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An Investigation of Fire Impingement

on a Horizontal Ceiling

Summary

This report discusses research completed under NBS Grant No.
7-9020, during the period September 1, 1977 to August 31, 1978. The
investigation considers the processes which occur when a turbulent fire
impinges upon a horizontal ceiling. Measurements were conducted to
determine free flame heights, impinging flame lengths along the ceiling,
ceiling heat fluxes and mean temperature distributions in the flow.

Both unconfined and confined ceilings were considered. Theoretical
analysis was completed in order to suggest simple methods for correlating
the data.

The fire source was simulated by burning wicks soaked with liquid
fuel (methanol, ethanol, l-propanol and n-pentane). The range of test
variables involved ceiling diameters of 610-660 mm, ceiling heights
of 58-940 mm, wick diameters of 10-107 mm and curtain wall heights (for
confined ceilings) as large as the ceiling height.

The results of the various aspects of the study can be summarized
as follows:

1. TFree Flame Heights. Free flame heights were studied since it

was found that radial flame spread for a flame impinging on a ceiling
was related to the free flame height. The present free flame heights
could be correlated by the following expression:

0.211

Hf/D = 10.96 Noo (D
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This equation is based on the combusting plume analysis of Steward (29).
The present values of free flame height are somewhat lower than other
values in the literature due to the reduced lumincsity of alcohol flames
and different source characteristics.

2. Impinging Flame Lengths. The radial distance that an impinging

flame extends along a ceiling could be correlated as follows for an
unconfined ceiling:

0.957
HR/D = 0.502[(Hf—H)/D] (I1)

where Hf/D is found from Eq. (I). The total length of an impinging
flame, H+HR, is somewhat less than the free flame height.

The radial spread is larger when the ceiling is confined, due to the
reduced oxygen concentration within the ceiling layer. In this case

the radial spread is:

Hy/D = 0.692( (i) /p] 8% (II1)

3. Ceiling Heat Flux. The heat flux to the ceiling from a

turbulent impinging plume or fire was relatively constant in the
stagnation region, r/H<.2. For values of Hf/H<l.5(HR/H<.25), the

following correlation was obtained for unconfined ceilings.

Q"m2/q = 31.21 py 3/ 3p,71/6 (V)

For larger values of Hf/H, the heat flux declines from the value given
by Eq. (IV), since the cooler core region of the fire impinges at the
stagnation point.

Equation (IV) is based on an analysis by Donaldson, et al (30)

for the heat transfer rate of a turbulent impinging jet. Comparing



the heat fluxes for the same value of maximum velocity, temperature
difference and radial width of the flow (prior to impingement)
indicates that the heat flux from a jet is 2.6 - 4.2 times larger than
that of the plume. In many respects, the flows are similar, e.g.,
the turbulent intensities are about the same. The major factor in
this behavior could involve flow stratification near the stagnation
point for the buoyant flow; however, further study will be required to
resolve this behavior.

A theoretical estimation of the stagnation point heat flux for

laminar flow was also obtained, as follows:

-3/5Ra3/8

q"H%/Q = 0.0136 Pr W)

Only turbulent flow was examined during the present tests. Ra > 109

and Eq. (V) could not be verified experimentally. The predictions of
Eq. (V) yield much higher stagnation point heat fluxes for laminar flow
than for turbulent flow, due to reduced mixing rates in laminar plumes.
The heat flux also increases with increasing Rayleigh number for laminar
flow, in contrast to turbulent flow, Eq. (IV) where the opposite
trend is observed.

For r/H > .2, Alpert's theoretical model, employing a constant
friction factor of 0.03, agreed with the data for unconfined ceilings.
The measurements can also be correlated by the following expression:

-1.3

&"HZ/Q = 0.04(r/H) (V1)

This correlation was equally successful for impinging flames, in the

range HR/H < .06.
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The heat fluxes are increased when the ceiling is confined;
however, Eqs. (IV) and (VI) still provide a reasonable estimation of
heat flux values. Work currently in progress is considering the ex-
tension of the models to the confined ceiling flow, in order to

improve the accuracy of the correlations under these conditions.

4. Mean Temperature Distributions. Mean temperature distributions

were measured in the plume, the ceiling jet and the ceiling layer (if
present) for both unconfined and confined ceilings. The value of

Hf/H = .14 was used for these tests, so that the bulk of the measurements
are in the weakly buoyant region of the flow.

Temperature levels and widths of the plume compared favorably
with existing correlations reported by Rouse, et al (32), George, et
al (38) and Yokoi (34), although the present measurements agreed
best with Ref. 32. For the unconfined ceiling, temperature levels in
the ceiling jet were predicted within 20% using Alpert's (23, 24)
model (assuming a friction factor of 0.03, found from heat flux measure-
ments. The model tends to underestimate the width of the flow,
however.

Work is in progress to extend Alpert's (23, 24) model to the case
where a ceiling layer is present. Current theories were capable of
estimating the temperature level within the stratified layer within 15-
30%, depending on whether the plume correlation of Refs. 32, 24 or 38
was used. The correlation of Ref. 38 was best in this case, although
heat losses during the present tests might have caused fortuitously
good agreement.

The conclusion of this initial phase of the investigation of fire
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impingement on ceilings has provided some useful, simplified correlatiomns
for important parameters in the flow, represented by Egqs. (I)-(VI).
Current work is considering a more rational treatment of the effect

of the ceiling layer and the influence of flow structure of the heat

transfer characteristics of impinging fires.
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Nomenclature
Description
specific heat
plume parameter, Eq. (48)
plume parameter, Eq. (47)
wick diameter
ceiling diameter
ceiling jet entrainment constant
plume entraimment constant
friction factor
gravitational acceleration
ceiling jet characteristic width, Egs.
parameter, Eq. (27)
ceiling height
free flame height
radial extent of flame under ceiling
parameter, Eq. (28)
parameter, Eq. (2)
characteristic ceiling jet radius, Egs.
characteristic plume radius, Eq. (30)

length of curtain wall

plume mass flow rate
fuel mass flow rate
parameter, Eq. (3)
Prandtl number

heat flux

(18)-(20)

(31)-(33)



-Xi-

Description
plume thermal energy flux
heat of combustion
radial distance
normalized radial distance, r/H
parameter, Eq. (26)
stoichiometry parameter, mass of air to mass of fuel
plume half width
Rayleigh number, Eq. (11)
Richardson number, Eq. (25)
temperature
radial velocity parallel to ceiling
characteristic velocity Eqs. (18)-(20)
vertical velocity
distance from ceiling
height above source
parameter, Eq. (6)
coefficient of thermal expansion
parameter, Eq. (30)
parameter, Eq. (32,
characteristic temperature defect, Eqs. (18)-(20)
viscosity
kinematic viscosity
density
parameter, Eq. (24)

parameter, Eq. (4)



Subscripts

c
e
lam

max
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Description

centerline of plume
edge of boundary layer
laminar

maximum

value at fuel source
plume

wall

ambient



1. Introduction

1.1 Fire Models

The widespread use of computers has provided greater acceptance
of models which simulate extremely complex processes as tools for design
and interpretation. This has also been the case for problems of
fire prevention and control, leading to the development of models which
attempt to predict the history of fires within structures. The models
assist our understanding of fire dynamics, but also have the practical
objective of providing a means of evaluating fire hazards, detection
methods, the impact of new materials on potential fire hazards, etc.,
without resorting to expensive large-scale testing. Recent reports
of comprehensive fire models include Emmons and coworkers (1)%*, Zukoski
and Kubota (2), Smith and Clark (3), Lloyd and coworkers (4) and Tanaka
(5). Similar modeling efforts are in progress elsewhere.

Comprehensive fire models are constructed by combining more
specific models of subprocesses within the fire enviromment. Typical
subprocesses include: material burning rate models, fire plumes, radiation
and convection within the structure, etc. Earlier work completed in this
laboratory has considered the subprocesses involving the rate of burning
of upright surfaces, heat transfer rates between the fire plume and the
unburned surface above the actively burning area, and the structure of
a fire plume along an upright surface (6-16). The experimental results
were successfully correlated with relatively simple analytical models

which can be used within more comprehensive models of the fire environment.

*Numbers in parenthesis denote references.



Another important subprocess in the fire environment involves
impingement of a fire plume on a ceiling. This process occurs during
most unwanted fires within structures. An object within the structure
is ignited and a fire begins to grow. As the fire plume rises from
the source, the first structural elément that it contacts is the
ceiling. In the early stages, the flames are relatively short and only
heated plume gases reach the ceiling. As fire growth continues, however,
the flames eventually reach the ceiling and are deflected along its
surface. Impingement of the flames on the ceiling greatly modifies
the flame shape and the heat transfer characteristics within the enclosure.
Clearly, the occurrence of flame impingement is an important signal
event in the history of a fire.

Ceilings are usually confined by walls at their extremities. 1In
this case, hot gases, combustion products, etc., accumulate in a
s;ratified ceiling layer. The depth of this layer is controlled by
the strength of the firé, and the availability of openings, doors,
windows, etc., through which the hot gases can be vented. A fire plume
passing the lower edge of the ceiling layer, finds itself in a new ambient
environment. Therefore, the presence of a stratified ceiling layer can
significantly modify the characteristics of the plume, and in this manner
influence heat transfer rates, etc., in the vicinity of the ceiling.

The present investigation is a contribution to the problem of fire
impingement on a ceiling. In the following, previous studies of this
process are reviewed, prior to a description of the specific objectives

of the present investigation.



1.2 Previous Studies of Plume Impingement

Several investigations of confined plumes from relatively

small buoyant sources have been reported (4, 17-20), although these
studies have not dealt with heat transfer characteristics in any detail.
Numerous studies of heat transfer from jets impinging on plane surfaces
have been reported; however, the absence of buoyancy and flow stratifi-
cation limits the relevance of this work to the fire plume impingement
problemn.

A few studies have considered relatively unconfined plume impinge-
ment on a ceiling. Thomas (21) and Pickard, et al (22) completed
limited measurements of temperatures and velocities within impinging
plumes; however, one of the most comprehensive studies of impinging
plumes is the work of Alpert (23, 24) at Factory Mutual Research Corpora-
tion. Alpert considered both axisymmetric and line fire sources,
although experiments were limited to axisymmetric flows. An integral
model was developed for the process. Predicted plume temperature and
velocities compared favorably with measurements in both model size (.3 -
1 m ceiling height) and full size (2.4 ~ 15.9 m ceiling height) experi-
mental arrangements. Only limited heat transfer measurements were made
in this study, under conditions that could not be controlled to a great
degree; however, these results do show an encouraging degree of agreement
with the theory.

Zukoski, et al (25) investigated the characteristics of both uncon-
fined and confined plumes. The distribution of heat flux to the ceiling
and the temperature distribution in the ceiling jet were considered. The

results for unconfined plumes tend to confirm Alpert's (23, 24) earlier



findings for the region beyond the turning point. However, only limited
information was generated concerning the effect of the ceiling layer
formed under confined ceilings and fire impingement was not treated.

1.3 Objectives of the Study

The review of earlier studies indicates that a number of
-investigators have measured ceiling heat fluxes resulting from plume
impingement. Correlations are available for predicting these heat fluxes
for unconfined ceilings in the region beyond the turning point.
Results for the stagnation region, the effect of ceiling layers, and fire
impingement on a ceiling has not received much attention in earlier work.
With this status in mind, the objectives of the present investigation
were as follows:
1. Determine flame heights for impinging plumes and the radial extent
of the flame under the ceiling for impinging fires.
2, Measure ceiling heat fluxes for impinging plumes and fires.
3. Measure mean temperature distributions within both the plume and the
ceiling jet.
Both confined and unconfined ceilings are considered. While the
investigation emphasizes the accumulation of experimental results,
analysis was undertaken to the extent required to obtain convenient

methods of data correlation.

2. Experimental Apparatus and Procedure

Two different arrangements were used for the experiments: (1) a
transient apparatus for measuring wall heat fluxes, flame heights, and

flame lengths along the ceiling, and (2) a steadily operating apparatus



for measurements of the mean temperature profiles within the flow.

2.1 Ceiling Heat Flux Measurements

2.1.1 Test Arrangement

The apparatus is illustrated schematically in Figure 1.
The fire source is provided by burning methanol, ethanol, l-propanol,
or n-pentane on the top surface of cylindrical wicks of various diameters.
The wicks were constructed from an insulating material, Fiberfrax Hot Board,
Carborundum Company, similar to earlier work with wall fires (16).
The periphery of the wicks was carefully wrapped with aluminum foil and
electrical tape so that the flame was confined to the upper surface.

The ceiling was constructed of a copper plate, 660 x 660 mm, 9.5
mm thick. The total heat flux, convective and radiative, was measured.
Therefore, the front surface of the ceiling was coated with a radiation
absorbing paint (3 M Nextel 101 C-10) having an emissivity of 0.96.

The rear surface of the ceiling was insulated with a 50 mm thick layer
of Fiberfrax Lo-Con blanket, coated with aluminum foil.

A curtain wall having a diameter of 610 mm was used to examine the
effect of confinement. The wall was constructed of 0.8 mm thick aluminum
sheet. The distance between the lower edge of the curtain wall and the
ceiling could be adjusted in the range 0-305 mm.

The ceiling was supported from a movable frame which allowed ceiling
heights to be varied in the range 0-1200 mm.

2.1.2 Instrumentation
The burning rate of the fuel was determined by continuously
measuring the weight of the fuel-soaked wick with a load cell (UniMeasure/80
multi-purpose transducer). The load cell was powered by a 6-V battery and

combined with a circuit allowing sensitivity adjustment and zero suppression.
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The dc voltage output was read through a multimeter (Model 1240,
Weston Instrumentation, Inc.). Before taking any measurements, the load
cell was carefully calibrated with standard weights in the measured

range.
The burning rate of the fuel was found to be constant for most of

the test conditions. Therefore, measuring the initial and final weight

of the wick and the time of burning provided a simple determination of
the burning rate of the fuel.

The total heat flux to the ceiling was measured by sensors which
were located at several radial positions. A sketch of a typical sensor
is shown in Figure 2. The sensors were cylindrical copper plugs, painted
with the high emissivity point on the front surface. By measuring the
rate of temperature rise of these plugs after ignition of the flame,
the heat fluxes could be calculated from the known thermal capacity of
the plugs. Since the Biot number of plugs is very small for the present
test conditions, the temperature is essentially uniform in each plug at
each instant of time.

The temperatures of the plugs were measured with chromel-alumel
thermocouples (26 gage, Omega Engineering, Inc.) which were attached to
their rear surface. The thermocouple leads were passed horizontally along
the ceiling, under the insulation, in order to reduce errors due to
conduction and convection. In order to reduce the lateral heat transfer
between the ceiling and the plugs, the periphery of the plugs was insu-~
lated from the ceiling with Fiberfrax Lo-Con Blanket. The radial conduction
error of the sensors was monitored by measuring the temperature of the

ceiling adjacent to the plugs. Corrections were then made to account
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for radial heat transfer across the insulated gap.

The output of the load cell was read with a digital multimeter, and
the outputs of the thermocouples were recorded with a CEC, Type 5-124
Recording Oscillograph.

2.1.3 Procedure
Since a buoyant fire plume is very sensitive to outside

disturbances, all the experiments were done in a draft-free room. 1In
order to reduce the disturbances to a minimum, all instrumentation and
the test operator were located as far from the fire source as possible.
The test frame was also surrounded with a layer of fine wire net (16 mesh)
to reduce ambient disturbances.

After the wick was saturated with fuel, it was ignited. As soon
as the flame became steady, the initial total weight of the wick was
recorded and the instantaneous temperatures of the plugs were measured
for a period of time. At the end of each measurement the final total
weight of the wick was recorded, to provide the burning rate of fuel.
After the wall had cooled, this process was repeated for the next test.
The data reported at each location is the average of three tests.

2.2 Flame Length‘Measurements

Three flame lengths were measured: (1) the free flame length
with no ceiling present, (2) the length of non-impinging flames with the
ceiling present, and (3) the radial distance that an impinging flame
extends along the underside of a ceiling. These tests were conducted in
a darkened room, using the apparatus employed for the heat flux measurements.
In all cases, flame lengths and the burning rate of the wick were measured

simultaneously.
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Free flame lengths and the length of non-impinging flames were
measured with a straight rule, fixed at some distance from the flame. The

lower end of the rule was mounted flush with the surface of the wick.

There were two markers on the rule which could slide up and down freely.
The flame was observed for a period of time and the positions of the

markers were adjusted to indicate the highest and lowest positions of the
flame tip. The flame height was taken to be the arithmetic average of these
two limits. Each flame height that is reported is the average of two
independent measurements.

The radial length along the ceiling of impinging flames was measured
by mounting two fine wires perpendicular to each other and passing
through the geometrical center of the ceiling. There were four markers
on each wire, two on each side of the centerline. The markers were
located at the maximum and minimum flame tip position in each direction.
The average value of the distances in both directions is the reported
flame length. Each radial length that is reported is the average of
two independent measurements.

2.3 Temperature Distribution Measurements

2.3.1 Test Arrangement
These measurements employed the same apparatus as the

heat flux measurements, except that the wick was fed continuously with
fuel. The apparatus was not cooled; therefore, the measurements are
more representative of an adiabatic ceiling. Relatively low flame
heights were employed for these tests in order to minimize the temperature
levels of the ceiling, and thus radiative heat losses from the surface.

The fire source was constructed of a 20 mm I.D. stainless steel

tube packed with wicking (Fiberfrax Hot Board, Carborundum Company) .
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The outer surface of the tube was insulated. The bottom of the tube was
continuously supplied with fuel from a constant head storage container.
2.3.2 Instrumentation
The thermocouple probe illustrated in Fig. 3 was used to

measure mean gas temperatures. A chromel-alumel junction was employed,
constructed of 25.4 um diameter wires. The fine wires were first
attached to 0.81 mm diameter lead wires by spark welding. The junction
was then formed by welding the fine wires with a microtorch. For the
present range of test conditions, this junction has a negligible radiation
correction.

The thermocouple output was recorded with a Hewlett-Packard, Model
DY 2401 B Integrating Digital Voltmeter. The position of the probe was
precisely adjusted by an Uni-Slide (Model A2512 CE, Velmex, Inc.).

2.3.3 Procedure
In order to measure the temperature distributions with

a single probe, the measurements must be undertaken under steady state
conditions. These conditions could be detected by monitoring the ceiling
temperatures at several locations. When the ceiling temperatures were
constant, then the desired conditions were obtained. For the present
experiments (Q = 250 W, H = 695 mm), it took at least four hours to reach
the steady state condition.

At each position, the mean temperature was obtained by integrating
the signals over one-minute intervals. The data presented are the average

of at least three measurements.
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3. Theory

Theoretical considerations involved several processes in the flow,
as follows:

i, Estimation of free flame heights and the application of this
information to correlate the radial extent of an impinging flame
along the ceiling.

ii. Correlation of heat fluxes in the stagnation.region of an impinging
plume considering both laminar and turbulent plumes.

iii. Correlation of heat fluxes beyond the turning region of an impinging
plume, using Alpert's approach (23, 24).
Each of these topics will be considered in this sectiom.

3.1 Free Flame Height Correlation

The height of free turbulent buoyant diffusion flames has been
studied by Thomas, et al (26), Putnam and Speich (27), Kosdon, et al
(28), and Steward (29), among others. Thomas, et al (26) employed
dimensional analysis to obtain parameters for correlating their experi-
mental data. The correlation does not include fuel properties; however,

for each fuel it has the following form:
. 5
He/D = £(3%/D7) w

where Hf is the flame height, D is the fire source diameter and'é is
‘the rate of heat release by the flame. Putnam and Speich (27) obtain
a similar correlating expression.
Steward (29) undertook a more complete analysis of the process.
An integral model was constructed assuming that the rate of combustion
of the fuel was controlled by the rate of entrainment of air by the plume.

This analysis yields the following expression for flame height:
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_ 1/5
Hf/D = KfNCO (2)

where .2 2
Q(r_ + wp,/p )

Neo = 57 53 (3)
P Q. 807 (L - w)

- ; -1
w=[1+Q/rCT] (4)

The remaining symbols are identified in the nomenclature. The values

of the various parameters in these expressions do not vary greatly for
different fuels, and Eq. (5) roughly corresponds to the result of Thomas,
et al (26), given by Eq. (1).

In the following, Eq. (2) will be used to correlate free flame
heights, since the relationship allows for fuel properties. The present
experimental results suggest that the radial spread of impinging flames
is related in a simple manner to the ratio of the free flame height to
the ceiling height, Hf/H. This relationship will be examined later.

3.2 Ceiling Heat Flux Correlation

3.2.1 Correlation for Stagnation Region

In spite of its importance for modeling heat transfer in fires,
earlier models of stagnation point heat transfer rates for plume impingement
could not be found in the literature. More extensive results exist for
impinging jets. However, these studies generally involve a heated plate
exposed to a jet having a temperature equal to the ambient temperature.
Therefore, the results are not directly applicable to the impingement of
a heated plume on the ceiling.

The general structure of the flow near the stagnation point involves

a laminar boundary layer adjacent to the wall. For a turbulent impinging

flow, the ambient turbulence levels enhance the transport capabilities
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of the boundary layer (30). This enhancement must be determined empirically.
Following Sibulkin (31), we obtain the following expression for the
heat flux at the stagnation point of a plane body,

dv

§" o = 0.763 e ou 2 ]
r=0

AN SEE ()
where Ve and Te are the velocity and temperature at the edge of the wall
layer, Tw is the wall temperature, and the usual notation is followed
for physical properties.
Donaldson, et al (30) have measured the velocity gradient term
required in Eq. (5) for fully developed jets. They find:
dv

e —
( i )r=0 = awc/r

1/2 (6)

where W, is the jet centerline velocity, r is the point where the

1/2

impinging jet velocity is one-half its maximum value, and o = 1.13

for fully developed jets. In the following, we assume that Eq. (6) can

be applied to plumes as well, although the value of o may be different.
Equation (5) is valid for an ambient potential flow. For impinging

turbulent jets, measured heat fluxes are higher due to the influence

of the ambient turbulence on the wall layerA(30). The enhancement

varies with the turbulence intensity, which in turn depends on the ceiling

height to source diameter ratio. Therefore, we can expect:

q"/q" o = F@E/D) 7

Substituting Eqs. (6) and (7) into Eq. (5) yields the following

expression for the stagnation point heat flux:



~16-

3/ 1

q" = 0.763 Pr_ S[Danc/r 1t Cp(Te_Tw)F(H/D) ®)

1/2

The remainder of the analysis depends upon whether the impinging
plume is turbulent or laminar. Both cases are considered in the following.

Turbulent Impinging Plume. The centerline quantities of the plume

"are determined at the ceiling height, neglecting virtual source effects.
Rouse, et al (32) find the following relationships for axisymmetric

turbulent plumes: »
1/3

weH/V = 4.7 Ra 9)
g8(T_ - TH/v? = 11.0 Ra®/3 (10)
where s
Ra = gBQH/oC v T (11)
Rouse, et al (32) also find that
/H = 0.085 12)

T1/2

Substituting Eqs. (9)-(12) into Eq. (8) and assuming (Tc—Tm) >>
(Tw - T.), yields the following expression for the heat flux at the

stagnation point for a turbulent plume:

i”Hz/Q = 62.41 ul/z pr3/5 Ra'1/6 F(H/D) (13)

Equation (13) indicates that the heat flux parameter depends upon
Ra, although the dependence is relatively small.

Laminar Impinging Plume. Yih (33) has presented analytical solutions

for laminar plumes. For an axisymmetric plume with a Prandtl number

of unity, the following equations are obtained:
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/2 Ra1/2

w BV = m™L (14)
g8(T, - T/’ = (3m) Ra (15)

Yih also finds
/H = 3.53 Ra M4 (16)

T1/2

Substituting Eqs. (14)-(16) into Eq. (8) yields the following

expression for the heat flux at the stagnation point for a laminar plume

1/2

Pr—3/5Ra3/8
lam

d"HZ/Q = 0.0272 o 17)

In this case, the turbulent enhancement factor F(H/D) has been set

equal to unity and o

lam
Although Pr_3/5 has been included from Eq. (8), Eqs. (14-16) are limited

is taken to be a factor similar to o in Eq. (6).

to Prandtl numbers near unity. The entire solution is only valid for
Ra < 9 x 109, which is the limiting value for laminar flow in the incident
plume (33).
3.2.2 Correlation for r/H > 0.2
Alpert (23, 24) has developed an integral model to predict

heat fluxes to the ceiling and velocities and temperatures within the
ceiling jet. The solution is limited to the weakly buoyant region, where
the Boussinesq approximation is valid and radiation is negligible.

An analytical solution was obtained for values of r/H > 0.2,
assuming that the friction factor at the ceiling and the entrainment
constant of the ceiling jet were constants. Ceiling heat transfer rates
were related to the frictiom factor by the Reynolds/Colburn analogy.

The ceiling temperature and the local ambient temperature were assumed
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to be the same.
Following Ellison and Turmer (17), spatial averages of ceiling jet
velocity, v, and density defect, (p_ - P), and a characteristic ceiling

jet thickness, h, were defined as follows:

Vh = [ v dy (18)
o

V2h = J vzdy (19)
o

VWh = Jm gv(p~0) /o, dy (20)
[o]

Proceeding with the above assumptions, the solution of the integral

equations yields

. _ ~(f+2E)/ (f£+4E)
V(pC H/BgQ)l/3 = (27F Ri ) 1/3¢ (21)
P e e
. - (Kf+2E) / (£+4E)
Vo3 o 1880?73 = re,/ are,) PR 1H 2 (22)
h/H = TR, ¢/T , (23)
where
b = 1 + (£HE) G- ‘fez)/é?eﬁe (24)
Ri, = 4E /53 6%+ 1) (25)
T, =—%—/%Ep/(l + /%—Ep) (26)
_ V3 3

‘Ee = = Ep/(l + 3 Ep) (27)
g = pr2/3 (28)

r/H, h = h/H (29)

2
i
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In these equations, E and Ep are the entrainment constants of the ceiling
jet and the plume, respectively. The parameter B' is the ratio of the
characteristic widths of the velocity and density defect profiles (the

e = positions) in the plume.

L., =8 Qp (30)

If it is assumed that the ceiling jet velocity and temperature
profiles are Gaussian, neglecting the small region involving the boundary

layer at the ceiling (9),

<
1

2
v___exp (-(y/V7)
max (31)

AT

Mt exp(=(y/70))

where Y measures relative widths of the two profiles in the ceiling
jet (similar to Eq. (30) for the plume).

RT = vR (32)

Introducing Eqs. (31) and (32) into Eqs. (18)-(20), the following

relations are obtained:

v =y 2 V (33)
max
L2 12
ATmax "+ 1 V/gBRY . (34)
2 = QT/Y =v2/T h (35)

Employing the Reynolds/Colburn analogy, along with the preceding

results, yields the following expression for the ceiling heat flux

_[(RFEDE + 4E

)2 5 f + 4E (36)

-2/3  1+3 E_/5

TV 2

Q" /G = 5fPr ( . P
36mv 2 P
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In contrast to Eq. (13) for the stagnation point, Eq. (36) does not
depend on the Rayleigh number. This is a consequence of assuming a
constant friction factor in the analysis. A more complete solution
allowing f = f(Re) would implicitly involve the Rayleigh number. Only
numerical solutions are available in this latter case, as reported by
Alpert (23, 24).

During the present investigation, the values for the empirical
constants suggested by Alpert (23, 24) have been employed. These
quantities are summarized in Table 1. Various values of friction factor

will be considered in the following.

Table 1. Parameter Values for Ceiling Jet®

Parameter Value (24)
E 0.12
P
E 0.12
g2 1.35
Yz 1.00
Ri 0.0196

e

Hé 0.0399
T, 0.169

8yalues for Ep and 62 based on Rouse, et al (32)

4, Results and Discussion

Methanol, ethanol, l-propanol and n-pentane were employed as test

fuels. Table 2 lists the physical properties of these materials used
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Table 2

PHYSICAL PROPERTIES OF FUELS®

Property Methanol Ethanol ©Propanol ©Pentane
Molecular Weight 32.04 46.07 60.08 72.14
Boiling Point (K) 337.7 351.5 370.4 309.3
Heat of Vaporization (kJ/kg)b 1226 880 788 357
c, (kJ /kg=K)® 1.37 1.43 1.46 1.71
Q, (mJ/kg-mole)© 675 1278 1889 3270
a . s _ -6 2 _ -6 2

Ambient conditioms: Vv_=15.3 X 10 " m'/s, u_ = 18.1 X 10 ~ Ns/m",

Cp = 1.005 kJ/kg-K
bValue for the fuel at the boiling temperature

“Lower heating value of the fuel at 298 K
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to reduce the data. Property values were obtained from Refs. 35-37. All
data is summarized in the Appendix.
In the following, the strength of the fire source is frequently
represented by the heat generation rate. This quantity was computed
from the mass burning rate, as follows:

Q = my Q | (37)

The use of Eq. (37) to estimate the energy content of the plume
neglects heat losses by radiation, which for paraffin hydrocarbons
is typically 207 of the total heat generation rate (38).

4.1 Flow Visualization

Figure 4 is a photograph of a turbulent n-pentane fire impinging

on an unconfined ceiling. Experimental conditions involved H = 214 mm,
D = 91 mm (square) and é = 7.54 kW. The luminous region tends to approach
the ceiling near the flame tip, similar to observations of wall fires (16).
The flames do not appear to actually return to the ceiling, as required
by thin diffusion flame theories, due to wall quenching.

Figure 5 illustrates shadowgraphs of a turbulent l-propanol fire.
The experimental conditions involved H = 165 mm, D = 18 mm and é = 0.2 kW.
The shadowgraph arrangement was similar to that used in earlier work on
wall fires (12). The bottom figure shows the burning wick, the middle
figure shows the impingement region and the top figure is an illustration
of the ceiling jet region. The flow is laminar, with some pulsations,
near the fuel bed;.however, the upper portions of the plume and the ceiling
layer are turbulent. Fairly large coherent structures can be observed
in the turbulent portions of the flow. However, these structures do
not exhibit the regularity observed near the source of turbulent shear

layers (39).
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Fig. 4 Photograph of am n-pentane fire
impinging on an unconfined ceiling.
H =214 mm, D = 91 mm (square),
Q = 7.54 kW.



Fig. 5 Shadowgraph of a Turbulent
Propanol Fire Plume Impinging
on an Unconfined Ceiling. H = 165 mm,
D=18 mm, Q = 0.2 kW.
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Structures with greater regularity are observed with laminar plumes.
Figure 6 is an illustration of shadowgraphs for this case. The experi-
mental conditions are H = 75 mm, D = 51 mm and é = 0.8 kW. The order of
the figures is the same as Fig. 5. In this case, an array of vortices pro-
pagates along the ceiling, which is more similar to the large scale
structures observed in Ref. 39 for shear layers.

4.2 Flame Height

Figure 7 is an illustration of the correlation of flame
height data with no ceiling present. The results are correlated
according to Eq. (2), following Steward (29). Other data shown on the
plot are due to Thomas, et al (26) for wood cribs, Kosdon, et al (28)
for vertical cylinders, and Steward (29) for gas jets.
Using the method of least squares regression the following correla-

tion of the present data was obtained:

0.211

Hf/D = 10.96 NCO

(38)

The power of N, in Eq. (38) is quite close to the predicted power given

Cco
by Eq. (2). The present flame height measurements yielded generally

lower values than the other investigators. Experimental technique
contributes to these discrepancies, since photographic height determina-
tions tend to be biased toward the maximum height of the flame. The
degree of flame luminosity is also a factor, e.g. methanol, which forms
little soot, generally exhibits the lowest values of Hf/D at a given value

of NC The characteristics of the source are also a factor, particularly

0
for the low values of Hf/D encountered during the present tests.

4.3 Flame Length Along Ceiling

The experimental results indicated that the free flame height

and the length of an impinging flame along a ceiling were related. This



Shadowgraph of a Laminar
Propanol Fire Impinging on
an Unconfined Ceiling.
H=75mm, D= 51 mm,

Q = 0.8 kW.
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correlation is illustrated in Fig. 8. The results consider both confined
and unconfined ceilings. 1In order to facilitate observations, the
floor plate of the apparatus, Fig. 1, was removed for these tests.

The uppermost line on Fig. 8, represents the condition where the total
length of the flame, when it impinges on the ceiling, is equal to its

free flame height, Hf =} + HR, or

HR/D = (Hf - H)/D (39)

In general, the measured radial spread is smaller than the value given

by Eq. (39). Correlation of the data for an unconfined ceiling yields

Hp/D = 0.502[(H; - 1) /p]1°%-%%7 (40)
while the correlation for a confined ceiling is
Hp/D = 0.692[(H; - 1)/p) %887 (41)

The radial flame spread is larger for the confined ceilings due
to the reduced oxygen concentrations in the stratified ceiling layer.
The radial spread tends to increase as the length of the wall is increased
with the increase in the range 20-407 for the present tests. Since the
floor of the apparatus was removed, burning could still be sustained
when the ceiling and wall heights were the same, since combustion air
could still be entrained from below the fire source position. If the floor
were present, lack of ventilation would undoubtedly modify the results
although this was not examined during the present experiments.

4.4 Ceiling Heat Flux

Figure 9 is an illustration of the heat flux at the stagnation
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point as a function of fuel type, Hf/H, and Ra. The measurements are
compared with the theoretical correlation given by Eq. (13). The

results can be correlated reasonably well in this manner, even for flames
that are just impinging on the ceiling, Hf/H = 1. Variation of fuel

type exerts little influence on the results, over the present test

range.

The theoretical expression, Eq. (13), can be fitted to this data by
choosing o = 0.25 and F(H/D) = 1 (the two factors cannot be separated
without an independent measurement of dve/dr so that Eq. (6) can be
evaluated). This yields the following expression for the heat flux
for Hf/H.i 1 (results from Fig. 8 indicate the correlation is adequate
for somewhat larger values of free flame height, e.g., Hf/H < 1.5) and

109 < Ra < 1014:

3/5Ra-l/6

q"H2/q = 31.21 Pr” (42)

It is of interest to compare the present heat fluxes for impinging
plumes with results for impinging jets. Donaldson, et al (30) begin
their analysis with a laminar heat flux expression slightly different

than that of Sibulkin (31), as follows:
C dv
e ) ]

] = P 1/
9 1am (21’r)J'/"[pu dr =0

2@, - 1) (43)

Substituting Eqs. (6) and (7) into Eq. (8) yields the following expression

for the stagnation point heat flux of a turbulent jet:

/ /

§" = e ooy /ry 1M 20 (x, - TR/ 44)

Equation (44) is very similar to Eq. (8) which was derived for plumes.

The differences involve a slightly different power for the Prandtl
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number and a relatively small change in the constant. Since plume
velocities are controlled by their buoyancy content, Wc and (Te - Tw)

are related for plumes, cf Eqs. (14)-(16). This is not the case for
jets; therefore, we can directly compare the heat transfer characteristics

of impinging plumes'and jets by considering each to have the same LA

(Te - Tw) and /2" Taking the ratio of Eq. (44) to Eq. (8) in this case
yields:

“n " n — 1/2 1/2
q /q = (o F(H/D))jet/(a

jet’ * plume (45)

F(H/D))

plume

The measurements for the impinging jets and plumes are compared in
Table 3. A startling feature of this result is that for comparable

conditidns, the heat flux of the impinging jet is 2-4 times greater

Table 3 Comparison of Turbulent Impinging
Jets and Plumes at the Stagnation Point

Jet Plume
Source Donaldson, et al (30) Present Study
o 1.13 0.25%
F(H/D) 1.4-2.2 1.0%
H/D 6-30 2.3 - 21.2
(w'/w)e 0.12-0.22 0.24—0.28b
r) /8 0.091 .112°, 0.085°
Tl S -
q jet/q plume 2.6 - 4.2

®Determined by assuming F(H/D) = 1
bMeasured by George, et al (38), 8 < x/D < 16

cMeasured by Rouse, et al (32)
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than that of the impinging plume. In most other respects, the flows

are rather similar, e.g. width with respect to distance from the source,
turbulence intensity, etc. Several factors could contribute to this
behavior. In the present experiments, Q was evaluated from the total
combustion energy of the fuel, neglecting radiation. Therefore, the
actual é in the plume may be somewhat lower than the present estimation,
and use of the correct value would tend to increase the heat flux
parameter for plume impingement (results considered later, however,
indicate plume characteristics are represented reasonably well by the
present approach). We also assume that the heat of combustion is
released at the source, when Egqs. (9)-(11l) are employed to evaluate W,
and (Te - Tw). Actually, the heat is released over a significant
fraction of the ceiling height in the present experiments, tending to
reduce plume velocities since the complete buoyant force only acts over
a portion of the ceiling height. This would also tend to reduce the
stagnation point heat flux, cf Eq. (8).

There is also the possibility of fundamental differences in the
impingement processes of plumes and jets. Until velocity measurements are
available for the impinging plume it is impossible to determine whether
the reduced heat flux is due to lower values of o, i.e. lower rates of
acceleration of the flow near the stagnation point, or a smaller effect
of the turbulence level on thermal boundary layer near the wall. The
influence of flow stratification through the Richardson number, could be
a factor in both effects. Clearly, further work will be required in
order to more fully understand the impingement process of plumes and
their relation to jet flows.

The theoretical expression for stagnation point heat flux for a
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laminar plume, Eq. (17), is also illustrated on Fig. 9. For lack of
other information, the turbulent value of o has been used to plot the
correlation. The predicted heat flux for a laminar plume is much
higher than the turbulent plume, since laminar plumes mix more slowly
with the ambient fluid. This results in higher values of temperature
and velocity in laminar plumes which increases the heat transfer rate at
the stagnation point. The present fire sources were turbulent for Ra
as low as 2 x 109, which is somewhat lower than the transition criteria
given by Yih (33) of 9 x 109, for weaker sources. Therefore, the
potentially interesting jump in the heat flux in the transition region
was not observed during the present investigation.

Figure 10 is an illustration of the effect of flame heighf on the
stagnation point heat flux for unconfined ceilings. For values of
Hf/H in the range 0 - 1.5, the stagnation point heat flux is independent
of Hf/H. From the resﬁlts of Fig. 8, or Eq. (40), this corresponds to
0< HR/H_i 0.25, which includes conditions where the flame has spread
a significant distance along the ceiling. For larger values of Hf/H
or HR/H, the stagnation point heat flux decreases. This is due to
the fact that the cool, unburned core of the plume reaches the ceiling,
reducing the temperature levels of the gas stream that contacts the
stagnation point.

Figure 11 is an illustration of the variation of ceiling heat flux
with radial distance from the stagnation point. These results are for
unconfirmed ceilings. In addition to the present data, measurements are
also included from the work of Alpert (23) and Zukoski, et al (19).

Two sets of theoretical curves are shown on the figure. The first set,
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for the region of the stagnation point, is obtained from Eq. (42),

using two values of Ra that span the range of the data shown on the figure.
The second set of curves, for r/H > 0.2, employs Alpert's (23, 24)
numerical solution for values of £=0.02 and 0.04. The other parameters

used in this computation are summarized in Table 1.

The scatter of the data on Fig. 11 is appreciable. Clearly all
relevant factors are not considered by these simple correlation schemes.
In the stagnation region, the use of Eq. (42) directly illustrated in
Fig. 8, reduces the scatter since the effect of Rayleigh number is
included. Employing the Rayleigh number correction for r/H > 0.2,
however, increases the scatter in that region. The best current estima-
tion for the heat flux involves employing Eq. (42) for the stagnation

region, r/H < 0,2; and fitting the data for r/H > 0.2, viz. The use of Eq.

2/3)
(46)

/or? = 0.353er2/341 + 18.87[(e/m? - 0.02877)" (% * 05T
(36) tends to overestimate the reduction of heat flux with radial distance.
The effect of flame impingement on the ceiling is illustrated in
Fig. 12. Similar to Fig. 11, the theoretical expressions are also shown
on the figures. In the region of the stagnation point, flames which
spread a significant distance along the ceiling, exhibit reduced heat
transfer rates. This finding was illustrated explicitly in Fig. 10.
For values of r/H > 0.2, however, significant differences from the
results for non-impinging flames are not observed. This was the case for
HR/H up to 0.6, the largest value considered. For this range of conditionms,
Eq. (46) is still adequate for estimating the heat flux resulting from
impinging flames.

Figure 13 is an illustration of heat flux measurements with confined



l\,_ ]
) N~ §
0.1} 7
O i -
c\,\
T
o § ]
FUEL SOURCE | SHADE Rg
00! F ]
. o METHANOL PRESENT o |-25x]0° ]
- 0 ETHANOL  PRESENT | 25-50 :
. A PROPANOL PRESENT o 50-100 -
v PENTANE  PRESENT e  100-2000
S ALPERT )
o ZUKOSKI, ETAL
00015 ]\’ 0.l | 10

Fig. 11

l’/H

Ceiling Heat Fluxes for Plume Impingement on an Unconfined Ceiling.

-LE—



F—AN—£- ———-
§ 3
e 'V - - -
Rg=4x 10" ALP!-iR.TOSO IHEORY,
O.1t e .
- 4
" SYMBOL  FLAME TIP (f/H) |
NSO R 0.39 ‘
L v 060
. [ e 005 ]
° 0.15
00!} ]
i Rax10719 |
FUEL 1-25 25-50 50-100 100-2000
- METHANOL o o R o §
ETHANOL o o -
" PROPANOL & A A .
PENTANE v v v
O_OOI J‘v 1 1 i 1 1 1 3 1 1
0 0.1 | 10
I/H

Fig. 12 Ceiling Heat Fluxes for Flame Impingement on an Unconfined Ceiling.

_8€_



|J\/ T 1 T 1 T 1 T T 1

__Z____g_____

q"HYQ

Y W ——
= 3
Rq = 4x10 ALPERT'S THEORY,
O1F f= 004
CONFINEMENT f=0.02
ool | __FUEL SOURCE L=152 | =305
- o METHANOL PRESENT o o
" o ETHANOL  PRESENT o o
- A PROPANOL  PRESENT £
v PENTANE  PRESENT v v
- ZUKOSKI, ETAL s
100 < RgX10'°< 2000
O. 1 i i { i1 i 1 ] 1
QOlg—V ol |
r/ H

Fig, 13 Ceiling Heat Fluxes for Plume Impingement on a Confined Ceiling.



~40~

ceilings. Two degrees of confinement were considered, comprising

L = 152 and 305 mm. The heat fluxes are higher for confined ceilings,
and tend to increase as the degree of confinement increases. The
correlations provided by Egqs. (42) and (46) underestimate this data
somewhat, but at least provide a reasonable first estimation of the
results. Additional study will be required to fully resolve the effect
of confinement on the ceiling heat flux.

4,5 Mean Temperature Distributions

Mean temperature distributions for both unconfined and confined
ceilings are illustrated in Figs. 14 and 15. For these tests, D = 20
mm, H = 695 mm, Q = 246-250 kW, Hf = 89-102 mm and methanol was used as
the test fuel. The curtain wall, Fig. 15, was 610 mm in diameter and
had a length of 241 mm.

During these tests, flow instabilities near the source would
occasionally cause the center of the temperature profile to shift from
the geometrical center of the wick; however, shift distances were no
greater than 10 mm. Even though the ceiling was insulated, and allowed
to reach a steady condition, there was still some heat loss from the
ceiling; therefore, temperature profiles in the ceiling jet show a
slight reduction near the surface of the ceiliné. Since the flame height
was relatively low, maximum temperatures are less than 66C above the
ambient temperature; therefore, the measurements are in the weakly
buoyant region of the flow.

For the unconfined ceiling, Fig. 14, temperatures within the plume
and the ceiling jet decline continuously with increasing distance from the

source. For the confined ceiling, Fig. 15, temperatures within the ceiling
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layer are relatively uniform and the temperature disturbance due to the
ceiling jet is less well-defined than for the unconfined ceiling. The
lower edge of the ceiling layer slants downward when passing from the
plume position toward the curtain wall, reaching a depth approximately
40 mm below the lower edge of the curtain wall for this test condition.
This effect is due to the passage of relatively cool air near the edge
of the plume into the ceiling layer.

With this data available, it is of interest to compare the results
with various theoretical predictions for the plume, ceiling jet, ceiling
layer, etc. These comparisons are described in the following.

Plume. Plume profiles can be correlated in the following form:

-1/3

2
wzRa /v = Cwexp[-ﬁjlpz) ] 47)

-2/3

g8(T - T )z Ra 23/ = CTexp[-(r/B'sz)z] (48)

where the Rayleigh number in these equations is the same as Eq. (11),
except that the height, z, above the source of the plume replaces the
ceiling height H. The constants appearing in Eqs. (47) and (48) have
been measured by Rouse, et al (32), George, et al (38) and Yokoi (34).
Their values are summarized in Table 4. Due to the difficulties in
accurately measuring velocities and temperatures'in plumes, the constants
from the three investigations differ and additional study will be required
to resolve these differences.

The temperature correlation given by Eq. (48) is compared with the
present measurements in Table 5. The present measurements agree

reasonably well with the earlier studies, particularly those of Rouse,
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Table 4

PLUME PROFILE CONSTANTS

' 2

Source Cw CT § B WCWS
Rouse, et al (32) 4.7 11.0 .102 1.17 .154
George, et al (38) 3.4 9.0 .135 .92 .195
.187

Yokoi (34) - 3.8 9.1 .125 1.15
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Table 5

SUMMARY OF PLUME CHARACTERISTICS®

z. Q AT Ra r/z
@ o) ® xrll e8T Pra73 (ar/at_ = e
Unconfined Ceiling

356 243 61.9 2.38 10.1 .113
483 245 43,5 442 11.0 .133
610 246  28.2 7.07 11.2 .127
Confined Ceiling

356 245 65.7 2.40 10.8 .113
483 245 37.2 4.42 10.2 -
610° 242 32.0 6.96 13.0 -
Rouse, et al (32) 11.0 .119
George, et al (38) 9.0 124
Yokoi (34) 9.1 .143

aProperties taken as follows: p = 1.18 kg/m3, v=153X lO_6 mz/s

c, = 1005 J/keK, B = 3.36 X 103 k7L, g = 9.806 w/s?

bThis portion of plume is in ceiling layer.
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et al (32). This implies that the constants, and the estimation of plume
properties, used to develop Eqs. (13) and (42) are reasonable. During
the confined plume measurements, the two highest positions for plume

measurements are within the ceiling layer and Eq. (48) does not apply.

Nevertheless, we see that values of the maximum temperature parameter

are comparable to the other cases.

Ceiling Jet. The results for the unconfined ceiling can be
compared with Alpert's model (23, 24). Similar to the heat transfer
results, we assume f = .03 will provide the best fit of the data.
Substituting parameter values from Table 1 into Eqs. (21)-(35) yields

the following expressions for ceiling jet quantities:

2/H = 5.38 x 10'3 ¢/ (r/H) (49)
viRa 37y = 5.14 67322 expl-(y/0)] (50)
3. =2/3, 2 ~(.471 + .059 pr-2/3y 2
gBATH Ra /ve =9.18 ¢ ’ - Jexp[-(y/2)71  (51)
where
6 = 1+ 18.87[(c/H)> - 0.0287] (52)

Since Y = 1, from Table 1, £ = QT for this correlation.

Ceiling jet characteristics obtained from Egqs. (49)-(51) are compared
with the present measurements, illustrated in Fig. 14, in Table 6.
Similar measurements by Zukoski, et al (25) are also summarized in the
table.

The two sets of measurements are in reasonably good agreement with

each other, at comparable values of r/H. The theory generally underestimates
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Table 6

SUMMARY OF CEILING JET CHARACTERISTICS?

: 3,5.2/3.2
r/H Q AT Ra 2./H gBATmaxH /Ra“’"v

. max

w X

Measured Predicted Measured Predicted

Present Data, H = 695 mm

.109° 257  23.1 9.59 x 10t — - 11.1 11.3
.183 253 19.4 9.44 X 101 .053 .032 9.5 8.8
292 248 14.3 9.26 X 10°% .054 .038 7.1 6.2
.366 255 12.2 9.52 X 1o°t . 065 044 6.0 5.1

Zukoski, et al (25), H= 813 mm
12

.219 1170 37  5.98 X 10 048 .034 8.5 7.8

.312 1170 30  5.98 X 10%2 . 044 .049 6.9 5.8

469 1170 22 5.98 X 10%° 050 .053 5.0 4.0

.312 1530 40  7.82 X 10%2 044 .040 7.6 5.8
12

.469 1530 27 7.82 X 10 .059 .053 5.1 4.0

aProperties the same as Table 5.

bLocated in turning region, Qt/H not relevant.
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the maximum temperature in the ceiling jet by about 20%. The theory
also tends to underestimate the width of the ceiling layer. The general
trends of the theory, however, conform with the measurements.

Applying the same approach to the ceiling layer for a confined
plume should also be possible, if the characteristics of the impinging
plume can be defined. Work is currently in progress in order to allow

this extension.

Ceiling Layer. If we exclude heat losses from the ceiling layer,

the average temperature in this region should be the same as the average
temperature of the plume when it strikes the lower edge of the layer.
Expressions for the mass flow rate and average temperature of the plume

are as follows:

B
]

(o]
J pw2mrdr (53)
o

Foll

=m C_ AT
m P (54)

Substituting Eq. (47) into Eq. (53), completing the integration, and
then substituting the result into Eq. (54), yields the following expres-

sions for the mass flow rate and average plume temperature:

1/3

* 2
m/pVzRa ncwzp (55)

gSZTz3/v2Ra2/3 = ('rrCWJLPZ)_l (56)

The right hand side of these equations varies, depending upon the source
of the measurements, as shown in Table 4.

The present measurements can be compared with Eq. (56), if we also
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ignore heat loss from the ceiling layer. Examination of Figure 15
indicates that the lower edge of the layer is not precisely defined, but

is in the range 230-260 mm from the ceiling in the central region near

the plume. The appropriate average temperature of the layer is obtained
from the region outside the plume, the ceiling jet, and the lower edge of
the ceiling layer. Predictions and the measurement are compared in

Table 7. The measured temperature defect is 15-30% lower than all the

predictions, probably due to heat losses.
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Table 7

PREDICTED AND MEASURED CEILING LAYER TEMPERATURES®

Ceiling Layer Height (mm) 435 465

Rayleigh Number” 3.60 x 101 4.11 x 10t

Predicted AT(C)

Rouse, et al (32) 26 29

George, et al (38) 20 23

Yokoi (34) 21 24
Measured AT (C) 18-19

%Q = 246 W, H = 695 mm, L = 241 mm, D, = 610 mm -
properties the same as Table 5

bOf plume at the point where it reaches the ceiling layer.
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Table A-1. FREE FLAME HEIGHT DATA
0 é He (wm)
(mm) (W)
min. max.

n—Pentane

35 778 229 280
35 1489 432 508
51 1620 330 381
51 2510 559 660
76 4190 610 737
107 6610 762 889
107 7890 610 762
Methanol

35 357 127 152
35 373 130 180
51 640 178 230
51 725 178 229
76 1340 279 381
76 1380 330 381
107 2260 330 368
107 2340 381 457



Table A-1. FREE FLAME HEIGHT DATA
(continued)
He (mm)
D Q
(mm) W)
min. max.

Ethanol

35 408 140 165
35 491 229 254
51 707 203 254
51 896 254 305
76 1730 356 432
107 2770 406 483
107 3000 483 559
1-Propanol

35 393 178 203
35 557 203 241
51 786 230 280
51 1050 305 356
76 1640 356 432
76 1900 457 533
107 3290 533 635
107 3310 559 635




-58-

Table A-2. FLAME LENGTH ALONG CEILING (NO CURTAIN WALL)

D é ‘ H HR (mm) He (avg) HR (avg)
(mm) (W) (mm) min. max. (mm) (mm)
Methanol

35 366 76 32 38 138 35

51 620 76 44 57 204 51

51 620 127 25 51 204 38

76 1190 76 76 114 304 95

76 1190 127 63 70 304 66

76 1190 260 0 52 304 26
107 2260 76 108 133 350 120
107 2260 206 51 127 350 89
Ethanol

35 410 76 40 52 152~ 46

51 707 76 51 70 229 60

76 1540 76 89 114 356 101

76 1540 127 63 102 356 82

76 1540 260 25 32 356 28

76 1540 336 0 13 356 6
107 2770 76 133 178 444 155
107 2770 206 127 165 444 146
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Table A-2. FLAME LENGTH ALONG CEILING (NO CURTAIN WALL)
(continued)
D Q H B, (m) H, (avg) H, (avg)
(@m) () (@)  win max. (um) (um)
1-Propanol
35 360 76 51 63 170 57
35 360 127 25 57 170 41
51 786 76 63 76 254 70
51 786 127 51 70 254 60
76 1640 127 89 108 394 101
76 1640 260 25 79 394 52
76 1640 336 13 51 394 32
107 3290 76 152 229 521 190
107 3290 206 127 178 521 152
n-Pentane
35 778 76 51 112 254 81
35 778 127 63 92 254 77
51 1620 76 76 108 356 92
76 3460 76 152 229 508 190
76 3460 127 165 209 508 187
76 3460 260 102 146 508 124
76 3460 336 76 121 508 98
107 7890 76 305 406 686 356
107 7890 206 254 330 686 292
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Table A~-3. FLAME LENGTH ALONG CEILING (CURTAIN WALL)

D Q H E (mm) He (avg) Hy (ave)
(mm) (W) (mm) min. max.
Dc = 610 mm, L = 152 mm
Methanol

76 1380 152 76 95 355 85
107 2340 330 51 64 419 57
Ethanol

76 1820 152 95 102 406 98

76 1820 330 44 51 406 47
107 2920 330 89 108 483 95
1-Propanol

51 1200 330 0 26 350 13

76 1800 330 76 102 431 89
107 3310 330 140 203 585 171
107 3310 460 64 89 585 76
n-Pentane

51 2370 330 114 159 521 136

51 2370 460 25 64 521 44

76 4790 330 191 254 685 222

76 4790 460 102 140 685 121
Dc = 610 mm, L = 305 mm
Ethanol

107 3060 362 127 152 521 140
1-Propanol

76 2060 362 114 146 507 130
107 3540 362 178 267 598 222
107 3170 508 51 102 598 76
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Table A-3. FLAME LENGTH ALONG CEILING (CURTAIN WALL)

(continued)
D Q H Hy (mm) He (avg) N (avg)
(mm) (W) ~(mm) - min. max. (mm) (mm)
n-Pentane
51 2710 362 127 229 610 178
51 2190 508 13 76 610 44
76 5250 508 102 241 736 171




Table A-4.

STAGNATION POINT HEAT TRANSFER RATES FOR PLUME

IMPINGEMENT ON AN UNCONFINED CEILING

D (mm) H (mm) ;ﬁ QW) 4" (w/m?) 3—}‘3 Ra Ral/6 (é'.'—Hz—)
Q Q
Methanol
10 61 0.21 59 20000 1.27 1.73 X 10’ 44 .00
14 58 0.52 124 26600 0.73 3.36 X 10° 28.25
18 127 0.42 165 5380 0.53 2.11 x 1010 27.65
18 381 0.17 126 365 0.42 1.45 x 10t 30.51
25 58 2.40 165 40000 0.90 4.48 X 107 36. 50
25 381 0.37 250 653 0.39 2.89 x 10! 31.47
35 616 0.25 301 549 0.58 1.08 x 102 59.05
76 775 0.33 1180 704 0.36 5.62 X 1072 47.73
76 940 0.27 1190 460 0.34 8.33 X 102 48.40
Ethanol
10 61 0.21 54 16370 1.11 1.61 X 10° 38.00
14 58 0.52 108 31180 0.98 3.20 X 10° 37.62
18 127 0.44 177 6270 0.57 2.20 x 10°° 30.30
25 58 2.50 272 47200 0.59 7.38 X 10° 26.03
51 629 0.36 707 542 0.30 2.20 X 102 34.55
76 775 0.46 1603 1230 0.46 7.65 X 1012 64.57
76 940 0.38 1543 580 0.33 1.08 x 10%3 49.06
1-Propanol
18 381 0.30 196 611 0.45 2.26 x 10t "35.28
25 381 0.43 355 919 0.38 4.10 x 1011 32,58
51 629 0.40 786 662 0.33 2.47 X 10'2 38.72
76 775 0.52 1850 934 0.30 8.83 X 10'2 43.13
76 940 0.43 1814 700 0.34 1.27 x 1013 52.00



Table A-4.

STAGNATION POINT HEAT TRANSFER RATES FOR PLUME
IMPINGEMENT ON AN UNCONFINED CEILING (continued)

2

D (mm) H (mm) gi QW) a" (w/m2) gH Ra Ral/6 @H,
Q Q
n-Pentane
18 381 0.52 471 944 0.29 5.44 x 10%1 26. 20
25 381 0.58 750 1790 0.35 8.66 x 10t 33.78
35 616 0.66 968 1084 0.43 2.90 x 102 50.75
76 775 0.52 3459 1479 0.26 1.65 x 1013 41.00
76 940 0.46 3080 982 0.28 2.16 X 1073 46.89

_59._



Table A-5. EFFECT OF FLAME IMPINGEMENT ON STAGNATION POINT
HEAT TRANSFER RATES ON AN UNCONFINED CEILING
D (mm) H (mm) ;— é(w) h"(w/mz) Q;ﬂz Ra Ral/6(Q;§E)
Q Q
Methanol
18 381 0.17 126 365 0.42 1.45 X 1011 30.51
25 381 0.37 250 653 0.39 2.89 X 1011 31.47
35 616 0.24 301 549 0.58 1.08 x 1012 59.05
76 127 2.40 1198 24710 0.33 1.54 X 1011 24 .37
76 254 1.20 1156 7660 0.43 5.93 X 1011 39.10
Ethanol
18 381 0.27 177 538 0.44 2.04 x 10! 33.76
35 622 0.32 408 352 0.24 1.26 X 1012 33.28
51 629 0.36 707 542 .0.30 2.20 X 1012 34.55
76 76 4.33 1523 24100 9.19 X 10—2 7.03 X 1010 5.90
76 127 2.60 1740 22570 0.21 2.23 X 101l 16.35
76 254 1.30 1523 8680 0.37 7.82 X 101l 35.32
1-Propanol
18 381 0.30 196 611 0.45 2.26 X 1011 35.28
25 381 0.43 355 919 0.38 4.10 X 1011 32.58
51 629 0.40 786 662 0.33 2.47 X 1012 38.72
51 127 2.00 863 17139 0.32 1.11 X 1011 22.18
76 76 5.17 1726 23430 7.88 X 10~2 7.97 X 1010 5.17
76 127 3.10 1726 35840 0.24 2.21 X 1011 18.74
76 254 1.65 1726 0.48 8.86 X 1011 47 .60

12910
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Table A-5.

EFFECT OF FLAME IMPINGEMENT ON STAGNATION POINT

HEAT TRANSFER RATES ON AN UNCONFINED CEILING (continued)

D (mm) H (mm) l—}:i QW) a4 (w/m?) gt Ra Ral/6 A2
Q Q
n—-Pentane
18 381 0.50 471 944 0.29 5.44 x 101 26.20
25 381 0.58 750 1790 0.35 8.66 x 100! 33.78
35 616 0.66 968 1084 0.42 2.90 X 102 50.75
51 629 0.53 1400 1722 0.49 4.40 X 1072 62.21
51 127 2.80 1578 25400 0.26 2.02 x 10t 19.85
76 76 6.67 3416 22380 0.038 1.58 x 10t 2.80
76 127 4.00 3078 27170 0.12 4.32 x 10Mt 10. 50
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Table A-6. CEILING HEAT FLUXES FOR PLUME IMPINGEMENT ON AN UNCONFINED CEILING.
r - o 2 3" u*

H (mm ) i D (mm) QW) q" (w/m™) 3 Ra
Methanol

220 0.23 35 357 2080 .29 1.37 x 10t
220 0.34 35 351 1390 .19 1.35 x 101
220 0.91 35 351 221 .10 x 10 1.35 x 10tt
381 0.13 18 126 365 .42 1.45 x 10t
381 0.13 25 250 653 .39 2.89 x 101t
381 0.80 25 238 108 42 x 10° 2.75 x 1011
616 0.08 35 357 549 .58 1.08 x 10%?
616 0.13 35 366 353 .38 1.10 x 10%2
616 0.33 35 366 153 .16 1.10 x 1012

58 0 14 124 26600 .73 3.36 x 10°
127 0 18 165 5380 .53 2.11 x 10°
715 0 76 1177 704 .36 5.62 x 1012
940 0 76 1186 460 .34 8.33 x 1012

_9 9—



Table A-6. CONTINUED
_ . ' ) oo o2
H (mm) i D (mm) QW) 4" (w/m®) Lo Ra
Ethanol
220 .23 35 448 2290 0.25 1.72 x 100t
220 .34 35 432 1800 0.21 1.66 x 10t
220 .91 35 432 280 3.19 x 10 1.66 x 1011
381 .13 18 177 538 0.44 2.04 x 101
381 .47 18 174 203 0.17 2.00 x 101t
381 .80 18 174 71 5.94 x 10° 2.00 x 1011
622 .08 35 408 352 0.32 1.26 x 1012
622 .12 35 408 336 0.32 1.26 x 1012
622 .29 35 408 269 0.26 1.26 x 10%?
. 127 18 177 6270 0.57 2.26 x 101°
775 76 1603 1230 0.46 7.65 x 1012
940 76 1543 580 0.33 1.08 x 10>

_Lg.—



Table A-6. CONTINUED
r M . 2 L] H2
H (mm) a1 D (mm) QW) q" (w/m”) 3—6—— Ra
1-propanol
11
220 .23 35 485 2320 0.24 .87 x 10
220 .34 35 494 2230 0.22 .90 x 100t
2 11
220 .91 35 494 330 3.30 x 10 .90 x 10
381 .13 18 196 611 0.45 .26 x 10%1
381 .47 18 175 210 0.17 .02 x 10t
381 .80 18 175 82 6.77 x 1072 .02 x 1001
381 .13 25 355 919 0.37 .10 x 1001
381 .20 25 355 736 0.30 .10 x 101!
381 47 25 355 602 0.25 .10 x 10071
381 .53 25 355 352 0.15 .10 x 1001
-2 11
381 .80 25 355 223 8.03 x 10 .10 x 10
622 .08 35 389 392 0.39 .20 x 1012
622 .12 35 389 336 0.33 .20 x 10%2
622 .29 35 389 251 0.25 .20 x 1012
775 76 1850 934 0.30 .83 x 1012
940 76 1814 700 0.34 .27 x 103

_89_



Table A-6. CONTINUED
T . . 2 q" H2
H (mm) i D (mm) QW) g (w/m) 5
n-pentane
220 .34 25 . 642 2540 0.20 .50 x 10t
220 .91 25 642 400 3.03 x 1072 .50 x 10t
381 .13 18 471 944 0.29 .44 x 101
381 .47 18 509 412 0.12 .88 x 101
381 .80 18 509 168 4.78 x 1072 .88 x 1011
381 .13 25 750 1790 0.35 .66 x 101t
381 .20 25 750 1230 0.24 .66 x 10t
381 47 25 755 937 0.18 .72 x 101
381 .53 25 750 774 0.15 .66 x 101
381 .80 25 755 416 8.03 x 1072 .72 x 101
616 .08 35 968 1084 0.42 .90 x 1012
616 .33 35 928 360 0.15 .80 x 10%2
775 76 3459 1479 0.26 .65 x 1073
940 76 3080 982 0.28 .16 x 10%3




Table A-7. CEILING HEAT FLUXES FOR FLAME IMPINGEMENT ON AN UNCONFINED CEILING
r X . 2 q" e
H (mm) i D (mm) QW) q" (u/m®) SR Ra
Methanol

220 0.23 51 641 3680 0.28 25.00 x 10°!
220 0.34 51 641 2190 0.17 25.00 x 10t
220 0.80 51 641 766 6.00 x 1072 25.00 x 101
220 0.91 51 641 347 2.76 x 107> 25.00 x 10%t
220 1.37 51 641 352 2.76 x 107 25.00 x 10%!
220 0.23 76 1176 5250 0.22 4.53 x 10t
220 0.34 76 1132 3530 0.15 4.36 x 10't
220 0.80 76 1117 1469 6.50 x 10°2  4.30 x 10!
220 0.91 76 1132 599 2.61 x 1072 4.36 x 10'!
220 1.37 76 1117 826 3.65 x 102 4.30 x 10t
127 0 76 1198 24710 0.33 1.54 x 101
127 1 76 1198 2940 3.96 x 1072 1.54 x 10}
127 1 76 1198 5170 6.96 x 107> 1.5 x 10t
127 2 76 1157 1410 1.96 x 1072 1.48 x 10t
127 2 76 1157 1050 1.46 x 1072 1.48 x 10%1
254 0 76 ' 1156 7660 0.43 5.93 x 10t

-OL_



Table A-7. CONTINUED
T ' . 2 q" H2
H (m) i D (mm) QW) g (w/m”) S Ra
Ethanol
127 0 76 1740 22570 0.21 2,23 x 10M!
127 1 76 1740 2800 2.60 x 1072 2.23 x 10%!
127 1 76 1740 6310 5.85 x 1072 2.23 x 10t}
127 2 76 1631 1091 1.08 x 1002 2.10 x 10t
127 2 76 1631 1073 1.06 x 1072 2.10 x 10™t
254 o 76 1523 8680 0.37 7.82 x 1011
254 0.5 76 1560 2970 0.12 8.00 x 101
254 1 76 1523 838 .55 x 1072 7.82 x 10™!
254 1 76 1523 737 3.12 x 1072 7.82 x 101

_'[[_



Table A-7. CONTINUED
H (mm) % D (mm) (.J(W) " (w/m?) —CL—Q—H— Ra
1-Propanol

127 51 863 17139 .32 .11 x 10t
127 51 863 1284 .40 .11 x 1011
127 51 863 3682 .88 11 x 100
127 51 801 556 .12 .03 x 101
127 51 801 528 .06 .03 x 10!
127 76 1726 25840 .24 .21 x 10™t
127 76 1726 5590 .22 .21 x 10t
127 76 1726 3600 .36 .21 x 101
127 76 1788 1510 .36 .30 x 10!
254 76 1726 12910 .48 .86 x 101
254 76 1808 3460 .12 .28 x 101
254 76 1726 810 .03 .86 x 1011

—ZL—



Table A-7. CONTINUED
N . ’ ) o 2
H (mm) i D (mm) QW) q" (w/m") i Ra
n-Pentane
11
220 .23 51 1490 9420 0.31 5.74 x 10
220 .34 51 1490 8780 0.29 5.74 x 1001
220 .80 51 1490 2256 0.08 5.74 x 101
220 .91 51 1490 1310 0.04 5.74 x 101
220 .37 51 1490 1249 0.04 5.74 x 1001
220 .23 76 3660 18680 0.25 1.41 x 10%2
220 .34 76 3850 15400 0.20 1.48 x 1012
220 .80 76 3810 5330 0.07 1.47 x 10%?
220 .91 76 3850 2360 0.03 1.48 x 1012
220 .37 76 3810 1870 0.02 1.47 x 10%2
127 51 1578 25400 0.26 2.02 x 10t
~2 11
127 51 1578 2386 2.44 x 10 2.02 x 10
~2 11
127 51 1578 8760 8.95 x 10 2.02 x 10
127 35 1224 22930 0.30 1.57 x 1001
127 35 1224 2720 3.58 x 1002 1.57 x 10t
127 35 1224 2190 2.88 x 1072 1.57 x 10t
127 35 1051 837 1.28 x 1002 1.35 x 101
127 35 1051 906 1.39 x 1002 1.35 x 10t
Continued, next page
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QW)

0.5

H (mm) % D (mm) q" (w/mZ) 9 Ra

-2 11
127 2 76 3328 2670 1.29 x 10 4.27 10
254 0 76 3415 15760 0.30 1.73 1012

-2 12
254 1 76 3415 1910 3.60 x 10 1.73 10
254 0.5 76 3564 6300 0.11 1.83 1012

-2 12
254 76 3564 5240 9.48 x 10 1.83 10

_17[—



Table A-8. CEILING HEAT FLUXES FOR PLUME IMPINGEMENT ON A CONFINED CEILING (L

= 152 mm)

H (1m) z D (mm) QW) §" (u/n’) i Ra
Metg;nol

457 0 76 1094 1898 .36 1.82 x 1072
457 0.28 76 1094 1124 .21 1.82 x 1012
457 0.28 76 1094 1139 .22 1.82 x 1072
457 0.56 76 1094 684 .13 1.82 x 1012
457 0 51 587 1163 .41 9.76 x 10%t
457 0.28 51 587 584 .21 9.76 x 1071
457 0.28 51 587 668 .24 9.76 x 10-1
457 0.56 51 615 416 14 1.02 x 10%?

_gl_



Table A-8. CONTINUED
. . . , o 52

H (nm) i D (mm) QW) 4" (w/m®) —‘L—Q-—— Ra
Ethanol

457 0 76 1523 2589 0.36 2.53 x 1012
457 0.28 76 1523 1532 0.21 2.53 x 1012
457 0.28 76 1523 1614 0.22 2.53 x 1012
457 0.56 76 1540 616 0.08 2.56 x 1012
457 0 51 824 1520 0.39 1.37 x 1012
457 0.28 51 824 845 0.21 1.37 x 10%2
457 0.28 51 824 850 0.22 1.37 x 1042
457 0.56 51 780 384 0.10 1.30 x 102




Table A-8. CONTINUED
L . . 2 q" n
H (mm) i D (mm) QW) g (w/m") e Ra
1-Propanol
457 0 76 1757 3330 0.40 .92 x 1072
457 0.28 76 1757 1753 0.21 .92 x 10%?
457 0.28 76 1757 1765 0.21 .92 x 10%2
457 0.56 76 1763 782 0.09 .93 x 10%?
457 0 51 934 1984 0.44 .55 x 1072
457 0.28 51 934 1200 0.27 .55 x 102
457 0.28 51 934 1235 0.28 .55 x 1012
457 0.56 51 934 520 0.12 .55 x 1012

-LL-



Table A-9.

CEILING HEAT FLUXES FOR PLUME IMPINGEMENT ON A

CONFINED CEILING (L = 305 mm)

. - ' ) o o2
H (mm) i D (mm) QW) §" (w/m®) = Ra
Methanol
457 0 51 647 1823 0.59 .08 x 1012
457 0.28 51 647 1134 0.37 .08 x 1012
457 0.28 51 647 1129 0.37 .08 x 10%2
457 0.56 51 702 518 0.15 17 x 1012
457 0 51 746 1910 0.53 24 x 1012
457 0.28 51 746 1500 0.42 .24 x 1012
457 0.28 51 746 1480 0.41 .24 x 1012
457 0.56 51 614 577 0.22 .02 x 10%2
Ethanol
457 0 51 925 2946 0.67 .54 x 1012
457 0.28 51 925 1779 0.40 .54 x 10%2
457 0.28 51 925 1730 0.39 .54 x 102
457 0.56 51 982 700 0.15 .63 x 1012
457 0 51 910 2710 0.62 .51 x 1012
457 0.28 51 910 1700 0.39 .51 x 1012
457 0.56 51 968 837 0.18 .61 x 1012

—8[-



Table A-9. CONTINUED
r . . 2 b ] Hz
H () i D (mm) QW) §" (w/m®) S Ra
1-Propanol
12
457 0 51 1048 3020 0.60 .74 x 10
457 0.28 51 1048 1916 0.38 .74 x 102
457 0.28 51 1048 1658 0.33 .74 x 10%2
457 0.56 51 999 751 0.16 .66 x 1012
457 0 51 999 2126 0.45 .66 x 102

—6[_
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Table A-10. CEILING PLUME TEMPERATURES (NO CURTAIN WALL)
H= 695mm H,= 89mm T, = 26.4C
Hp = 356 mm Q = 243 W Methgnol
r(mm) T - TN(C) r (mm) T -T,_(C)
0 61.9 41.0 21.4
3.0 61.7 44.5 18.6
6.0 57.9 47.5 17.6
9.5 57.6 51.0 12.3
16.0 . 55.0 54.0 9.6
19.0 50.3 57.0 9.2
22.0 47.1 60.0 7.0
25.5 41.9 63.5 6.2
28.5 39.2 66.5 5.8
32.0 38.0 70.0 5.6
35.0 32.9 76.0 2.1
38.0 28.1




Table A-10. CONTINUED

H= 695m H.= 89mm T = 27.64C
Hp = 483 mm Q = 245 W Meth?nol
r (mm) T-T(C) r (mm) T-7T_(C)
0 43.5 41.0 26.2
3.0 42.0 44.5 24.4
6.5 38.1 47.5 24.0
9.5 37.7 54.0 19.3
12.5 37.2 " 60.0 18.2
16.0 36.1 66.5 14.7
19.0 34.1 70.0 13.2
22.0 33.9 76.0 9.6
25.5 31.7 82.5 7.0
28.5 29.9 89.0 5.0
32.0 28.6 95.0 3.9
35.0 28.3 101.5 2.5

38.0 26.8 108.0 1.1
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Table A-10. CONTINUED

H= 695mm He= 89mm T = 27.78¢C

Hp = 584 mm Q = 246 W Methanol
r(m) T-T_(C)  (um) T -T(C)
0 28.2 38.0 - 23.7
3.0 27.5 44.5 | 21.6
6.5 27.7 51.0 17.9
9.5 28.3 57.5 16.7
12.5 27.7 63.5 14.5
16.0 28.0 70.0 13.8
19.0 27.7 76.0 11.0
22.0 27.0 82.5 8.5
25.5 25.9 89.0 6.8
28.5 26.3 95.0 5.6
32.0 24.4 101.5 2.9

35.0 24.2 108.0 1.8




Table A-11. CEILING JET TEMPERATURES (NO CURTAIN WALL)

-83-

H= 695 m He = 89 mn T =30.5¢C
r= 0 m Q =257 W
y (un) 1T, (©) y (mm) I-1,, ()
2.5 25.9 40. 25.
5.0 25.2 43. 26.
7.5 25.6 46. 25.
10.0 25.8 48. 26.
12.5 25.1 51. 25.
. 15.0 26.0 33. 27.
18.0 25.8 56. 26.
20.0 24.4 58. 27.
23.0 25.0 61. 26.
25.5 25.2 66. 26.
28.0 25.3 71. 27.
30.5 24.3 76. 27.
33.0 24.4 102. 30.
35.5 25.9 127. 30.
38.0 25.9
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Table A-11. CEILING JET TEMPERATURES (NO CURTAIN WALL)
(continued)
H =695 mm £° 89 mm Tm =30.5C
r=176.2 mm =257 W Methanol
y (nm) -1, (C) y (mm) T-T (C)
2.5 22.5 40.5 12.1
5.0 23.1 43.0 12.1
7.5 22.6 45.5 12.0
10.0 22.4 48.0 10.8
12~.5 20.5 51.0 10.3
. 15.0 19.5 56.0 10.1
18.0 18.7 61.0 9.1
20.0 18.2 66.0 9.9
23.0 17.1 71.0 10.0
25.5 15.5 76.0 9.6
28.0 15.0 81.0 9.1
30.5 13.9 86.5 9.1
33.0 13.6 91.5 8.8
35.5 13.3 96.5 9.4
38.0 13.1 101.5 8.7
127.0 9.1
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Table A-11. CEILING JET TEMPERATURES (NO CURTAIN WALL)

(continued)

H =695 mm = 89 mm T = 29.4 C
r =127 mm =253 W Methanol
y (am) 1-T_ (C) y (mm) I-T_ (C)
2.5 18.3 33.0 8.2
5.0 19.4 35.5 7.8
7.5 18.7 38.0 6.5
10.0 18.0 40.5 6.0
12..5 16.7 43.0 5.2
15.0 15.3 45.5 4.6
18.0 14.2 48.0 4.5
20.0 13.4 53.0 4.2
23.0 12.5 58.5 3.1
25.5 11.4 63.5 2.3
28.0 11.1 68.5 2.0
30.5 9.4
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Table A~11. CEILING JET TEMPERATURES (NO CURTAIN WALL)

(continued)
H =695 mm Hf = 89 mm T,=30.8¢C
r = 203 mm é =248 W , Methanol
y (um) . T-T_ (C) y (mm) T-T, (C)
2.5 12.3 30.
5.0 14.3 33.
7.5 14.2 35.
10.0 13.2 38.
12.5 12.9 40.
- 15.0 12.6 43.
18.0 11.4 45.
20.5 10.7 48.
23.0 9.8 53.
25.5 8.7 58.
28.0 8.0
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Table A-11. CEILING JET TEMPERATURES (NO CURTAIN WALL)
(continued)
H= 695 mm Hf=89mm T,= 31.1¢
r= 254 mm Q =255 W Methanol
y (mm) T-T_ (C) y (mm) T-T, (C)
2.5 11.2 33.0 7.6
5.0 12.2 35.5 7.1
7.5 12.2 38.0 6.2
10.0 12.0 40.5 5.2
12:5 11.5 43.0 5.1
- 15.0 11.0 45.5 A
18.0 10.7 48.0 3.3
20.0 10.5 51.0 3.1
23.0 9.7 56.0 2,2
25.5 9.5 61.0 1.4
28.0 8.8 66.0 1.3
30.5 8.5 71.0 1.1




Table A-12. CEILING PLUME TEMPERATURES
(Curtain Wall L=241 mm, Dc=610 mm)

B= 695mm He = 89mm T = 25.56¢C

Hp = 356 mm Q = 245 W Methgnol
r (mm) T - Tm(C) r (um) T -T_(C)
0 65. 41. 22.2
3.0 64. 44, 21.4
6.5 65. 47. 17.3
9.5 62. 51. 15.2
12.5 62. 54. 11.8

©16.0 60. 57. 9.7

19.0 58. 60. 6.1
22.0 54. 63. 5.2
25.5 48. 66. 3.3
28.5 46. 73. 3.0
32.0 41. 79. 1.1
35.0 36. 85. 0.7
38.0 28. 92. 0.5
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Table A-12. CONTINUED

H= 695 m H:= 8 mm T = 23.3¢C

Hp = 483 mm Q = 245 W Methanol
r (mm) T - Tm(C) T (mm) T - Tm(C)
0 37. 41. 25.4
3.0 35. 44, 24.3
6.5 36. 47. 122.3
9.5 36. 51. 21.5
12.5 36. 54, 19.3
16.0 35. 57. 19.0
19.0 33. 60. 18.2
22.0 31. 66. 16.8
25.5 31. 73. 15.7
28.5 30. 79. 15.4
32.0 29. 85. 14.9
35.0 27. 92. 14.4
38.0 27. 98. 14.4
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Table A-12. CONTINUED

= 695 mm He=89mm T, = 25.0C

= 610 mm Q = 242 W Methanol
r (mm) T -T_(C) r (mm) T-T_(C)
0 32.0 38.0 26.3
3.0 32.0 41.0 25.3
6.5 32.0 44.5 '24.8
9.5 31.5 51.0 24,1
12.5 31.2 57.0 22.7
16.0 30.5 63.5 21.9
19.0 29.3 70.0 21.2
22,0 28.3 76.0 21.0
25.5 28.2 82.5 19.8
28.5 27.3 89.0 19.7
31.5 27.2 95.0 19.5
35.0 26.9 101.5 19.6
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Table A-13. CEILING JET TEMPERATURES .
(CURTAIN WALL, L = 241 mm, Dc = 610 mm)

H = 695 mm Hf=89mm Too=25.7C
r= 0 mm Q = 242 W ) Methanol
y (m) . -1, (C) y (mm) T-T, (C)

4.0 29.5 29.5 29.2
6.5 29.3 32.0 . 29.6
9.0 29.5 34.5 - 29.9
11.5 29.3 37.0 30.2
14.0 29.4 39.5 30.0
17.0 29.5 42.0 29.8
19.0 29.2 45.0 30.3
22.0 29.3 47.0 29.9
24.5 29.3 50.0 31.2
27.0 29.4 52.0 31.0
55.0 30.0 106.0 33.5
57.0 30.6 116.0 33.3
60.0 31.0 126.0 34.6
62.5 30.5 136.0 35.5
65.0 31.4 149.0 36.0
70.0 31.4 161.5 37.3
75.0 31.2 174.0 36.5
80.0 30.8 199.5 39.7
85.0 31.7 225.0 44.1
90.5 32.7 250.5 45.3
95.5 32.5 276.0 48.6

100.5 32.6 301.0 53.4
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Table A-13. CEILING JET TEMPERATURES .
(Curtain Wall, L = 241 mm, Dc = 6§10 mm)

(continued)
H =695 mm He = 89 mm T =28.1C
r =76 mm Q = 254 W ) Methanol
y (um) -1, (©) y (om) T-T_ (C)

2.5 29.3 86.5 21.1
5.0 29.6 91.5 21.3
7.5 29.7 96.5 21.3
10.0 28.9 101.5 21.3
12.5 28.8 114.0 21.0
15.0 28.3 127.0 20.7
18.0 27.7 139.5 19.8
- 20.0 27.3 152.5 20.1
23.0 26.8 165.0 19.4
25.5 26.3 178.0 18.2
28.0 25.9 190.5 17.4
30.5 25.1 203.0 17.5
33.0 24.4 216.0 16.0
35.5 24.6 228.5 15.1
38.0 24.2 231.5 14.2
40.5 24.2 233.5 12.5
43.0 23.5 236.0 12.9
45.5 23.3 241.0 11.6
48.5 23.2 243.5 10.2
51.0 22.8 246.5 10.0
56.0 22.6 249.0 9.2
61.0 22.7 251.5 7.0
66.0 22.7 254.0 6.1
71.0 22.6 256.5 7.1
76.0 22.3 266.5 4.6
81.5 22.1 279.5 5.5
292.0 3.8

304.5 5.7

312.5 3.6
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Table A-13. CEILING JET TEMPERATURES ]
(CURTAIN WALL, L = 241 mm, Dc = 610 mm)

(continued)
H =695 mm Hf = 89 mm T, 6 =25.28 C
r =127 mm Q =247 W ) Methanol
y (um) -1, (C) y (mm) T-T_ (C)
3.0 23.4 102.0 17.6
5.5 23.8 115.0 17.4
8.0 24.0 127.5 17.4
10.5 23.4 140.0 17.4
13.0 23.4 153.0 17.7
15.5 22.6 165.5 17.1
18.5 22.7 178.0 16.8
. 21.0 22.4 191.0 16.2
23.5 21.7 203.5 15.0
26.0 20.9 216.5 13.5
28.5 20.7 229.0 10.4
31.0 20.5 231.5 9.7
36.0 19.5 236.5 7.7
41.0 19.1 242.0 6.9
46.0 18.8 247.0 4.1
51.5 18.3 252.0 3.2
56.5 18.5 244.0 4.9
61.5 18.3 257.0 2.3
66.5 17.8 262.0 3.6
71.5 17.9 267.0 2.2
76.5 18.0 280.0 1.9

89.5 17.9 : 293.0 1.9
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Table A-13. CEILING JET TEMPERATURES
(CURTAIN WALL, L = 241 mm, D_ = 610 mm)
(continued) ¢ ‘
= 695 mm Hf = 89 mm T = 25.83 C
= 203 mm Q = 246 W Methanol

y (mm) T-T_ (C) y (mm) T-T_ (C)
3.0 18.5 176.0 18.6
5.5 20.2 188.5 18.8
8.0 20.7 201.0 18.5
10.5 21.2 214.0 17.7
13.0 21.0 226.5 16.5
15.5 20.9 229.0 16.1
18,0 20.9 231.5° 15.7
21.0 21.1 234.0 16.9
23.5 20.6 236.5 14.1
28.5 19.8 239.0 14.0
33.5 19.5 242.0 12.6
38.5 18.8 244.0 11.3
43.5 18.6 247.0 10.6
49.0 18.0 249.5 9.8
54.0 18.1 252.0 8.0
59.0 18.1 254.5 6.9
64.0 17.7 257.0 8.0
69.0 17.8 259.5 6.4
74.0 17.6 262.0 4.6
87.0 17.7 264.5 3.2
99.5 17.7 267.0 2.2
125.0 18.0 272.0 2.5
137.5 17.6 275.0 1.4
150.5 18.3 287.5 1.3
163.0 18.4 300.0 1.3
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Table A-13. CEILING JET TEMPERATURES )
(CURTAIN WALL, L = 241 mm, Dc = 610 mm)

(continued)
H= 695 mm H, = 89 mn T, = 26.25C
r = 254 mm Q =244 W , Methanol

y (mm) T-T, (C©) y (mm) T-T_ (C)
3.0 13.3 168.0 18.7
5.5 16.2 181.0 19.1
8.0 18.3 193.5 19.0
10.5 19.2 206.0 19.1
13.0 19.8 219.0 18.7
15.5 19.9 229.0 18.5
18.0 20.3 231.5 18.4
- 21.0 20.4 234.0 18.1
23.5 20.3 236.5 18.4
26.0 20.5 239.0 18.3
28.5 20.5 242.0 18.3
31.0 20.9 244.0 18.0
33.5 20.8 247.0 17.8
36.0 20.5 249.5 17.3
38.5 20.6 252.0 16.5
43.5 20.6 254.5 16.3
48.8 20.2 257.0 14.7
54.0 20.1 259.5 14.9
59.0 19.9 262.0 13.5
64.0 19.5 264.5 13.0
69.0 19.4 267.0 10.6
74.0 18.5 269.5 9.4
79.0 18.9 272.0 7.4
92.0 19.0 275.0 4.9
104.5 18.7 277.5 5.0
117.0 18.5 280.0 2.5
130.0 19.4 282.5 3.1
142.5 19.2 287.5 1.7
155.5 18.8 292.5 1.6
305.0 1.7
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