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EXECUTIVE SUMMARY

The following presents the development of a prediction methodology for
assessing the response of a tank containing liquid flammables to a uniform
external heat flux from an accidental spill fire, This analysis considers
the assumed condition in which a tank is completely enguifed by the flame of
a spill fire, the "worst-case" condition resulting in a Boiling Liquid
Expanding Vapor Explosion (BLEVE). Common examples for the'worst-case"
situation include a derailed tank car lying in a pool fire of flammable
material released from a neighboring punctured tank, or an armed,
mission-ready aircraft in a shelter or on the deck of an aircraft carrier
exposed to an accidenta, jet fuel spill fire,

This model includes some of the inherant heat transfer phenomena that
were ignored before. It considers the thermal effects caused hy:

- Heat fiuxes from total engulfment,

- Imitial iransient heating of the liquid inside the tank and formation
of a convective turbulent hboundary layer,

- Heat and mass transfer across the liquid/yas interface, and

- High intensity heat input,

Inclusion of the above parameters in the heat transfer modei has
improved the quelity of prediction both in the liquid phase and the gaseaous
phase. It is recommended that efforts be continued to investigate other
geometrical and structural aspects of the thermal tankage problem
including:

- Tank initial filling density,
- Mechanical and physical integrity of the tank, and
- Structural response of the tank sheli to fire impingement.,

This analysis investigates and models the response of the tank under
therinal loading for two possihle vented and unvented tank configurations,
1t considers the thermofluid dynamic processes occuring inside the tank,
including the initial turbulent houndary layer flow near the wetted wall of
the tank; stratification of the tank bulk at the core; transport processas
at the liquid/gas interface; convective heat transport in the ullage volume,
and transfer of heat fluxes from the bottom of the tank. FEach of these
processes is defined, and the governing equations are darived and combined
to provide an integrated physical response model, The system of governing
integro/differential equations represenling dynamics of the physical
processes are snlved numerically, and a model predicting the pressure rise
inside the tank is developed. The prediction code provides the ~espanse of
a tank containing flammables to a large turbulent spill fire and estimates
tha elapsed time befure reaching the critical vressure far a given tank
configuration. Also presented in this report is an evaluation of the code
parformance and comparison of 1ts prediction with experimental results,

iii . .
(The reverse of this page is biank.)
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SECTION 1
INTRODUCTION

A. OBJECTIVE

The objective of this task encompasses two independent but interrelated
parts: (1) development of a model for a large hydrocarbon pool fire,* and
(2) development of a response prediction model for a fire-exposed tank con-
taining flammables. Specifically, we are to determine the conditions under
which a fire-exposed tank containing flammables fails and Boiling Liquid
Expanding Vapor Explosion (BLEVE) occurs, and to determine the elapsed time
before failure. The response of various thermophysical processes that occur
inside a tank as a result of incident heat are combined and an integrated
comprehensive computer prediction methodology is constructed, The
prediction is to provide the pressure rise history profiies for a large
range of flammables and fire/tank configurations. The prediction is
essential to on-the-scene assessment of the fire environment and the safety
of fire-fighting craws.

B.  SCOPE/APPROACH

The scope of this effort is to develop an accurate heat transfer model
for the 1iquid and gaseous phases of a fire-expnsed, partially filled con-
tainer, In thic investigation, the governing equations describing the ther-
mophysical processes that occur inside a tank are developed and solved
numerically. Considered in this investigation are some of the heat transfer
parameters that were ignored before. These include heat input from the tank

bottom wall and initial transient heating of the liquid. The scope of this

effort also requires conducting specially designed fire tank tosts to vali-
date and assess the nodel performance.

* Developmen- of a large hydrccarbon pool fire modal has been completed, It
was rerorted in a 1986 Task Report (NMERI WA3-12) entitled One-
Dimensional Hydrocarbon Fuel Fire Mode! prepared by New Mexico
Engineering Research Institute for AFESC Engineering and Services
Laboratory.




C.  BACKGROUND

Large Gquantities of petroleun and volatile nhazardous chenicals are
routinely extracted, produced and transported, either by highway or rail.
The possiblity of a major accident caused by hunan error or otherwise during
transportation or maintenance of these facilities is quitz real. The
impetus behind this aralysis is to formulate and model the thermodynamic
phenonena that occur in a fire-enguifed tank and to predict the elapsed time
before failure or the occurrence of BLEVE.

Bafore engaging in detailed mathematics regarding modeling response of
a tank laden with flammables to a large socty fire, it is instructive to use
an illustrative exanple to define the sequence of events occurring in a
fire/tank scenario and to demonstrate the processes that ultimately lead to
3LEVE. Not all fire-engulfed flamable tanks conclude in BLEVE. Consider a
large tank, e.g., a rail tank-car (Figure 1), partially filled with Tiquid
propane and the renaining volune (ullage) occupied by propane vapor and air,
The ullage volume in the tank is necessary to allow for swelling and expan-

sion of the liquid that results from incident external heat fluxes.

When a tank partially filled with volalile Tiguid is exposed to a larye
turbulent sooty fire, the heat flux from the fire is partially stored in the
walls of the tank, and is partially transferred to tne contents, liquid and
gas phases, of the tank, The total heat transferred to the tank consists of
radiation from the plune and convection from the combustion gases. The
contents of the tank are heated by natural convection. The tank wail next
to the gas phase always has a higher temperature than the walls wetted by
the liquid phase. The~efore, the temperature gradient sets up a conduction
heat transport process along the wall of the tank.

The prevailing heal transfer from the tank wetted wall to the liquia 1s
by convection. The heat transfer from the wall establisnes a turbulent
convective thermal and velocity boundary fayer in the liquid next to the
wall. Tne superheated turbulent boundary layer next to the wall raises the
heated liguid along the wall and discharges into the subcooled main core at
the liquid gas interface, creating a convective circulatory motion. Tnis

process continues until a near-uniform temperature field resulting from a

ey
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high rate of mixing is established. At tnis time, the heat transfer rate is
quite high, and almost all of the incident heat transported to the wall is
transferred to the liquid; very little goes into incr sing the temperature
of the wali, end nucleate boiling occurs, As a result of this, the inner
wall temperature in the liquid wetted reygion rareiy exceeds the temperature
of the liquid by more than 10 °C (Reference 1). Alsn, there is a transi-
tion region between the liquid wetted wall and the vapor wetted wall which
wilt create a two-phase flow at the gas/liquid interfaca. The thickness of
this region has not been determined and will depend on the strength of the
boiling action, In this region, the mayaitude of the heat transfer rates
will be somewhere between those for the liquid wetted and vapor wetted sur-
faces, and as a resull the wall tewmperature in this rejion will also bhe

vetween those for tne ligquid and vapor wettad wall regions {Reference 1}.

Tne prevailing heat transfers in the gas phase in the ullage volume are
hy convection and thermal radiation, The initial convective heat transfer
rate in the vapor phase will be low because of the combined effect af the
Tow tharmal conductivity of the gas/vapor and the low flow velocities.
[hitial therwe® radiabtion will also be simall because of the low wail temper-
atures, As the temperature of the walls in the ullage volume increases, the
enaryy transpart from thermal radiation will also increase. The increase in
the energy transport in the ullage volume is predominantly due to the radi-
ation which is propartional to the fourtn power of the wall temperature.

The tank internal pressure rises as a result of an increase in the gas-phase
temperature and surface vaporization of the liquid. When the temperature of
the wetted walls reaches the saturation temperature, corresponding to the
instantaneous tank pressure, vapor is generated rapidly and the pressure
builds up quickly. At this time, the liquid portion of the tank expands as
a result of thermal expansion., If the tank becomes completely fillaed with
liquid as result of overexpansion, rupture will occur when the critical
pressure is reached. Tne gritical pressure is related to the decreasing

strength of the tank shell as its wall temperature increases.

An operational tank is equipped with a pressure relief valve which

would open to allow removal of mass trom the tank, thus,keeping the internal
pressure below the tank rupture pressure. However, the released vapor from

the relief valve mixes rapidly with the ambient air, is ignited, and becomes




an additional source of heat flux incident on the tank., The additional heat
flux that impinges directly on the unwetted wall, which i1s now increased as
a result of the drop in the liquid level, deteriorates the mechanical
strength of the tank, Under these conditions, depending upon the integrity
of the physical structure of the tank, the tank will either safely continue
to vent the lading or it will rupture. [If the tank ruptures, the remiaining
Tigquid in the tank experiences & sudden depressuarization, Since the remain-
ing liquid cannot vaporize quickly enough to establish a stable saturated
condition, the liquid becomes superheated. If the liquid is superheated
sufficiently, a BLEVE results.

Some of the processes leading to the BLEVE have been defined by various
researchers, Reference 2 describes this phenomenon in the following fora,
If a saturated liquid at high pressure suddenly experiences a rapid prassure
decrease, as in the case of a rupturing tank car, then the 1iquid should
boil until the temperature of the remaining liquid is reduced to the satura-
tion temperature for the next pressure conditions. This requires sufficient
nucleation sites for the boiling to take place, and these sites do not exist

1A
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ities within the bulk of the liguid., Tnhis causes some of
the liquid to become superheated for a brief period after the depressuriza-
tion occurs, If the degree of superheating is sufficiently large, homogen-
eous nucieation takes place throughout the bulk of the Tiquid and the entire
liquid mass vaporizes almost instantaneously. This rapid vaporization
causes a vapor explosion which may cause the tank tou be ripped onen and
sometimes propels tank fragments for large distances. In addition to the
shock loads from the vapor explosion, the vapor rapidly mixes with the sur-
rounding air and ignites, causing a fire ball which loads nearby structures
with intense thermal radiation, Reid (Reference 3) suggests that a BLEVE is

the result of homogeneous nucleation of a metastable superheated liquid.

Consistent with the definitions, occurence of BLiVE, although not
totally independent of a pressure relief valve, is mostly controlled hy the
initial liquid filling density and by the magnitude of the incident heat

fluxes. Various modes of response for tanks containiag flammables have been

studied by various researchers. A brief literature review is presented in
the following.




D. LITERATURE REVIEW

The response of a tank engulfed in a pool spill fire has been studied
under special conditions by various researchers, Roberts et al. (Refer-
ence 4) conducted experimental studies of insulated and uninsulated
500-1iter tanks. The tanks were partially filled with liguid and exposed to
a kerosene pool fire. In each test they measured the heat transfer rate to
the total system, the contents of the tank, the boiling regime, and the tank
wall temperature. They demonstrated that a response time of 3 minutes (the
time needed for the pressure relief valve to activate) for an uninsulated
propane tank could he extended to ranges of 12 to 90 winutes for insulated

tanks of similar material,

Venart et al, (Reference 5) conducted a study cf the physical behavior
of tanks containing liquified fuel under accident conditions. They reached
a number of conclusions that are believed to be true only for low-input heat
flux, i.e., heat fluxes under 7 w/cm?. Among the conclusions reached were:
(1) prior to pressure relief valve action, the primary source of vapor gen-
eration originates in the liquid boundary layer, and (2} simple thermo-
dynamic and heat transfer models may be used to predict the pressure
resnonse of such vessels,

The problem of evaporation rates of liquified natural c¢as in containers

was considered by Hashemi and Wesson (Reference 6). They treat the system
as a liquid layer heated from below and develop an empirical relationship
hetween the boiloff rate and the supersaturation* pressure. This equation,
which shows that the boiloff rate varies as the 4/3 power of the supersatu-
~ation pressure, is solved in conjunction with the energy equation for the
1iquid in the tank, resulting in an implicit algebraic equation in terms of
evaporation rate.

* The supersatur.tion pressure of the liquid is defined as the product of
the average pressure at the saturation temparature and the total difference
" between the temperature of the bulk of the liquid and the temperature at the
surface.




Note that the natural convection patterns for a liguid layer wi!l not
exist for elevated pressure and the model will not yield realistic solutions
for pressure rise cases,

The naturel laminar convection of fluids in an enclosed cylindrical
geometry has been consid2red by Barakat and Clark (Reference 7). The
governing conservative equations pertinent to the fluid inside the tank were
simplified by the use of stream functions, and aumerical technigues are used
for the solution of these equations. They demonstrated that steep velocity
and thermal gradients exist in the vicinity of the sidewall and, hence, a
boundary layer flow occurs. Analytical and experimental study of transient
natural convection in a vertical cylinder has been reported by Evans and
Reid (Reference 8). Their experimental effort consisted of monitoring
transient temperature and flow patterns inside an exposed tank partially
filled with a water-glycerin mixture. The tests were conducted for a range
of Prandtl numbers from 2 to 8,000, and for L/D ratio (L = mixture depth,

D = cylinder distance) and frashof numbers from 103 to 10! ercompassing
Both laminar and turhulent regimes. They considered the problem analyti-
caily. The system was divided into three regions: (1) a houndary layer
region near the wail, (2) the mixing region at the top of the gas/liquid
interface, and (3) a miin core region where the bulx fluid slowlv falls down
in plug flow. The resulting equations are solved numerically to obtain the
temperature profile in enclosed fluids subject to wall heating, It was
observed that after measurement of the initial transient temperature, the
core temperature increased linearly with time--a characteristic of low heat
tlux input.

Transient thermal stratification in heated, partially filled horizontal

cylindrical tanks was considered by Aydemire et al. (Reference 9). They
extended the analytical technique for boundary layer analysis to account for
the presence of a covering of aluminum foil mesh on the inside walls of the
tank. Resuits with and without ExploSafe were compared with experimenial
data for Freon-113™, Although fairly good agreement between the experi-
mental and analytical results is obtained, the procedure appears to be valid
only for low-input heat fluxes. Virk and Venkataramana (tetTerence 10)
studied the transient boiloff rates of a liquified natural gas from larue
industrial storage tanks subjected to the perLurbation of ambient

atmospheric pressure,




Their theoretical model closely tracks the procedure covered in References
6-9. The model demonstrates that constant heat input to the tank maintains
a steady hoiloff rate of LNG from th» tank., It establishes that a natural
convection boundary layer exists in the vicinity of the wall, and that hot
fluid, upon reaching the liquid surface, diffuses radically inward toward
the center, l6sing part of its mass and energy as boiloff, They also demon-
strated tnat step changes ia amdient pressure (i.e., rise or drop) could

affect the boiloff rate by as much as 1000 nercent,

Birk and Qostnuizen (Reference 11) outlined a computer model of a rail
tank car with its exterior surface exposed to a spill fire, Their model is
two-dimensional, capable of predicting tank pressure, wali temperatures,
wail stresses, vapor and 1i1uid mean temperatures, flow rates through the

relief valve, and 1iquid level as a function of time,

Delichatsios (Reference 12) conducted analytical and experimental
studies of fire-exposed containers containing different solvents prior to
rupture. He modeled the thermohydraulic process occurring inside tne

container in terms of a set of physical dimensionless prameters, He aiso
measured the container internal pressure ana temperature rise resulting from
incident neat for diffarent solvents using 55-g.1lon steel drums. 1In this
investigation he concludes that, for most solvents, the time for tank rup-
ture is equal to the time for the tank's wetted walls to rweach the solvent
hoiling temperature.




SECTION T1
MODELING PRINCIPLES

The description and sequence of events that occur inside a fire-
enguifed tank are illustrated pictorially in Figure 2. Figure 2a shows the
fire engulfment of a rail tank-car. As shown in the figure, the tank is
nearly filled with the flammable liquid and the remaining volume is occupied
by vapor. The radiative and convective heat fluxes from the external fire
are conducted through the wall inte the tank lading. The heat input raises
the temperature of the wall next to the liquid, and a convective turbulent
thermal and velocity houndary layer is established., With increasing time,
the temperature of the wall next to the gas increases sufficiently to
radiate. The radiative heat flux, combined with the convective current,
causes vaporization of the liquid at the interface. At this time, the
1iquid expands and swells, further increasing the internal pressure of the
tank. 1If the tank is ecquipped with a pressure relief valve and if the
s internal pressure exceeds the valve operational pressure, the valve
will opon to 2allow the venting of Tading. This will reduce the internal
pressure of the tank, but at the expense of increasing the surface of the
unwetted wall in the ullage volume (see Figure 2b).

Simultaneous with the expulsion of lading, two important phencmena that
significantly contribute to occurrence of the BLEVE will take place:

1. The vented combustible vapor mixes with the surrounding air and
ignites; therefore, the total radiative heat incident on the tank

is increased,

2. The radiation heat that impinges directly on the continuously
increasing unwetted wall will result in further reduction of the
tank shell mechanical strength,

The additional radiative heat from the unwetted wall causes extensive
surface evaporation, a phenomenon which further raises the pressure consid-
erably. At this time, the wetted wall temperature has reached the satura-
tion temperature, and copious vapor from nucleate boiling is generated.

With increasing time, the tank's internal pressure rises quickly, and rapid
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space.

(§\‘;‘\ | >\\>»

-t _....-..::-J R

(c) Wall adjacent to vapor space (d) Wall temperatures rise to a
heats up because vapor is a point where the steel weakens
poor conductor of heat. and the wall ruptures.

Figure 2. Pictorial Representation of Bleve (from Ref. 11)
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generation of vapor and further expulsion of lading occur (Figure 2¢). At
this time, the strength of the unwetted wall has deteriorated to its
critical value and the tank will rupture (Figure 2d). At the moment of
rupture when the tank is depressurized to ambient pressure, if the renaining
1iquid in the tank is at saturation temperature, a violent explosion, BLEVE,

QCccurs . J*

The thermofluid mechanics of the physical processes before BLEVE were
discussed earlier. They are determined by the following interacting

transport phenomena:

1. Heating of the walls of the tank,

2. Heating of the gaseous phase in the ullage volumne.

3. Heating cf the 1iguid phase.

4, Transport of heat and mass across the liguid/gas interface.

The analysis of the mathematical model describing each of these pro-

cesses is presented in the following sections,

A, GOVERNING TRANSPORT EQUATIONS IN THE ULLAGE VOLUME Fﬁ

Figure 3 depicts the cross section of an arbitrary tank. This figure
describes interactive processes that occur in the ullage volume, The para-
meters indicated are:

qFr,o : reradiation outward from the tank

q?r,i reradiation inward from the wall

é? : total heat flux from the fire incident on the tank
d;,z radiative heat flux incident on the liquid

dg,z : conductive heat flux incident on the liquid

dg’g convective heat transfer from the wall

Aw : total unwetted surface area in the ullage volume
Ai : liquid surface area

*For more explanation of the phenomena refer to the paragraph entitled
“Background" in Section I,
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Figure 3. Heat Transfer Interaction in the Ullage Volume

12




T : gas temperature

Ti :  liquid temperature at the interface,.

qu : unwetted tank wall temperature.

In the derivation of the governing equations duscribing the transpert

process in the gas phiése, the following assumptions have been made:

1, The thickness of the tank wall is very small compared with its
other dimensions. Therefore, the temperature variation across the
thickness is negligible,

2, Vapor and air in the ullage volume behave as perfect gases.

3. Temperature and concentration distributions in the ullage volume
are homogenous, since the mixing occurs relatively quickly.

4, In spite of the large temperature gradients in the wall near the
liquid meniscus, the total heat flow rate by conduction along the
wall is assumed negligible,

5. The heat flux imposed by the fire is uniformly applied on the tank

walls,

B,  UNWETTED WALL HEAT TRANSFER PROCESS

The total heat stored in the walls of the ullage volume is given by the
following thermal energy balance equation:

d Tw . L) L} .
_‘__Q " ||~ - " -t ( 1 )

dt

pwcwaw

where P2 Cw and éware density, specific heat, and thickness of the wall,
respectively, The reradiation heat loss to the outside is given by

q = 0e (T} - T ) (2)

rr,o wg ©

In Equation (2), Too is the ambient temperature, ¢ = 0,1713 x 10-8
BTU/ft2nrR* is the Stefan-Boltzmann constant, and e = 0.99 is the
coefficient of emissivity. Similarly, the radiation heat losses to the
interior of the tank impinging on the liquid surface reads

u - . [N _ 4
qrr,i oe (ng T i) (3)




The total convective heat transfer rate in the ullage volune is repre-
sented by &"C q It can be shown (Reference 13) that the total convective
heat transfer for a given surface coefficient, i.e., h, is given by:

q =h (T - Tg) (4)

.9 Wg

where h is the tank surface heat transfer coefficient, and, as defined
earlier, ng and T are the unwetted tank wall temperature and gas tempera-
ture, respectively. The surface heat transfer coefficient, h, can be calcu-
Tated from the data given in Reference 13, and the convective heat transfer
equation becomes

q =C (T - T )u/3 (5)

¢, 9wy g

In Equation (5) the coefficient, Cg, depends on the property values of the
gas inside the ullage volune, The value of the Cg is defined in Section
Iv.

C. ENERGY CUNSERVATION IN THE GASEOUS PHASE

The conservation of energy in the gaseous phase is a statement of
energy balance between the internal energy of the gas and the energy trans-
port across the boundary and the gas/liquid interface. The conservation of
energy balance reads

dE — -l \y o
at ~ 9%,g'w T %,e Ayt by ()

In deriving this equation, it is assumed that gas inside tne ullage volume

does not absorb any thermal radiation., The parameters in Equation (6) are:

is the internal energy of the gases in the ullage volune

is the mass addition rate of vapor owing to the evaporation
from the liquid surface.

is the enthalpy of the vapor




The energy equation in the uilage volume can be written in terms of air and
vapor mass fractions. It follows that

M =MY
a a
1 = 7
Moo= MY (7)
where
Md: mass of air in the ullage voluma
MV: mass of vapor in trne ullage volume
Ya: mass fraction of air in ullage volume
YV: mass fraction of vapor in ullage volume
Note that
Y +v =1 ()
a v

and the total mass of gases in the ullage volume is given by

M=M +M total mass (9)
a v

It is evident that for a closed tank configuration

dMa

2= 0 (10)
Therefore,

dM_dMV_.o 11

at s @ M (11

In the open tank configuration, the total mass balance equation for the
ullage volume will take the following form:

dM
=M - R (11a)
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where dM/dt is the rate of change of total mass 1n the ullage volume and ﬁi
is the rate of mass addition at the interface due to the boiling and vapor-
ization. Tne quantity Mo represents the mass rate of outgoing air and
vapor, collectively, The mass rate of change of each species in the ullage
volune is calcuilated based on the mass fraction of the outgoing gases. For
exanple, the mass rate of change of air and vapor in the ullage volune is
given by the following equations, respectively:

G _ R ,

gt (YaM) = ‘YaMO (11b)
9 (vm) = -vR (11c)
dt v i vV 0

sing Eouations (1la), (1lb), and (1llc), the rate f change of air mass
fraction can be calculated as

(%
n oy e v i
Gt ‘Y'a a \M }

It can be shown from Bernoulli's iaw that the outflowing mass 1s related to

—_
-
-
[l

~—

the pressure drop in the tank:

= 2 - /2
MO A Cd [/, (P Patm) D] 1 (llf)

where A represents the vent cross-sectional area and Cd is the coefficient

of discharge,

Considering the closed tank configuration, the total! internal energy
tern in the gas phase can be written as the sun of the specific energy of
air, e_, and vapor, e

d v

=M e +M e (12)

After taking the time derivative of Equation (12) and substituting for the
mass fractions from Egquations (10) and (11), one obtains




dE dea dev . E
EE I LT IR A )

Substituting for-%% from Equations (12) and (13) into Equation (6) results

in

dea dev .
» a Y " _ A \ ) - )
Mot M GE q A g" A + M. (h e ). (14)

C,g w c,5 8 i
Because of the high rate of mixing, the air/vapor mixture in the ullage
voilune remains at a uiriform and homogeneous temperature, Based upon this
conclusion and the definitions of internal enerqgy, e, and enthalpy of idea!
gas, h, one can modify Fquation (14)., We have

dea dTg dev dTg
- = C — ; —==0 — (15)
dr- a,V 41 it ViV gt
Pv
- T . - - !
hy =C, o T, ; h, = €, Tg=e, " 5 {16)

The time rate of change of gas temperature, i.e., dTg/dt, can he obtained
from the energy equation (Equation (14)) after substituting for dea/dt,
dee/dt and h. from Equations (15) and (16}.

It follows that

dTgl= Gg A T T Mt EEY,D(Ti “ gt PVC,DVJ (17)

dt MC £ M C
v v

sV

Similarly, for the vented configuration the rate change of gas
temperature becomes

i

dT
-9 = ) - e - T, -
dt (Mata,v ! Hva,v ) chAw qc1A1 ¥ Mi Cv,p i Cv,ng

- MOPV/<Ma + Mv) (17 a)
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In arriving at the above equation we have made use of the following
thermodynamic relationship

R Pv
Cv,p' Cv,v = (mor)v =

Dvg
D.  PRESSURE HISTORY IN THE ULLAGE VOLUME

The total pressure in the ullage volume at any time is the sum of the
partial pressure of air and the partial pressure of the vapor. Therefore,

the total pressure becomes
P=pP +P (18)

and the time derivative of the total pressure becomes

dp dPa de
A R 1 (19)

Using igeal gas law reiations, one can write

M RT
P = 2 X —3 (20a)
lmo])d v
M RT
P = v - X ‘_g._ (200)
v TﬁaTj& )

For a closed tank configuration, the ulla,. volume, V, remains nearly
constant and the time rate of change of total pressure yields

18




In the derivation of Equation (21), the identities describing a closed tank
configuration, Eguations (10) and (11) have been used. For the vented
configuration, the internal pressure of the tank at any time is determined
by

M (t M(t) RT (t
p(t) - a( ) \ V(““‘ g( )
(mol)a (Mo])V v

Here
(mo])v: molecular weight of vapor
(mo])a: molecular weight of air
R: wuniversal gas constart
£. MASS TRANSFER ACROSS THF INTERFACE

The gas temperature in the ullage volume is much nigher than the liquid
temperature, Evaporation at the interface hetween the liquid and the gas
ocuurs because of the convective heat transfer in the gas and radiative heat
flux from the unwetted wall impinging on the liquid at the interface with
the vapor volume. By using stagnant film theory (Reference 14), one can

find that the evaporation rate per unit surface area is

. n C (T ~T.)
mll =f_(;___ Ln 1+ psg__‘_g _} (22)

Cp,g Lefe = @ r,k/ml

Derivation of Equation (22) is shown in Appendix A, In Equat.on (22), the
parameters are

hc : convective heat transfer coefficient from a horizonta!
surface
Cp g: specific heat transfer of the gas mixture
]
L : effective heat of gasification

eff




C : specific heat of ligquid

P,2
Ti : surface temperature of liquid
Tl : substrate liquid temperature
F3 : latent heat of vaporization
Leff: £+ Cp,g(Ti - Ti) (23)

F.  ENERGY TRANSFER ACRQSS THE INTERFACE

The heat transfer across the liquid vapor interface is a statement of
energy balance between the conduction and radiative heat transfers incident
on the surface and the energy associated with the vaporized mass. Assuming
no radiation energy is absorbed by the vapor in the ullage volume, the
interface energy equation reads

au + au = f?ln L (24)

Cyd rye ef f
The radiative heat transfer incident on the liquid surface, &"r , 1S
directly related to the total inward radiation energy emanating from the

side walls, It follows that

where, as defined previously, q

rr,i




SECTION III
ANALYSIS OF THERMOHYDRAULIC PROCESSES
OCCURRING INSIDE THE LIQUID PHASE

Heat from the external fire is partially stored in the wall next to the
Tiquid and partially transmitted to the Tiquid through convective currents.
The heat through the vertical walls establishes a turbulent natural convec-
tive velocity and temperature boundary layer. The analyses of physical
phenonena considered in this iavestigation are:

p—i
.

Determination of boundary layer flow produced by natural
convection,

2. Evaluation of the core temperature variation.

Analysis of liquid top layer where the boundary layer turns hori-
zontally and the flow descends into the 1iguid mass.

The kinetic energy and the momentum of the boundary layer near the
surface characterize the flow in the core. They determine whether the flow

s o Vs
ow stratificd motion

at the tank core consists Of iarge nixing eddies or a $
(Reference 15). The thermohydrauiic processes that occur in the liquid
phase are shown in Figure 4, The parameters indicated in the figure are

5 : boundary layer thickness

Tc(z) : core temperature (stratification) distribution

T, u : temperature and velocity distribution in the boundary layer
(defined later)
uniform downward counter flow velocity
Tiquid height in the tank

area and perimeter of the liquid surface

The mathematical models descriptive of the above physical processes are
developed in the following sections,
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rigure 4, Thermohydraulic Processes in the Liquid Phase
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A,  HEATING OF THE WETTCD WALLS

Analogous to the heating of the wall in the gaseous volume, it is
assuned that the temperature across the thickness of the wall is uniform.
Then, the thermal balance* equation for the walls can be written as

aTWS b1l

PutuSw St T 8f 7 Qrros T Tcgs

(25)

In Equation (25), §" is the convective heat loss to the liguid and T . is

CLs
the side wall temperature.

Similar to the derivation of Equation (5), the convective, qgls, and
the re-radiation, é;ros’ heat transfer terms can be written respectively as
v =0 T - 4/3
Geus Cs\Tws Tc)

(25a)

a = L - Tl

G rros T €° (Tws 'w)

where the coefficient CS depends on the physical properties of the liquid
(Reference 13), given as

CS = pOCp { VB g/[(5.3)* Pr‘z]x 1/3 (25b)

B. CONVECTIVE FLOW FIELD INSIDE THE LIQUID

A mathematical description of the heating of the liquid by convective
currents is presented. This development ignores the possibility of laminar
boundary layer which may occur late in time. [t is also assumed that the
core of the vessel does not contain large eddies, and that the boundary
layer region can be described continuously by turbulent boundary layer
equations. The governing equations for the boundary layer are based on the
integral representation and are appropriately coupled with the core flow.

In view of initially weak huoyant flow in the boundary layer, the Boussinesq
approximaiion has been implemented.

*1t is assumed that the flames surrounding the tank are radiatively thin,
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C.  CONSERVATION OF MASS

The principle of conservation of mass is applied to an elenental volume
of boundary layer (see Figure 5).

: ;
. T

ou

4”\1

» Y
Figure 5. Mass Balance For Boundary Layer Elemental Volume

The conservation of mass states that the entrainment rate is equal to
the difference between mass efflux and influx in the boundary layer. There-
fore the mass rate, dm, entrained in the boundary layer by convective cur-
rents 1s equal to the amount of mass leaving the boundary at any cross
section. It follows that

jg [pudy + %;-(pudy) AZ] - pudy = dm (26)

where, after simplification, it becomes

am _ d
am_ 9 Iﬁ oudy (27)
dz dz




D.  BUOYANCY CONSERVATION

The buoyancy equation is a description of the energy associated witlh
the upward flow in the boundary layer caused by the temperature gradient.
The integral form of the buoyancy equation is written for an elemental
volune of boundary layer (see Fiqure 6). It follows that the rate of change
of enerqy per unit length in the boundary layer is equal to the algebraic
sun of the heat input (Reference 16).

Z DUCpT ‘
I ‘P ‘:/
A
all [ a" ]
_~_f____’ dz - dmC, T
cCT
pU D
l, 4
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Figure 6. Energy Balance for Boundary Layer Elemerntal Volume

The governing buoyancy equation for a tank having an orthogonal cross
section reads

. - 6 - 3 N \
§raz = d ([ puCpTdy) di €T, ('8)
In Equation (28), dz is a differential length in the vertical direction, u

is the velocity of the fluid in the boundary layer, and TC is the tempera-
ture of the entrained core liquid. Equation (28) can be rewritten as

6"/cp =-§E (Ig oquy) "I e




Substituting for dm/dz from conservation of macs, Equation (27), one
obtains

g/c, = gy (15 euTay) - g5 (15 oudy )T, (27)

Since the core temperature TC varies with the liquid height, the last term
in the rignt side of Equation (29) is modified to reflect this behavior. It
follows that

d 8 d (8 ar. .
G (jo pudy>.Tc =3 joTc pudy - T fo oudy. rﬂ

Substitution of the above relation into Equation (29) gives the buoyancy
equation

dT

%; fg pu(T-T.) dy = - (fg pudy) HEE (30)

e

Equation (30) can he modified ta a more useful form if it is multiplied
through by g/(pTO). Here, g is the gravitational acceleration and T0 is
some reference temperature., This yields

T-T q"g T (2)-T
d c d c o\:§
& 1 ue—fdy r - g | 2 | fouay (31)
T oC T T
0 po )
Define:
T - Tc(z) Tc(z) - TO
A= g Ao = ——=—= g
H T
(o} 0
A = BTOA; b, = 8 (Tws - Tc) g (31a)
an 1/3
AT Ve s
W oC, (5.3)4pr2 W
q" = qézs
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Also, after replacing the y coordinate with a stream function, y, one
obtains,

v = oy [ udy (31b)
where y, = o, jg udy is the total flow rate.

Then the governinj buoyancy equation reads

¥ b
3 tno )L “ \
3 (Lt 5 av) = of, - v 55 (32)

’

FE.  CONSERVATION OF MOMENT OF MOMENTUM

Because the wall friction parameter in the boundary layer region is not
well known, especiaily for slow buoyant flows, the motion of the fluid in
the boundary layer is characterized by the moment of momentum instead of the
conventionally used momentum equation (Reference 17). This method is quite
appropriate for flows attached to vertical surfaces. Rigorous derivation
ana justification of this method is beyond the scope of this work. However,
observe that its acceptability may be based on physical arqument, intuition,
and considerable recent research (References 18, 19, and 20).

In deriving the moment of momentun equation, it is ascumed that: (1) the
flow is a boundary layer type flow, (2) the average pressure in the plume is
the same as the ambient pressure at sea level, which is the consequence of
the Buossinesq approximation, and (3) the flow is two-dimensional, We start
with the Navier-Stokes turbulent boundary layer equation (References 21 and
22).

~ o~ 3 v -0
pig TPVt

ay




In Equation (33) 2z is the vertical direction, y is the distance normal to
the wall, u is the viscosity, and the quantity pu™v" is the Reynolds Stress.
The coefficient 8 is the thermal expansion coefficient for liquid, and T0 is
a reference temperature, Every variable in Equation (33) is represented by
its Favre average (Reference 23):

f~ 2
]}
[
+
oy

1= & (34)

il

where the velocity field U is the algebraic sum of mean, u and fluctuation
velocity u". The bar over the symbols denotes the time or the ensemble
average. Again we make use of stream function, i.e., v, to replace the y
coordinate:

OB L )

P U= Py gy (35)
P v

PV == P37

With this change of variable [{z,y) » (z,¥)] and neglecting gradients of
stresses in the direction of fiow, the momentum equation, Fguation (33),
takes the form

=2

3 (36)

l

3T - T, 0~
= S ¢+
30 BT A/ u

Qo
~N

wnich is a more useful form, In this equation

=

1= -p/ B'(;u“ ' + (u/p) 315 (p/po)2 u

/09

=
i




To obtain the moment of momentun equation, first integrate Equation {36)

over ¢ from y to vy (total flow rate):

(U 30w 3T e e
)¢t = j¢t 5y dy + 8 Toj¢t a / udy (37) b

Since i
iS00y g
T = 0 @ {1/ l:jt %
we have oy
2 v ey

J t i = - - t n ud / 3
337 wa udy g 4 STO ’(lP A/ udy {38) s

Next integrate over y from 0 to Vi - One obtains E'
v v v v =

t 5 t t -, -~ i
fhaw 3 fotudy = - f " ety v b de s /iy (39) o

using the Leibnitz rule (Reference 24) ”‘

v v 1 ]
3 t t t t— )~

which after partial integration reads

LT LS v
53 /o ugdy = 8T jo A/ updy - fo dy (40)
Equation (4() is the desired moment of momentum equation. In general, the
second term at the right side of Equation (40) is small relative to the
first term at the right side of the same equation; its magnitude is slightly

negative four turbulent flows.

Equation (40) demonstrates that the core stratification affects the
momentun of the boundary layer only indirectly through the temperature dif-
ference Ao . In Equation (40}, g is the coefficient of thermal expansion for

the liquid and nas the units of inverse temperature.
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In deriving the mement of mamentum eguation, it is assumed that the
core velocity, u, is significantiy small indeed, since the width of the tank
is much larger than the boundary layer thickness (see Figure 4), Finally,
the shear stress term in Fquation (40), although small, must be included in
the present application because the velocities and the growth of the
boundary layer are slowed down by stratification. An approximate
development of the shear stress is given in Reference 22. [t reads

,'Vt . 172
Yo tdy = 100( wv) o]

Thus, Equation (40) may be written as

v v ~1/2

3 ~ RS
g ledy = PR/ Gy - 100(F ) (41)

t
where u is the flow velocity in the boundary layer, n is the kinematic
viscosity of liquid, and Fw is as defined in Equation (31la).

F.  WALL HEAT FLUX TEMPZRATURE RELATION

Analogous to the principles defined earlier for the gaseous phase, the
wetted wall heat transfer is based on caiculation of turdulent free convec-
tion over a vertical plate (Reference 25 and Reference 13, pp. 197-207).
The convective heat transfer coefficient, hc’ for a large range of Prandt!
nubers (Pr= Cpu/k) is given by

Nu = Co(Gr,Pr)1/3 {

FCS
N
N

1!

where the symnbol Nu is the Nusselt number, (Nu = hCL/K), and Gr is tne

Grashof number (Gr = gRATL3p2/u2). Using the experimental data given in

Reference 13, one obtains the following wall heat flux temperature
relation:




G. VARIATION OF CORE TEMPERATURE

The variation of the core temperature has been considered for heating
and nonheating of the tank bottom surface. In the absence of the bottom
heating, the core temperature will increase because the hot layer near the
interface moves down the center of the tank. In this case the variation of
the core temperature can be readily obtained from the general diffusion heat
transfer equation. Neglecting the second-order diffusion terms ana the

viscous effects, the tank core temperature variation equation reads

~ ~

A c |
== -U(2) 55 (44)

Q2

In Equation (44) Ec = sg(TC— TO), where 8 is the expansion coefficient and
U(z) is the core main counter flow velocity. Note that U(z) can be obtained
from the following continuity argument. Since the boundary layer thickness,
5, is ruch smaller than the tank diameter, the flow velocity in the boundary
layer must be much larger than core velocity. Therefore, based upon the
conservation of mass argument, the core velocity can be calculated by set-
ting the upward total mass flow szi in the boundary eaual to the downward
total mass flow -pAQU(z) in the core. It follows that
Ulzjp A, = -y (2) L (45)

If the bottom of the tank is also exposed to an external neat flux,
adaitional heat is transferred to the bulk of thne liquid. In this case,
similar to the previous analysis, one must consider the additional heat

transfer processes:

1. Heating of the bottom "horizontal" surface (similar to the
analysis for "verticai” wall),

l. Convective heat ioss from the bottom to the liquid (similar to

Equation (5). We have

dT

~ Wb _ o u hlT] paT) <\
Qb a7 9 T Trron T 9 cpp (46
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where
- W/3
Tg,b)

Tw : wall temperature at the bottom

T core liquid temperature near the bottom

2,b°

The additional heat from the bottom is distributed by the buoyant
thermals near the bottom of the tank. We assume that these thermals are
“buoyantly" strong enough to transfer the heat uniformiy through the bulk of
the fluid while the boundary layers remain unaffected. Under this condition
the governing heat transfer equation, Equation (Y4), becomes

_at_ = -U(Z) _t —— q" (47)

In Equation (47), Ap 1s the bottom surface area and V, is the tank volume,

T

The following empirical expressions (Reference 25) describe the
profiles of velocity and temperature in the boundary layer:

1/4 /
&)%)
b Yt

ey
"
—
o]
o
3
N

(48)

The governing equations that have been developed for each zone together
with the boundary layer velocity and temperature profiles, Equation (48),
constitute a set of deterministic integro-differential equations that are

soived numerically, The solutions provide internal pressure rise history
and boiling temperature which deterniines the tank response,




SECTION 1V
NUMERICAL SOLUTION

A, NUMERICAL SCHEME

A special numerical scheme is developed to solve the governing thermo-
hydrodynamic equations of processes occuring inside the tank, This scheme
utilizes a stationary and a moving grid that are essential to temporal and
spatial calculations of the liquid parameters under thermal ioad. The
nunerical scheme also includes & rezoning procedure necessary to model the
variation of the temperature in the descending 1iquid inside the tank as a
functicn of height.

The governing partial aifferential Equations (1), (10j, (11}, (17),
(22), (25), (32), (46), (47) are sclved, and the height-dependent variabies
are approximated in either of the two grid systems using a time-dependent
staircase (i.e., piecewise constant) function of height z. The staircase
function is restricted to jump only at the grid points, Figure 7 illus-

trates an instantdineous piot of a staircase function of the core temperature
Tc(t,z) in a stationary grid 20, ZysertZos as well as a moving time-depen-
dent grid, z/, zi(t),...zé(t), zpi1-  The prime sign indicates the moving

grid, The vertical axis measures the two corresponding staircase approxima-
tions for the core temperature Tc(t,z). The time axis, not shown in this
figure, is perpendicular to the plane.

Equation (25), describing the temperature of the wetted wall, can be
easily solved by using a stationary grid.  However, a moving grid which
follows the mction of the descending liguid is required to evaluate the core
temperature variation. It is important to note that the temperature
Tc(t,z), which is a function of time and height, is the only variable that
needs to be calculated in terms of both grids. This is because of the
convective heat transfer term, anczs’ in Equation (25) which depends on
Tc(t,z). Therefore, Tc(t,z) is calculated once in terms of the moving grid
for the core temperature equation and a second time in terms of the

stationary grid for the wetted wall equation.




A rezoning procedure has been devised to couple the two grid systems.
This procedure converts a staircase function in a moving grid to a staircase
function in & stationary grid. Therefore the rezoning procedure enables one
to convert from one grid system to the other, Details of this procedure are
presented in the following section.

T, (t,z)
&

l—~-———-«-—~———-—-!

Figure 7. Staircase Representation of the Core Temperature in

Terms of a Moving and Stationary Grid, n = 4




B. COMPUTATIONAL GRID

The variation of the wetted wall temperature as a function of height is

calcuiated nunerically, based on & stationary grid given as

z, = kH /n for k =0,1,...,n.
k 2

In this equation the height of liquid, Hz’ is divided into n cells of equal
size in the interval 0 ¢ z < HQ. Once the stationary grid is set up, the
wetted wall temperature TWS can be approximated using a staircase function.

T (t,z) =T

for z < z< 2
WS ws,k(t) or 2

for k= 1,2,...,N.

As discussed earlier, the staircasa function is restricted to jumps only at

points 21’22""’Zn-1'

The variation of thc corc tomperature, Tc(t,z), due to the motion of
descending 1igquid is modeled by using the following moving grid,

zn+l = Ho.

A

0 = zé < zi(t) <zy(t) <LK zé(t) <
In this expressicn the grid moves with the liquid, and zj=0 and zh+1= H2 are
the fixed end points corresponding to the bottom of the tank and top of the
liquid, respectively. Then the core temperature TC can be approximated

using a staircase function in the moving grid

T t,2) = T,

C,k(t) for Z&—l

A similar approach is taken in a related problem by Germeles (Reference 26).
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The wetted wall temperature equations, Equations (25) ana (25a),
contain a convective heat transfer term which depends on the core
temperature, TC. Therefore, analogous to the discretization of the wetted
wall temperature, Tws, the core is described in the same manner using a

staircase function in a stationary grid. Hence, TC in a stationary grid
becomes

( =
T (t,z) Tc,k(t) for z

c k-1 < zX zk

for k = 1,2,...,0.

A rezoning procedure is employed to convert the staircase function
in the moving grid into a staircase function approximation in a stationary
grid. The application of the two grid systems for calculating tg: liquid
core temperature Tc(z,t) as a function of height is presented in the
following.

Assume the following time grid

t, = tg* kat for k = 0,1,2,...

and consider the time step from tj to tj+l'
Initially, at time tj, the liquid core temperature, Tc(z,t), is known and is
defined in terms of a staircase function in the stationary grid. In other

words, the values of TC (tj) are known for all k's,

K
STEP 1, Nefine the moving grid zL in the same time interval, i.e.,
t.<t<t, , so that
J J#!
(a) at the start of the time step, t = tj, the moving grid coincides
with the stationary g+-id for all values of k, i.e.,

for k = 0,1,2,...,n




(b) the moving grid points zi(t),zé(t),....zh(t) move with the liquid
core, while the endpoints zé and zh+1 remain fixed. Note that the moving
grid is redefined at the start of each time step.

STEP 2. Next, express the core temperature Tc(z,t) at time tj in terms
of a staircase function in the moving grid . Since the moving grid coin-
cides originally with the stationary grid, it follows that

C,k(tj) for k = ].,2,,...,”.

Tc,k(tj) =T
STEP 3. Iterate the discretized differential equations for Tc(z,t)
over time to calculate the staircase expression for the core temperature in

the moving grid, i.e., T' (tj+1) for k = 1,2,...,n+1,

¢,k

STEP 4. The discretized side wall temperature, Tws’ Equation (25), is
solved numerically. This iterative procedure takes the staircase represen-
taticy of Tws at time tj in a statinnary gria and calculates the expression

for T _at the next time: t. .. The values of T_,(t.) are needed for this
Vs J+i Cok ™ ]

?

calculation of the side wall'temperature.

STEP 5. Using the rezoning method, the staircase function for Tc(z,t)
the stationary grid. Therefore, the values of T/ k(tj+1) are used for

in the moving grid is converted into a staircase function in

calculating the values of T_ k(t ) for k = 1,2,...,n in the stationary

jrl
grid,

This procedure is repeated to calculate the variables for the subse-
quent time steps,

A detailed description of the rezoning method is presented in the fol-
k-1< z < Zk’
simple case where it overlans only with kth moving cell z' .< z <z and the

k-1 k
(k+1)th moving cell zL < zXK 2L+1. In other words, one has the situation

lowing. Consider the kth stationary cell z and assume the

where

Y4 < Zk-l < zk < zk < Zk+l'
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Then the core temperature, TC T in the kth statignary cell given by the
rezoning method is

Teok ™ 2= 20 )™ [(Fm 2 ) T+ (7 - ZITE e

In the above relation Tc,k is a weighted average of the temperatures Tlc,k
and Té,k+1 in the kth and (k+l)th movina cells, respectively. The weights
are proportional to the lengths of overlap zé -2 and 2 - z& of the
stationary cell with the moving cells, Figure 8 shows the relationship
between the moving and stationary grid systems.

Z‘*=Hﬂ, = — ZS=HQ
3H ,'o.
_ 9% — z, (%)
I3 577 e N
5’-
O
< o
& — 2. (t) u
> H, 3 <
2 Z = =y
[e] 2 . ;
s — Z,(t) £
-
[¥e]

Figure 8: Moving and Stationary Grid Systems




C. MODELING TEMPERATURE OF THE WETTED WALL

The governing temperature equation for the side wall next to the liquid

Tws(t, z) was derived earlier in Equation (25). It satisfies the following

partial differential cquation

T
WS _ =, AT} M|
oSy T 9 - @ pros T T egs (49)
where
Uros = €9 (Tws“ = T
q* = - u/3
9% o5 CS (Tws Tc)
Ce= 0, C AN IRV i B
- % — = 0 £
S 7O P (5.3)4pr2 W7o P\ 2
-4/3
C1V= (5.3) = 0,11

The above partial differential egualion contains ¢ derivative ex
citly with respect to time t but not z. Therefore, it can be replaced by a
system of ordinary differential equations involving ordinary derivatives
with respect to t. Furthermore, the z dependent variables in Equation (49)
are all replaced by their corresponding staircase functions in a stationary
grid.

The governing expressions for the z dependent variables as staircase
functions in the stationary grid are

Tws (t, z) 1ws,k (t) for zy 4 <z <oz
Tt 2) =T (1) for z, 1 <z <z
a:ros (t, 2) = a:ros,k (t) for 21 s K
égzs (t, z) = pe i (B for z,_; <2< z.




and the partial differential equation for Tws(t, z) in the staircase

function approximation becomes the following system of ordinary differential

equations,
qT
T —_g%l£ - z]"f - a"rros,k - a"czs,k (50)
where
a;ros,k e (Tws,kq - 1.0
a;zs,k - Cs(‘Tws,k - Tc,k)u/3 for k = 1,2,...,n.

The ordinary differential equation for the temperature wa(t) of the
bottom wall, Equation (46), reads

dT
Wb *n *n *u
Pl ThE ¢ =9 rrob ~ 9cen (51)
where

Zu = 4 - N
Gerop * F° (wa T )
haT) = - 73
qczb Cb (wa ch)q

v Bq 1/3

= L - -
¢y = C1h90|)< P2 ) (Cyp/ Clv)cs
r

Clh = 0,06

The constants C1h and Clv are coefficients within the heat transfer coeffi-

cients corresponding to the horizontal and vertical walls of the tank, res-

b is the liquid core temperature at the bottom.

(t) equals the value of Tc(t,z) in the first step of its

pectively, The quantity TC
The quantity TC

h
staircase approximation,




A fourth-order Runge Kutta numerical method (Reference 27) is used for
solving the set of ordinary differential equations, Equations (50) and (51).

The quantities TC are kept const :nt during the calculation of a single

k
time step. However, they are upc sted to new values at the end of each

iteration,

D. MODELING OF LIQUID CORE T .MPERATURE

The partial difrerentia’ equatinns for the liquid core temperature
Tc(t,z) was derived eariier 1 Fquation (47); it reads,
ol aT A

C ——

C b
—_— U —_——— T e— q
ot 3z ) CDVT ceb

(52)

where V is the tank total liquid volume and the vertical velocity U(t, z) of
the core is given by Equation (45) as,

u(t, z) = -¢t(t, 2) L, / (pOA:) (53)

Here LZ is the perimeter of the horizontal ciross section and wt(t, z) is the o
boundary layer mass flux. Detailed description of wt(t,z) is presented ;\5
in the next section. The left side of the Equation (52) is the material

derivative DTC/Dt (also called total derivative) of TC with respect to time.

Therefore, for a grid which moves with the liguid, the total derivative is

replaced in the discretized equations by an ordinary derivative dTé’k/dt.

Hence, the discretized expression for TC(L, z) as a staircase function in

the moving grid becomes

Tc(t, z) = Té,k (t) for z&_l(t) < z< Zk(t)

for k = 1, 2,...,n + 1.

and the governing partial differential equation, Equation (52), in the
staircase function approximation will pecome the following system of
ordinary dif ferential equations.

ot LA
"?ﬁ%L‘ = T a“czb for k = 1,2,...,n (54)
p T
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Equation {52} must satisfy the boundary condition at the top, z = H ;

L

Tc(t’Hz) =T )

¢ top't

The quantity T core temperature at the top, is determined by Lhe rate

that the mass gnéogeat a~g being added tc the cure top frow the convective
boundary layer flow. C.rresponding to the transformacion of partial diffcr-
ential Equation (52) into the system of ordinary differential equations
shown in Equation {54) by application of the staircase approximation, the
above boundary condition will taxe the following forw:

(t) =T t).

| {
c,nt] ¢ top'

The variables appearing in the liguid core velocity equation, Fquation (53),
are defirned in a stationary grid as:

e (B = vt 7))

U rt) =u (t, Zk) for k = 0,01, ..,n.

Note that, unlike the core temperature, wt(t,z) and U(t,z) are not being
represented as staircase functions, and are not constant between the jJrid
points, Then Equation (53) at the ygrid points becomes

Up(t) = -uy (0L, 7 (o A)) (55)

Eulert's inethod (Reference 27) is used for numerically updating the
values of Té " during each time increment aAt. Also, the values of the mov-

ing grid poiats zé at the end of a time increment for all values of k are

calculated from:

Zk(tJ+ At') = Zk (tJ) 1 At Uk(t\]) = Zk

+ ot U (L))




The rezoning procedure is used to convert Té K in the moving grid into
’

TC k in a stationary grid at the end of each time step.

E. MODELING OF CONVECTIVE BOUNDARY LAYER

In the ccnvective boundary layer, a continuous upward flow of imass and
heat takes place. The motion of the mass in the boundary layer is defined
by the buoyarcy equation, Equation (29). The buoyancy equation was recast
into the more useful form in terms of total mass f1lux Ve in Equation (32}.
In a similar fashion, the upward heat flux is defined and expressed in terms
of by - The values of mass and heat flux at the top of the boundary are used
to estimate the temperature TC top(t) at the top of the core. The buoyancy
equation together with the temperature profile (Reference 28) and the heat
flux temperature relations, in the boundary layer, are given in Equations
(56), (57), and (58), respectively.

lbt ~ ~ BAC
37 \Jo 6 dv ) = pofw m Y Tz (56)

(5.3)4pPr2

&9 (Tws - Tc)

Integrating Equation (57) from y = 0 to y = ¥ gives,

Vi ~
[ Ry = 0.937 B pro1/z y 1sn g 30 (59)

Using Equations (58) and (59), the buoyancy equation, Equation (56), reduces
to

(60)




where

—
)

Cy = 0guct/12/{(.937)(5.3)413pr175 |

(ep]
"

prl/Z/[(0'937) vcl/u]

This is a form of the buocyancy equation with by (t, z) as a deperdent
variabla, Note that wt(t,z) is the total upward mass flux in the boundary
layer integrated over the thickness, &, of the boundary layer.

The new form of the buoyancy equation, Equation (60), can be soived for
tne total mass fiux, y , once the variables Kcand Kw are properly
deterinined. Analogous to the previous procedure, Zw and KC are expressed
in terms of staircase functions in the stationary grid.

~

Aw(t, z) = My k (t) for z,_; <z <z,

!

and k = 1,2,...,n.

~

Ac,k

it

(t)

Ac(t,z)

where by definition Ew (t) and a_ ,(t) are

Wk <,k
8 =98 Ug i = Te !
b,k T 98 (Tc,k To )

After substituting for Zw and XC in Equation (60), an¢ noting that they
are constant in the interval z

k-1 <z< Z the bunyancy equation will take
the following form:
3. 3%~ 143 ) ) 1
57 tw) =, for z, _; <z <z (61)

Integration of tne modified buoyancy equation, Equation (61), results in

/

vi /4 (t,2) = v

E-l(t) + COZVIVZE (t)(z - Zk_‘l) for Zk_l <z K< Zk




and evaluating it at z = 2 for all k = 1,2,...,n yields

b8 = [ (0 G RO (g - 7 )] (62)

Fquation (62) is the general solution of the buoyancy equation,
Equation (61). It calculates the value of the total mass flux, i.e. wt,l’
wt,Z""’ at any ¢grid point along the boundary layer. Obviously, since
there is no flow in the bottom of the tank, ¢t,0 = 0.

A more accurate form of the bouyancy equation may be obtained once the
variables Zw and Zc are expressed as staircase function approximations, The
resulting form of the bouyancy equation, Equation (61), woula be supple-

mented by a jump condition on Wt at each z,, i.e., the assumption of conti-

nuity of Yy at each Z) would be relaxed. #his jump condition could be

derived as follows: Integrate each term of Equation (60) from 2, - § to Z,
+ § where 6>0. Then let §+0., The result would be an expression from which
the jump in by at z, can be calculated.

k

Another quantity essential to calculation of the core top temperature
is tne upward heat flux éénd(t, z), with Tc(t, z) as its reference tempera-
ture, integrated over the thickness, §, of the boundary layer. It is

Ve
L - Loy =
qbnd(t’ Z) = CpJ'O (T - TC) dw

After substituting from Equation (59), the above equality becomes:

8 pag(ts2) = C, & (t,2)937%(t,e)

1/4%
0.937 ve ?E

C, =
B g(Pr)t/2




At the core top the totai mass and the convective heat issuing from the
boundary layer are defined as;

Yt top (B v (t HY) (64)

UBng top (F= g (t> Hy) (65)

The two quantities given by Equations (64) and (65) determine the tempera-

ture TC op (t) of the liquid flowing onto the top core from the boundary

t
layer according to the following equation

aénd to (t)
T t) =T {t, H )+ P 66)

The equations describing the flow variables at the core top, Equations
(64), (65), (66), written in terms of their corresponding staircase repre-
sentaticn, will take the following form; the total mass flux becoiies

b poplt) = g (1) (67)

Similarly, the expression for the heat flux at the top of the boundary
layer, written in staircase form after substituting from Equation (63) into
Equation (65), becomes

a’ = " y3/
g 10p(t) = Ca By (1) 9274(1) (68)

Following the same procedure, the expression for the core top temperature in
the staircase form beccmes

%hind top(t)

(t) =7
Cb¢t,top

Té,n+l(t) B Tc,top



F. MODELING OF VAPORIZATION RATE

The relation describing the vaporization and the mass transfer across
the gas liquid interface is given in Equation (22). This equation can be
put in the form

A= a Tn [+ 2 (70)
m" - ¢
or
frsatn[l+b+—2F
m" - ¢
where
hC C
= = W T.)1/3
=== (Tg = Ty)
p,9 p,q
g B 1/3
Cq = Ko g -ﬂva.
gg
C T - T. i
S(e )
Teff
eff
Toff T L+ Cp,z (Ti - Te top)
;" : qrriAw
re Az

The surface temperature Ti(t) is estimated according to the following
relationship:

T, = min [(1/2)(Tg + T, top)’ To]‘

The boiling temperature Tb is determined by the Clausius-Clapeyron relation
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and is discussed in the next section.

Parameters not previously defined are

kg = thermal conductivity of the gas

Clh = dimensionless constant for horizontal orientation of surface
sg = thermal expansior. coefficient of the gas

vg = kinematic viscosity of the gas

%y = thermal diffusivity of the gas

Fquation (70) is a nonlinear equation that needs to be solved for m".
This problen is a particular case from a general class of problems in whicn
roots are to be found for an equation of the form

f(x) =0

Numerical methods for solving such problems are discussed extensively in the
literature. To convert Equation (70) to this form, transpose the right side
to the left side of this cquation, and replace m" by the symbol x. This
result; in the following expression for the function f(x).

bx

f(x) =x -ain (1 + o C

) (71)

Then the value x = where f = 0 is the solution, m", of the

X
O’
transcendental equation, Equation (70), i.e., m"= X

To develop a numerical method of s0lution, some properties of the
function f(x) need to be determined. Assume that a > 0, b > 0, ¢ > 0, which
will normally be the case. Note the properties,

f(x) undefined for 0 < x < ¢

f » -2 3 x » ¢ from the right

f » +0 a5 X » to

g;-> 1 for ¢ < x




It follows that there is one solution

and

f(x) < o for c < x < x

f(x) > 0 for x; < x

0

An iterative scheme* which is a combination of Newton's method and the
bisection method (Reference 29) is used in the numerical solution of this
equation. For any iterate x, if f(x) > o, then the next iterate is taken
half way between the points c and x, unless Newton's method gives a point
closer to x. This procedure is continued until an iterate x 1s reached
where (x} < 0. After reaching an iterate that gives f < 0, newton's method
is used for calculating all the remaining iterates. It can be shown that if

f <0 for one iterate, then all the remaining iterates from Newton's method
will also give £ €0,

The input quantity f is the absolute degree of accuracy desired in

tol
| | ! hat | xox,|

E?e solution X, If f‘ < ftol’ then it follows that | x Xol<€ ftol because

H§'> 1 for x > c.

G.  MODELING OF GAS AND THE UNWETTED WALL TEMPERATURE

The eauation for the unwetted wall temperature ng(t) was derived
earlier, Equation (1), It satisfies the following ordinary differential
equation,

aT
WO _ =u  _ 2 20 1
P Cdw it £~ %rro " Trri T Ty (7e)

* The method was developed only to the point where it satisfied the present
needs. Further investigation would be desirable to assess its limitations
and its capability. The method of solving the vaporization equation can
easily be improved, The bisection method, which was used in part of this
calculation, is slow. The number of iterations can be reduced by
modifying this part of the calculation.




where

FoX)
]

rro ~ 9 (T&g -T2 )

go ([TH - TH
rvi wg i
" = T - T Yu/3
Aeg = % ( wg ~ g

The coefficient Cq was defined earlier, it reads,

Lie
1}

ga 1/3
Cg ) kg C1h S-g—
g9

The gas temperature equation, Equation (17), is modified to allow also
for an open vent configuration. The gas temperature Tg satisfies the
following ordinary differential equation:

dT( / \-1 r . s
—H% =(fﬁa Ca,v+ My Cv,\') i,ch Ay - qczAz ¥ hi(bV,D T - v,V TQ) o
- BoPu/ (w1, + Mv)] (73)
where
Geg = Mherr = 9y

The mass inflow rate Mi into the ullage vulume due to the evaporation
is

M. = A m" (74)




The mass outflow rate MO from the uilage volume through the vent is

[
0 for P < Pvnt

= Po- <P <P AP
MO <(Mo>max< I:’vnt>/APvnt for Pvnt P vnt+ vnt (75)

N o]
\ (Mq)max for Pvnt+ A'vnt <P

where

. X ) 172
(Mo>max = Aly [2(p ) Patm) (Mv ¥ '”a)’/v]

and Pvnf is the vent activation pressure such that the vent is closed and
n for < o>
open for P Pvnt and i PVntg

is set greater than zero, gives a model of a vent that is partly open in tne

<P< F)vnt * APvnt'

respectively, The quantity Apvnt’ when it

ressure ran
D e range Pvnt

The mass MV(L) and Ma(t) of vapor and air, respectiveiy, 1n tne uilage
volune satisfies the following ordinary differential equations

M .

iﬁi i Ti . for P < Pvnt (76)

dt M] - Mon /(Mv + Ma) for Pvnt< P

and
dM G for P < P
a vht .

T 4 (77)

-MOMa/ (Ma+ Mv) for Punt < p

The four simultaneous ordinary differential equations, numbered {72), (73),
(76), and (77), are solved by a fourth-order Runge Kutta nunerical method

(Reference 27).




H.  MODELING OF PRESSURE AND BOILING TEMPERATURE

According to Equations (18) and (20), the total pressure, P(t), of the
gas is

Ma(t) Mv(t) RTg(t)
P(t) = -(—m-é'r)";‘f‘ (mO])v v (78)

The boiling temperature Tb(t) of the liquid at the total pressure P(t)
is given by the (lausius-Clapeyron equation,

(79)

where Pl is the vapor pressure at the reference temperature Tl; .8, T1 is
the boiling tenperature when the total pressure is Pl.

I. INITIAL VALUE CALCULATION

The initial values of the physical paraneters in the ullage volune,
i.e., vapor pressure PV(O), vapor mass MV(O), and the amount of air Ma(OJ
are calculated using Clausius-Clapeyron and ideal gas law relations.

Using the Clausius-Clapeyron equation, the initial vapor pressure in
th: tank is obtained from the following relation:

(mol) L
P,(0) = Py exp R I T (80)
R T, Tg(O)

The corresponding initial mass MV(O) of the vapor in the tank is calculated
by substituting PV(O) from Equation (80) in the ideal gas law relation;

)
ET?])VV PV(?L

: (81)
ng (0)




Assuning that the initial total pressure inside the tank is equal to the

ambient atmospheric pressure P the initial mass Ma(O) of the air is

atm?
obtained from:

“m]%VFaWI"P“Oq

RTg (0)

M,(0) = (82)

J.  DESCRIPTION OF THE CODE

A modular ccde using the FORTRAN 77 language was written to numerically
solve the governing equations. Thne code was developed in the VUE (VOS UNIX™
Environment) operating system on a Harris 800 computer. The code consists
of one main program and seventeen subroutines. A description of each of
these program units is presented below, A copy of the source code is given
in Appendix B.

Program TANK is the main progran., To allow flexibility, tne program

=
W
-+

as two time variables, tg and tz, for gas and liquid, respectively, The

ct
<}
)
<

W CrEsponding time incremenis can be reiated so that Atl =m Atq, where

o
m is a positive integer, However, in this calculation m = 1 was used.
The main program performs the following:

1. Initially, it calis the INPUTI, INPUTZ2, INPUT3, and INITVAL

subroutines,

Z. It carries out the iterative nunerical procedure by calling GKUTTA

for each updating of the gas variables by a time increment, ey and by

calling the BUOY, CORE, LKUTTA, and REZCORE subroutines for each updating of
the liquid variables by a time increnient, Atl.

3. It controls the output time by the variable tpr. When tQ becomes
Targer than tpr’ the program calls WL and DVG to complete the calculations,
It then outputs the desired liquid variaples as well as the desired gas
variables on the V0S files called QUTL and QUTG, respectively. Similarly,
it outputs the interface and the remaining variables on the VOS tile OUTI.
Finally, it increments tpr by the amount Atpr teo determine the next output
time.




4. The program stops when tpr exceeds tmax'

Subroutine INPUTL assigns and calculates constants and initial values.
The initial values assigned in this subroutine are the initial time, t0=
TIMZ, and the initial temperature, To = TZ. To change the values to be
assigned in INPUT1, the source file which has this subroutine is edited and
recompiled,

Subroutine INPUTZ reads the VOS file INTK to get the following values:
the maximun time tmax = TIMMX; tne time increments AtQ = DTIML, Atq = DTIMG,
and Atpr = DTIMPR; the paraneters Tdftoz = TOFTOL, Xiol = XTOL,
ftol = FTOL, and nto]= NTOL which determine the accuracy of the iterative
calculation in Subroutine EVNEWT; the number n = N of computational cells in

the stationary grid Zs 2 cesZos and the vent parameters VO , = VOPT =

10 ¢

VENTOPT = ("Y" for vented option, “N" for unvented option), Pvnt = PVNT, and
Apvnt = DPVNT, It then outputs all these input values to the v(S file
OuTTK,

Subroutine INPUT3 interactively obtains either a fire diameter, DIAMF,
which it converts to heat flux by a table (when provided), or the neat flux,
d; = (f, directiy. It then outputs these input values to the terminal an
also to the VOS file QUTTK.

Subroutine INITVAL initializes the temperature variables wa, Tws o

TC e ng, T and Tct‘ It also intializes the two time variables tl and t .
It calls INITM to calculate initial values for some gas variables. It

calculates the stationary vertical grid points Zys Zyy...,2, for the liquid
part of the system,

Subroutine INITM calculates the initial values for the vapor pressure
PV, for the mass Mv of vapor in the ullage volume, and for the mass Ma of
air in the ullage volure.

Subroutine GKUTTA updates the gas variables ng, Tg, MV and Ma over a

time increment Atg by using a fourth-order Runge Kutta method for solving

the system of simultaneous ordinary differential egquations for the gas
variables, It obtains the first derivative with respect to time of the gas
variables by calling subroutine DVG.




Subroutine DVG calculates Mi’ MO, and the first derivative with respect
to time of the gas variables ng, Tg s Mv and Ma' It calls subroutine WG to
evaluate other variables appearing in the differential equations of the gas
variables. The other variables are functionally dependent on the gas

variables and on Tct'

Subroutine WG calculates the variables which are functionally dependent
on the gas variables T , T , M , M and alsoon T . First, it calculates
. . wj’ g v’ a ct

" n ) N 3 : 3
qrro, ch, Ia’ Pv, P, and Tb. It cq]]s ;ubroyt1ng %URﬁTEMPPEQ oQtaln the
interface surface temperature Tj. It then calculates Yepis> Gpg» and EEff‘
it calls subroutine EVAP to obtain the value of the evaporation rate m".

Then it calculates égg.

Subroutine EVAP calculates the value of the evaporation rate m", [t
calls subroutine EVNEWT to solve the transcendental equation for m",

Subroutine EVNEWT numerically solves the transcendental equation for
the evaporation rate m" using a combination of Newton's method and the
bisection method.

Subroutine SURFTEMP gives an estimate of the value of the surface

temperature Ti'

Subroutine BUOY calculates the toundary layer mass flux
B = { t .
J’1&.,k (tg) "t ( 2* %k .
ZyseeosZ by using the analytical solution of the discretized buoyancy

) for k = 0,1,...,n at the stationary grid heights Z.s

equation in which the side wall temperature ng(t, z) and the liquid core

temperature Tc(t, z) are expressed as staircase functions in the stationary

grid. It then assigns the value for the boundary layer mass flux at the top
= b d layer

Vi top (tn) Yo (tl). It calculates the value for the boundary lay

heat flux at the top,

(t (t , H).

q 2) ) qbnd 2 2

bnd top




Subroutine CORE calculates the grid heights zé, ] ""Zh at time
t£+ Atl of the moving grid which initially coincides with the stationary
grid at time tz and moves with the liguid core during the time step Ata. It
The temperature T

n’ ¢ top (tl
top is calculated. The temperature Tc(tg + Atz’ z) of the liguid core at

. o
then sets 20, * 2 + Atl) at the liquid core

the end of the time step At2 is calculated as a staircase function in the
moving grid, i.e.

Tc(t2 + Atl, z) = Tc,k (tg + Atﬂ) for 34 <z g

for k = 1,2,...,n+l,

Subroutine LKUTTA updates the variables Tw and Tw for k = 1,...,n

b s,k
by a time increment At2 using a fourth-order Runge Kutta,method to solve the

systein of ordinary differential equations for the variables, it obtains the
first derivative with respect to time of tnese variables by calling subrou-
tine DVL.

Subroutine OV calcultates the values of the first derivative with

respect to time of the wetted wall temperatures T, and Tw for k =

S,K

1,2,...,n. It calis subroutine WL to evaluate otngr variaGies appearing in
the differential equations for the wetted wall temperatures. The otner
variables are functionally dependent on the wetted wali temperatures and
also on the core temperature TC K for k = 1,2,...,n.

s

Subroutine WL calculates the variables g and

n 2 *n

rrob® Yegn® Irros,k?
which are functionally dependent on the wetted wall temperatlures
for k = 1,2,...,n.

qcgs,k,

T T and the core temperature TC

wh? ws,k yk

Subroutine REZCORE takes the following staircase representation of the
core temperature in a moving grid

T (t + at z) = 7 t + at for z! <z< 7z
C( At ) ( s Q) )

C.K k-1
and converts it into the following staircase function in the stationary
grid

Tc(tz + Atz, z) = TC K (t2 + Atg; for z < z2< 2

’ k-1 k-’
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SECTION V
NUMERTCAL RESULTS

The physical processes occurring inside a fire-exposed tank containing
liquia flammables were identified and analyzed, and the corresponding
governing thermohydrodynamic equations describing the physical phenomena
were derived in Secticn IIll., MNumerical solutions of the governing equations
and modeling of the tank response prediction to an external thermal 1icad
were presented in Section V., This section describes a special numerical
scheme that was developed to calculate the response of the individual com-
vonents comprising the fire tank system, An integrated response methodology
was developed based on the response of wetted and unwetted wall tempera-
tures, gas and liguid phasas, convective turbulent boundary layer, interface

mass evaporation, and the overall tank pressure rise,.

Calculations ars made to predict the response of a vented and an
unvented 55-gallon (2CG6-1iter), 18-gage steel drum te a uniform external
haating of 7 w/cm?. For the vented cases, the vent diameter is 7.6 mm and
the vent opening pressure is 41 kPa gage., The vent coefficient of discharye
used in the calculations is 1.0 for the Freon™ tanks and 0.75 for the water
tanks. The druims are filled up to 95 percent filling capacity either with
water or freon-113". in the calculations, it is assumed that the drums are
completely engulfed and the total incident heat consists of radiation as

well as convection,

The response predictions of the wetted side wall and bottom wall tem-
peratures for vented and unvented configurations are shown in Figures 9 and
10 and 11 and 12, respectively. The calculation shows that the temperature
of the wetted walls strongly depends on the liquid in contact and is not at
ail affected by whether the tank is vented or unvented, It is also noted
that the bottom wall invariably shows higher tenperature than the s5ide
walls. Unlike the wetted walls, as miaht be expected, the temperature of
the dry walls in the ullage volume is higher than the wetted wall

temperature and remains the same for both liquids (Figures 13 and 14).

The predicted mass and heat fluxes for water and Freon-113" 1in the

houndary layer for vented and unvented tank configurations ere shown in

b7
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Figures 15 and 16 and 17 and 18, respectively. Figures 15 and 17 show that
the rate at which heat and mass are transported along the boundary layer is
independent of the tank configuration and is controlled by the physical
properties of the lading. It is noted that the Freon-113™ high rate of mass
flux in comparison with water is evidence of this phenomenon,

The predicted pressure time profiles in the ullage volunc are shown in
Figures 19 and 20. As shown in Figure 19, in an unvented tank, the inside
oressure rises quickly (in less than 1 minute) to a level that no ordinary
container can withstand, and consequently the tank ruptures. However, the
pressure rise inside a vented tank is more manageadble. The pressure rises
sharply until it reaches the vent operating pressure value at which venting
takes place (Figure 20). The oscillation observed is caused by the opening
and ¢losing of the vent before it becomes stable. Beyond this point the
pressure continues tc rise, but at a slower rate because of the expulsion of
the tank contents, With increasing time, the internal pressure rises
steadily, causing the tank to rupture in less than 200 seconds. The dry
wal® temperature for hoth Freon™ and water was about 960 K for the closed
vent tanks (Figure 13). For the vented tanks, the dry wall temperature was
essentially the same as for the closed vent tanks for Freon-113" and
slightly less for water (Figure 14), The wetted sidewall temperatures were
essentially the same for hoth the closed vent and vented tanks; that is,
about 400 K for water and 500 K for Freon™ (Figures 9 and 10). The model
grediction of other physical parameters sucn as mass of vapor in the ullage
volumne, hoiling temperature, and gas temperature are shown ia Figures 21-

26,

The predictions from the calculations shown in Figures 9-25 are off as
a result of inadvertent omission of a constant. The liquid density factor
(RHOZ) was omitted frewm the expression for the constant CZ in both the water
and Freon™ versicns of subroutine INPUTL. This resulted in very small pre-
dicted boundary layer mass and heat fluxes. The code was corrected and was
also improved to inciude the effect of venting on the rate of change of the
" gas temperatu-e. 1Ine corrected code predicted a boundary layer mass flux
that appears to be much too large. Because of project resource iimitations,
this was not investigated further,
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SECTION VI
CONCLUSTONS

The goverrning equations describing the interactive processes olcurring
between the fire and the tank have been solved numericelly, and » moiel
predicting the thermo“luid procesces leading to occurrance of BLEVE has been
developed. The calculations were made for vented and unvenled tanks
containing either water or Freon-113", The predictior demonstrated internal
censisuency amongst. the parameters indicative of the moaei perrormance,
Based or 2 :ltysis of the calculate' prediction, the following general

observations c¢re made-

1. The pressure rise in the ullage volune and occurrence of BLEVE

stron. y depend on the tans's initial fiiling density.

2. The physical »roperties of lading, especially the heat of

vapo-ization, s:gnificantly contribute to the intoraal pressure rise.

3. The liquid/yas interface is tne most thermally active region, and

a decreasing temperature gradient exists in tne downward direction.

’

‘. Only the liquid boiling temperature is affected by configuration
(vented ar unvented) of tre tank; alil other temperatures remain unaffected,

recardles of the tank configuration.

Specif -ally, to delineate sceveral fundamnental issues concerning this
cevelopm:nt, -he following preuiction case is considered, The calculated

response far & vented 55-gallon, 18-gaye steel drum, engulfed in an intense

fire (7.0 —E—d and filled to 95 percent of its cap.city with water showed
cri?

that

1. The tank failure pressure is reached at ebout 2z00 seconds., The
calculated pressure for a closed tank approached values much higher than for

the vented tank for the same time.




2. The dry wall and wetted wall temperatures are changed very little
by tank venting.

3, The internal pressure in a vented tank rises much more slowly than
the pressure in a closed tank,

similar calculations were made using Freon-113" in place of water while
maintaining the other variables. As was expected, the calculated response
predictions for Freon-113™ were quite different when compared with the case
for water,

The corrected code predicts a significantly higher boundary layer mass
flux. Causes of this problem might be the simplifying assumptions made and
the empirical fits ysed in the derivation of the model equations, or the
nunericai scheme used to solve the equations. Project resource limitations
“id not permit determmination of the cause and the resulting effects on the

predictions,

The fsilure response of the tank, aad ultimately, the occurence of
BLEVE also depend on the size, and the mechanical, thermal and physical
integrity of the tank. Those, together with the variations in heat fluxes
from various fire sizes, as well as differences in the heat input caused b,
the relative location of the tank with respect to the fire, indicate that
every response prediztion calculation requires a myriad of different inputs.
This hecomes a labcrious and time-consuming operation, not consistent with
tne purpose for which the model was developed, The mission of this
developmeat is toy quickly provide to the firefighters the essential
predictions and the risk assessment data necessary for safe operations and

successful extinguishment of a fire,

To achieve this goal without compromising accuracy of prediction, it is
recommendad, cnce the model is refined and verified, that prediction
calculaticns be made for most probable ranges of fire tank situations and
that a BLEVE prediction data base be created. The results from this data
base could then be plotted into a series of reference charts, or stared in a

computer and selected and displayed on the screen,
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APPENDIX A

DERIVATION OF EQUATION OF MASS TRANSFER
STAGNATION F[LM THEORY

Consider a th'n ctagnant layer of fluid with thickness s, Figure A-1
(Reference 14, p. 185).

Y
P

§
X
f/////////////‘/////
Figure A-1, Stagnant Film Layer
Assume that due to the high temperature gradient, mass is vaporizing at
the free surface. Define the layer thickaess so that
K/§ = h, (A-1)
The conduction equation in this layer is
2
3l 3 T
C — = -2
) pV 3y K N (A-2)
Y

If m" is the mass rate of vaporization per unit surface area, the conduction
equation {A-2) can be modified using, v = h"/e, to read

2
Cm E—=K“—‘2' (A"3)

L]
(54

—]
Q
—

The differerntial equation, Eguation (A-2), is integrated. We have

T=2¢C

[exp (Cpﬁ"y/k) - l] + G, (A-4)

Cpfﬁ"




Applying the following boundary condition, one obtains

at y=o0, T =T. ; aty=¢6,T7-= Tu’

The solution then becomes

X

C mll
Y

T, =T, =0 Exp (cpm" §/k) -1 (A-5)

The eriergy balance at the surface gives

®n - 2u L S = 3T 2t K
M Lopp = Qcon * @ r,4 k §§4y=o R (A-5)

Fron equation (A-4)

5T -
« -,J’m - ek

and hence fraom Fquation (A-6) we have

CK =" Loce = 4" ) (A-7

Substituting for C,K from Equation (A-7) into Equation (A-5) one obtains

C (Tg il Ti\) = | tesr - Q' 9» l:eXD (Cp”'“ 5/k> -l] (A-8)

m" s

Equation (A-8) describes the mass transfer rate which can be solved for 3"
to give Egquation (22).
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APPENDIX B

PROGRAM LISTING
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1ica10le crcuyh to ¢ilow 2:trer nect tiux cr fire ciameter to ta
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Tni1: arazrcr (2 wratior 30 the rCRTRAN 77 lznsusce, Th? ccde
Joar k2 vod (VCS UNIX Snavironnent) operating system

[
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Sess0LTin: neLmt
~RiClL Yersicn
CUENON JrmY3TM) R,G 0aTH
CINNMON /732080 =L XLLscblsinsRB8,VoVT
CUMMON /L TP2PIN/S XNILA, XMLV, InC RrU2,3E T2, XLY,XL,T1,F1
CoMMIN /e ATIPCN/ CP CPLACNE,CYV,CBV,LPS,
CovMON /22878 LCM/ RCOwsEPSY,C02,02,C8/CS/CG CEY
CAYTON JIRITINS TINieTisoFsTINE
CoMMON Vet T BYNTLCZVRT,PVNT,OFVYNT
P
FAY
nL s
L =
Xty = S8 25=cL)
R

"

Teaz:z:

Ao

v e

1.0138/7:3
Whe 3 oLerel
or = CFL
Cvre = 1,0 ué333
cvv o= 1.Cure 3
Che = 7,33%¢2
CPu 2 Cvwr
allmw = &, ezt
sF = go;
31 % S.¢?c-:
TSI s creSI
XNLC = 4,427
PR oLl
(S5 2 CrC2aloe( XMuCraosTaw/( (5, 3uny)xPRexg) Jee(1,073.C)
Xa( = 7,.,3%¢-3
22786 = 3,1z=:
XtLue = 1,62
nAltLPR = 7,7




CALPH = Q.7211¢:

ALFHG = AKCGC/(RACALFH*CALPH?

C1kT = (.04

C1s1 = (.0¢

CO = XKCxC1hT={ BETAG*G/ (XNUG*ALPHE) Jd»x(1,0/3.C2

C2v = XKRG*CTHRI*( (SETAG*G/ (XNUG®ALFHG))*xx(1,0/72.0) )/CPG

.Y
XNLM = C.S3I7#(5.3)ax(4.C/3.0)

CFBCT = (XNUC**{1,C/12.C))/(XNUM*PR*«(1,0/6.0))
CFaCe = Co37=(XNUCkx(1,C/6.,0))2CP/(PR*%2(T,5))
CZ = CFECT1=RHCZ

¢ = CraCe/(8ETAXG)

C1vs = C.11

CIF3 = (.04

Ci = CS221-3/C1VS

TIvI = (.9

TI = 2%:.0

«f = 7.02¢

TINF = 2y8.0

AVANT = 4,3¢12-5

CovyT = 1.4

PVNT = 1,4269%3

SPYRNT = J.C

RETURN

2 NL

SLIRCUTING INPUTAY
WATZR Varsicn
CCHMCN /PRYSCM/ R,C,PATY
CoMMaON /58CMCM/ HL,XLL/EL/BW A2,V VT
CONMCN /MATERPCM/ XMOLAXMCULV,RRC,k™C2,EE2TA, XLV, XL, T, P
CCNMCON /HzaTCPCM/ CP,CPL,CVYP,CYVV,CLY,CPEG
COMMON /HEATFLCM/ RCOW,EPSI,CZ,C2,C2,C5,0G,CEV
COVMONM ZINITOM/ TIMZ,TL,LF,TINF
CLMMIN /VZINTCM/ AVNTLCOVUNT,PVAT,DPVAT

(o)

k= &,3C6%¢c2

G 2 Y.E

FATM = 1,0122z23

AL = C.721%1

AL = Gl.253%%

XLL 5 2.0%#3597(3,14159%8L)

2w oz §,6322 )
AE = AL :
V = C.Ce>38%

VT = aLs*-L .
XMCLA = 2G.C .
xMeLY = 18.C

RACZ = 1.0¢3

KH{ = RPQZ

SETA = 1'2;."0

XL = 2.¢853%¢2

XLV = XL .
T1 = 372.0

P1 = 1.0122¢€5

CPL = 4,14¢3

CP = CFL .
CVF = 1.90%3

CVYy = 1.u4E3

Cav = 7.,9382:2

CPu = CvP

KCCWw = 4.32¢% )
iF =2 0.3 .
31 = 5.¢7=2-¢

ePSI = EPxS1

XNLC = $.3E=7

PR = 6.8

CS = RFCL*CP*( XNUCH*EETA*G/((5,32wc)=PRe=Z) ) #a(1.,0/2.0)
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AK: = L,.e01

SETEG 2 1e2Zm4

ANLT = G567

EACALPE = 1.3%0

CaiPr o= Cv?P

BLFAS = XRG/(RFCALr=*={apbn)

CIFT = (,0¢

Lirl = (.C¢

L = XKCE*xJTRTe( SETAGHG/ (XANUG*ALPHE) )xx(1,£/3,C)
CIV = OXKG*

v = {,

II?x(5.3)+x(4.C/3,0)

Ce2CT = (XNLC*x (1.T/12.C))/7CXNUP*PR*%(1,0/6.0))
CFRAZE = CWSZ72(XNLC»*(1.3/6,0))*CP/(PRx»x(C,5))
Cl = CFLCOYI*aHYI .

C2 = CPRaCc/(22TR20)

C1v3 =

L1rs =

Tiv2 =

Tz ¢

orF s 7

TINE =

-VAT =

i

$o1neyT2

CIEI=( (cETAGAG/(XNLE=ALANGE)I*«(1,0/3.0)

Y/ICPG

JUIVONS/ TIFMK, T oML LTINC,ZTINPR,TINML,TIV,, TIMER
JTELCHS TIFTLL XTOLAFTALANTCRL

1HCv7 N

JVENTONS AVET,CUvNT»PVANT,LPVAT
ee%alle< *1 VERTCFY
Crun=LCTzR *3 VCFRT
CPIR(5S, SILT=  cGlLCHARPINTKT)
RZIL2(3S, »)
RCAT(SE, %) Tippx
AEAC(38, =)
KZAC(S3, *)
KZAT(3S, =) 2TIML, CSTIMCG, CTIMPR
KZ2C(38, x)
RZAJ(53, *)
Rex2(52, *) TOFTEL, XTCL, FTICL, RTCL
nesZ(3S8, x)
REeZ(S5%, =)
R2A0(53%, ») N
RZA2(5%, *)
Re2Z(33, =)
820538, «) VZNTOPT, PVAT, ZFVYMT
IZCVENTC2T L3Q. "N") GO TQ 1C
ITFCVZNTCPT J3Ce "n™) G2 TC 1C
VOFT = 'yziv
GO0 Yy 1%
FVNY = 1,C2¢8
vorT = "ACY
CIATINLE
OCPEN(AY, FILE= 2000 CrAR=0UTTK )
wWAITS (43, «) " TIMwex"
WRITEC(ES, “C3X,E1343)7) TIEERX
nalle(es, =)
wRiTc(eS, =) aTINL STIVG cTIvOQY
WRITZCeS, "(X{3x,2123,8))°) DVINL, ZT7IMG, DTINPR
WILTIC(ed, )
WR1T2(s3, TC " TCRTCL XTCL FTCL
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15

.
?

NTEL™) ) .
WAATE(ES, “(TC¥%, 213052 ,5%,13)°) TOFTLL, MTCLs FYGOLe. NTCL
nrlTe(EL, »)
wrRITZ(CS, ) " N
WKITEZ(eS, “(3X,319)°) %

WrlTc(ec, )

anlTz(ei, &) " VENTCFRTY PVRT CPVYNT"
WRITE (e, "C12X,02,2C3X,213.8))°%) VGFTLFVYNT,IPVAT

WAITZ(cS, *)

AeTLKRN

IND

SueICUTINE I9PUTS

Thie sucroutine octzinez totel h3at fluxes from input firg
ditmetaers Ly mean: ot ¢ tire diecmater vs hazt flux t=tle (uhen
previdecd. Blscs tha:z sydroutine is Tiexitle eroughk to inrput
the nget flux diractly.
COMMEON JINITOMS T ibosTesUF,TINF
CHARACTZA *1 fa
Qiavb = =1,
FRINT &
PHRINT =, "INOUT S3rs Cl1:zmater (moterz).”
rzul %, QTpus
PEINT »
LA CCIANMF JLZe .22 G TC 18

Thne heer flux {rFr 135 oDtZined rere trom th: tire dinrzter
ve heat flux tecl:z: (whz2rn prcvideg).
FRINT (" ®ir2 Jicnceter {(mcters) = ",813,59)°, "lAvF
PRINT ‘(" Ixpozed Fsit Flux (wetts/meter*sl) = ",E17,5)°, (F
FRINT =
walla(es, ») " CiIRMF “FY
WRITE(eS, "(c(Ix,213.3))°) CLAMF, KF
wikaT2 (€2, +)
GC TU e
CCATINLE
QF“ = '10U
PRINT *, "INPUY Impossd He&t Flux (watts/meter=»2),"
REEL x, GF1
IF(CF1 0670 Q.C) CF=QF1
FRINT »
PRINT “(" Impos:d rezt Flux (wetts/metarwwnz) = ",512,9)°, ¢*
PUINT =

’

WR1ITE (oS, *) SlAVE N
WRITE (5, “( “=", 3X,£13.5)°) CF
KRITE(CS, =)

CONTINLE

PRINT %, “FESSS FzILEN to Start Presrem.”
RE&SS “(a1)°, aa

RITURN

eNT

SJIRQUTING INITVAL

PLRAMETER ( 1Ov=10C )

CCMMUN /332MTM/ ALAXLL,s3LedWo a0, VoVT

CIFMON ZINITCM/ TIWI,TLs<®sTINF

COMMON /TIMOM/ TIVMX,ZTLALACTINGAZTIMNPR,TIMLATIMG,TIMPR
CLMVMON /NCY¥Z N

COFMON /VLCM/ TR2,TWS(ITM),TCCICMILTPLC(ICH+T),TINFR,TINFS
CUMMON /WLIM/ TF2,iFR20, 2CLE,SFSAC0RROSCIDM) L ZCLSCICM)
CUMMON /VSCM/ TS ,1CoXMV,XFB,TINFT

CUPMON IWOCM/ TR T 0nrR T <CerFL PV F,LARI  sRl e XLEFF,CAM,SCL
COMMON ZVICYY/ 2(Q0 sk aPST(Ci2M) LCOsicM) 28(CITMET)
CCMMON /7T00C%/ FSTICF,W2NITCPAICT,TI T,

TIvL = 1IN

Twe = 112

L0 1u rz1,\




TC CONTINL:

1o = 12

¢ = 72

oxy = (.G
wFy = (F

«F1 = 7

<Pz = (F
TINFS = TINF
TINFT = TINFP
TIN=E = TIAF

CALL INITM
CS S¢ K=zgsh
i(R) = Kanl/N

20 CONTINLE
AETURN

SusRULTIN:E INITH

COUNYOUN /7RYSCVM/ 2,C,20Tw

CIVMUN /52C¥CM/ YL XLLsSL 0k a2,V oVT

CUNMFEON VAT eoFIid XMl s XVWCLV oMU,/ ACZ,EzTE,XLV,XL,TT,P1
CUMMON vl Tu%sTCs XMV XM, TINFT

CLlrun 1weCN] P T0anl ol sPLIPV, P RATISCRLAXLEFRE,TXM,QCL
PV o3 PIacARL (XMTLVAXLV/I)»(1,0/7T11T = 1.C/7T8) )

APV 2 (AMILVAVY/R)I®FNVTTLG

AME 5 (ehylesv/u)»(Faln = FVI/TG

ARIUKN

e

FARC3RANF TANK

PrfantTze C ISM=10C )

COMMON ZIRITOM/ TIVMZIATL,2F,7INF

COMMUN ZTINCM/ TINMX,ZTIC,CTING,UTIMPRATINML,TIMSG, TIMPR
CCMMCN /NCM/ N

COFMCON ZVLEM/ Tas,TaS{IIM)LTCCICM), TPC(IDM+41),TINFR,TINFS
COPNMOM ZW0LCNML SF3,CRICzZ7AGCLE /SRS 2R ROSCIOM) ,CLSCIEY)
CUMMON ZVOOMZ TwS,TC XMV, xNML,TINFT

COMMUN /wialM/ CFT,uRRC/ICS5LFASPY,P,QRRILLRLAXLEFF,CXM,CCL
CONMNMOM JTOFC™/, FSTTLF,LeNDTLP,TCT,TI T

CUMMON FOVGQM/ CTaCrlTis ANV, IXPA,LXMO,CXNT

PESI = 1,458C4z-

CaLlt INFUTI

CALL INFUT:

CALL INPUTI

Lall INITVEL

CFEN(68, FILE=2 2d(CHARRIUIL?)

CPENCets, FILE="23CLCNaR2LTE")

CPen(eT, FILE="20C(CaRR*IUTL")

WRITE(ES , =)™ TinL TasC1) TwS(N)
«TCLT) TCIN)"

wRITE(eS,2)

WRITc (e, (" Tir, Two TG
o ANV ANL P(FSI) CLxmy XM
) )

WrRlTz (g2 ,4%)

akITeCe?, (" PSTYOP WENDTCP TCT
[4 T Twe TIML TIMG"™) ")

wWRITE(ET7,4)
TiFek 2 =C.C01 + TiM]
10 CONTINLE
¢ PRINT =," & "
CaLL WL
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. raafNT ose s "
Cave vy
L FaaNT =" ¢ "
ARIT o Ces, (503X, 31205007 TIML, TESCT1), TUSINY, TCC1Y), TCIND
wxllzCee,’(: (7¥t:1..2))‘) TING, Tatts T2y XVV,XML,220pC: , 0xNM],3XM0O
axiTzCe7 s’ (I(r.)l/~1... Y'Y rSTTLO, 2aNCTCP,TCT TR, Twie,TINL,TING
TivPe = T ¥pS = 37 KEQ
A (TIMFER (5, T:h»)) STC*
e CONTINLE
% PARiNT s, 7"
ALL SRLTTL
TIws = YIv: 4 2TIve
IFCTINZ LT (T VL+C 8%G«ZTIMLY) GC TO 2o
I3 COhTINL:

(s

C FAaLNT " "
CaLl 23CY .
L PRIINT ~," y "
ChaLl Circ
c SRINT a,t vL o
Cebu LALTIE
¢ PRINY w11
Sall ASi((f:
% XN a1

TabL = TimL * ITlme

IEOTINL LT (TIML-C et TesTIM3)) GO T 20
G CTIrL JLY, TINMPED) S T0U G

¢o 1L A

«NC

SUSFOULTIh: =UlY
FLRAMETex ( 12v=10{ )

CCMMON /PRYSOM/] Z,0,50TN

COMMON /MRTFSOCNM/ XFoLus XMOLV/kRCr3r 0,28 TR, XLV.XL,T1,.P1
COMMEN IM3ATCLINM/, RCUnrs2FRST1,C02,C2,C2,C3-C%2C0Y

CCMMGN /NCN/ N

COMMON ZVLCMYZ Tal ,Tad{lim)To(1oM) TRCCICHN+®T), TINF2,TINFS
CONMMON /VYCH/ J(Ts1mM), FaT(CsIuM) (L lu")rZF(C 1or4+1)
COMMON /TQrC%/ PSTTCH,2NDT0F,TCT,TI,Tn

f5TC0) = CLC
uC 1C £=1,N
GLTa = ZwofTana(Twi(X)=-TC(K))
Clee = Cio(l(N)=2(k=1))
) PSTIN) 2 ( SSTCR=1)wa(2,,/&,0) ¢ {222%0lLTaxa(1,0/%.0) Iwe(6.0/2,0)
13 CCNTENLE
PETITYP = PITLN)
LLTW = GoleTae(Tuni(n)=TCW)
WENOTZF = (2#ZLTW+FSTTL ;r.(_.-/L o)
RETUKN
N

SULICLTING CCkE

FAKAMETER ( IOM=1LL )

CCMNON JGECNMIM/ ML XLLsCL 2w/ RE/V/NT

CONMNGON /¥AT2R0PIM/ N LA, XMCLVARRO, RPOZ, E5TL, XLV, XL, T, P
CCMPCN /i ATCFIM/ CP, CPL CVFCVY,CEV,CPE

CUMMON /Ti”(”/ TIFM A, CTINL ST INCG,CTIMRR, TIML,TIVS, TIMPR
CCYYON /NCMI &

CCYUMUN VLM TRG, TR (IIM),TCCICM) L 1PC(IZr 1), TINTS,TINSS
COUMMON /JCvLC./ rT\'I[‘T"( TM)LCTFC

CCMMON [alfW/l L F-s0RaCreouCLE, -'S'CK‘\OS(.;")ILCLC(TH")
CUNMON /VYTMZ 2CUsICM) s RSTCL IO SLCEIoMY 2R (CaTiFeT)
CCNMIN JTZFC™/ BSIICP,wzNDIGPL,TCYL1i,T:

CTFL = (az/(3AC=CuayT))=QCL23

TCT = 1C(RY + ZTTx L=TPC

ITC3TT1CP 0% Talb=:0) TCYSTLOTH(GENDTCF/FSTIQRI/(P

cu Ty K=21,K
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1

Teroedk) = TC(U) + JYidLveTRQ

CUNTINLE

TProdh®1) = 10T

vel) = C.9

SFCD) =2 (0D

vy i:l K=1,N

L A) = =PSTCQO)exLL/(EnCIxaL)

IFAK) = (%) * CTirLrU(R)

CONTINLE

cPAN®T) 2 Z(N)

Ju oL KTT1,N+1

Le(IP(K) LY. ZB(xk=1)) <¢Q TC &4

CINT L

nzlounadl

ConTanbe

AnlTz(2%,m) "STCP TN Sl TINRY (URe, IS(K) NZT INCREBASING,"
31 ®

st Aaly TN 2wy

ParnskizTen ( T0¥=17( )

(R S IV A NS BN

Coe W AVLLYS T Y w3 () o TCLIN), TRES(ION+T) ,TINFR2,TINES
CoM Ol IVYTI T M) ESNT e s o)LL (O ISM) L, (P(CICV+T)

PO

COMNTLNRL:

N2 Ked

19 = Ik

COUNTINLE

irCinm aGe. N) SC TC AT
TRCZF(Ir®1) JOT, (k)Y EC TC g
I= = Ir+1

wd TO ¢cC

CONTINLSE

IFCIn JhEL 15) 6D IT 4L
TC(X) = TPO(ln+1)

vi Te %C

CONTINLE

3 = C.¢C

J ® 1o6ve

CONTINULE

TGS JGT. Im) 50 TC s

s 0% 3 4 (V=200 =) =T (Y
J =y

o TU 3¢

CONTINLE

S = 3 ¢ (ZP(IGH1)=(K=1))=TFCLIG+1) ¢ (Z(K)=2P(IMIIATPC(INH¢T)
TCIK) = /(2RI =2(K=1))
CONTINLZ

Ir(ae JLTLO N) OC TO 1L

atTUKN .

enNg

SUSFOUTIN. LKUTTA

PARAMETZR ( IDv=I1G( )

CuMMON ZTIVLM/ TIMMX LY IAL,CTINC,OTIMPR,TINLATI¥G,TIMAR
CLPMON /NCVY/ N

ClImCN JVLCY/ V(IULK*Y)

CUMMON /TVLCM/ CV(lCM+T)

CIMENSICN VICITNM+1), S(LION+1)

] h*1

o2 CTINML

[ TVRED EVARE NS 1P 4
vi(K) = v(X)
CONTINGS




N
«

v

4C

1

1C

ChlL oVL

Y 20 Ke1,v

S$(KY = LV(K)

VIK) = VI(K) + CV(K)*n/2,]
CCATINLE

CAaLL Qvi

OG0 3C x=1,¥

3(K) = S(K) ¢ &,0+Cv(R)
V(R) =2 VI(K) » CV(R)*n/2. G
COATINLE

cagL ovi

CC 40 x=1,v

SCRY = SOK) ¢ 2,0+LV(K)
VIR) 3 vI(K) ¢ CV(K)nh
CONTINLE

CalL Dvi

CO 30 Ke=1,¥

VIK) = VIC(K) ¢ (SC(R)+ VIK))I*n/¢.C
CUNTINLE

RETURN

eND

SUERUUTINE SVL

PLrAMETen ( ICM=1LC )

COFMNMON FHEDTALLM/ aCDws2PSI,ClsCcrCBrLS,LGACEY

CCMMON /NCM/ N

CoMMON /CVLCM/ DTwWeEs2THSCIDMY,2T1PC

COMMON /WLCM/ P2, RROE,SCLAB/ LIPS, CRRCSCICMILCCLSCIDM)
Catl wb
CTw:s = (uf
od 10 K=1.,
DTwsS(K) =
CONTINLE
ReTUlnaN

=NC

- JRROE = QL) /KTCH

QF3 = (RRUSC(K) = JCLSEK) D/k(Dw

SUSRCLTIMN: &l

PhndMETIR ( 1Dv=1C( )

COMMON /HEDTFLCM/ «CCW,EPSTAC2,C02,CR8,C0S8,C06/CEY
CCMMON /NCV/ N

COMMON /VLEY/ TWR,TwSULIoM)Y 2 TCCIT™MY TPCCIOM+TILTINFEB,TINFS
COMMON /nlEM/ CF3,CRRCI,LCLIICFS,GRROSCIDMY ,QCLECICY)
«haQ03 = ZPST*{(Tw3%ai ~ TINFEWR®RL)

TOIFF = MEAX(T,0, TRE-TL(1))

GCLE: = (2xTCIFF=«(4,0U/3.0)

0C 10 K=z1,MN

GCRRCS(K) = 2PSI»(TwS(K)wx4{ = TINFIawg)

TC1AF = MAX(D,0f TRS(KI=TL(K))D

WOLSER) = CS*TDIFCan(4an/ia0)

CONTLINLE

ReTURN

=hC

SUSROUTING SXUTTA

COMMON ZVSLM/ V(&)

CCYMON /OVGEOIH/ CV(L)
CUNMMON ZTINCH/ TIMMX,OTIML,CTING,OTIMPR,TIML,TING,TINMOR
CINENSICN V1(4), 3(4)

n = 0TINMo

©C 18 k=1,4

V(<) = v(K)

CONTINLE

CALL Dve

20 20 k31,4

$(KY = TV(K)

VIX) = vI(K) + SV x)er/g, 00
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Fye

3¢

CUNTINL:

CaLt Cv%

sl ou A®1.4

S(RY 2 s$(X) » Z.0afvn)
VERD) = v1(K) * ZV(R)e=/..0
CONTINLE

CatL 2ve

ol 4u ks1,4

SEK) 2 S(K) + 2,Uslv(K)

v ) = vi(r) * ZV(K)=x
COATINL:

CALL 2v¢

L SU K=1,4

VIK) = vI(X) * (SCKI*+OV(r))Inr/e, 0
CURTiNge

NeTUAN

=ND

SULRCUTING CVE

CUMMCN /5E0VvEM/ YL xLLaBL,3ked3/VeVT

CLV¥NMON /ri8TCPC>/ LPoCFRLACVPACVVLCAV,LFG

CIMMUN /HERTELINM/ RCuns2P31,C2,C2,0%2C8,8G4C5Y
COMMUN /V3CM/ Tw3,T5, XMV, XMALTYINET

CONMMON Z72VICNM7 LTnCaeT3s0XNVAIXMG,CXMCACXM]

CINMON /w3CH/Z SFT,CRxCaCL0,PR,PV,FACRRILCRLIXLEFE,LXM,CCL
CONMIN /TOPCM/ FRTTCP, i NITCPLTCTI,TI,TE

CCMMCON /PHYSCM/ R,C,PATH

CCMMGRN JVENTCMZ AVAT,CCVNT,PVNT,UPVYNT

CLLL HWu

UTad = (JIFT = SRXC = WRALI = (CG)/RCCW

UXMTRM 2 ALndXMe(CVFaTI = CVVHTG)

CTGE 5 (CCa2AR = [CLaLL + LXMTEM)/(XMARCAV + XMVACVV)

OXMI = LLaCXH
CXMe = .0
OXMV = [xXM?
CANL = (.2

IF(P LLEa FVNT) S2TLiN

OXMC = AVNTCOVRTRSLAT (2 3 {P=PATM) = (XMVPX¥A)/V)
IF(P JLTs (PVNTHIDVAT)) CXNMC = (XMC*(P=-FVNT)/OPYNT
CAMV 3 [ XMV = Oxm(aXNy/{AMY+XMA)

CANL = ~CXMOeXMAS(IVYOXFL)

LTe = C1G = CXMCarav/ ( (XMVEIXMA)# (XMBRCLVEXMYCYY) )
nZTURN

eNL

SUSKRQLTIND W

CCNMON /PnY3IINMS w,CrmlTN

COMMCN 738TMEM. =L XL L raLs2asdSaVovT

COMMON JA2TPRPCNM/ DFIULAIXMCLVARFEDQ R=0Z2,85TA,XLV,XL,T1,F
COPMUON 7ac2TLPCM/ (P,CPLACYR,CVVLCAV,CPG

COVMON /HERTFLOM/ &ClameiP31sClrCerCc0CSaCGrCEY
COMMON /VGCM/ TwirTer XV Xt AL, TINET

CCMMUN ZWOCNM/ CPTALRR0,SC37FRIPVLIPICRRATIICRLIXLEFE,CXM, (YL
CCMMON 7TCFiM/ CSTT0rP CeENDTCP,TCTL1I,T

whikC 3 eP3IH(TWI vy = TiNFTA=4)

TOIFF = MAX(Q.C, Twl-Ty)

QLG = (GnTCIFFe*(4.C/7%,0)

Pa (XMA/XMOLAY «(R/VIATC

F (XMV/XRCLYI®(R/V)=T,

Pz oPA e PV

To = 1.C/7¢C €14C/7T1) = (R/ZCXNOLVRAXLV)) o Cu(F/P1) )
CALL 3LAFTEMP

WwARI 2 EP3In(ThCGwas =~ TInwg)

GRL = CRRI*AW/AL

XKLEFF = XL ¢ (PL(TI-ICT)

CALL :var?
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10

LR R N BN
anew

Ad g wAw

wClL 3 CxMax_3iFe = («L
AETLAN
cnNl

SUEAOUTINE ivae

COMMIN /HEATCPCM/, (E,CPL,CVP,CVV,CEV,CPO
COMMON /=E0TSLCM/ RUOws20STsClsCecrC3sC3,0G,CEY
CCMMOUN /TGLCYZ TOFRTCLAXTSLAFTCLANTCL

CCr¥CON IVSC™S Tuls TG, XMV, XMAL,TINFT

CCHMIN IWOTM/ ST XAl 8C3/PA/PY,PICRRIVURL/XLEFF,CXM,CCL
COMMON /T2%C¥/ PSTICP,IENDTICA,T1CT,TI,TE

TCIFRF = MaAX(D.D, TC=-TI)

. CEVeTLIFSan(1.0/72.0)

COPCeTOISF/XLCFF

WRLIKLEFF

SELTSIFE JGEa TZAT(L) o7 VC 10

wId =

heTUnN

CCNTINLE

T
"N

[ 1)

CaLe Evhi“T(AISICI‘I:XP.II1FLI:2‘L)

SFCCLIFL*IEAL) JLT. NTCL) RETURA

walTo(es, ) "312F I SLLACULYINE EVAF, NTCL EXCEECLRDLM
STCF

extC

2uerUUTINEG SVHNZIWT (Bs 20 Cor Xso 11FLs 1EFL)
COMMUN ZTCLUYM/ TOFTCLAXTCLAFTOLANTCL

IFCA JGT, XTOL) TrREN

AVAR = AxSCRT(A-C/(A+lwc*vin())

C + MAXCAVARA,CLSY*FTIL)

C + C.G7esTCL

SC 2Us N=1,NTCL
Pz ox o= A«LCS(1.07E+X/(X-0))
OF = 1.0 v a%x( ( 20/7((T1.0+3)*(x=C)+E%C) )/ (X=C) )

I (F LGT. £.3) Tren

1FL = I1FL+Y

IRECCA=C) GLTe FTIL) azTULAN
G = MINCIX, GL5*(3=0))

cl$é

I¢fPL = 125L+1

ENC IF

P (a33(F) LJLT, FTLLY R2TUSH
X = Xx=CX

CONTINLE

RETUKN

NS

SUzRCUTIRL SURFITNME

VOFMCN /VOCHMYZ Tuisa Yo XMV, XN, TINET

COMMON 7aGEN GFT,CRRC, el PO, PVIP ORRISIRLAXLEFF,CXNM,CCL
CCMMGH ZTIECMS FSTICP /W EnCTLR,TCT, T, T2

TD 2 MINCLOI~(TL=T(T),T2)

<t TURN

ML

kxp¥rw Aswhetwd e vartparratbsF AR AP AaRCPRANROIANANRSI PN RTINS TS

VS Tide M
."'lﬁﬁ‘."i".lltttlﬁi!.t'l‘.‘it".t'....il‘.‘.ﬁ.‘bﬁtt.

Tivix
QC;-U
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uliML cTieg STk &

\Jl; [ Cos

TCRTCL xTGL FTOL NTCL
Cov Tebll=cs 1.0E-3 2C

N (Number cf calls)

&

VINTOPT PVNT JPVNT

vy 1.4567E5 C.C

96




APPENDIX C
EXPERIMENTAL EFFORT

Specially designed fire/tank tests were conducted to measure the
response of a tank containing liguid to fire impingement. This experimental
effort consisted of measuring effects of the heat input from a large-scale
turbulent sooty fire on a partially filled liquid solvent container, The
goals of this task were: (1) to evaluate the fire/tank interaction
environment, and (2) to obtain the data necessary for preliminary validation

of the numerical computer prediction model.

In these tests, commercially available 55-gallon, 13-gage steel drums
were used, The drums were instrumented to monitor the internal pressure and
temperature rise of a fire-engulfed tank, The drums were equipped with a
network of chromel alumel thermocouples for measuring the variation of the
liquid temperature (Figure C-1). A pressure gage (0-30 In/in2) was used to
monitor the pressure rise resulting from expansion of the vapor (Figure C-
2) and manually vent the tanks hefore rupture. The tanks were placed about
n.15 m above the surface of a 4,3-m-diameter JP-4 fuel pool fire in both
vertical and horizontal orientations, Prior to the start of the fire, the
tanks were filled with water up to 12 centimeters (5 inches) from the top of
the tank. The temperatures were read by a dat?.ogger at 5-second intervals,
and each event was recorded continously, using video and still photographs.
figures C-3 and C-4 show the fire pit and the orientations of the tank witn
respect to the pool fire. Figures C-5 and C-6 show the temperature profiles
for two tests with the tanks oriented vertically,

General analysis of the temperature data and postfire inspection of the
tank shell revealed the following:

1. The tank initial pressure rise is predominantly du2 to the expan-
sion of vapor in the ullage volume,

2.  The radiation heat emitting from the dry wall in the ullage vy'ine
{s the main heat flux mechanism in the gaseous phase,
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Figure C-1. Water-filled 55-gallon Drum
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(b) Horizontal orientation tank fire

Figure C-3. Tank Fires with Different Orientations
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(b} Horizontal orientation test

’

Figure C-4. Vertical and Horizontal Orientation Tests
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Figure C-5. Fire/Tank Test No. 1 Temperature Profiles
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3, Discoloration of the wall next to the vapor compared to the wall
in contact with the liquid is indicative of a large temperature
difference across the vapor/liquid interface, and

4., The thermocouples placed at various elevations along the height of
the tank showed a decreasing temperature gradient downward from
the top of the tank.

The discoloration of the tank shell suggests a strong conduction heat
transfer in the tank wall at the liquid meniscus which contributes to the

overall thermal activity of the interface and should be considered in the
model,

The predictions of the model proved to be consistent with physical
intuition and agreed well with the overall trend of the experimental data.
However, the predictions from the calculations consistently showed higher
values than the corresponding experimental data. This variation, sometimes
as high as 200 percent, persisted during all test events,

The factors that might cause or contribute to the discregancy hetween
the simulation predictions and the tests were evaluated, The assumption of
constant heat flux over the entire tank in the simulation may not have been
duplicated in the tests as a result of wind effects and the overall test
configuration., Also, because of safety considerations the tank was vented
manually, which could have affected the tank response. Project resource
limitations did not permit further testing and validation of the tank
response model,

104




