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Abstract

A theoretical model to predict mass flow rate, temperature, velocity and flame
height in a two dimensional rack storage has been developed. Experiments have
been carried out using inert boxes and a diffusion propane line burner located at the
bottom of the rack. A reasonably good correlation is found between the model and
the experiments.

The theoretical model developed calculates the flow within the rack with the aid of
the equations of continuity, momentum and energy. The model distributes fractions
of the total convective heat from the burner along a calculated flame height in
accordance with an empirical relationship obtained from'measured convective heat
at each tier. The flame height is calculated by comparing the amount of available air
flow rate and fuel rate-at each tier for different heat release rates and widths of the
flues. '

The results were compared to experiments with an approximately two dimensional,
4 tier rack storage with height ranging from 1.14 m to 1.34 m and with a 0.59 m
long diffusion line burner placed at the bottom of the vertical flue. The size of the
rack is about 1/3 of what can be expected in a real rack storage.
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1 Introduction

Fire growth rate and flame propagation are dependent on how the burning material
is stored. In rack storage fires this become extremely important as the upward
flame propagation is usually very rapid. The flues created between adjacent pallets
of stored goods tends to work as chimueys and subsequently they enhance
acceleration of flames up to the ceiling. Rack storage fire protection usually
consists of in-rack sprinklers which are placed at different elevations in the vertical
flues or on the faces of the rack storage. The efficiency of such protection measures
depends on the geometry of the stored goods, their height, the flue spacing and the
flammability of the stored goods. The time over which the in-rack sprinkler
operates is extremely important as it may be critical for control of the fire. To
calculate the response-time a knowledge of the flow conditions close to the
sprinkler is necessary. A theoretical model which can predict the flow conditions is
thus of interest. Such a model could benefit to the optimisation of geometrical
parameters in large rack storage in regard to sprinkler location. However, no
simple theoretical models have been available to predict the flow conditions. In the
present study the first step is taken to create a model which can be used to calculate
the flow conditions in a two dimensional rack storage.

The phenomena governing the flame spread in rack storage fires are not well
known. To the best of the author's knowledge no attempts to model flame spread
in rack storage fires have been undertaken. Such modelling work could enhance the
understanding of the fire propagation and the air entrainment mechanism in rack
storage fires. One key aspect here is to obtain a knowledge about the effects of
different flue sizes on both flow conditions and flame spread. A fully developed
rack storage model could be used to predict fire growth rates and response times of
in-rack sprinklers for different rack storage configurations. To establish a model
like that, several steps must be undertaken, starting with simple geometries and
simple combustion processes.

It was decided to concentrate the modelling work on the fluid dynamic part of rack
storage fires, as the flame spread problem in rack storage fires is very complicated,
and still not completely solved for even simpler cases. To accomplish that
experiments with inert boxes in a scale one to three of a real rack storage in two
dimensional configuration were carried out [1]. The work presented here is
included in a project sponsored by the Swedish Fire Research Board
(BRANDFORSK) aimed to obtain a better knowledge about rack storage fires and
to establish a model which can predict the response of in-rack sprinklers in
different rack storage configurations.

2 Background

Models for buoyancy driven flows (created by a fire) in vertical stacks or shafts can
be found in various studies [2,3,4]. The present work differs from these studies in
that a rack storage usually consist of a multi-stack system (vertically) and not of a
single stack. The flow within each stack (flue) is governed by corresponding
equations as for a single stack. However, the boundary conditions at the ends of
each flue, i.e. at the intersections between the tiers, are quite different,

Heskestad and Yu [2] determined the convective flow in a combustible circular
stack with a simple model. The model is assumed to be valid until the material on
the wall ignites. The model assume that the inflowing cold air at the base of the
stack is heated up by a fire (which is located just below the base) over a shallow
height just inside the stack, raising the gas temperature from ambient to a bulk



temperature. The temperature inside the stack is assimed to be uniform over its
height. The air velocity at the inlet of the stack, created by the draft in the stack, is
determined from a relationship developed by Delichatsios [3]. The velocity is
derived from the momentum equation, assuming turbulent conditions in the stack.
The static pressure at the fop of the stack is assumed to be equal to the atmospheric
pressure at the same elevation.

Block [4] worked with a theoretical model for burning rate of wood cribs. A wood
crib consist of cross piled wood sticks which create vertical rectangular shafts with
side holes along the height of the shafts. Although a wood crib is by its
construction comparable to a rack storage, Block made an assumption in his model
which has not been applied in the present study, namely, that all the air entering the
vertical shafts enters at the bottom of the wood crib. However, a simple model
presented in Ref. [1] shows that this assumption is justified for two dimensional
rack storage when the mass flow rate at the top of the rack is the parameter of
interest. But in the case of wood cribs, the air is drawn naturally through the side
holes into the vertical shaft but according to Block [3] the majority of the air enters
near the bottom. Consequently, he was able to assume a constant mass flow and
density throughout the interior of the shaft. He also showed that the resistance on
the vertical flow in the shaft created by the air entering the side holes can be
neglected for wood cribs.

Ingason [1,5] reported on 1/3 scale tests both in three dimensional and two
dimensional configurations with inert boxes. The most interesting conclusions
drawn from [1] are: the width of the vertical flue is the predominant geometrical
parameter controlling the flue flow; the mass flow rate increases nearly linearly
with the width, the effects of the horizontal flue heights are small; for a certain flue
width, the mass flow rate in the vertical flue is nearly constant,.independent of the
heat output. In Ref. [5] it was concluded that the flame heights tend to be lower in
the three dimensional case than in the two dimensional case. A possible explanation
is that the air is more easily entrained in the three dimensional case.

Karlsson et. al.[6] made similar experiments on reduced scale (1/3) to examine the
geometrical effects on the flame height. Correlations presented by Karlsson et.
al.[6] for flame heights clearly show that the effects of the horizontal flue heights
are small. There is a certain difference in the flame height data between Ref. [5] and
[6]. The difference is probably due to variations in the experimental set-up. In [6)
the rack was four boxes wide and five boxes high with one side open while in [5]
the rack was only two boxes wide and four boxes high, configured in two and
three dimensions, respectively.

The study presented here is the second phase in the development of a model to
predict the flue flow within a two dimensional rack storage. The first phase
contained analysis of the data and description of the experimental set-up [1].
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The theoretical model

The theoretical model is based on simple relationships from fluid dynamics. It can
be used for inert environment in two dimensional (2-D) rack storage configurations
as shown in Figure 1. The rack storage is shown in three views.

A-—\ Vertical flue M{ B I
— ——~JHorizonta|=~ ;
Inert box~ Jiwe |
Closed —_ )|
wall - H
I } S
B B
Diffusion
. S
line burner TNy
A~ A-A
Front view Cross section

Figure 1 A simple theoretical model is developed to predict the velocity,

\(Wings Line burner

.

B-8

Plan view

temperature, mass flow rate and flame height in the fluesin a 2-D rack
storage as shown in the figure. Three different views of the rack are
shown. The wings shown in the plan view were used to obtain a uniform
air inflow into the horizontal flues.

The model predicts mass flow rate, temperature, velocity and flame height in the
flues. The conditions within the flues are assumed to be steady-state and the flow is
turbulent. Temperature, velocity and mass flow rate are represented by a mean
value across the cross section of the flue. The input parameters used in the model

are;

- the longitudinal length of the rack (L)
- the height and the width of the boxes,
- the width of the vertical flue (W)

- the height of the horizontal flues (H)

- the convective heat energy released from the propane line burner at the floor (Qc).

(S) and (B), respectively

In the work on combustible stacks, Heskestad and Yu [2] basically assumed a
point source just inside the inlet of the stack. This approach has been modified here
as the flames usually extend over several boxes in height. It is known from
measurements carried out by Tamanini [7] on buoyancy-controlled open flames that
the cumulative fraction of the total heat energy release within the flame increases as
a function of height. These measurements show that above about half of the flame
height (for a propane fire) most of the chemical heat energy has been released.
Based on this knowledge it was justified to establish a method to describe the
energy release along the flame height, i.e. to establish a relationship where the
distribution of convective heat energy release is given as a function of height from

the floor.

~



Figure 2 outlines how the total convective heat release is determined along the
g]aéne height. The derivation of the relationship Qc(z) is given in detail in Chapter

| '
Z (m)

7L
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" z

.!L_ | —_

l >
A-A Qc Qc(2)

Cross section

Figure 2 The total convective heat energy (Q) from the burner is released as a
function of height in the model. This is schematically shown by the
diagram.

In the theoretical model the following assumptions have been made:

1) No convective heat losses are assumed in the vertical flue. This means that the
heat transferred to the walls (qyw) by convection from the hot gases (the radiant
component is assumed lost through the radiative fraction, usually assumed to be
30%) are neglected in the model.
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2) The temperature Tqp at the base of the box (defined in the figure below) is
assumed to be raised to a constant temperature Tpa over the height of the box.

n'th box
from the
floor

r==71 r--3 Trb
] L |



3) The static pressure pyq (defined in the figure below) at the centreline of the
vertical flue and on the top of the rack storage, is equat to the hydrostatic
pressure p outside the rack.

Pna p

topbox

[ | r= =1
1 | 1 [

4) The static pressure ppy, at the centreline of the vertical flue and at the same height
as the top of each intermediate box, is equal to the static pressure py" on the top
of each intermediate box in the intersecting horizontal flue (this is a description
of the relationship between py, and py” in the figure below).

n'th oK

from the
floor

fmea Feea
| ] 1 1

5) The air is assumed to be drawn through the horizontal flues due to pressure
difference between inside and outside the rack. No air is assumed to “leak” out
through the horizontal flues.

r=-
1

1
1 1
L L __
RS
n'th box
from the
floor
1

r— ="
¥ |

6) The cross sectional velocity and temperature distribution in the vertical flue is
assumed to correspond to a "top hat" profile.

To determine the air flow inside the rack, various pressure drops are calculated.
Subsequently, the mass flow rates inside the flues are obtained, which, in turn,
give the corresponding gas temperatures (densities) and gas velocities. In
assumption number 5) the model assumes that the air is assumed to be drawn
through the horizontal flues due to pressure difference between inside and outside
the rack. A lower pressure is created inside the rack. The pressure drops inside the
rack are calculated by subtracting the pressure head changes due to entrance losses,
obstructions (like the burner), changes in upward momentum of the heated air, wall
friction, minor losses at intersections of horizontal and vertical flues and changes in
density. In this report the model has been designed for 4 tiers but that can easily be
extended to other tier heights.

A computer program, wiitten in Fortran 77, has been developed to calculate the
pressures and the flows within the rack. In Figure 3 a flow chart is shown to



explain the principal calculation procedure of the program developed. The program
starts the calculations by "guessing” the mass flow rates followed by calculation of
the pressure conditions. An iteration process is established at each tier until an -
overall pressure balance is obtained between the atmospheric pressure and the
pressure instde the rack. The necessary equations to-calculate the flow include the
equations of continuity, energy and momentum.,

[iuvess the
_[mass flow ratg

Calculse temperatures
— — |and velecities in flues
atfirg tier

F 3

3 3
ol -
i v | §
& Calculate pressuses in &= o
S| [dues arfirs tier gl 3
£t lier 8 £l g
3 J |
2 b é
=3 TOpare prEssiEe in £ 2
& vertical flue gl d
o and in hovizontal Flue 5 E
5 g| &
=2 [ B
2 1
g L E g
c ! L=
=] o
B a
z :
. 2
§ Jump to next ter g
and do comesponding
calelulations as
wreond ter up to above.
the nih tier

This procedure conlinues
until the program obrin
pressure equality atthe
top of the rack sworage

increase/decrease

Have two calculalion
munds without any
necessary changes

in hie mass fbw rtes
ate ach tier oceured?

Figure 3 Flow chart showing the principal calculation procedure in the computer
program developed.

As mentioned earlier, the program starts the calculation by "guessing” the mass
flow rate and, based on that, the temperature and velocity can be determined.
Knowing the temperature and the velocity, the pressure can be calculated.
Equations to calculate these parameters are given in the following chapter.
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3.1 The continuity equation

In Figure 4, the mass flow rates are defined for each flue. From continuity equation
(conservation of the mass) and assumption number 5), i.e. no air is assumed to
"leak” out through the horizontal flues, we find that '

my=2my (1)
m, =n+2mg (2)
m,=m, +2m,, 3)

where n corresponds-to the n'th tier and m is the mass flow rate of air in the flues.

Tap Y30

i TI "tophat"profile

=

To Yp-2

Al

—»> Mgz Mgpe— A2

—= 1] MY =—

Figure 4 Definition of the mass flow rates in the vertical and horizontal flues. The
framed part shows how the air is assumed to be drawn into the vertical

flue .

3.2 The energy equation

When the mass flow rate in the vertical flue at each tier is known (the mass flow
rate is constant between the base and the top of each box as this is a two
dimensional case), the temperature at the corresponding height can be calculated
according to the energy equation

Qc,na =m nCp(Tn.u - Tu) (43)

Qc,nb = mncp(Tn.b - Tn) (4b)

where
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Qc,na = accumulated convective heat release rate at the top of each box at tier
number n, see Figure 5 (kW)

Qc.nb = accumulated convective heat release rate at the base of each box at tier
number n, see Figure 5 (kW) o

my = air mass flow rate at tier number n (kg/s)

Cp = specific heat (ki/kg K)

Ta,a = temperature at the top of each box at tier number n, see Figure 5 (K)

Tpp = temperature at the base of each box at tier number n, see Figure 5 (K)

To == ambient temperature (K}

Fy
Z{m)

,

e
Tha Una

R it

|
Tk, U
nb nb. Qb

e

TaaUsa O3 | |

T3b: Usy

Q,3b

—

T2a:Y2a

T2p Uz

.- P
Qc.Za

%2b,

TiarUia

Qc.\a

18, 1b=0

T1b U1
[

]

—_———— e

il

Qc(z) (kW)

Figure 5 The model uses the convective heat energy at the lower and the upper part
of each box. Knowing the mass flow rate at each tier the temperature and
the velocity can be calculated at corresponding locations. At the lowest
tier air at ambient temperature Ty (To=Tp} enters the vertical flue and
this air is assumed to be heated up to the temperature T, .

The convective heat energy, Qc, used in equation (4), is the accumulated energy at
each height. From an empirical distribution correlation based on measurements of
the convective heat at each tier, the program determine the convective heat encigy at
the base and the top of each box (see Figure 5). The derivation of this correlation is
described in Chapter 3.5. Accordingly, the temperatures at corresponding locations
can be calculated from equation 5a and 5b.

Tua = Tn + QC‘M (Sa)
Hi
nop
Tnb = To + Qc-ﬂb (Sb)
m,C,

Definitions of the temperatures are shown in Figure 5. From the relationship for
" mass flow rate (m = puA ) and the ideal gas law (pT = p,T,,) where influences of
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pressure changes are neglected, velocity at the base and the top of each tier can be
calculated by using eguations 6a and 6b, :

mT

u,, = —-o-nb . (6a)
poToAZ
T
u =ty 6b)
i Tnb nh ( )

where

Una=the velocity at the top of each box (m/s)
unp=the velocity at the base of each box (1m/s)

Aj=cross sectional area of the vertical flue space (m?)

3.3 Calculation of pressure drop

In Figure 6, the definitions of pressures and geometrical parameters are given. The
pressure index (P1a, P1b. P2a etc.) indicates the location of each point. For
example, p1a corresponds to the static pressure at top of the first box.

s T T T = > ______ ~
- o e \
) ¢ t :
n'thtier { | I [
7 H |
) ! !
* I |
L;} R |, New calculation
, : :/ round of the pressure
i |
A O
3
| | ;
b o
h | g K- '
> L
| t !
s Al A
| ! :
|
e Lp1— j
H ' --€-—--®po1" |
e DA U
Pla L P e | | _Thf_.- dotted lines
| A | | indicate the way
: | | thepressureis
Plb o ! | balanced at each
.‘_ & - -8 py—- /! tier by iteration
B W
[ e o o

Figure 6 The definition of the pressures inside and outside the rack is shown in the
figure. In the model the pressure is balanced at each tier by iteration. As an
example, p1gq is assumed to be equal to p". The pressure p;" is then
"forced" by iteration to be equal to p}’ plus the hydrostatic pressure
difference between these points. This is done by changing the mass flow
rate my in each iteration step since the pressure pj, changes when mj is
changed. This process is carried out for the hole rack until a total balance in
the system is obtained.
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Assumption number 4 (see page 8) is very important as this assumption makes it
possible to set up an iteration process to establish a pressure balance at each
intersection and on the top of the rack. As an example, the pressure pia at the first
tier is assumed to be equal to the pressure p1”, see Figure 6, and the pressure py”
is then "forced" by iteration to be equal to py' plus the hydrostatic pressure
difference between these points. The pressure py' is obtained by calculating the -
head losses in the horizontal flue. In each iteration step the value of py” is
compared to the value of p;” plus the hydrostatic pressure differance. Depending
on whether the pressure p1" is higher or lower, the value of the mass flow rate m
(in the vertical flue at the first tier) is increased or reduced. A new value of p1"is
obtained by changing the mass flow rate myj. '

By aid of equations (5a,5b) and (6a,6b) (determination of temperature and velocity,
respectively), where the mass flow rate and the convective energy are used as
input, the pressures can be calculated from the equations developed in the
following chapters. When a pressure balance is obtained at the top of the first tier
the same procedure is carried out for the next tier above and then continued to the
top of the rack. When a pressure balance is obtained at the top of the rack, after the
first calculation round, the procedure is repeated for all tiers, starting at the lowest
tier using the last obtained my from the first iteration round, until an overall
pressure balance for the rack is obtained.

33.1 Pressure drop at the first tier

In the following, equations to calculate the static pressure at the first tier (box} are
developed. The static pressure p1p (see Figure 7) can be obtained by using the
modified Bernoulli equation between the base of the first box (just above the line
gas burner) and the ambient air outside the rack.

-l ;Po__

Figure 7 Definition of parameters used in equation (7).

The pressure drop in the horizontal inlet is then calculated in accordance to the
following equation

2

u
&”=P_o—’]_b"hec_hm1“he| M
Po Po 2

where h is a head loss per unit mass i.e.
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i
U
helmKIl%

and where

po = the hydrostatic pressure just above floor level, see Figure 6 (N/m?2)

p1u= the static préssure at the base of the first box, see Figure 6 (N/m2)

heo= the head loss at the entrance of the lowest horizontal inlet (N m/kg)

hgp1= the head loss due to friction inside the lowest horizontal inlet (N m/kg)
hej= the head loss due to the burner and change in direction of the flow (N m/kg)

Po = density at ambient temperature and pressure (kg/m3)

ug1= the velocity in the lowest horizontal flue (m/s)

ulb=the velocity at the base of the lowest box (m/s)

fp = the Darcy friction factor

B = width of the box (m)

Dy = the hydraulic diameter of the horizontal flue (m)

K| = the loss coefficient at the tee-intersection where the burner is located, see
Figure 8.

Reducedarea due
to the burner

— N
’_.__'_.—V ;F'l\ I?Sml‘n
I-!‘_—-.‘._ e

— (W-0.02)/2
o

gasbur ner

Figure 8 The loss coefficient Ky) depends on the geometrical shape and location
of the burner and the variation in W and H (see equation §).

The loss coefficient Ky is very difficult to estimate and can only be determined
accurately through laboratory tests. The value will depend on the geometrical shape
and location of the burner and the variation of W and H. Such laboratory tests have
not performed and consequently the coefficient has been determined partly from the
experiments and partly from handbook formulas.

The coefficient Kjj is assumed to consist of an experimentally determined constant

W " . .
K¢ multiplied with a function (-E) describing the influence of the cross-sectional

ratio, % Fried and Idelchik [17), p. 237, presents a relationship for a loss
coefficient in a merging flow situation of a symmetrical (equilateral) wye with a
sharp 90° turn without partition. Using that relationship and a volume flow rali(%

as in our case, the following relationship is obtained for Kj:
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K;|=Kﬂ(l+l(ﬂjj . tg)
A\H)

Ko in equation (8) has been experimentally determined énd the best fit for éll the
cases was found to be 6.5. :

The next step is to calculate the static pressure p1,. The pressure can be obtained
from a force balance on the gas volume (control volume) between the base and the
top of the first box

2
iU
plbWL _pIaWL :ml(ula_ulb)+%plapss‘—2!£+plagwm (9)

where

Ps= the perimeter of the vertical flue (m)

S = the height of each box (m)

W= the width of the vertical flue {m)

L = the two dimensional length of the rack (m)

pra=the density of the heated gas in the vertical flue (= air) (kg/m?3)

——P1g * Yar 12

P1bt”'|b-TO

.po

Figure 9 Definition of parameters used in equations (9) and (10).

The first term on the right hand side of equation (9) is due to change in momentum
of the heated gas volume, the second term is due wall friction and the last term is
due to gravity. The gas entering the base of first tier is at ambient temperature and
for simplicity it is assumed that shortly after, due to a combustion process, the air
is heated up to a uniform temperature T1, over the height of the first box. Equation
(9) can be rearranged to a form similar to equation (7)

Pu_Pu_Tof,_ T, f_&_s_“_ﬁ_&gg (10)
p{] JOU Tlu TI(I ?

- T,
by using relationships for the ideal gas law[,o1u =0, T_O} the mass flow rate

la

T , -
(m, = p,,u,,WL ) and the continuity [“u, = T_ou'“]' Dy is the hydraulic diameter
la

in the vertical flue and other definitions are given earlier in the text. To be able to
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use equation (10), gas temperature and velocity must be known. This is obtained
by "guessing” the mass flow rate mj and, by the aid of equations (5a, 5b) and (6a,
6b), the temperature and velocity are determined.

There are two ways to calculate py’ (see Figure 10). Firstly, by using equation (10)
and then the following equation which gives the hydrostatic pressure decrease
between the top of the first box to the middle of the horizontal flue:

Py _Pu_ Loy (1)
P P 2 o o

where H is the height of the horizontal flues in metre. Here, the index A for py'is
used to distinguish it from the second way of calculate p;', namely

@”=£Q"I.5£_fp_3‘_f@_g(5+ff) (12)
Po  Po 2 Dy, 2 : '

second tier | I o
1 1m2| . |
Lo—-=t "1LP1. gy :
H -—4-"——~spnq'
p]a .|> P']" l: 01
first tier S f:\ 'T‘
my |
| I
'_&“"‘4““"%
— B

' Figure 10 Definition of parameters used in equations (11) and (12). The dotted
lines indicates the way the pressure calculation is carried out to obtain a
pressure balance in the point where pl' is defined.

Equation (12} represents a calculation of the head loss in the horizontal flue
between the first and the second tier. The pressure is assumed to be balanced when
the difference between the pressures p1'a and p1' g is equal to or less than 0.005
Pa. This was an arbitrarily chosen small value, but found to correspond to between
1 and 5 % of the pressure difference over the horizontal flue, (p1'-pg1"). One could
expect that the hydrostatic pressure difference in the horizontal flue, (p;"-p1"),
would be much lower than the pressure difference over the horizontal flue, (p;'-
po1). However, calculations show that the pressure differences (py'-p1") and
(p1'-po1") are of the same order of magnitudes.

To be able to calculate p;' g the velocity ugy must be known. The velocity can be
calculated from the mass flow rate mgo in the horizontal flue which is half the value
of the difference between the mass flow my at the second tier and the mass flow m
at the first tier (see equation 2 and Figures 4 and 10). In the first calculation round,
the computer program assumes that the mass flow mz is 30 % higher than my as the
value of my is not known at this stage. The value of 30 % was chosen arbitrarily
but the average increase in the mass flow rate between the tiers is found to be of
that order of magnitude. In the following calculation rounds, i.e. when the pressure
has been balanced one time at all tiers, the program uses the mass flow rates
obtained in the previous calculation round.
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It was found that the pressure p;' B was not very sensitive to upy as the flow is
usually low (<0.4 m/s) in the horizontal flues. Consequently, the pressure
calculations converged relatively quickly as p1' g did not change very much.

The friction factor fp in equafions (10) and (12) was calculated from the following
expression

fp=k,, . 03164Re*% (13)

where kpon-c is & correction factor due to other cross sections than circular. The
value of 1.08, see Fried and Idelchik [17] diagram 2-6, was found to be the
average value valid within the experimental range. The other part of equation (13)
i.e., 0.3164 Re-0-25, is, the friction factor for a smooth circular tube in a Reynolds
number range of 4000 to 103, Due to lack of exact knowledge about the surface
roughness, the surface was assumed to be smooth. The Reynolds number was
determined according to the following equation

uDy, ,

Re= .
0.956-10° 7+

(14)

where u is the flue velocity (m/s), Dy, is the hydraulic diameter (m) for the
horizontal flue and the verticat flue, respectively, and T is the corresponding gas
temperature (K), i.. T1, at the first tier. The expression 0,956 i0-% T1.7 in the
denominator of equation (14} is a regression formula for kinematic viscosity based
on tabulated data from [8]. Determination of the friction factor usually requires that
the film temperature (in our case only in the vertical flue) is used for calculations of
the Reynolds number. The film temperature is the average temperature of the wall
temperature and the gas temperature. As the wall temperature is not known the
calculated gas temperature was used. Calculations using wall temperatures varying
from ambient to the gas temperature show that this assumption does not affect the
results significantly. Accordingly, the computer program uses the calculated gas
temperatures Tna in the vertical flues instead of the film temperature.

33.2  Pressure drop at intermediate tiers

The pressure calculations for the intermediate tiers (second and the third tier in our
case) are identical. Accordingly, the following equations are applicable for both
second and third tier. The pressure at the base of each intermediate box is obtained
with the following equation which can be derived with aid of the modified
Bernoulli equation between the two points shown in Figure 11.

n'th ter

P}, | TnbUnb

— V. "Poy
(n-1)'th tier P(n-1]}a Y(n-'l)a 1U{n-1)a

Figure 11 Definition of parameters used in equation (15) at an intersection berween
two tiers.
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where

and

Pnb=the static pressure at the base of the n'th box (Pa)

unp=the velocity at the base of the n'th box (m/s)

Th=the gas temperature at the base of the n'th box (°C)

hep=the head loss due to the converging flow at the intersection (N m/kg=m2/s2)
Kiy=the loss coefficient for the converging flow at the intersection

The second term on the right hand side of equation (15) originates from the
"dynamic" head change. The third term relates to the average weight of the gas
volume and the fourth term is due to the head loss at the intersection where
horizontal inflow collide with upward moving flow in the vertical flue. The
coefficient K, can be obtained from Table B-(6-36) in the ASHRAE handbook 9]
for converging flows at an intersection. The coefficient depends on the ratio of the

volume flows (m3/s), Q1 and Q3, between the tiers, see Figure 12,

It

I®

Figure 12 The figure shows converging flows at an intersection between two tiers.
The loss coefficient for the main flow is determined from a table which
require the ratio between the volume flows (02/Q}). The ratio is less than
or equal to one.

The loss coefficient was determined from a regression formula made from the
tabulated data (table 6-36) in the ASHRE handbook [9] (Kin=1.22-

1.027(Q/Q1)?013).

The pressure at the top of each intermediate box can be obtained with aid of the
following equation

T T T, S u, T,
ot (o ) L vt
[+] ] ne

Hi

where n is the n'th tier, counted from the floor. This equation is identical to
equation (10) and valid for all tiers (even the highest box).
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| i | L il |
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! ! ;
Figure 13 Definition of parameters used in equations (16), (17} and (18). The
figure indicate as well the way the pressure is calculated to obtain
pressure balance in py"

Calculation of py' p in the horizontal flue assumes that the program knows mn+1).
Thus, in the first calculation round the program increases the value of m, by 30%
and that value becomes M+ 1) The mass flow rate mo(n+1) in the horizontal flue is,
by definition, half the difference between mn+1) and my. The velocity in the
horizontal flue can be determined from mg(p+1)- By using equation (17), which is
identical to equation (12), the pressure pn’ B can be determined

. 2 2
Pry _Po_ystoen o B Mowe _g5q (17

p(] pﬂ 2 DHI

The pressure py' A is obtained from equation (18), which is identical to equation

(11)

f"_nz&z__l_gﬂ' (13)
Po Po 2

The indices A and B in equations (17) and (18} indicate the two different ways of
calculating the pressure. When the pressures have been balanced the difference
between the pressures pp' A and pp' B 18 equal to or less than 0.005 Pa and the
program continues to the highest tier (the fourth tier in our case).
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3.3.3 Pressure drop at the highest tier

First the program determines the pressure p4p at the base of the fourth box from
equation (15) (n=4).

The coefficient Kj4 is determined from a regression formula given on page 18. The
temperatures and velocities, used in equation (15), are obtained with aid of
equations {5a, 5b) and (6a, 6b) where the mass flow rate and the convective heat
output are used as input. The program starts the calculations at the fourth tier by
putting my, i.e. the mass flow at the fourth tier, equal to the latest used value of
mg, increased by 30 %. Fractions of the total convective heat energy are
determined at the base and the top of the fourth box (see Figure 5) in accordance to
the distribution model described in chapter 3.5,

o m ke ~q P04

P4 T4alisd !

fourth tier, A
| I :

|

|

L

n=4 p4b’T4b-u4 ;

Figure 14 Definition of parameters used in equations (15) and (19) where n=4 The
[igure indicate as well the way the pressure is calculated to obtain
pressure balance in py4,.

Then the pressure p4, at the top of the fourth box is determined from equation
(16)(n=4). The fourth tier is the highest tier, which means that the pressure p4, is
{according to assumption number 3 on page 8) assumed to be equal to the static
pressure outside the rack at the corresponding height. This means that the pressure
P4a can be balanced in accordance to following equation

@=&—g(n(5+ﬂ)—%fﬂ (19

Po Do

where n=4. When the equations have been balanced the difference is equal to or
less than 0.005 Pa.

3.3.4 Pressure calculations after the first round

When the program has run through all tiers, a new calculation round is started by
calculating the pressure at the lowest tier again (see Figure 6). The program applies
the latest used mass flow rates from the previous calculation round. Iterations for
individual tiers are repeated until an overall pressure balance is obtained, i.e. it is
not necessary to change the mass flow rates at each tier between calculation rounds.
When the program have run twice through the rack without any changes in the
mass flow rates, the program stops. At this stage all mass flow rates, temperatures
and velocities in the flues are known. Comparison of calculated results and
experiments are presented in Chapter 5.
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34 The flame height

In the following a simple model is proposed to calcutate the flame height in the
vertical flue. This is necessary to be able to determine the fractions of the total
convective heat energy at the top and the base of each box. The flame height is
determined by simply comparing the amount of available air and fuel at each tier. It
s assumed that the flame tip will extend to a height where the total flux of air
entrained is sufficient to complete the combustion reactions. For open buoyancy-
controlled diffusion flames Heskestad [10] assumed the air demand from the
surroundings to be proportional to the stochiometric requirements of the pyrolysis
gases

m, o< mr | 20}

where m, is the total mass-entrainment rate of air'below the level of the flame tip,
mg is the pyrolysis or mass burning rate and r is the stoichiometric mass ratio, air (o
volatiles. The proportionality constant will be greater than unity, because much of
the air entrained in the vertical flues never takes part in the combustion reactions.
The following equation defines the air-to-fuel stoichiometric fraction [11,12] or the
“equivalence ratio” as defined in [2)

p=—= o - @D

For open diffusion flames, as in the case of natural fires, complete combustion
usually cannot be achieved at $=1 [12]. For turbulent diffu’sion flames in rack

storage the value of ¢ has been empirically determined in the first phase of the
project, see Ingason [1]. From regression curves on the experimental data the

yalue for ¢ was found to be 6 at the flame tip for W=50 mm, ¢=7.6 for W=75 mm
and ¢=10 for W=100 mm. The value of ¢ was determined from the experimental
data [1] by using equation (21) and (22). Regression of ali data points yield ¢=7.5

at the flame tip [1]. According to Delichatsios [13] , ¢ can be as much as 10 for
free-burning buoyant turbulent diffusion flames {based on measurements presented
in [14,15]). There are two major differences in the present study compared to
earlier studies [11,12,13,14], namely, the air is entrained stepwise (through the
horizontal flues) and the flow conditions are controlled by solid boundaries (walls).
We assume, as for open flames, that there is 2 direct relationship between entrained
air and flame heights.

At each tier the mass flow rate mg is compared to the amount of mass burning rate
my. The mass burning rate mg is found from equation (22),

my=— (22)

where Q is the total heat release rate and AH, is the heat of combustion per unit
mass of the fuel. The mass flow rate in the flues is calculated by using the
convective heat release rate Qc. Heskestad and Yu [2] found that the difference
between Q and Q was about 30 % within the stack they used. Measurements '
presented by Ingason [5] for almost an identical experimental set-up as modelled
here show that there is a 30 % difference between Q and Q measured above the
rack by a hood system. Thus we have a fairly good reason to assume that

Q=0.7 Q.
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There are two steps taken to determine the flame heighit. First we determine at
which tier (flame height interval) the flames (Lfn) will extend by comparing the
calculated mass flow rates and the fuel flow rates. This is done in accordance to
the following conditions: o

nr) Conditions = Flame height interval

1) my < my/rd; Lei<l.5H+S

2) mi/ry < mg< my/rd; 1.5H+S<Lgp<2.5H+28
3 | my/rh < my < m3/rd; 2.5H+2S<L¢3<3.5H+3S
4) ma/rd < mg < mg/rd; 3.5H+3S<Lgg<dH+4S
5) my > ma/rd; Lgs=4H+4S

For example if the fuel flow rate my is greater than the mass flow rate my divided

by rd but less than the mass flow rate mp divided by r¢, the flame height will be
greater that (1.5H+S) and Jess than (2.5H+25). The next step is to determine how
far the flames will extend within this interval. We simply assume that the flames
will extend proportional to the ratio of available fuel and air. This assumption can
be justified [1] where it was found that the heat output Q tended to be linearly
proportional to the flame height L¢. Thus, for the n'th tier satisfying the conditions
given above the following equation is used to calculate the flame extension within
the interval

L, =S,.,+, —Sn“,)—“b—mﬂﬁ‘— (23)
mn —mn—l

S, and Ly, for each tier are defined in Figure 15. The flame height is not calculated
above the rack storage (condition nr 5). It is simply put equal to the rack storage
height (4H+48S). In the model, determination of mass flow rates and flame height is
dependent on each other but these parameters will finally converge when the
pressures have been balanced. The conditions necessary to determine the flame
height at respective elevations are shown in Figure 13,

To better explain this procedure we give an example:

Assume a heat release rate Q=20 kW, AH. and r for propane 46.45 kJ/g and 15.7,

respectively, and ¢=7.5 , W=50 mm and H=50 mm. From equation (22) we get
m¢=0.4306 g/s. Calculations yields the following mass flow rates: m;=0.0184,
my=0.0384, m3=0.0504 and m4=0.0588 kg/s. Accordingly, we can calculate the
following ratios: my/r$=0.156 g/s, ma/r$p=0.326 g/s, m3!r¢_=0.428 g/s and

my/rg=0.500 g/s. Thus, the flame height will be greater than S3=0.88 m and less
than S4=1.14 m (see Figure 15) since 0.428<0.4306<0.500, i.e. we use condition
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nr. 4. The next step is to more accurately determine the flame height
(r¢m=0.0507).

L,,=088+(L14~ 0.88)[0‘0507 "0‘0504) = 0.89m
f _ 0.0588 — 0.0504
Lfsﬁl
D o S4
H ¢ e m == S3
m3 Lfg=sz+(sg—siJ%"i'};i1
©
> b - oo S2
=
% Lones @nif—n:]
= §2= 1H(8z-51} iy
£
& I i Sq
3
3 Lp=s B
8 iR | 1
= .

W
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Figure 15 A simple theoretical model was used to calculate the flame height. By
simply compare the amount of available air and fuel at each tier the flame
height is determined.

3.5 Distribution of the convective heat energy

It is known from measurements with free-burning diffusion flames [7] that the
fractions of the total heat released increases with the flame height. Here, we assume
that close to the burner no energy has been released and at the flame tip all energy
has been released. The distribution of the convective heat energy between the flame
tip and the burner needs to be determined from experiments.

This has been done by calculating the experimental convective heat release rate
Qc,exp With aid of the measurements presented in [1). From equation (4),

Qc=m C,, AT; assuming Cp = 1000 Jkg °C, the Qc,exp Was determined. The mass
flow rate was calculated on the basis of a single point measurerent at the flue
centreline and not on an integrated value over the cross section (averaged value)
which would have been better. Due to disturbance and creation of turbulent eddies
at the interactions between the tiers, the flow profiles are very difficult to predict.
Therefore it was decided to simply use the measured value and assume the
temperature and velocity to be uniform over the cross section. In Figure 16, a plot
of z/L¢ versus Qc exp/Q is shown, where Qc, exp 18 the calculated value at the height
z, Q is the total heat release rate from the burner and Lg is the observed flame
height [1] (averaged value of the fluctuating visible flame tip). These observations
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were somewhat subjective as the boxes mostly concealed the visible flame tip. The
accuracy of these observations was deemed to be approximately +/- 50 mm.

One could expect the ratio Qg exp/Q at the flame tip (z/L¢=1) to be close to 0.7.
Apparently this is not the case, and the reason is probably the flue width
dependence of the flow profiles and thus the calculated mass flow rates. However,
by putting the ratio Qc exp/Q equal to one at z/Lf =1 (and thereby raising the entire
curve in the same proportion) we can use this diagram as a form curve 1(z/Ly), see
equation (24), to determine the heat fraction along the flame height.

—-1.571
{EJ =1.0373) 1.004 - 0.-04[5} (24)
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Figure 16 A plot of Q¢ exp/Q versus o/Lyis shown where Oc, exp is the calculated
value at the ?t;fggt z, Q is the total heat release rate from the burner and

ﬁfis the observed flame height (averaged value of the fluctuating visible
ame).

The Q. at the base and the top of each box is then determined in accordance to the
following equation

Q. =0.701z /L)) (25)

where 0.7 Q is assumed to be the total convective heat from the burner and 1(z/L)
is obtained from equation (24). Lt is determined in accordance to Chapter 34.
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4 Experimental set-up

A brief description of the experimental set-up is given here while a more thorough
descrlptic&n is given by Ingason [1]. The following combinations of parameters
were used;

W=50 mm, 75 mm, 100 mm with H=50 mm

W=50 mm with H=75 mm

W=50 mm with H=100 mm '

where W is the width of the vertical flue and H the height of the horizontal flue.

The following four heat release rates were used for each of the combinations above;
Q=18.84 kW, 24.8 kW, 34.7 kW and 44.5 kW

The rack storage consisted of rectangular Navilite N boxes, 0.59 m long, 0.235 m
high and 0.22 wide, held up by two narrow stel columns. The rack storage was
two boxes wide and four boxes bigh (see Figure 1). Walls were put at each end of
the boxes to create two dimensional conditions. Especially made wings were
mounted at each wall in order to minimise the boundary effects of the air flowing in
through the horizontal flues (see the plan view in Figure 1). The Navilite N plates
used to build the boxes were 9.5 mm thick and the thermal data for the Navilite N
is, heat conductivity 0.12 W/m °C, specific heat 800 kl/kg and density 700-780

kg/m3.

The length of the gas burner was 590 mm and other dimensions of the gas burner
are given in [1].

Prior to the tests, the line burner was calibrated for the heat outputs used in the test
series [1]. During the test series the different heat outputs were manually adjusted
by a rotameter. It has been shown [5] that putting the line burner inside the rack
does not affect the total heat release rate compared to free burning. As this test set-
up is very similar to the one presented in [5] it was thought unnecessary to measure
the heat release rate from each test.

The instrumentation consisted of type K thermocouples (0.25 mmy} and bi-
directional probes (D=16 mm and L=32 mm) located at the centreline in the vertical
flue at different heights. In Figure 17 the instrumentation layout is shown. To
avoid influence of the bi-directional probes on each other they were mounted in a
staggered pattern.
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0.25 mm K- .typethermocaupl e and
abi-directional probe{(D=16 mm} in
thecentre of theflue

/
/

Figure 17 The figure shows the layout of the instruments used. The
instrumentation consisted of thermocouples and bi-directional probes
located at the centreline of the flue. The vertical distances o the
measuring probes are given as fractions of § (0.235 m) and H (50, 75,
100 mm), respectively. The location of the probes is identical for the
other tiers. All dimensions are in mm.

The relationship between pressure and velocity includes corrections for variation in
the Reynolds number according to calibration curves reported by McCaffrey and
Heskestad [16]. The results were averaged over the time interval during which the
measured gas temperatures and velocities were reasonably steady. It was found that
this time was about four minutes, i.e. the last four of the six minutes of the test. In
the beginning of a test, the walls were relatively cold, causing large heat losses.
After about 2 minutes the gas temperature was found to increase moderately until
the end of the test. The temperatures were corrected due to radiation effects. In [5]
a formula for the correction of a 0.25 mm thermocouple 1s given.

5 Results

In the following, calculations are compared to experimental results. First,
calculation of mass flow rates at different tiers are compared to experimental results
for different flue widths. Furthermore, flame height, temperature and velocity
measurements are compared to calculated values.
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Figure 18 Comparison between caleulated and measured mass flow rates at each
tier in the two dimensional rack storage, W=>50 mm and H=50 mm. The
calculated values are only presented when the flame height is
theoretically lower that the rack storage.

Figure 18 shows that the agreement between calculated mass flow rate and
measured ones is reasonably good at the lower tiers but poor at the higher tiers.

No considerations have been given to possible influences of high aspect ratios
(L/W) on the Kjy values, i.e. aspect ratios L/W=6-12 in our case. One could expect
that the values of Ky, will become lower for higher aspect ratios. In Fried and
Idelchik [17] the influences of high aspect ratios are shown for rectangular elbows
(p. 168-169). The loss coefficient will decrease by about 25-30% for aspect ratios
5-8 compared to aspect ratio equal to one. If we assume that a similar relationship
exists for converging flows at an intersection we can reduce the calculated aspect
ratios by a certain value. It is found that 25 % reduction yields a reasonable good
agreement with the experimental data for W=50 mm and H=50 mm. In Figure 19,
we have used 25 % reduction on the Kjq values obtained from the correlation given

on page 18.
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Figure 19 Comparison of calculated and measured mass flow rates at different tiers
for W=50 mm and H=50 mm. Observe that calculated mass flow rates
are only shown for those cases where the calculated flame height is
lower than the height of the rack storage.

Clearly the results in Figure 19 are improved compared to Figure 18 at the two
highest tiers, but deteriorate slightly at the second tier. The difference between the
mass flow rates is increased slightly and the curves are moved upwards. In general
it is found that the calculated mass flow rates tend to be slightly higher than the
measured ones at the second tier, about the same at the third tier and slightly lower
at the fourth tier. The effects of heat losses to the walls have niot been considered in
the model (assumption number 1 at page 7) but rough calculations indicate that if
heat losses are introduced the mass flow rates will be increased slightly, especially
at the higher tiers.

It is interesting to observe that the mass flow rate at each tier tends to be nearly
constant for heat outputs greater than 15-20 kW. The reason for this has been given
by Ingason [1] for a single stack, and is clearly valid for the individual tiers as
well. This means that the forces dominating the flow at each tier are about the same
as for a single stack.
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Figure 20 Comparison between calculated and measured mass flow rate_s'ar
different tiers for W=75 mm and H=50 mm. ' o
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Figure 2] Comparison between calculated and measured mass flow rates at
different tiers for W=100 mm and H=50 mm.
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Figure 22 Comparison between calculated and measured mass flow rates at
different tiers for W=50 mm and H=75 mm.

mass flow rate [kg/s]

0,0? + } +—+ t———f—+—+ + —t
ER + +  dthd tier
T e L ——ml-cajc
1 L~ ~ Mme-Cajc
0,06 | L ——-m -calc 1
T i -~ -m3-calc
+ - B A . O ml-ex
T e P - 3rd tier E m :gi
0,05 T p - + md-ex
[N A ——
I / T T
0,04 - 5] T
0,03 I 2nd tier I
T [} T
0,02 -+ -+
1 Ist tier T
0,01 ettty
0 1¢ - 20 30 40 50
Q [kW]

Figure 23 Comparison between calculated and measured mass flow rates at
different tiers for W=50 mm and H=100 mm.
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Figure 24 Comparison between observed and calculated flame heights. The
agreement is less good at higher tiers. The mass flow rates at the higher
tiers are underestimated and consequently the flame heights become

higher.
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Figure 26 Comparison between "cold"-velocity based on measurements and on
calculation.

Comparison between calculated and observed flame heights in Figure 24 are
reasonable good at the lower tiers but not at the higher tiers. Further it can be
observed that the slope of the theoretically obtained curve differs considerably from
the experiments, especially at the higher tiers. This may be explained in the
following way: the mass flow rates at the higher tiers are underestimated and
consequently the flame heights become higher than the experimentally obtained.
The slope of the curve may change slightly if the mass flow rates are increased at
the higher tiers. This can be demonstrated by the following example: we assume
Q=23 kw, W=50 mm, H=50 mm, h=1.14m, ¢ = 7.5, my=0.058 kg/s and
m3=0.050 kg/s. Thus by using cquations (21),(22) and (23) we find L¢/h=1 and
Q/W=460 kW/m. If we instead use the experimentally obtained mass flow rates we
obtain L¢h=0.9 at Q/W=460 kW/m. The slope of the curve in Figure 24 is thus
decreased slightly.

Furthermore, the influence of using a constant value of ¢ may affect the results
considerably. An average value of 7.5 for all three flue widths was used in the
calculations whereas we know it can vary from 5 - 12 depending on the flue widih
[1}. From [1] we know the average ¢ value for W=50 mm is 6. To demonstrate

the effects of varying ¢ we can continue with the example given above. If we use ¢
=6 instead of 7.5 we will obtain Le/h=0.71 at Q/W=460 kW/m instead of L¢/h=1.
This is in line with the experimentally obtained data points. Thus, the results of the
flame height model may be improved by using ¢ as a function of the width.
Actually the experimental data given in Figure 24 indicate that there is a flue width
dependence of the flame height and thus of ¢.

In Figure 25 the calculated temperature is found to be considerably lower than the
experimental values below the flame tip (2/Lg=1). Since the flame height modcl
predicts L poorly, especially at the higher tiers, a direct comparison is difficult to
make.
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In Figure 26 we see about the same values of "cold"-velocity for the experimental

and calculated values. The "cold"-velocity is defined as #,,,, = u% where u is the

measured velocity.

6 Conclusions

A theoretical model to predict mass flow rate, temperature, velocity and flame
height in a two dimensional rack storage was developed. It was necessary to
introduce generalized empirical corrections of loss coefficients, stoichiometric
requirements, and distribution of heat release in the model. Comparison of
calculated and measured values show that the dominating flow mechanisms are
accounted for in the model.

The model shows that the air flows into the horizontal flues due to the pressure
difference between inside and outside of the rack storage. According to the results
the leakage out through the horizontal flues is probably very small, if any. It is
found that about one third of the air enters through the lowest flue. The model
predicts very well what was observed in [1] that the height of the horizontal flues
have insignificant effects on the flow inside the rack storage, wiereas the width of
the vertical flue dominates the flow.

The mode} is found to predict the flame heights poorly in the upper part of the
stack. The flame height model needs to be improved. By adding heat losses the
mass flow rates at higher levels will increase and the slope of the curve will thus be
reduced. Furthermore, by using an equivalence ratio ¢ as a function of the flue
width will also improve the results. The flame height model is found to be very
sensitive to the value of ¢. It is proposed to use CFD (Computational Fluid
Dynamics) calculations in the continuing work. Thus the flue width dependence of
the experimentally obtained mass flow rates and of ¢ can be investigated.

The calculated temperature is found to be considerably lower than the experimental
values below the flame tip.

. T .
The so called "cold"-velocity, #,,,, = ua%, agrees rcasonable well with the

experimental data. The cold velocity is nearly linearly increasing below half the

stack height whereas the increase is found to decay slightly above half the stack
height.
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Nomenclature

cross sectional area of the vertical flue space (m2)
width of the box (m)

specific heat (kl/kg K)

the hydraulic diameter of the horizontal flue (m)
the hydraulic diameter of the vertical flue (m)
height of the bumer (m)

the Darcy friction factor

acceleration of gravity (m/s?)
height of the horizontal flues ()
heat of combustion per unit mass of the fuel (J/kg)

head loss at the entrance of the lowest horizontal inlet (Nm/kg=m?2/s?)
head loss due to friction inside the lowest horizontal inlet (N m/kg)
head loss due to the burner and change in direction of the flow (Nm/kg)
head loss due to the converging flow at the n'th intersection (Nmv/kg)
loss coefficient at the tee-intersection where the burner is located

loss coefficient for the converging flow at the n'th intersection
longitudinal length of the rack

flame height (m)

mass flow rate in the vertical flue at the n'th tier (kg/s)

mass flow rate in the horisontal flue at the n'th tier (kg/s)

fuel flow (kg/s)

total mass-entrainment rate of air below the level of the flame tip (kg/s)
perimeter of the vertical flue (m)

hydrostatic pressure just above floor level, see Figure 6 (N/m?2)

static pressure at the base of the first box, see Figure 6 (N/m?)

static pressure at the top of the n'th box (Pa)

static pressure at the base of the n'th box (Pa)

hydrostatic pressure outside the rack at the n'th tier (Pa)

static pressure in the horisontal flue at the n'th tier, see Figure 13 (Pa)
static pressure at the top of the box at the n'th tier, see Figure 13 (Pa)
heat transfer to the walls (kW/m2)

total heat release rate from the burner (kW)

convective heat release rate from the burner (kW)

convective heat release rate based on singel point measurements within
the rack (kW)

accumulated convective heat release rate at the top of each box at tier
number n, see Figure 5 (kW)

accumulated convective heat release rate at the base of each box at tier
number n, see Figure 5 (kW)

volume flows in the vertical flues, see Figure 12 (m%/s)

Reynolds number

stoichiometric mass ratio

height of the boxes

temperature at the top of each box at tier number n, see Figure 5 (K)
temperature at the base of each box at tier number n, see Figure 5 (K)
ambient temperature (K)

temperature difference (K)

velocity in the lowest horizontal flue (in/s)

velocity at the base of the first box (m/s)

velocity at the top of each box (m/s)

velocity at the base of each box (m/s)

defined as uTo/T (m/s)

width of the vertical flue

height from floor level (m)
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density at ambient temperature (kg/m3)
density within the rack storage (kg/m3)
air-to-fuel stoichiometric fraction
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