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Chapter 1: Introduction

1.1 Motivation

The ability to predict the length of a flame under a ceilingnigortant in assessing fire
hazard. The ceiling heat flux will increase dramaticallyhie flame region, and the potential for
flame spread on a combustible ceiling is now possible. Despitenffetance of this problem,
relatively little work has been done to address it. In contragth data has been taken for free

axi-symmetric vertical turbulent flames, and consensus caamaexist to predict the turbulent

flame length [e.g., 1].

1.2 Literature Review
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Figure 1. Correlation of radial to free flame length data [2].



The only available correlation to predict the flame extension umdeiling was given by
You and Faeth [2]. They based their correlation on small-scaleRigteauskas [3] reviewed the
problem, and attempted to develop a predictive method for the cdding.fHe assumed similar
entrainment rates into the free plume and the ceiling jet, bubalgtiz equation emerged from
his analysis. Gross [4] later obtained data for larger fireescand Kokkala and Rinkenin [5]
reported further small-scale data. The latter [5] data haduutaminar characteristics as the
flames exhibited various systematic shapes, such as a “ladis@d, “circular rings”, and “a
flower pattern”. The research of You [7-8] took the study ofirgpijet flames further, but no
new correlation resulted. Recently, Heskestad and Hamadauffi¢dtthe “strong” fire plume
interaction with a ceiling, and some limited ceiling flame data be extracted from their work.
The ensemble of available data for the ceiling jet flame isrdbesi in Table 1. The detailed use
of data is described in Appendix A.

Table 1. Range of available ceiling flame length data.

Source Q(kW) D(cm) H(cm) 77 (cm)

You & Faeth [2] 0.36-7.89 3.5-10.7 7.6-33.6 0.6-32
Kokkala & Rinkinen [5] 4.03-11.04 6 2-10 12-29
Gross [4] 104 - 283 61 50 70 -110

Heskestad & Hamada [9 23.2-764  15-61 56-151 12-191

1.3 Research Obijectives

Related studies for the non-combusting ceiling jet give vaduabbrmation. Alpert [6]
first presented on integral model for the ceiling jet. Aspettss approach will be followed in

the present analysis. Yao and Marshall [11] present valuablegadata for saltwater plumes



and their interaction with the ceiling, especially giving ghsiinto the dynamics of the turning
region.

We seek to use a simple integral model for the flame regithe ceiling jet, and attempt
to obtain approximate solutions that will help to generalize thel ifaliae length data. Also we
seek to examine if the correlation given by You and Faeth [2]b&ilsupported by such an
analysis. Their correlation, with their data, is shown in Figuré/hile the correlation as shown
is generally good, to use this correlation, a prediction for the ffamee height is needed.
Moreover, it must be seen if the correlation can predict the ef#teeensemble of Table 1. We

seek to see if an approximate integral model can give more general results



Chapter 2: Approach

2.1 Model

The model is based on the approach that the fuel supply etkassted when all of the
reacting air is entrained. This end position gives the radialef extent. The entrainment rate for
the vertical fire plume and the ceiling jet must be known. Reffitee vertical plume, the results
of Grove and Quintiere [1] give an expression for that entrainmant Mo result exists for the
entrainment rate into the ceiling flame. However, the intdgradework of the successful Alpert
[6] non-combustion ceiling jet can be used to obtain the needed entrainment eddititm, the
mixing rate for combustion r, the ratio of the entrained air to stoichiometric air — is neéated
both the plume and the jet. For the plume, it was foundntiea®.6 [1]. That is, about 10 times
stoichiometric air must be entrained to complete combustion. The fealoen the ceiling jet is
not known. Moreover, it is not likely to be a constant as in the fregopfume; especially since
the ceiling jet can re-laminarize.

Boundary and initial conditions are also needed. The plume will give tred sotidition.
The ceiling boundary condition for heat transfer is problematigeA[6] found that the ceiling
heat transfer had surprisingly small influence on his resultea ceiling jet region. However,
correlations for the free plume and the same plume with mgajive dramatically different
temperatures [14]. This difference indicates that the gitdatesof heat from the flame is in the
stagnation region of the impinging zone. Therefore, we will ma&mes simplifying

approximations here. It will be considered a constant fractioimeofavailable plume energy;



after the turning region, an adiabatic assumption is made for theohiad ceiling jet consistent
with the findings of Alpert [6].

The dynamics of the ceiling jet will be computed using an iategodel with uniform
velocity and temperature in the normal direction. These varighleshen be computed along
with the jet thickness as a function of the radiusAs a result of these considerations and
assumptions, the jet entrainment rate can be formulated, and irhéumixting rate for the jet

will be estimated. The model formulation is described for each component below.

2.2 Heat Release Rat@,

The total combustion energy from the fuel source is consumed m rtbgeons: (1) the
vertical fire plume region, (2) the turning region, and (3) thezbotal ceiling jet flame region
after the turning region. These regions are displayed in Figuleng with some nomenclature
for the model. The rates of air entrainment into the plume anegeins determine the rate of

combustion.



If

Y

Flame Tip

Entrainment rate H
matches
combustion rate

L

Figure 2. Schematic of the model.

At the tip of the flame, no more fuel remains. Therefore therhzels release rate is equal to the
fuel reaction rate.

mF,sup = mF,react (1)
Replace the fuel reaction rate in terms of air reaction rate. Fronotbeisinetry,

1(g)fuel + s(g)air = (1 + s)(g)product . (2)

The stoichiometric air to fuel mass ratio is giversashen rate of fuel reacted is related to the
air as

ME react = Mareact/ - 3)

The rate of air entrained into the fire plume and the ceilings jet excess of the air needed for

combustion. Actually it is found that about 10 times more than stoietramair is entrained



over the flame length. This appears to be a turbulent-combustion tyrapéne plume and may
not depend on fuel. In terms of the mixing ratio for each region, the rate of ainergmdiis

m; = NiMy react - (4)

where the subscriptean refer to the plume) or the ceiling jetjj. Take the air entrainment rate
in the vertical fire plume region as,. This isn, times the stoichiometric air entrainment rate in
the plume. Similarly, the air entrainment rate in the horizardding jet regiorviy; is n; times

the stoichiometric air in the jet. Then

mF,sup = (ﬂ + ﬁ) 2 . (5)

Tlp nj N

Multiply Eq. (5) by the heat of combustidih,. Note thati ,,,,Ah, is the heat release raje

0= (ﬂ n ﬁ) (“_"C) (6)

Tl.p TLj N

This expression will be used to obtain the flame length. It shoutehtesl thatdh./s is nearly a
constant for most hydrocarbon fuels, ~ 2.97 kJ/g-air. Formulatidmecéritrainments rates will
complete this expression and allow for a solution of the entrainreritane) length in the
radial direction.The value of1, for the fire plume is taken 9.6 [1], and the valueyofor the

ceiling jet needs to be determined.

2.3 Fire Plume Entrainment Raté,,

Grove and Quintiere [1] gave the formula of entrainment rate iveheal fire plume
region as a function of flame elevatian,

My (2) = pwg/?D5/?Co(2/D)*(1 + 2C;z/D)? @)



where

z height above the fire source,

D fire source diameter,

C, fire plume radius constar; = 0.179,

C, entrainment coefficient, adjusted to fit the flame length data of You [2],

C, = 0.026[A(1 — x,)]/? , where

A = Ah./sCyTy = 9.97,

X, radiation fraction.

Several fuel sources were used in You's experiments, includititarma, ethanol, propanol and
pentaney, is found to be 0.15 and 0.24 [13], for methanol and ethanol, respectively, and we
found a reasonable approximationypffor all fuels to bey, = 0.20 .

The formulation of Eq. (7) has been found to have good accuracy with @atrainment
data (+/-20%), and accounts for the flame’s base diameter. ThiatbA026 was selected to
match the data of You [2] for his free plumes to maintain comgigten comparing with his
ceiling flame data (see Appendix B). The value of Grove and Quintiere fbjout twice.

The value ok is taken at the elevation where the plume intersects theggti,H-he, as
shown in Figure 2, where
H distance between the fire source and the ceiling,

h. flame thickness at the starting point of the ceiling jet.
Information about the turning region will allow the plume to be comake® the ceiling

jet.



2.4 Fire Plume at the Turning Region

In order to begin the solution for the ceiling jet, values for tleedlume variables are
needed at the turning region. These are taken from the correlations of Grove ratner€){i].
Their solution in the flame zone is given as:

Plume radius

r,=D/2+Cz ’ (8)
Centerline velocity

wy = C,(g2)"? , €, = 0.720(A(1 — 1)), 9)
Centerline temperature

0, = (T — Tpo)/Too = 0.3470(1 — x,) . (10)

2.5 Initial Conditions for the Ceiling Jet

Conservation laws applied to the turning region will give theaingonditions for the
ceiling jet atr = re. As the ceiling jet thickness at the start is roughly aboud (10], the plume
starting values will be taken at= H as an approximation. Also the profiles in the plume and the
ceiling jet, normal to the flow direction, are approximated asoumif We do not expect these
approximations to have a significant impact on the ultimate trésuladial flame length. The
following initial conditions are developed.

Radius:

re:rp(H) (11)



Alpert [6] assumed the horizontal flow velocity at the starpomt of the ceiling jet is
equal to the vertical velocity at the ending point of the fiteny@. This might be justified by an
inviscid flow for the turn. Measurements by Yao and Marshall [Idjfion that this is a
reasonable assumption. Therefore,

Velocity:

v, =w,(H) (12)

The flame temperature at the starting point of the ceilgtgsj lower than the flame
temperature at the end point of the fire plume, as significantita@afer occurs in the stagnation
region of the ceiling. This heat transfer depends on the flow arekilivey material. Heskestad’s
correlations [14] for the free plume and the same plume witlliagcgive dramatically different
temperatures.

The centerline mean excess temperatureaditove the virtual origin, is given as

T —To = 9.1(To /(gchp3)) 2 Q%3 (2 — 29) /3 (13)

or equivalently, at ceiling heiglht,

(T = Te)/Te = 910", Qi = @/ (Peoy Toog /2 H/?) . (14)

In the ceiling jetr/H < 0.2, the correlation for the temperature is given as

(T — Tw) /T = 63053 . (15)

As an approximation, it is represented as a heat lossofract the initial flow energy, and
related to the starting temperature of the jet as

X =(T,=T)/(T,~T.) (16)

10



T, — T, represents the heat loss to the ceiling, Bne T, represents the energy in the fire
plume. From Eqgns. (14 & 15), we observe a 30% heat loss to the ¢edirk = (9.1-6.3)/9.1 =
0.3). Thus Xy is estimated to be 0.3 as a representative value based on carrefdtions. The
same value is also found from analyzing the measurements of You [10]. Theowsftiat

6,=(@1-X;)6, wheref =(T,-T,)/T, (17)

The variables in the ceiling jet formulation will consist of velocity, terafure, and jet thickness,
h. An initial value,h,, is needed foh. By considering a control volume encompassing the
turning region in Figure 2, the flame thickness at the stapimigt of the ceiling jet is obtained
by performing a mass conservation of the turning region. Uniforrhabprofiles are assumed
for all velocity and temperatures. The densities are direetited to temperatures through the
perfect gas law at constant pressure.

The mass flow going into the turning region at the end point of the vertical fire [dume

Mip = PpTTe* Wy (18)
where

pp flow density in the vertical fire plume region.

The mass flow coming out of the turning region at the startingt pdithe horizontal ceiling jet
is

Mout = PelMTeheve (19)
where

p. flow density in the turning region.

Conservation of mass in the turning region gives

11



he = 1epp/2pe . (20)
Substitution of the ideal gas law,

ppTp = peTe (21)
and substitution ofX, give

h=(r,/2)[1-X +XT,/T,]

(22)
where X T, /T, can be neglected since its typical value is of the order of 0.01.
Thickness:
he = .(1 = Xr)/2 (23)

Thus, Eqns. (11, 12, 17 & 23) give the initial conditions for the ceil@tigrggion.

They are now used to solve the governing equations for the ceiling jet.

2.6 Ceiling Jet Equations

The ceiling jet equations are derived as in the boundary ldngeaaer wherd/H is
small (of the order of 0.1), and the Reynolagh(x) number is largé,/Re~(h,/H)?. We make
the following assumptions for these equations:

1. Bousinnesq approximation in which density is constant, except in the buoyancy term.
2. Adiabatic in the ceiling jet, i.e. no heat loss to the ceiling.

3. Pressure variation across the jet is approximately constant inrtree fla

4. Combustion rate is controlled by air entrainment.

The pressure assumption eliminates the buoyancy term in the radial momgoatiareretained

by others [6,7,10]. This omission can be shown to be small. We bédhese assumptions will

12



have no serious effect on the entrainment rate that is being dougtinplete the solution for
the radial flame length. Detailed derivation for ceiling jet equatimashown in Appendix C.

With the preceding assumptions, the governing equations are given as

Mass:
19(0v) | du _
ror Tay =0 (29)
Momentum:

v ov 9%y
o (V55 Hu5g) = 5)
Energy:

9(T—Too) AT-Tow)] _ 5 02(T-Tw) |, 11

poocp[v S tu 5 ]—k 272 +q". (26)

Integration of the governing equations over y is carried out followipgrt [6] and You
[7, 8] using top-hat profiles, i.e. uniform quantities along ghdirection. The ceiling is
considered to be adiabatic, and not other heat loss occurs imthe fThe following ordinary

differential equations result for the axisymmetric ceiling jet #am

Mass:

% (rvh) = Erv (27)
Momentum:

%(rvzh) = —frv?/2 (28)
Energy:

%(rvh@) = Ervd/n; (29)

13



whereE is the entrainment coefficient, ang,,; = Ev represents the entrainment velocity for the
turbulent modelf is the friction factor. In general, the entrainment coefficieqtedds on the
local Richardson number (Rigéh/\?), and the friction factor depends on the Reynolds number
(Re=pvhlu).

Alpert [6] adopted the relationship to describe the entrainment coefficient as

_ —aRi
E=Ee (30)

where the fully turbulent jet entrainment coefficienEjs= 0.075 for small density changes, and

o~ 5. By adjustinggj for large density effects, we can write [15]

_ 1/2
E, = 00750/ p,)"* (31)

Now we wish to evaluatE as a constant to simplify the integration of the equations. We chos
to evaluatéE at the flame tip
Er = (0.075/( 87+ 1)/%) "Ry (32)
where the corresponding Richardson number is evaluated at the flame tip.
He took the friction factor as a constant ranging from 0.002 to 0.0theAsffect of the friction
factor is small compared to that of the entrainment coefficiemtas taken as 0.02 in the
subsequent computations.

The governing integral equations are integrated for constantl E from the starting
position to the flame tip. Note that the mixing ratio for thdirgijet, nj, has not been specified.
We would like to specify it as a constant, and will in the irgegn, but at this point have no

idea what value to assign. The results follow:

hy = (E+ f/®)r5 — (Te/rf)[(E + f /01, — hel

14



(E+f/2)/(2E+f/2)

0 = ((rfvfhf — 1.vehe ) (A/1) + reveheee)/(rfvfhf) (33)

2.7 Jet Entrainment Rateé;

To complete the solution fax, the radial flame length, the entrainment rate into the
ceiling jet up to the flame tip needs to be computed. By conservation of mass, it foddws t
dm; = PoolUent2Tdr (34)
with Uent= EV. (35)
Integration from the onset of the ceiling jet flameg,to the flame tipry, yields the formula for
the air entrainment in the ceiling jet.
m; = anoo((rvh)f — (rvh),) (36)
Closure of the problem involves substituting Egns. (7, 33, & 36) in Eq. (6) to give a relationship
between the overall energy release rate and the radial flame.length
Q = (pwdhc/s)[g/?D>2Co(2/D)V/2(1 + 2€, 2/D)? /9.6 + 21 (ryvehy — T.Vehe ) /1y],
z=H-—h, (37)
However, the mixing ratio for the ceiling jet, is still unknown. Here we resort to an empirical
fix. This fix is justified, as in any approximate solutiongtaxpected that to satisfy the data an

empirical constant is usually needed. That empiricism is expressed thheugddue oh,;.

15



2.8 Ceiling Jet Mixing Ratio, nj

The first three data sets illustrated in Table 1 were usewéstigate hownj might vary
based on using the data to satisfy Eq. (37). Full results arenshofwppendix A.This variation
ranged from about 1 to 10. It suggested thawvould represent mixing into a laminar flame as
stoichiometric conditions would apply faf = 1, and to representing the turbulent mixing of the
plume fornj = 9.6. The Richardson number is the parameter that controls the wéhtthe
turbulent mixing, saj was investigated as a function ok RFigure 3 shows these results. It is
seen in the figure that there is also an effe@/6f. As the flame base diameter becomes larger,
the vertical flame becomes more laminar-like near it® basmallH. It is generally expected
that as the Ri increases to a value of about 0.3, turbulent msxsuppressed and laminarization
of the jet can occur [12]. While these data do scatter, themedsfinite trend that showy
decreases to values near 1, and a family of curves pertaiddHtoThe functionality of the
dependence ohj on Ri and D/H is somewhat arbitrary, and the following expression was
selected as a reasonable fit that follows the data.

n; = 9.6exp|[—(2.26(Rif — Ri, + 0.05)/(0.197 — 0.091 D/H))] (38)

The smooth curves in Figure 3 indicate the empirical correlation.

16
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10 702804 0.6 122 ——\/alues forD/H

Ri,

Figure 3. Variation of ceiling jet mixing with Riahdson number at the flame tip. Values
D/H: m 4.27, 3.2, 1.28 (Kokkalay 1.22 (Gross), 1.4, 1.0 (YolA 0.67 (You), 0.64 (Kokkala)
0.60, 0.52 (You):A 0.46, 0.40 (You)¢ 0.29, 0.28 (You); —Theory
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Chapter 3: Results and Analyses

3.1 Results for Flame Length, r

The solution presented in the previous chapter, while in algebraic thoas require
iteration to obtain a value for the radial flame length. Thenéisganput parameters are the
diameter of the fireD; the height of the ceilindjl; and the firepowerQ. These can be arranged

into a dimensionless functionality:

r7/H = function(Qp, D/H),Qp = Q/(pwcyTwg'/?D5/?), or equivalent. (39)

re /H

i T 128 <.
L l S

'Values forD/H 0.64 .. ‘

Dash Liner;=r,
0.01 0.1 Q) 1 10

Figure 4. Theoretical results compared to data for radiaddl length. Values fdb/H: m 4.27
(Kokkala); o 3.2 (Kokkala);e 1.4 (You), 1.28 (Kokkala)p 1.22 (Gross), 1.0 (You) 0.66
(Heskestad), 0.64 (Kokkala), 0.67, 0.60, 0.52 (Ya)0.46, 0.40 (You), 0.40 (Heskestad);
0.29, 0.28 (You), 0.32, 0.27 (Heskestad); —Fheory; - - 1:=r¢

18



Figure 4 displays the computed results based on Egns. (38 & 39) dslises, and the
associated data. AB/H is large, 3 — 4, the ceiling flame becomes very long and thes flam
more laminar-like. In general, the radial flame length normaliagti the ceiling height,
increases aQ*p increases an®/H increases. The theory also indicates the locus ofr, for
which the ceiling flame just fills the impingement regionisitedious to compare the computed
solution to the precise corresponding data in Figure 4. TherefgueeFb presents a direct

comparison. Most of the results fall into -10 to +25% accuracy.déufiputations are presented

in Appendix D.
10
I Ave. Error: +25%
8 + ;
) I S
5 -
E L
E L
5 °F
= : " Ave. Error: -10%
-§ 4 | //, g ’, . .
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~— | g
E B /l’/ *
g 2 I ‘/'/’ £
- ’ 'l’ i
R A
O § | 1 1 1 ! | ! ! ! ! | ! 1 1 1 | 1 ! !
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r; /H (Data)

Figure 5. Direct comparison of predicted and experimental results.
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3.2 Simple Correlation for Flame Length, r

The objective of this work was to obtain an analytic result, busdahgion does not lend
itself to such a result. However, the accuracy of the computatiaggests that a correlation
developed from the theory might prove useful. This was done with asagoautcome. The
effect of D/H disappeared from the result. It was found that a good equation fiadilaé flame

length, when the vertical free flame height is computed to be greater thailthg, is
/D = 1.62Q5%°, Hy = H (40)

The corresponding free flame height expression from Grove and Qeifitigisee Appendix B)
is

He/D = 6.17Q5*/° — 1.83, for @ > 0.1 (41)
Figure 6 presents the results for the simple correlation of329.. The accuracy is similar to the
direct computation, so this is a valuable simple equation. Its lack of depermi@dtd might be

partially explained by examining the sketch in Figure 7DAS varies from about 0.2 to 1, there

is no change afi/D asQ* stays constant and the overall flame length stays nearly the same.
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r:/D
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Qb

Figure 6. Simple correlation. Values fOfH: m 4.27 (Kokkala);o 3.2 (Kokkala);e 1.4 (You),
1.28 (Kokkala);o 1.22 (Gross), 1.0 (Youh 0.64 (Kokkala), 0.67, 0.60, 0.52 (Youk 0.46,
0.40 (You);0 0.29, 0.28 (You); —Theory; ---- Error.

Ie

' r/D independent of H/D

D2

Figure 7. lllustration showing is independent dfi for givenQ andD.
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The original correlation of You and Faeth [2] combined the freadléength with the

actual ceiling height. Their result would still contaiD/l effect as they give

re/D = 0.502((H; — H)/D)**" (42)

and substituting Eqg. (41) would not eliminddH. So their correlation cannot be put into the
form of Eq. (37). To evaluate its merits over the ensemble ofinldtable 1, Figure 8 is plotted
using Eqgns. (40 & 41). The results indicate accuracy within 37%, gbatehigher than that
given by the new correlation of Eqg. (40) at 26%. Both correlatawasroughly linear with the

free flame height.

100
. _17\0.957
You: < = 0.502 (Hf H)
D D
Ave. Error +37 %
10 Grove:% = 6.170;%° — 1.83 °
o
- Ave. Error -23 %
1 E
0.1
0.1 1 10 100

(H; - H)/ID
Figure 8. Radial flame length in terms of free flame heightues forD/H: m 4.27 (Kokkala);o

3.2 (Kokkala);e 1.4 (You), 1.28 (Kokkala)y 1.22 (Gross), 1.0 (Youp 0.64 (Kokkala), 0.67,
0.60, 0.52 (You)A 0.46, 0.40 (You)p 0.29, 0.28, 0.23 (You); —Fheory; ----- Error.
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We seek to relate the flame radial length under the geilinto the free flame height with
the absence of a ceilingy. Instead of using the free flame height formula of Eq. (41) which was

adjusted to fit data of You, we choose to use a more widely knownul@rprovided by

Heskestad [14] (see Appendix A):

He/D = 15.6Q5%/°A73/5 — 1.02

or the same formula with = 9.97

Hy/D = 3.930Q5%° — 1.02 (43)
Figure 9, combining formula of Eq. (43) féf; and simple correlation of Eq. (40) oy,

illustrates how the two are related in application.

10
- Heskestad: H;/D = 3.9305%° — 1.02

H/D=2 - T

re/D = 1.62Q5%/°

H;/Dorr;/D
=

0.1 —
0.1 1 10
Qb

Figure 9.Free flame height and radial flame length.
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Consider a room with ceiling heigb/H = 0.5 (orH/D = 2 in the figure) as an example.

For fire powerQ* small,H:/D < H/D, i.e. before fire reaches the ceiling, the free flame height
follows Eq. (43). ForQ* large,Hs/D > H/D, i.e. after fire hits the ceiling, the flame radial

length under the ceiling follows Eq. (40).
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Chapter 4: Summary and Conclusions

An integral model for the ceiling jet flame coupled with knowrultssfor the fire plume
region enabled a solution for the radial flame extension. This solageded to introduce an
empirical relationship for the ratio of air entrained to stoiclatia air. That ratio was found to
vary from about 1 for “long” flames to ideally 9.6 for flame tyst extending from the plume
region. This represents the range of laminar to fully turbulemmnesyfor the ceiling jet flame.
Further study should examine these mixing aspects.

The simple correlation of You and Faeth [2] was examined for a watabase. It showed
similar accuracy to a simple correlation derived from theecurstudy. While both show the
radial flame extension is nearly linear with the free valtitame height, the latter correlation

showed no dependence DrH.
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Appendices

Appendix A: Data and Calculations for Ceiling Jet Mixing Ratjo, n

A.l. Data

Data and calculations are presented in the Table 2 below. Theatefof the table is
experimental data, obtained from previous investigators (alsoat#e TI). The right part of the
table shows calculations using the theories derived in this dhadg.is arranged in an order so
thatD/H decreases.

You and Faeth [2] used several varieties of fuels, includingamet, ethanol, propanol
and pentane, but in small scale and at low heat flow rates ¢ kw).

Kokkala and Rinkinen [5] conducted small scale experiments. Propaneaturdl gas
flames in the range of 2.9 kW to 11 kW on a burner of a diamet@rédf m were used. We
extracted their data from a figure using a graph digitizer so&wand that is whiy data of many
decimal places appear.

Gross [4] conducted large scale experiments and measured bogimrarisic and
corner-wall-ceiling configurations for a range of energy supalgsr up to 400 kW and burner-
to-ceiling heights up to 2.3 m. Flame length observations wereuwnftypes: Visual, 35 mm
photograph, instantaneous—short exposure and extended exposure; and video lnamera
study we used their data from video camera.

Data from You & Faeth, Kokkala & Rinkinen, and Gross is listethen first part of

Table 2, and is directly used in investigating the mixing rgtand the flame length calculations.

26



A few data of flame lengths;, may have been very slightly adjusted in order to complete the
iteration calculations that will be discussed later.

Heskestad and Hamada [9] made observations of the mean flartteifeagme cases in
their experiments where the flames impacted the ceilingy T not give direct values for
flame lengths. Instead, they found that the ratio of the mean fengéh,r;, to the flame portion
intercepted by the ceilingd;-H, ranged from 0.88 to 1.05, averaging to 0.95. Their data is listed
in the second part of Table 2. For each case, we listed both oraxfm=1.05H; —H)) and
minimum ; =0.8§H;—H)) values from calculations. The calculations are only on the pugfose
including their data ranges in Figure 4. Their data was not used anywleeie teis study.

Our theory assumes fire grows large enough to pass the tuegioyp. For some cases
where the flame hits the ceiling but is not large enough to padsirthiag region, i.er; <re,

calculation results were abandoned because our theory does not apply to such cases.

A.2. Calculations for Ceiling Jet Mixing Ratin,

Eq. (37) gives a relationship between the overall energy ralggsand the radial flame
length. The only unknown is, the ratio of actual air entrained to the stoichiometric air. The
purpose of Table 2 is to use Eq. (37) and experimental data to calanlampirical value fa.
After that we seek to find a reasonable correlatiomfaso that it becomes a known parameter
and thus can be used to calculate the relation between thel @reraly release rate and the
radial flame length in Eq. (37). The latter part of calculatisngresented in Appendix D and
Table 3.

Several things involved in calculatmgeed to be noted:
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1) When using Eq. (37), we decided to ysas the input to calcula, rather than to us@ to
calculatery, becauséy, v, andn; are all functions ofy. As a result, when calculating the values for
n, we did so by setting a value for eaglso that in the end the calculated heat releaseQgtg,
is as close as possible to the original heat release rate from thienexpeQp* ;.
2) In order to obtain values fby, v, 6; andRj at the flame tip, the value f& at the flame tipk;,
is needed. HoweveE; is a function ofRi, which depends ohy, v, 6;. Therefore iteration is
neededhy, v, 6 andRis are first calculated usinB., and then a value fdg can be obtained
through thisE.. E¢ is then reset to the same valueEgswvhich will in turn change values for all
the parameters. After iterations whggfinally reaches the same valueBsvalues forhy, v, 6
andRis are carried out.
3) The model assumes that combustion rate is controlled by eainenént, and the actual air
entrained into the ceiling jet is in excess of the air neededdmbustion (e.g., the ratio of air
entrained to the fire plume to the stochiometric amyis 9.6 [1]). The assumption determines
that the value of; cannot go below 1. Table 2 presented the original calculationgeSolne of
the results showy even approaches 0. We consider those calculation results not physica
Therefore, when we presemtresults in Figure 3 in order to investigate its behawjds reset to 1
for data sets whemg< 1, and calculations were performed again wi#.

The calculation results for are presented in Table 2. The first four colun@sl, H, rf)
are raw data from other investigators [2, 4, 5 & 9]. The restha calculation results from this

study.
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As Ri controls the nature of the turbulent mixing, we chose to igashj as a function
of Ri. The results fon, and Ri are marked in Figure 3. As observations made in Chapter 2.8 has
stated, the variation of ranged from about 1 to 10. There is a trend that simpwiecreases
from values near 10 to values near 1. We expect for those shaitftanies where fire hits the
ceiling and stops right at the ceiling impingement (.er . andRis = Rig), n; is likely to be close
to the turbulent mixing ratio in the plume, 9.6, while in the long lamiadial flames, this value
would approach 1. It is generally expected that as the Ri insréasa value of about 0.3,
turbulent mixing is suppressed and laminarization of the jet camr ¢t2], but no satisfactory
theoretical estimate of critical Ri has yet been made.XBynéing the data trend, we determine
the critical Ri to be 0.23 for this studd family of curves pertains tb/H is also observed. With
the starting position 1; = 9.6) and the end positiogn; = 1) fixed, ¢ containing D/H is
correlated as
¢(D/H) = In9.6/(0.23 — Ri,) or equivalently,

o(D/H) = 2.26/(0.197 — 0.091D/H ) (A-1)
A constantc, is introduced to fit datalhe model fom; vs.Ri is thus made as

nj = 9.6exp[go((Rie — Rif — Cn)] (A-2)
andc, is found to be 0.05.

Therefore we have

n; = 9.6exp[—(2.26(Riy — Ri, + 0.05)/(0.197 — 0.091D/H))], for Rif < 0.18

n; = 1, for Rir > 0.18 (A-3)
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The above process in the formulatiomgafhows that though it is evaluated from an empirical fit, it

has its physical base.
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Table 2. Data and calculations for ceiling jet mixing ratjo,

Q(kwW) D(m) H(m) r¢(m) |rifre DH re Ve he' 6 Ri E. re h' W O n Ris = my m]’-* Qp, @p,
4,888 0.064 0.015 0.182 525 427 231 202 09@®110.422 0.001 12.13 0.24 1.49 6.84 0.0 0.739 0.00D11 0.014 358 4.21
9.40 0.064 0.015 0.279 8.04 427 231 202 090110422 0.000 18.60 0.20 1.11 7.85 0.0 1.297 0.00011 0.001 4.20 8.11
4,032 0.064 0.02 0.1408 396 320 1.78 2.02 0.69110.325 0.004 7.04 0.23 1.62 4.74 0.2 0.423 0.00024 0.054 2.70 3.48
7.621 0.064 0.02 0.235 6.60 320 178 2.02 0.69110.325 0.001 11.75 0.17 1.28 6.72 0.1 0.697 0.00D24 0.026 4.31 6.57
2.26 0.107 0.076 0.12 1.79 141 088 202 034 10161 0.022 158 0.22 1.86 2.07 2.1 0.133 0.02268. 0.097 053 0.54
2.77 0.107 0.076 0.155 231 141 088 2.02 0.34110.161 0.022 2.04 0.19 173 2.03 3.2 0.132 0.02D68 0.187 0.65 0.66
3.29 0.107 0.076 0.19 283 141 088 202 0.34 101m61 0.022 250 0.18 1.60 2.00 4.0 0.140 0.02268. 0.282 0.77 0.78
7.89 0.107 0.076 0.3 447 141 088 2.02 0.34 10161 0.015 395 0.15 1.32 2.29 2.8 0.201 0.01568.00.481 1.78 1.88
4.07 0.064 0.05 0.1161% 2.84 128 0.82 202 0.3®110.150 0.014 232 0.15 1.68 3.43 0.6 0.185 0.0a4€75 0.207 352 351
6.414 0.064 0.05 0.15905 3.88 128 0.82 2.02 0.3®110.150 0.010 3.18 0.13 151 4.33 0.5 0.240 0.00@75 0.278 5.62 5.53
7.013 0.064 0.05 0.182 444 128 0.82 202 0.32110.150 0.009 3.64 0.12 1.43 4.54 0.5 0.262 0.0097% 0.306 6.17 6.05
7.655 0.064 0.05 0.202 493 128 082 202 0.32110.150 0.008 404 0.11 1.37 4.69 0.5 0.284 0.00®7% 0.327 6.59 6.60
7.336 0.064 0.05 0.195 476 128 0.82 202 0.32110.150 0.008 390 0.11 1.39 4.63 0.5 0.275 0.00®7% 0.319 6.43 6.32
8.322 0.064 0.05 0.225 549 128 082 2.02 0.32110.150 0.007 450 0.11 1.29 4.88 0.5 0.320 0.00®7% 0.353 7.13 7.17
8.97 0.064 0.05 0.253 6.18 128 0.82 202 0.32 10150 0.006 5.06 0.10 1.21 491 0.5 0.346 0.00®79. 0.357 7.19 7.73
9.688 0.064 0.05 0.287 701 128 082 2.02 0.32110.150 0.004 5.74 0.10 1.13 5.43 0.4 0.409 0.0047% 0.323 8.14 8.35
104 0.61 0.5 0.7 1.77 122 079 202 031 191 4€.1a025 140 0.20 1.85 1.91 5.2 0.113 0.025 0.0823 0.32 0.32
126 0.61 0.5 0.8 203 1.22 0.79 202 0.31 191 4.14025 160 0.19 1.78 1.89 5.8 0.112 0.025 0.08a78 0.39 0.39
146 0.61 0.5 0.9 228 122 079 202 031 191 4€©.14025 180 0.18 1.72 1.87 6.3 0.114 0.025 0.082320 0.45 0.45
163 0.61 0.5 0.9 228 1.22 0.79 202 0.31 191 4.14025 180 0.18 1.72 1.90 55 0.115 0.025 0.08230M 0.50 0.50
179 0.61 0.5 1 253 122 079 202 031 191 0.1a425 200 0.17 1.65 1.87 6.2 0.118 0.025 0.08089.20.55 0.55
206 0.61 0.5 1.1 279 122 079 2.02 0.31 191 4.14024 220 0.17 1.59 1.86 6.2 0.122 0.024 0.0834% 0.64 0.63
231 0.61 0.5 1.1 279 122 079 202 031 191 4€.14.024 220 0.17 1.59 1.90 54 0.124 0.024 0.083410 0.71 0.71
253 0.61 0.5 1.1 279 122 0.79 2.02 0.31 191 4.14023 220 0.16 1.60 1.94 4.8 0.125 0.023 0.0833M0 0.78 0.78
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1.54* 0.076 0.26 0.028 033 029 033 202 0.1311.9.059 0.020 0.11 0.36 2.09 1.93 9.0 0.159 0.026390 -0.26 0.27 0.86
1.64* 0.076 0.26 0.052 062 029 033 202 013119.059 0.028 0.20 0.20 2.08 1.93 9.0 0.087 0.028%390 -0.26 0.27 0.92
3.46 0.076 0.26 0.124 147 029 033 202 0.13 19D59 0.034 048 0.10 1.90 1.94 40 0.052 0.03639D. 0.548 192 1.94
0.36 0.035 0.127 0.041 1.02 0.28 032 202 0.12110.058 0.032 0.32 0.12 202 1.97 0.3 0.059 0.033940 0.020 141 1.40
0.778 0.035 0.127 0.077 191 0.28 0.32 202 0.13110.058 0.034 061 0.08 1.77 1.90 56 0.050 0.08494 1.363 3.04 3.03
1.54* 0.076 0.336 0.006 0.06 0.23 0.29 202 0.11911.0.053 0.001 0.02 184 205 191 90 0837 0.00B31 -0.01 0.85 0.86
1.64* 0.076 0.336 0.032 033 0.23 0.29 2.02 0.11911.0.053 0.021 0.10 0.33 2.10 1.93 9.0 0.144 0.02B31 -0.43 0.39 0.92
3.46* 0.076 0.336 0.098 1.00 0.23 0.29 202 0.11911.0.053 0.034 0.29 0.11 2.02 191 90 0.053 0.08831 -0.00 0.86 1.94
92.6* 0.3 0.92 0.23184 0.74 0.33 1.68
92.6* 0.3 0.92 0.194304 0.62 0.33 1.68
185 0.3 092 0.71484 227 0.33 3.35
185 0.3 0.92 0.599104 190 0.33 3.35
23.2* 015 056 0.141134 0.81 0.27 2.38
23.2* 015 056 0.118272 0.67 0.27 2.38
46.3 0.15 056 0.43512 248 0.27 4.75
46.3 0.15 0.56 0.364672 2.08 0.27 4.75
382* 061 151 0.38052 0.66 0.40 1.17
382* 0.61 151 0.318912 0.55 0.40 1.17
764 061 151 117327 2.04 0.40 2.35
764 0.61 151 0.98331 1.71 0.40 2.35
764 061 092 191268 4.07 0.66 2.35
764 0.61 092 1.603008 3.41 0.66 2.35

* Calculation results are abandoned for these data sets bedalisel.
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Note:

ri'=ri/H;
h’=h;/H
vi' =vil\/gH,

ei = (Tl - TW)/Twa
Rii = g6 by'/vi'%;
m; =/ (p.g*/*D5?);

Qp1 = 0/(pCpTog™?D>?);

Qp2 = (np + nj>/1.
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Appendix B: Flame Height Prediction; H

The free flame heightj, given in Figure 1 was obtained from the measurements of You
and Faeth [2]. In general, a formula is needed for predictingiaatyfree flame height. We
chose to use the model of Grove and Quintiere [1] tailored toebdladme height data of You.
Combine Egns. (6 & 7) withh; = 0,

Qp = (AC./ny) (2/D)/*(1 + 2C,z/D)> (B-1)
whereQ} = Q/(pwcyTwg'/?D>/?)

With substitution of values for constants in the equation, a good approximation can béahade t
(z/D)Y?(1 + 2C,z/D)? = (0.832 + 0.455z/D)>/?, z/D > 0.5

(z/D)Y?(1 + 2C,z/D)? = (—0.013 + 1.33z/D)>/?, z/D < 0.5 (B-2)

With Egns. (B-1 & B-2), free flame height in terms of heagask rate is carried out for the data
range of You as

He/D = 6.170;%/° — 1.83, 0}, = Q/(pwcyTgt/?D%?) , for @ > 0.1 (B.3)

Figure 10 shows the fit of the correlation.
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10
~ Grove: H;/D =6.17Q5*° —1.83

H, /D

e Data from You
—Theory from Grove

0.1 1 10
Qb

Figure 10. Free flame height prediction tailored to data of You [2].

Figure 11 shows the free flame height predictions from GroveHasélestad compared to

a wide range of data studied by previous investigators.
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H, /D

10

{/ I Data Range

—[0—= Theory from Grove: H¢/D = 6.17Q,’52/5 -

—— Theory from Heskestadi; /D = 3.93Q52/5 —1.02

0.1 —_— —_—
0.1 1 10
Qb

Figure 11 Free flame height predictions compared to a wide range of data.
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Appendix C: Derivation and Formulation

C.1. Governing Equations

Consider mass, momentum and energy conservations of steady flowrite tee
governing equations for the ceiling jet. Assume Bousinnesq appriaamia which density is
constantp = p,, except in the buoyancy term. We start momentum conservationthéth
Navier-Stokes equations in cylindrical coordinates for turbulent-steaay flo

Mass conservation:

10(rv) | ou\ _
Peo (; or + 5) =0 (C-l)

Momentum conservation:

y-momentum:

pw(vg—z+u2—;)=pg—Z—Z+u[li(rz—Z)+fTZ (C-2)

ror

r-momentum:

N e =

Energy conservation:

oT aT)

PosCp (v 5 T uz) = k [li(rz—:) + ZZTZ] +q'" (C-4)

ror
where k is the thermal conductivity.
We simplify governing equations by following processes.

Mass conservation:

19(rv) , ou

r or dy =0 (C-S)

Momentum conservation:
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y-momentum:

To simplify the momentum equations, we shall apply boundary layeaatiea to the ceiling jet

he - .1 he)2
where—= is small (of the order of 0.1), and the Reynolds number is Iarge(—) :
H Re H

We now rewrite the Navier-Stokes equations in dimensionless forasttmate the order of
magnitude of each term in order to be able to drop small termthasdo achieve the desired

simplification of the equations.

Define

p’zp%,p’Ep!j]ez,r’zg,y’zhle,v’E;—e,u’zveu% (C-6)
and Reynolds number

Re = £x%et | (C-7)

u

Substitute to Eg. (C-2) and multiply both sides%byieldsy—momentum in dimensionless form:

2 ! 2 2
he) ( yo0u ,6w) gH he , Opr 1 (he) 1 0 ( ,6w) 1 0°ur
=)\ Vmtu —)==S—p ——+—=(=) o=\ —=)+— : C-8
(H or' + ayr ve?2 H P ayr + Re \H/ rr10rr arr + Re 0yr2 ( )

Note that botﬁl;e andé are small. It allows us to drop small terms and the remaimjogtien

becomes
gHhe ,  Opr _
2 nP "5, =0 (C-9)

v, Is the vertical flow velocity in the plume. This velocity betadédferent for the far-field and

near-field models.

In Alpert’s model, which is the far-fieldf—z%~1,
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ap~ )
% ~ P9 (C-10)

In our model, which is the near-field,
ve = Cyy/gH (C-11)

whereC, = 2.02 and %~0.1, thus

gH he
g ~0.025 . (C-12)
It essentially yields that the pressure across the jet is constant,

L. (C-13)

Integral over0 < y < h yeilds

ho
[, 5ody =p(h,r) =pl,r) ~ 0. (C-14)
Aty = h,
P = Pa (C-15)

wherep, is the pressure at atmosphere, so

p(y,1) = pg.

It is saying that the entrainment vertically upward into théngejet is not due to pressure
difference, but turbulence and friction. The pressure difference term disegdpe our near-field
model, while it was kept in the far-field model by Alpert [®F fpoint source plume with a
differentuv,.

r-momentum:

Applying similar process to Eq. (C-3) leads to the dimensionless form
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yov’ | aw apr | 1 9 (1 arrw) 1 (H)Z a2
y gy 19 (1 L(E . C-16
aor' + oy! ors + Re Orr \r1 0/ + Re \ho/ 0yr? ( )

It simplifiesr-momentum equation as

) _
pw(v5+u5)_ P uss (C-17)

From Eqg. (C-13), wherp, is a function ofy direction only

dp _ dp(y,r) _ Opa _ -
ar  or ~6r_0 (C18)

r-momentum equation becomes

61}) 0% (C-19)

v
Poo(v—+u =Kz

or ay
Energy conservation:
Now consider the energy equation, Eq. (C-4). Ceiling jet is corsldes a very thin boundary
layer, thus the temperature change along-ttieection can be neglected compared to that along

they direction,

kr=(r2)~0. (C-20)

ror ar

Replacel’ with T — T,,. It yields

(T-Teo) AT-Teo)] 4 02(T-To) | .11
poocp[v o Tu 3y ]—k 372 +q'" . (C-21)

With the preceding assumptions, the governing equations become

. 106w | du_ _
Mass: e 0 (C-22)
2
Momentum: Doo (vz—: + ug—;) = ug—yz (C-23)
, A(T~Too) A(T~Too) 0%(T=Teo) | =111
Energy: PooCp [v 5 Tu 3y ] = kT +4q (C-24)
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C.2. Integral Governing Equations oveK y < h
Integration of the governing equations ole£ y < h is carried out, following Alpert [6]
and You [7, 8] using top-hat profiles, i.e. uniform quantities along ttieection.

Mass:

rar

Introduce the entrainment velocity,,, to the turbulent model,

[uly=n = Uent - (C-26)

(X2 Yy =2 L) [y + f) Sy
- ; L (ro)h — [ul)h
= %% (rvh) — Uepe (€27
Noteu,,; = Ev from Chapter 2.6. It yields

% (rvh) = Erv. (C-28)

Momentum:

Left=f0hpoo( z:+u )dy

:fohpr‘”( +ru )dy

_ P av?) 6 rv) | d(ruv) a(ru)
2= fy (%5 I v ) dy (C-29)

Multiply Eq. (C-22) byvr,

a(rv) I da(ru)

- 2= 0. (C-30)

Realize that
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x=b(t)
dt

Now

P a(rv?) a(ruv)
Left === ( % )dy

Note that

=ul3]
and from Alpert (6)
Ty = gpoov2
wheref is the friction factor.

The momentum equation becomes
a 27Y — 2
- (rveh) = —frv</2

Energy:

h 0(T—Too) 0(T—Too) h
/5 poocp(v —=+u )dyzfo (k

ay

s Fletydx = [T dx + (b, ) — fla,t) 5

02(T-Too)

S )

43

(C-31)
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(C-34)

(C-35)

(C-36)

(C-37)



Multiply equation byr/r,

1 rh 0(T-Te) 0(T-Teo)
?fo PooCp (rv o tTu— )dy

__ PooCp rh arv(T—Too)_ . aﬂ 0ru(T-Teo) _ aﬂ )
= Lot (20 (r -7, 22 4 0T (7 - 7,) 2Y) gy (C-38)

Apply similar methods as we derived thenomentum equation. Apply Eg. (C-30) then

(T-T) 22+ (T—T )%”:o. (C-39)
Left = £ [ (2fed 4 TITeed) gy (C-40)

With top-hat profile, i.e. uniform properties alonedirection, apply the same mathematical

conversion as Eq. (C-31),

_ PooCp [ hdrv(T-Te) h dru(T-Too)
Left = - (fO ar dy+f0 Tdy)

=222 (& ol ~ T)dy + ru(T -~ TR

r

- p“f”%(rvh(T ~T.)) (C-41)
Right = fhka a- T°°)d + g dy . (C-42)
h, 82 (T Tw) a(T- Too) y=h
[y = [k 2 ] =0—k [ay (C-43)
y=0

qw =k [—] |s the convective heat loss from the flame to the ceiling,

q\’/li = hc (T - Tw) (C'44)
whereh, is the convective heat transfer coefficient &pds the ceiling temperature.
Assume adiabatic in the ceiling jet flame region afterr,, i.e. no heat loss to the ceiling.

Therefore
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qw =0 (C-45)
and right side of the energy equation becomes

Right =/, ¢""dy . (C-46)
q'" is the heat generated by combustion, which depends on the ainmetn&i The rate of
combustion energy in the ceiling jet region is expressed as

q = q"'2nrhdr (C-47)

It can also be expressed in terms of the amount of air burned

) = dii Ah,
1= m] leS

= PooUent 2TTdr (%> (C-48)

TLjS

Combining above two equations yields

q'lll = Poo Uent Ahc (C_49)

h njs

Noteu,,; = Ev as stated previously,

<A1 Ev Ah,
" = p 2 (c-50
and thus
Right=q'"h
_ Ahe -
= P EV s (C-51)
Thus the conservation of energy becomes
d _ Ah,
- (rvh(T — Too)) = Erv P (C-52)
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Witho = (T - T,) /T, and=

Ahe .,
~— it yields
5CpToo

%(rvh@) = Ervd/n; (C-53)

The following ordinary differential equations result for thesgsnmetric ceiling jet flame:

Mass: % (rvh) = Erv (C-54)
Momentum: %(ruzh) = —frv?/2 (C-55)
Energy: % (rvh8) = ErvA/n; (C-56)

whereE is the entrainment coefficient ajidhe friction factor.

C.3. Integral Governing Equations ovgr< r < 75
hf:
Assumek is constant. Eqg. (C-54 v —Eq. (C-55) yields
hdv _ _ L )
v =-(E+9) (C-57)
Rewrite Eq. (C-54) as

dv dh\ _
vh+r (h; + v;) = Erv (C-58)

Subtracting Eq. (C-57) yields

d(rh) _ f
T = (ZE + E) r (C-59)

AssumeE andf are constant at this point. Integrating it oges r < ¢ yields

hy = (E + f /81y — (re/17)[(E + /91, = he] (C-60)
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Uf:

Rewrite Eq. (C-57)
@ _ (g )&
v (E + 2)

h

Integrate it over, <r < r¢

toenl-1(E)

Substituten=hy, i.e. Eq. (C-60)

v = Co(gH)2[(E + f/8) (1,2 [1ehy — 15/ hy) + 1] EF//2/CEX
0y

Substitute Eg. (C-54) to Eq. (C-56)

% (rvh@) = nij% (rvh)

Integrate it over, < r <1

0r = ((rfvfhf — 1.vehe ) (A/1) + reveheee)/(rfvfhf)
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Appendix D: Calculations for Flame Length,and Error Examination

The results for flame length vs. fire power are shown in Ei@uiThe markers represent
data extracted from Table 2, wiiaxis@p from column@p, andy-axisr¢/H from columnry'.
The solid lines represent the calculation results based on thetigcted from Table 3 below,
with x-axis @p from column@p, andy-axisrs/H from columnry. Data in Table 3 is grouped by
D/H value in a decrease order. T value for each data set is shown in Figure 4 as well as its
legend. The dash line marks the starting position of flame length for eadDfid. It represents
the condition wher@, is barely large enough for the flame to reach the ceiling,ramdre.
Those values are also extracted from Table 4, wikis @, from column@p, andy-axisr¢/H
from columnry'.

The purpose of Table 3 is to calculate valuesfws. Q;, using Eq. (37 & 38). As stated
before, because of the nature of the format of Eq. (37), it isrdasassume’ as an input value
to solveQp, than the other way around.andH are selected from Table 2 in order to compare
theory with datar; value is selected as a multiplergf

Takingry as a known parameter to sol9g, values for other parameters are needed in
order to use Eq. (37), suchlgs v¢, 6y andn;. Derivations for those parameters are presented in

Appendix C. Equations are listed below:

hf = (E + f/4‘)rf - (re/rf)[(E + f/4)re - he] (D'l)
vy = C,,(gH)l/z[(E n f/4)(7‘32/7‘fhf . rf/hf) n 1] (E+f/2)/(2E+f/2) (D-2)
0r = ((rfvfhf — 1.vehe ) (A/1) + reveheee)/(rfvfhf) (D-3)
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Rif = gOpv,? (D-4)

n; = 9.6exp |~ (2.26(R;, — Ry, + 0.05)/(0.197 — 0.091 D/H) )| (D-5)

Ef = (0.075/( 67 + 1)'/2)e "Rl (D-6)
Iterations were involved again to solve the six variables withstheequations. We

discovered multiple solutions in some of the cases. Of those solutiersglected the one that is

most physically reasonable (e.g.jncreases a increases). In Table 3, columhsto E; show

the full resultsQp,, is then computed using Eq. (37), i.e.

Q = (podh./s)[g'/?D>2C,(z/D)Y?(1 + 2C, 2/D)? /9.6 + 2r(r7vshs — Tovehe ) /1]

z=H-—h, (D-7)

or equivalently,

0= (2242 (%), (D-8)

np  nj)\s

Table 4 examines theory vs. data agreements for flame leasythist Experimental data,
Qp, andry, are both taken from Table 2. Theoretical prediction is extrdatedthe theory lines
in Figure 4 so that the heat release rate of the extraet®,Qp,, has the same value @5, .
Because direct computation gffrom Q;, met mathematical difficulties, the extraction of data is
done by using a graph digitizer software, and as a result slight eagrapply @5, = Q;;l).

The relative error from theory to data is calculated as

Error=(r{,theory - ¥,data)/ ¢',data (D-9)

The average error above data is computed to be 23.40% and the avrsvagelow data

is 10.31%, shown at the bottom of the table.
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Table 3. Calculations for flame length,

D(m) H(m) D/H le Ve he O r rilre by Vf 6 Ri nj E my, m;  Qp,

0.064 0.015 427 231 202 090 191 231 1 0.90 022. 1.89 042 100 0.005 001 000 0.01
0.064 0.015 427 231 202 090 191 277 12 07®.00 192 037 1.00 0.007 0.01 0.00 0.04
0.064  0.015 427 231 2,02 090 191 3.24 1.4  066.98 197 034 1.00 0.008 0.01 0.01 0.08
0.064 0.015 427 231 202 090 191 3.70 16 054.95 203 032 1.00 0.009 0.01 001 013
0.064 0.015 427 231 202 090 191 4.16 1.8  054.92 209 031 1.00 0009 0.01 0.02 019
0.064 0.015 427 231 202 090 191 462 2 0.50 881. 2.16 030 100 0.009 001 002 0.25
0.064 0.015 427 231 202 090 191 5.09 22 04785 222 030 100 0.009 001 0.03 0.31
0.064 0.015 427 231 202 090 191 555 24 04482 229 031 100 0.009 001 0.04 0.38
0.064 0.015 427 231 202 090 191 6.01 26 04278 235 031 100 0.009 001 0.04 0.44
0.064 0.015 427 231 202 090 191 6.47 28 04@.75 241 031 100 0.008 001 0.05 0.49
0.064 0.015 427 231 202 090 191 6.94 3 0.38 711. 246 032 100 0.008 001 005 0.5
0.064 0.015 427 231 202 090 191 9.25 4 041 401. 351 073 100 0.001 001 018 177
0.064 0.015 427 231 202 090 191 1156 5 043.191 417 125 1.00 0.000 001 0.28 2.78
0.064  0.015 427 231 202 090 191 13.87 6 042.061 450 170 1.00 0.000 001 034 3.37
0.064 0.015 427 231 202 090 191 16.19 7 041.960 4.61 202 1.00 0.000 001 036 3.58
0.064 0.02 320 178 202 069 191 178 1 069 220189 032 100 0.009 002 0.00 0.03
0.064 0.02 320 178 202 069 191 213 1.2 059.002 1.94 029 100 0.010 002 001 0.08
0.064 0.02 320 178 202 069 191 249 14 052.971 200 027 100 0.011 002 0.01 0.14
0.064 0.02 320 178 202 069 191 285 16 046.941 207 026 1.00 0.012 002 0.02 0.22
0.064 0.02 320 178 202 069 191 320 1.8 042.901 215 025 1.00 0.012 002 0.03 031
0.064 0.02 320 178 202 069 191 356 2 039 718223 025 100 0.012 002 0.04 0.40
0.064 0.02 320 178 202 069 191 301 2.2 037.831 231 025 100 0.012 002 005 0.49
0.064 0.02 320 178 2,02 069 191 534 3 030 916258 027 100 0.010 002 0.08 0.83
0.064 0.02 320 178 202 069 191 712 4 034 513378 070 100 0.001 002 026 2.64
0.064 0.02 320 178 202 069 191 890 5 036 411450 126 1.00 0.000 002 041 4.09
0.064 0.02 320 178 202 069 191 10.67 6 037 001. 489 180 100 0.000 002 050 5.05
0.064 0.02 320 178 202 069 191 1245 7 0.36 910. 508 225 100 0.000 002 056 5.8
0.107 0.076 141 088 202 034 191 0.88 1 0.34 022. 1.90 016 190 0.020 0.07 0.00 0.07
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0.027
0.026
0.025
0.023
0.022
0.013
0.009
0.005
0.002
0.001
0.000
0.031
0.032
0.033
0.033
0.033
0.033
0.032
0.032
0.031
0.030
0.030
0.029

0.23
0.23
0.23
0.23
0.23
0.23
0.23
0.23
0.23
0.23
0.23
0.23
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0.33
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0.30
0.42
0.55
0.68
0.82
0.95
1.09
1.21
1.32
1.43
151
1.59
1.64
1.61
2.48
3.30
4.72
6.39
7.53
0.00
0.12
0.27
0.44
0.62
0.82
1.02
1.22
1.42
1.61
1.80
1.98

0.77
0.99
1.24
1.52
1.85
2.22
2.65
3.13
3.70
4.35
5.11
6.01
7.06
16.29
24.98
33.10
47.31
63.97
75.27
0.34
0.58
0.84
1.13
1.46
1.83
2.24
2.71
3.24
3.83
4.50
5.26



0.051
0.051
0.051
0.051
0.051
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0.035
0.035
0.035
0.035
0.035
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0.035
0.035
0.035
0.035
0.035
0.035
0.035
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0.035
0.035
0.035
0.035

0.127
0.127
0.127
0.127
0.127
0.127
0.127
0.127
0.127
0.127
0.127
0.127
0.127
0.127
0.127
0.127
0.127
0.127
0.127
0.127
0.127
0.127
0.127
0.127
0.127
0.127
0.127
0.127
0.127
0.127
0.127

0.40
0.40
0.40
0.40
0.40
0.40
0.40
0.40
0.40
0.40
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28
0.28

0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.38
0.32
0.32
0.32
0.32
0.32
0.32
0.32
0.32
0.32
0.32
0.32
0.32
0.32
0.32
0.32
0.32
0.32
0.32
0.32
0.32
0.32

2.02
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2.02
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2.02
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2.02
2.02
2.02
2.02
2.02
2.02
2.02

0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.15
0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.12
0.12

1.91
191
1.91
191
1.91
191
1.91
191
1.91
191
1.91
191
1.91
191
1.91
191
1.91
191
1.91
191
1.91
191
1.91
191
1.91
191
1.91
2.91
3.91
491
5.91

1.29
1.37
1.44
1.52
1.90
2.28
2.66
3.04
3.42
3.80
0.32
0.38
0.44
0.51
0.57
0.63
0.70
0.76
0.82
0.89
0.95
1.01
1.08
1.14
1.20
1.27
1.58
1.90
2.22
2.53
2.85
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0.08.40
0.08..37
0.08..33
0.08 30 1.
0.07 21 1.
0.07 06 1.
0.08 91 0.
0.09 76 0.
0.12 64 0.
0.14 .56 0
0.12 02 2.
0.11.97
0.1a.92
0.09..86
0.08..80
0.08 74 1.
0.08..68
0.08..63
0.07.57
0.071.52
0.07 47 1.
0.071.43
0.07..39
0.071.35
0.07.31
0.07 28 1.
0.06 17 1.
0.06 08 1.
0.06 93 0.
0.07 78 0.
0.09 65 0.

2.09
2.17
2.26
2.36
3.41
3.85
3.75
3.12
2.53
2.41
1.91
191
1.91
1.90
1.90
1.90
1.90
191
1.93
1.95
1.98
2.01
2.06
2.12
2.19
2.27
3.00
4.18
4.07
3.51
2.81

0.09
0.09
0.10
0.11
0.16
0.24
0.35
0.50
0.73
1.07
0.06
0.05
0.05
0.05
0.05
0.05
0.05
0.05
0.06
0.06
0.07
0.07
0.08
0.08
0.09
0.09
0.14
0.20
0.29
0.42
0.61

3.70
3.38
3.06
2.74
1.34
1.00
1.00
1.00
1.00
1.00
4.98
5.32
5.51
5.58
5.57
5.49
5.36
5.19
4.98
4.75
4.50
4.24
3.96
3.68
3.39
3.11
1.80
1.00
1.00
1.00
1.00

0.028
0.026
0.025
0.024
0.016
0.011
0.006
0.003
0.001
0.000
0.033
0.034
0.034
0.034
0.034
0.034
0.034
0.033
0.033
0.032
0.031
0.030
0.029
0.028
0.027
0.026
0.019
0.012
0.008
0.004
0.002

0.33
0.33
0.33
0.33
0.33
0.33
0.33
0.33
0.33
0.33
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59
0.59

2.14
2.29
241
2.52
2.61
3.29
4.49
6.39
8.92
11.01
0.00
0.23
0.51
0.82
1.16
1.52
1.89
2.27
2.65
3.02
3.38
3.73
4.05
4.35
4.62
4.85
5.40
5.42
7.47
10.52
14.93

6.12
7.10
8.22
9.50
19.79
33.11
45.09
64.10
89.27
110.1
0.62
1.06
1.54
2.08
2.69
3.37
4.13
4.97
5.91
6.95
8.10
9.39
10.81
12.40
14.18
16.16
30.48
54.68
75.14
105.5
149.5



0.035 0.127 0.28 0.32 2.02 0.12 6.91

Note:
ri'=r;/H;
hi’ = hi /H

vi' = vil|/gH;
91' = (Tl - Too)/Too’
Rii = g@i hi’/Vi’z;

m; =1,/ (peg/*D%/?);

*

Qp3 = (m;-l-ﬂ)l.

np Ny

3.17
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0.12.56 0 2.43

0.91

1.00

0.000

0.59

19.69

196.9



Table 4. Direct comparison of theoretical prediction vs. data for flame length,

Experimental Data Theoretical PredictionsRelative Error (%)

D/H Qp, ry Qp, re Above  Below
3.2 3.48 7.04 3.30 7.62 8.20
1.4 0.54 1.58 0.52 2.21 39.65
1.4 0.66 2.04 0.64 2.31 13.41
1.4 0.78 2.50 0.76 2.43 -2.92
1.4 1.88 3.95 1.83 2.71 -31.30
1.28 3.51 2.32 3.36 2.94 26.39
1.28 5.53 3.18 5.29 3.50 10.12
1.28 6.05 3.64 5.81 3.68 1.02
1.28 6.60 4.04 6.09 3.74 -7.52
1.28 6.32 3.90 6.38 3.80 -2.64
1.28 7.17 4.50 6.89 3.92 -12.87
1.28 7.73 5.06 7.57 4.05 -20.00
1.28 8.35 5.74 8.06 4.18 -27.16
1.22 0.32 1.40 0.31 1.47 5.29
1.22 0.39 1.60 0.38 1.60 -0.19
1.22 0.45 1.80 0.44 1.76 -2.28
1.22 0.50 1.80 0.49 1.82 0.89
1.22 0.55 2.00 0.54 1.91 -4.70
1.22 0.63 2.20 0.61 1.97 -10.55
1.22 0.71 2.20 0.69 2.07 -6.14
1.22 0.78 2.20 0.76 2.10 -4.64
1.22 0.87 2.20 0.85 2.17 -1.50
1 0.67 1.25 0.66 1.52 21.52
1 0.86 1.33 0.85 1.67 25.89
1 1.94 2.50 1.89 2.16 -13.48
0.67 0.94 0.67 0.95 1.06 58.56
0.67 1.08 0.79 1.08 1.14 43.77
0.67 1.20 0.92 1.22 1.19 29.31
0.67 2.46 1.21 2.50 1.59 31.35
0.64 3.48 1.50 3.37 1.64 9.77
0.64 3.47 1.34 3.37 1.64 22.46
0.64 6.56 2.15 6.39 2.02 -5.89
0.64 9.52 2.67 9.30 2.23 -16.64
0.6 0.67 0.52 0.63 0.76 45.95
0.6 0.86 0.65 0.84 0.85 31.46
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0.6 0.92 0.80 0.91 0.89 12.01

0.6 1.94 1.47 1.89 1.27 -13.82

0.52 0.66 0.71 0.64 0.65 -8.95

0.52 0.78 0.74 0.77 0.70 -5.21

0.52 1.88 1.42 1.86 1.05 -26.28

0.46 1.43 0.46 1.37 0.77 67.09

0.46 1.60 0.61 1.41 0.79 31.30

0.46 1.40 0.75 1.57 0.83 11.20

0.46 3.03 1.07 2.93 1.10 2.83

0.4 1.20 0.47 1.19 0.60 27.87

0.29 1.94 0.48 1.90 0.50 4.23

0.28 1.40 0.32 1.35 0.41 26.94

0.28 3.03 0.61 2.98 0.59 -2.18
Ave. 23.40 -10.31
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Appendix E: Simple Correlation

Figure 4 shows the full results fof vs.Qp , and Figure 5 shows a very good agreement
with experiments. However, as one may have noticed, to obtainuthee$ults requires a
complex process and solving a set of complicated equations theglaexl to each other. The
relation forr{ vs.Qy is neither direct nor intuitive. Observing Figure 4, we discovereidiliea
slopes of the theory lines for differeBfH values do not have big variations. So we seek to
further investigate Figure 4, and hope to carry out a simpler equation, in the form of
7/H = aQ;" (E-1)
where b is the average slope of the theory lines in Figure 12 undesdalg, andh should
containD/H factor.
The trend lines in Figure 12 show an average value of the slopes to be 0.369. Thus,
b=~ 0.369 =~ 2/5 (E-2)
SubstituteQ;, = 1 to Eq. (E-1) and examine relations betwegffi and D/H from the theory
lines in Figure 12Ve found the correlation of theory lines to be
re/H = 1.62(D/H)°%7 , for @} = 1. (E-3)
We can see that the factor can almost be neglected,
rr = 1.62D, for Qp = 1. (E-4)
Therefore, the simple correlation figrvs. Q;, becomes

re/D = 1.62Q5%/°, Hy = H. (E-5)
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100 ¢
- - - - Trend line. Average slope: 0.369.

Values forD/H ——> 427

re [ H

0.1 1 Lol Lol L1l L1l L1111l
0.01 0.1 1 10 100 1000
Q*p

Figure 12 Correlations of theoretical results for radial flame length.

Figure 6 shows the data agreement with the simple equationatedrérom the full
theory. The accuracy is almost as good as the full results shdvigure 5H effect disappeared

in this simple correlation.
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