vg ( )

Only pg is related to the pressure and temperature through the equation of
state. The mass fraction of the material is defined as

p-MFW (B-16)

We can express the mass fraction in terms of volume fraction through the
following relation,

o) (2]
W[5 @]

Because the material-phase density of a liquid or solid is usually so much

larger than the gas-phase density, the disperse condition (ap<<1) does not
imply the dilute condition (Yp<<1) unless
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’ (B-la)

which is a more stringent condition. We will assume this is the case in the
current material convection model.
The velocity of a mixture is defined as follows.

= 1 + ! —
Y (op p * og ug)/p ’ (B-19)
with

p = pl + pl . (B—zo)

p is the density of the mixture and u, yp, and yg represent the mixture velo-
city, material velocity, and gas velocity; they are vector quantities., Using
the mass fraction Yp, we have

y= Ypup + <1-Yp)ug . (B-21)

if u and ug are of the same order of magnitude and for the dilute
condition,

=
IR

Ic
*

(B-22)

123



The mixture velocity is dominated by the gas velocity. Also from Eq. (B-20),
the mixture density is roughly the same as the gas density. We expect this
should be the case for a light loading situation. From now on, we shall drop
the subscript g for all quantities associated with the gas phase.

The continuity equation for any phase or component in a mixture 1541

d *
- o!dV = - ! .dS+tM - B-23
dﬁj;pp .{; °p 4p N b ( )

The time derivative term on the left-hand side represents the change of the
material density inside a control volume V. The first term on the
right-hand side is the material flow through the boundary $ of the volume V,

and the last term is the material source. Assuming p_ is uniform over the
control volume and using the same representation we have for the gas continuity
equation, Eq. (B-23) becomes

do' 2: .

Here we drop the vector notion for the velocity but add subscript i to indicate
the flow path connecting to that volume. Ai is the flow area, and upi is

the flow velocity normal to the area. The positiveness of the flux term is
referred to the flow into the volume. Again we introduce Yp into Eq. (B-24),

r, '

d
Vﬁ [Ypp] = pi i pi i p ° (8‘25)

or

124



Py u

i pi

- dp
o A ¥ Mp - Yp v djc_]. (B-26)

The last term in Eq. (B-26) is the gas density change and is determined by the
gas continuity equation,

Under the dynamic equilibrium condition, the material velocity is almost
identical to the gas velocity everywhere and at any instance, namely,

Uu.. = U, . (8-27)

The variable u, represents the gas velocity in the pathway i. Substituting
that into Eq. (B-26) and recalling the gas mass flow in branch i,

l:ﬂ. = p. ui A. ’ (B—28)

we obtain
dY
- 1 :E: ; Y do -

Equation (B-29) is a differential equation for the unknown Yp. Once the gas-
dynamic quantities o and m. are known, Eq. (B-29) can be integrated to obtain
Yp at a new time. The advantage of using Yp instead of Pp as unknown is
that Yp is not as subject to the effect of compressibility as o_. When

p
Yp is calculated, the material density concentration can be obtained through

ol =Y o . (B-30)
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The quantity mass fraction (or molar fraction) has been used extensively in
fluid flow with chemical reaction.

In TORAC, we expect the air density variation to be small; therefore, we
use Eq. (B-24) directly in the numerical calculation without referring to the
mass fraction step.

Finally, we must emphasize again that the assumptions made about the dilute
condition of material enable us to solve the gas-dynamic problem independently.
The validity of the assumptions depends on the individual case that we are fac-
ing. However, we do believe that this simple model will cover a broad range of
problems related to material movement in nuclear facilities.

VI, AEROSOL DEPLETION

Because the flow Reynolds number based on the enclosure or duct hydraulic
diameter and fluid bulk velocity will be greater than about 2100 for all cases
of interest here, the flow always will be turbulent. We will assume that all
flows are fully developed so that boundary layer or duct velocity profile shapes
are constant with distance. This will be approximately true sufficiently far
from inlets (20 to 50 hydraulic diameters) so that entrance effects are unimpor-
tant in our calculations.

Under these conditions, not all of the material that is made airborne at
the location of material transport initiation will survive convective transport
to the filtration systems or facility boundary. Depending on the aerosol aero-
dynamic characteristics and passage geometry, there may be a sizable reduction
in aerosol concentration. As such, an enclosure or duct acts as an aerosol
filter.

A number of processes that can cause aerosol depletion, and hence contri-
bute to a material transport sink term, should be éonsidered.z__4’10 Particles
that come sufficiently close to surfaces can be intercepted mechanically and
stuck. Particles with enough inertia can deviate from the flow streamlines,
impact, and stick to rough elements, obstacles, or bends. Particles less than
about 1 um in size can be transported to surfaces by both turbulent (eddy) and
molecular (Brownian) diffusion. Particles with size greater than about 1 um and
being transported parallel to surfaces can be deposited because of the fluctuat-
ing velocity components normal to the surface (turbulent inertial deposition).
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Also, particles moving through passages that are horizontal (or not exactly ver-
tical) will deposit by gravitational sedimentation. Lower flow velocities en-
hance deposition caused by molecular diffusion and sedimentation. Unless the
surfaces are sticky, the net rate of deposition will depend on the relative
rates of transport and reentrainment. Except for fibrous particles or very
light particles, interception may be neglected because particles large enough

to be intercepted will most 1ikely deposit as a result of inertial effects or
sedimentation.

Under certain conditions, other effects may become important for the small-
est particles. These effects include thermophoresis, diffusiophoresis, and elec-
trical migration.2’10 They are believed to be relatively unimportant compared
with other effects.

Future versions of the TORAC material transport module will account for
combined molecular and turbulent diffusion as well as aerosol interactions, but
the current version is restricted to gravitational sedimentation. The particle
flux J resulting from gravitational sedimentation 1’s2

J=un , (B-31)

where the units of J are particles per unit area per unit time, ug is the ter-
minal settling velocity, and n is the uniform local aerosol number concentration
in particles per unit volume. If we multiply both sides of Eq. (B-31) by the

homogeneous particulate mass mp, then

J' = u_ o' , (B-32)

where the units of J' are mass per unit area per unit time, and p_ = nm
is the aerosol mass concentration per unit volume. The terminal settling velo-
city is calculated from2
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2
=p D gC/18u , -33

ug = pp059 /18u (B-33)
where

pp = aerosol density,

Dp = aerosol diameter,

g = gravitational acceleration,

C = Cunningham slip correction factor, and

p = fluid dynamic viscosity.
The TORAC input variables for material depletion are Pp and Dp. These vari-
ables may be assumed or selected to be aerodynamic diameter with unit density
or Stokes diameter with the material bulk density. This selection was discussed
earlier. To calculate the slip correction factor, the code uses2

C=1+ (2L/Dp)[A1 + Azexp(— A3Dp/L)] . (B-34)

where L is the molecular mean free path and the A's are dimensionless constants

based on experimental measurements of small-particle drag. The code uses

—
]

QW N
] [ [

=
[
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0.065 um ,
1.257

= 0.400 ,

= 0,550 ,

981 cm/s2 , and

= 0.0001781 g/cm s ,



where L, u, and g are taken at standard sea level conditions.

We know p; from the material transport mass balance calculation for
the previous time step for each node (volume or duct). Then, knowing ug and
the projected floor area for sedimentation A, we can compute the sink term
using Eq. (B-32)

M =-JA =-unpA', (B-35)

which has the units kilograms per second. Because aerosol depletion is a sink
term, we have used a minus sign in Eq. (B-35). This equation represents a
negative contribution to the Mp term on the right-hand side of Eq. (B-29) in
Sec. V. Aerosol depletion by sedimentation may be selected for all volumes
and ducts and is calculated in the same manner.

VII, FILTER MODEL

A, Introduction

Experimental evidence42 indicates that the pressure drop across filters
commonly used for air cleaning in chemical and nuclear industries increases non-
linearly at high-speed flow. This contrasts with the linear relationship that
we generally observe in relatively low-speed flow regions for normal or near
normal apph'cations.1 We can take an entirely experimental approach to deter-
mine all the influence coefficients for filter and flow properties. We can mo-
del the filter flow based on the principle of flow through porous media and de-
termine the relationship between the flow rate and the pressure drop with most,
if not all, pertinent parameters explicitly included. Even so, some empirical
constants still are needed; for practical purposes, we can combine some filter
properties into these constants and determine them by experimental means. The
number of coefficients with proper filter modeling is much less than that ob-
tained through a direct empirical method. We will review some theoretical works
and then present a model that is suitable for our system.

The purpose of using air filters in a ventilation system is to remove air-
borne material in the air stream and to prevent hazardous material from being
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released to the environment. Experience shows that the accumulation of materi-
al, usually in the condensed phase, will cause the pressure drop across a filter
to increase for the same flow rate. In the case of fire or explosion, rapid
flow resistance increases as the result of large amounts of material caught by

a filter. This is commonly called filter plugging or clogging. After reviewing
analytical work in development of filter models we will briefly review filter
plugging phenomena and propose a semi-empirical formulation to describe this
condition.

B. Filter Model
The pioneering work of D'Arcy

43 established the foundation of the princi-

ples of fluid flow through porous media. His experimental results indicated a
Tinear relationship between the flow rate and the pressure drop that was propor-
tional to an empirical constant, permeability. This parallels quite well the
conclusion of fully developed laminar flow through a pipe by Hagen-Poiseille.
It is not surprising to find that many theoretical models on flow through porous
media are based on D'Arcy's concept with different qualifications. Among them,

38

the most successful is the Kozeny mode].44 According to his theory, the porous
medium is represented by an assemblage of channels of various cross-sections
with a definite length. The flow through the channels is determined by the
Navier-Stokes equations, and the permeability is expressed in terms of viscosi-
ty and properties of the porous medium. However, an empirical constant is
needed to include the effect of the tortuous characteristic of the medium., A
modification of the Kozeny model by Carman45 defined the constant, which is
called tortuosity, in a more explicit way. This new model still requires an
empirical coefficient to account for the uncertainty of determining various
porous medium properties.

Another point of view on the pressure drop relationship of flow through a
porous medium is based on drag theory with the dragging obstacles being parti-
cles or fibers. A mode]46 using fibers as a porous medium leads to a permea-
bility that is weakly dependent on flow rate. Because of the actual complexity
of the medium, some empirical adjustment is needed for this model.

So far we have discussed D'Arcy's law and its derivatives, which are ade-
quate only when the flow velocity is low; that is, at conditions where the pres-
sure drop is proportional to the viscous dissipation by the porous medium. For
channel flow with flow velocity increasing, the dissipation mechanism changes
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from a viscous to a turbulent effect, and the pressure drop is then proportional
to the kinetic energy of the stream.38 Following Kozeny's reasoning in model-
ing porous media as channels, a quadratic relation can be established between
the pressure drop and flow rate at high ve]ocity.47 Again, an empirical coef-
ficient equivalent to the resistance factor in pipe flow under turbulence condi-
tions is introduced. The summation of viscous effects and turbulent dissipation

leads to an equation proposed by Ergun.48
2
2 uu ou
20 _ g5 llzed Mg g5 (L) (B-36)
L € dp € dp

with

Ap = pressure drop,

£ = bed Tlength,

g = gravitational constant,

e = void fraction,

p = viscosity,

d = effective porous medium particle size,
p = fluid density, and

u_ = superficial velocity.

Superficial velocity is the flow velocity approaching the packed bed, not the
average flow velocity in the interstitial region. Equation (B-36) is written
in centimeter-gram-seconds units but also can be expressed in a different form:

2
wp = K ;%77 + K g—Az i (B-37)
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where Q and A represent volume flow rate and the frontal area of the packed
column, respectively. It can be seen that

u=x . (B-38)
2 ,.1/2
k= 150 {1=¢) “2 , (B-39)
€ d
p
and
Kp = 3.5 —(—1—?}1 Kp . (B-40)

KL and KT are dimensionless and depend on the properties of the porous medium.
Equation (B-37) is identical to the Reyno]ds'49 expression on pipe flow in
laminar and turbulent regions.

As discussed earlier, the theoretical model that we ultimately choose will
use some empirical coefficients and must be included to account for the complex-
ity and uncertainty of the porous medium. Obviously, it does not matter if we
obtain KL and KT first from Eqs. (B-39) and (B-40) and then add experimental
corrections later. We can go ahead to determine the effective K_ and Ky di-
rectly from experiment., This task is not more difficult than finding the correc-
tion lactors alone because there are only two unknowns involved as presented in
Eq. (B-37). From now on we will use Eq, (B-37) as the foundation of our filter
model regardless of the filtration media we use as long as we can determine the
two coefficients through experiment or analytical means.

A subroutine using Eq. (B-37) to represent a filter branch has been added
to the TORAC code because we a expect very high flow rate in the system if a
tornado-induced depressurization occurs. The turbulence coefficient KT must

be read in through the input file; if it is zero, then only the laminar-dependent
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portion will be used. The laminar coefficient K_ can be input or calculated

for a given pressure drop and flow rate; however, the former approach is pre-
ferred. This subroutine has been checked out successfully. However, reliable

data on Ky have not been obtained, and more extensive experimental work in
that area is needed.

C. Filter Plugging

The physical phenomena involving the capture of a suspended particle in an
air stream by a filtration medium is comp]icated.so’51 The porous material
provides various locations for material retention—resting on the surface of the
bed grain, wedged in a crevice, stopped at constrictions, or contained in a pore
cavity. The normal pressure of the fluid, friction, inter-particle forces, and
chemical bonding force give the required means of holding the material at a gi-
ven location, The mechanisms of the suspended material reaching a retention
site include gravity, inertia, hydrodynamic forces, interception, and Brownian
motion. Attempting to relate the overall filter efficiency with the aforemen-
tioned mechanisms without any experimental coefficient is impractical. A pheno-
menological approach is more useful; that is, we assume some form of dependence
on filter efficiency on the total amount of retention. We note that experimen-
tation indicates a small increase in the efficiency for increasing retention.
For normal operating conditions, we assume that filter efficiency remains con-
stant and does not significantly affect the system flow conditions.

The same conclusion cannot be drawn about the flow resistance of a filter
for a large amount of material retained on it. The increase in resistance can
be quite substantial and should be dealt with properly. The plugging is related
to material size, shape, phase, filter structure, and finally the quantity of
captured material. Using the Carman-Kozeny filter mode],45 material retention
reduces the specific surface, which is defined as the total surface of the bed
grain per unit filter volume and thus increases the effective resistance.50
We can express the general relation as follows.

CRROK -

133



where (Ap)0 is the pressure drop for a clean filter [shown in Eq. (B-37)],
and f is a monotonically increasing function of material mass Ma on the
filter., Clearly, f(Ma = 0) = 1. For a light loading condition, f is a
linear function of Ma’

f<Ma>= L+an (8-42)

where a is a coefficient dependent on filter and material properties.s1

recent work of Bergman52 153

More
using Davies' fibrous drag mode concludes that
depends on the fiber volume fraction, fiber size, and particulate size. How-
ever, the foundation of Davies' model is still empirical. For the time being,
we will postulate the phenomenological relation of Eq. (B-42) with a being de-
termined by experiment. As future data warrant, we will modify the equation
with more explicit relations included.

D. _Conclusion

We have presented a nonlinear filter model and a filter plugging model used
in the TORAC computer code. The background physics, simplification, and mathe-
matical formulation were discussed and evaluated. We are not stopping our ef-
fort here; we are continuing to modify the codes and add various features as
needed. We will complement our analytical effort with extensive experimental
investigation.
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