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ABSTRACT

This thesis presents an experimental investigation of the axi-
symmetric heat transfer from a small scale fire and resulting buoy-
ant plume to a horizontal, unobstructed ceiling during the initial
stages of development. A propane-air burner yielding a heat source
strengthlbetween 1.0 kW and 1. 6 kW was used to simulate the fire,
and measurements proved that this heat source did satisfactorily
represent a source of buoyancy only. The ceiling consisted of a
1/16" steel plate of 0. 91 mx diameter, insulated on the upper side.
The ceiling height was adjustable between 0.5 m and .91 m. Tem-
perature measurements were carried out in the plume, ceiling jet,
and on the ceiling,

Heat transfer data were obtained by using the transient meth-
od and applying corrections for the radial conduction along the ceiling
and losses through the insulation material. The ceiling heat transfer
coefficient was based on the adiabatic ceiling jet temperature (recov-
ery. temperature) reached after a long time. A parameter involving
the source strength Q and ceiling height H was found to correlate
measurements of this temperature and its radial variation. A simi-
lar parameter for estimating the ceiling heat transfer coefficient was
confirmed by the experimental results.

This investigation therefore provides reasonable estimates for
the heat transfer from a buoyant gas plume to a ceiling in the axisym-
metric case, for the stagnation region where such heat transfer is a
maximum and for the ceiling jet region (r/H £0.7). A comparison

with data from experiments which involved larger heat sources indi-
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cates that the predicted scaling of temperatures and heat transfer

rates for larger scale fires is adequate.
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LIST OF SYMBOLS
area (mz)
plume Gaussian width (m)

initial buoyancy fiux (m4/s3)

_specific heat (Ws/kg °K)

nozzle diameter (m)

increase in ceiling internal energy (W/mz)

friction factor

dimensionless function of r/H ; see p. 18, egn. (2.29)
dimensionless function of r/H ; see p. 31, egn. (2.52)
acceleration of gravity (m/sz)

heat transfer coefficient (W/mz OK)

dimensionless heat transfer coefficient, see p. 31
ceiling height (m)

conductivity (W/m OK)

ceiling jet Gaussian width (m)

mass flow rate (kg/s)

momentum flux (m4/sz)

initial momentum flux (m4/sz)

pressure gradient (N/mz)

Prandtl number

heat transfer/unit area (W/mz-)

heat source strength (W)

initial volume flux (m3/s)

dimensionless heat addition parameter, Q/p C_T gz 5

o p ®

radius (m)



-viii-

Re Reynolds number
St Stanton number
T temperature (OK or OC)
# 5 213
T T Q)
AT AT-T_)
u, V velocity (m/s)
v ceiling jet vertical dimension (m)
z vertical dimension from heat source (m)
B coefficient of expansion (gas) (1/°K)
B kinematic buoyancy flux (m4/s3)
) ceiling thickness (m)
vl dynamic viscosity (kg/ms)
u volume flux (m3/s)
% thermal diffusivity (mZ/s)
p density (kg/m3) 3
Subscripts
ad 7 adiabatic; see Section IL. E. 2, p. 28 ff.
c ceiling
g ceiling jet
max maximum value in plume or ceiling jet
p plume
0, oo

ambient
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I. INTRODUCTION

The heat transfer from a buoyant plume of hot gas risiﬁg above
a fire to a horizontal ceiling has, in recent years, drawn the atten-
tion of several researchers. The understanding of this phenomenon
will be of great help in estimating the magnitudes of heat transfer in
the developing stages of fires in buildings. If, e.g., the heat trans-
fer rate to a ceiling could be reduced by 50 per cent, the fire depart-
ment would have effectively double the time in which to react, and
this should result in a considerable reduction in damage. Heat
transfer to a ceiling is also very important in c¢stimating the optimum
placement of fire detectors in buildings(l).

The experimental study reported in this thesis was primarily
concerned with estimating the heat transfer rate from an axisym-
metric buoyant plume of hot gas rising above a single heat source to
a horizontal unobstructed ceiling. Since the experimental determina-
tion of heat transfer is not a trivial problem, this investigation was
aiﬁed .at'obtaining an order of magnitude of such heat transfer rates
and coefficients as a function of radius along the ceiling, rather than
trying to develop a sophisticated technique to increase the accuracy
of such measurements.

All measurements of heat transfer were of a transient nature
and attention was focussed on the first 7 minutes after the fire was
started. The actual heat transfer rates were obtained from the in-
crease in internal energy of the ceiling, after application of correc-
tion factors for heat losses due to conduction along the ceiling and

from the upper surface of the ceiling.
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Temperature measurements were also carried out in the
buoyant plume {(without the ceiling) and in the ceiling jet for com-
parison with results obtained by several other researchers.

In order to investigate the agreement with theoretical pre-
dictions, two different heat source strengths (1. 17 kW and 1.53 kW)
were use‘:d with two different geometrical configurations (ceiling
heights of 59 cm and 81 cm above the source).

This experimental investigation, however, alsc posed vari-
ous limitations, the elimination of which will be of great help in ob-
taining a clearer understanding of the ceiling heat transfer process.
The most important limitation was the absence of any velocity meas-
urements in the plume as well as in the ceiling jet, due to the fact
that relatively large temperature fluctuations prevented the use of
an ordinary hot wire anemometer. Temperature compensation, or
other sophisticated techniques for velocity measurements, were re-
quired. Such instruments were not available during these experi-
ménts, as the result of a time limitation.

Taking these limitations into account, this investigation
yielded interesting and applicable results, and also provided a num-
ber of suggestions for a more detailed study of the ceiling heat trans-

fer from a floor-level fire.



II. EXPERIMENTAL AND ANALYTICAL MODEL

A. General Description

The experimental investigation of the heat transfer from a
buoyant plume to a horizontal unobstructed ceiling required the de-
velopment of an experimental model that would make possible such
heat transfer and temperature measurements. The following basic
requirements existed:

i) a heat source capable of generating an axisymmetric

‘buoyant plume similar to that generated by a real floor-level fire;

and ii) a ceiling on which temperature and heat transfer measure-
ments can be carried out with reasonable accuracy.

Such a heat transfer model therefore consisted of the follow-
ing ""components:'' a) heat source, b) buoyant plume, c) ceiling jet
and turning region, d) ceiling. Each of these "components'' is treated
separately in the following sections.

In deciding on the basic dimensions for ceiling height and di-
ameter, it was attempted to scale to some degree the geometric pro-
portions of an average room. Being one of the major parameters in
this model, the ceiling height H was adjustable between 0.5 m and
0.9 m. A ceiling with a diameter of approximately 0.9 m was se-
lected to give a height-to-radius ratioc near one.

The other major parameter governing the ceiling heat trans -
fer, the strength oflthe heat source Q, had to be adjustable too. It
was decided to utilize a heat source that would yield values of Q be-

tween 1.0 and 1.5 kW.
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A scbematic diagram of the experimental model outlined
above is shown in Figure 1.

The experiments were conducted in a room of dimensions
7.2m X 6.0 m with a ceiling height of 3.4 m. All doors and venti-
lation ducts were sealed to prevent any externally-induced motion of
the ambient air. Considerable time was allowed for the environment
to become steady after entering the room and before each experiment

was started.

B. Heat Source

Different kinds of heat sources were experimented with, in
order to find the most suitable source that would meet the following
requirements:

i) produce a stable and steady axisymmetric buoyant plume;

ii) have negligible momentum flux compared to the bucyancy
flux (in order to simulate a floor-level fire);

(iii) provide a simple though reasonably accurate method of de-
termining the heat released, i.e., the source strength;

iv) source strength must be adjustable to produce from 1 kW
to 1.5 kW.

As a first attempt, alcohol (denatured ethanol) was poured
into a pyrex glass beaker and the surface was lit. The resulting dif-
fusive flame was very unstable and had fhe tendency to "wande‘r“
around, resulting in a very unstable plume.. Heat sources of this

. (2

type were used by Yokoi ) in a study of buoyant plumes above point

heat sources and heat sources of finite radius.
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- In an attempt to stabilize the resulting diffusive flame, a strip
of asbestos fiber was rolled in a spiral and placed in the beaker of
alcohol to serve as a wick. Capillary action through the asbestos
produced an ample supply of alcohol for combustion. Though this re-
sulted in.a slightly less ''wandering' flame, the plume still seemed
to be fairly unstable. A further disadvantage of this type of heat
source is that the alcohol has to be kept at a constant level and the
amount of alcohol consumed has to be measured in order to calculate
the source strength.

Another type of heat source which was considered was using
an electrical heating e,;lement in a duct over which a known flow rate
of air can be blown. This method proved not to be very attractive
because of a large amount of radiant heat flux.

It was then decided to use a propane-air burner to produce the
desired buoyant plume. Such a burner was constructed at almost no
cost, and it had the added advantage that by just measuring the volu-
metfic flow rate of propane and using the heating value, the source
strength can be calculated to a reasonable degree of accuracy, as-
suming that enbugh air is supplied to ensure a stoichiometric or
slightly lean flame (see Appendix A). A schematic layout of this
burner is given below. Two Fisher-Porter rotameter flowmeters
were used to meter the gas and air flow ré.tes. These flowmeters
were calibrated for air and propane flows, respectively.

The dimensions of the burner were determined by the source
strength (Q) and the initial momentum flux (M), which had to be kept

as low as possible. Since the source strength fixed the mass flow
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rate of fuel, the velocity at the burner exit was reduced to a value
just slightly above the flan.'xe velocity of propane in order to prevent
flashback into the burner. Gaydon and Wolfhard( 2 estimate the
stoichiometric flame velocity of propane at ~ 45 cm/sec, whereas

(4)

Morgan and Kane ', in the 4th Symposium (International) on Com-
bustion, estimate it at approximately 41.5 cm/sec.

Using these values, calculations suggested that a 2. 54 cm
(1'"') diameter burner would yield the desired heat input and exit ve-
locity. To further ensure stabilization of the flame and to prevent

any flashback, a stainless steel grid was laid over the nozzle exit,

resulting in a very stable blue flame of approximately 1/4' height.



C. Buovant Plume

1. Scaling of the Buoyant FPlume. 7The bucyant plume gener-

ated by a heat source was investigated by several researchers, e. g

(5) (6), Yokoi(z), and others.

Morton, Taylor and Turner '~ ', Rouse, et al.

Measurements conducted by the above mentioned researchers
for the axisymmetric case confirmed the existence of Gaussian pro-
files for the mean velocity and density (or temperature) at arbitrary

heights above the source:

u i r2 )
U = exnp ( b'Z ; (2. 1)
A Tz
R o 2.2
Apmax ° B b ( )

where b' is the Gaussian width parameter based on the velocity pro-

(6 )

file. Rouse, et al. measured 432 to be 1.35.

In his investigation of finite diameter alcohol pan fires,

Yokoil 2 )

established the fact that for heights ''sufficiently far' re-
moﬁlred from the heat source, the plume behaves independent of the
source. For the purpose of this investigation, the transition from a
buoyant jet to a buoyant plume needs to be considered (see the next
section).

The scaling of the plume in this region of independent behavior
was considered by Yokoi, and is discussed here, using a different
approach yielding the same results.

Let Q' be a representative measure of the flux of heat '"con-

tained' in the buoyant plume at some arbitrary height above the

source. Then
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Q! pVACpAT (Watts) 7 . (2..3)
where |
p = characteristic density

= P (ambient density) (kg/mB)

H

v characteristic velocity (m/s)
A = characteristic cross-sectional area of plume (_mz)
The only driving potential for the velocity is the static pressure gra-

dient due to buoyancy:

e & 8B ' (2.4)
Poo
But
o]
Apﬁg—g%,AT~z s (2.5)

where z = height above the heat source (m) .

AP (i 2 v :
o gz 5 §%>AT = gzBAT , (2.6)

where P = coefficient of expansion. But, assuming an ideal gas:

B = 1/T

AP o g, AT ‘ (2.7)
il

where
T = characteristic temperature

T 5 {(ambient temperature)

Hence,

(2. 8)

Therefore,
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N |
Q' « poo(gz TA?)ZAC AT . (2.9)
(0 0] PCI)

The area A is proportional to the square of the height z for a

straight-edged plume, and therefore

gl/zz5/2AT3/2C

(o o] pm

1 1
Q =< —m . (2.10)
(e 0]

This characteristic "heat input'' can now be normalized by the heat

source strength Q to form a dimensionless group:

3/2 1/2 5/2 L -
w, = Q'Y/Q = p AT g ' 2 C (2. 11)
1 o Pwo Tm172Q
or
2/3 gAT -5/3( Qg /3
Tl"l = (Q' /Q) = (—T'——> Z (T . (2. 12)
[0 6] poo p <

This equation can be put in a more recognizable form as follows:

)2/3 AT/TOO

gAT z-5/3 Qg - {2, 13}
T <poonTGO Tk
where
g = = : ‘ (2. 14)

poocpToo'\/g_z- z2
which clearly represents a dimensionless heat addition quantity.
Therefore, the following relationship between the maximum
plume temperature and the parameters governing the problem can

be expected:

AT 213
— 2 = c Q") ; (2. 15)
m .

On page 39 of ref. 2, Yokoi arrives at a similar but slightly

different equation, which can easily be shown to be equal to (2. 15):
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2 1/3
AT . 0.423( T ) o Bl 2,-BI3 (1.112-Yokoi)

max c zp 2 »

, prog
AT . 2/3

g o GRE NG (2. 16)

oo
where, according to Yokoi,
&3 6.1 . (2. 17)

This yields C1 = 9. 11 in eqn. (2. 15). The results of this investigation
are compared with those of Yokoi in Section IV. A. 2,
A similar expression for the mean velocity on the centerline

of the plume can now be derived from eqn. (2. 8):

e 1/3
Y- @) . (2. 18)
Vgz

According to Yokoi( é ), CZ is about 3. 87.

Since a straight- edged plume was assumed for the above
analysis, the spreading of-the plume will be characterized by
b/z = C3 , (2.19)
where b = Gaussian width parameter (based on temperature profile).
The plume spread observed during this investigation is pre-

sented and also compared with results by Alpert(l) in Section IV. A. 3.

2. Transition from Buoyant Jet to Buoyant Plume. Since this

investigation was concerned with the heat transfer from a buoyant
Aglu:ne to a ceiling, it was necessary to confirm that the physically
realized plume did in fact represent a buoyant plume. The heat
source used during the course of this investigation (as discussed in
Section II. B above), however, represented a buoyant jet in the re-

gion close to the source, since it contained an initial momentum flux.
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Thié momentum flux was kept as low as possible by using the lowest
possible burner exit velocity which was still high enough to prevent
flashback.

It was therefore necessary to investigate the transition from a
buoyant jet to a buoyant plume in order to estimate the height above
the source where this transition was completed, and beyond which
pure plume behavior was exhibited. List and Irnberger(7) investi-
gated this transition during their study of turbulent entrainment in
buoyant jets.

The characteristic quantities which determine the behavior of

a buoyant jet (for the axisymmetric case) at elevation z are:

()

volume flux ' 0 B I 2rrudr (LST_I)
6]
. g 4.3
kinematic buoyancy flux B = - fgZﬂ“rgu.@dr (L°T™7)
o 2 4,,-2
kinematic momentum flux m = I 2mru dr (LT )
0
where u = u(r, z) = time-averaged axial velocity ,
P-P o
g = 5 = anomaly caused by the buoyant jet (density p)
w

in the mean density field P oo

(7)

Now, according to List and Imberger ', the characteristic height z

above the source with initial volume, buoyancy and momentum fluxes,
Q, B, and M respectively, at which the transition to a buoyant plume

is completed, is given by
M3/4

z, = _B—l7-2- . (2.20)
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where
T 2— 2
M = Z D uo ,
: Ap
B o= LD g 2.
4
1)
D = source diameter .

The relation (2.20) is derived as follows. Consider the volume
flux ].J. f
for a pure jet {(i.e., no buoyancy), U~ fl(M, z)

for a purely buoyant plume (i.e., .
no momentum) o~ fZ(B, z)

Hence, for a buoyant jet (i.e., initial momentum and buoyancy flux}),

Lo~ £,(B,M,z) . (2.21)

Now (I can be put into dimensionless form as follows:

7. us”? 1/.. "y _
Moo= = “‘TZ = =)
Hence, for a pure jet (B -‘O) 5
1/2
B Z <<
M374

Therefore, a linear approximation (first order) for the function f{
yields
U~z . (2. 22)

On the other hand, for a purely buoyant plume (M — 0),
zBl/2
M :

>> 1

_M can then be eliminated by letting

1/2 [ sl/2_ 5/3



T 2

or

T G

{2.23)
Based on experimental results obtained by List and Imberger(7), it

can be concluded that the transition to a buoyant plume is cornpleted

when
z = 1
or
3/4
M
ZO = W . (2420)

Hence, to estimate this value of zg the following values ob-

tained from Eckert and Drake(s) were used;

AP T Poo ~ Pre
- S : _ 3
Pogy = ambient density = pairo = 1,18 kg/fwm
300K
P = average density of combustion products at nozzle
e exit immediately after combustion
- = 0.18 kg,’/rﬂ3
air
2000°K
For source strength Q = 1.17 kW, '
Ho = 0.7m/s (see Appendix A)
D= 1" = 2.54%X10%m

This yields

B o= 29.5 %10 mTra®
M = 2.48 x10~ ¥ m*/s> .
z, = 0.036 m = 3.6 cmn (== L.47)

In the case of a heat source strength Q = 1. 53 kW (utilizing the same
burner),

U = 1.07 m/s
O



) 1
B = 0.055m = 5.5 cm f=e 2, 2M)

From these estimates it can therefore be concluded that at
elevations an order of magnitude larger than z, (i.e., for z>0.36m),
the plume is fully buoyant. Plume measurements in this region
agreed very well with experimental data for purely buoyant plumes
obtained by Yokoi( 2 ) (see Section IV. A).

3. Plume Temperatures. Temperature measurements at

various positions throughout the plume were required in order to de-
fine and characterize the buoyant plume res ultiﬁg from the heat
source used during these experiments. These measurements were
not carried out with the intention of investigating the entrainment
phenomena associated with such a plume, but merely to enable the
author to characterize this specific plume and compare the results
with those obtained by other investigators.

a) Radial temperature measurements. These temperature

measurements were conducted with the purpose of obtaining a meas-
ure of 1) the radial growth of the plume as a function of the height =z
above the heat source; andii) agreement of the typical radial temper-
ature variation with the theoretical model in which a Gaussian dis-
tribution of the following form is assumed:

| AT/ATmaX = exp(-rzlbz)

where AT = T-TOO ;

AT = -T
max max = oo

Too ambient temperature

[on
I

Gaussian width parameter based on
the temperature profile
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. 1
i.e., r=b , where AT:E ATmax

b) Centerline temperature measurements. The center-

line (or maximum plume) temperatures were obtained by traversing
horizontally across the plume at different heights. This enabled the
author to-compare his data with those obtained by other researchers
using similar and different heat sources. In particular, these data

(

2
are compared with those obtained by Yokoi ) during experiments
with point and finite diameter heat sources (alcohol fires), and cor-
related with the scaling laws developed during the course of his ex-

periments. The results are presented in Section IV. A,

D. Ceiling Jet

A ceiling jet (or more generally termed, a wall jet) develops
when a jet of fluid impinges normally on a flat surface. The result-
ing jet can either be an axisymmetric wall jet, in which the flow
along the surface is radialiy outward, or a two-dimensional jet. The
flow in such a jet can either be laminar or turbulent, depending on
the condition of the impinging jet; but in most practical cases the
wall jet will be turbulent.

The wall jet has been the subject of various theoretical and

(9)

experimental investigations. Glauert treats the isothermal wall
jet from a theoretical point of view, applying similarity solutions to
the boundary layer equations to find similarity exponents for the
maximum velocity variation and jet growth (width) as a function of

(10)

distance. Bakke conducted an experimental investigation of a

turbulent,low-speed wall jet on a smooth, flat plate and correlated
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his results with the theoretical solutions proposed by Glauert.

The experimental investigation reported in this paper was
concerned with the heat transfer from a ceiling jet, developing as
the result of a buoyant plume of hot gas rising from a heat source
(fire) and impinging on a horizontal, unobstructed ceiling. Clearly,
this situation is related to that of a low-speed turbulent jet im-
pinging on a flat plate, the only difference being the fact that the
ceﬂing jet contains an excess temperature which decreases with
radial distance due to heat transfer to the ceiling and to entrainment
of cooler ambient air. Such a hot ceiling jet was the subject of the

investigation by Alpert( b

, the results of which are compared with
those obtained during this experiment.

Again, it needs to be emphasized that the aim of the experi-
mental investigation reported here was to conduct measurements of
the heat transferred from the ceiling jet to the ceiling, without at-
tempting to analyze in detail the flow in the ceiling jet and the ac-

companying entrainment phenomena as reported by Alpert.

1. Vertical Temperature Distribution. The vertical temper-

ature variation in the ceiling jet (from the ceiling déwnward) at vari-
ous radial positions was obtained with the purpose of i) finding the
general temperature profile in order to compare the agreement with
the theoretical model of a Gaussian température distribution given by

.
AT/ATmax = exp(-y /47) ,

4 = Gaussian width parameter based on temperature profile (i.e.,

y = L where AT = A AT ); ii) to find a scaling parameter for the
e max

variation of the maximum ceiling jet temperature as a function of the
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outward radius (see Section 2. below).

2. Non-dimensionalizing Ceiling Jet Maximum Temperature.
From the point of view of heat transfer prediction, the maximum
temperature in the ceiling jet (given as a function of the ocutward
radius) is the most appropriate variable for characterizing the ceil-
ing jet and relating it to the buoyant plume and hence to the heat
source. The following analysis yields appropriate parameters for
non-dimensionalizing this maximum temperature and also relating it
to the strength of the heat source Q and the ceiiing height H above
the source,

It can be assumed that the ceiling jet maximum temperature
at the exit plane of the turning region is proportional to the plume
maximum temperature at the corresponding height, i.e.,

AT = AT (2. 24)
max max

ceiling jet plume
Hence, from eqn. (2. 15), letting z = H (ceiling height), a relation-
ship between the maximum ceiling jet temperature at the exit plane
and the governing flow parameters is obtained:
AT o« w 2/3
—ean. 2 CL(Q7) (2.25)

where now

Q = = (2.26)

pmcmeJgH H

H = ceiling height

This yields the dimensionless group:
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AT/TOO

m = = = . (2-27)
o |

To determine the variation of the maximum ceiling jet tem-
perature with radius, a second dimensionless group involving the
geometry of the preoblem can be formed, by dividing the radius along
the ceilir;g by the ceiling height,

m, = r/H . (2.28)
From (2.27) and (2. 28), the following functional relationship between
thé dimensionless ceiling jet temperature and the dimensionless

radial position can be expected:

AT I'E

e = f,{r/H) . (2.29)
8 1

This is the same relationship derived by Alpert(l)

during a theoreti-
cal analysis of the ceiling jet.
The agreement of experimental data with eqn. (2.29) is dis -

cussed in Section IV. B.

E. Heat Transfer Model

The model used for doing ceiling heat transfer measurements
was determined by the technique employed for measuring such heat
transfer. The basic requirements for such a heat transfer model
were:

i) the heat transfer measured locally had to be repre-
sentative of the heat transfer at all other positions with the
"same radius (i.e., for the axisymmetric case);

i1} no local disturbances in the ceiling jet and changes in

the thermal properties, surface roughness,; etc. of the ceil-
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ing had to be induced;
iii) measurements at several different radial positions had to

be done at the same time.

Several methods of heat transfer measurements were consid-
ered. A-study of the use of heat flux gauges (commercially available)
was made, and revealed that the properties of such devices, e. g.
conductivity, thickness, size, surface roughness, etc., might cause
a substantial error in the heat flux measured locally; e. g. the con-
‘ductivity of a typical heat flux gauge is of the order of 0.36 W/m i
(=2.5 Btu~in/ﬂ:2 -hr). Unless this gauge is used on a ceiling with
conductivity of the same order of magnitude, the gauge might act
locally as a heat barrier (or conversely). An additional disadvantage
of such heat flux gauges is their cost; and since it was required to do
heat transfer measurements at different radial positions simultane -
ously, the use of several such devices could become costly.

The above considerations and limitations suggested use of the
transient method for measuring ceiling heat transfer. This method
consisted basically of measuring the ceiling temperature periodically
over the required time interval, and using the derivative of the tem-
perature with respect to time to calculate the increase in the ceiling
internal energy (locally)} due to heat transfer from the ceiling jet.
Applying corrections for the heat losses through radial conduction
and from the upper .side of the ceiling, the heat transfer froml the
ceiling jet as a function of radius and time was obtained.

Preliminary experiments proved this method to be successful

and of relatively low cost.



-20-
However, it was realized that the correction due to radial
conduction might be substantial. Consider the ratio between the

radial conduction of heat and the increase in internal energy of the

ceiling:
1 9 ( BT):I
9cond o« ék[}— r \' Bt
0T ¥
AE PC5("5t—)
where

6§ = ceiling thickness
k = conductivity

p = ceiling density

C = specific heat
q W[ L2 (er
cond r Or or
v RE o 5T7 5t = *(Z. 30)

Hence, in order to keep the radial conduction as low as possible, the
thermal diffusivity of the ceiling had to be as low as possible. (Note
that the ceiling thickness has no influence. )

However, for evaluating the increase in ceiling internal en-
ergy, the assumption had to be made that a uniform temperature ex-
isted throughout the ceiling. This would be the case if a) the ceiling
was relatively thin; b) the conductivity of the ceiling material was
large enough. Furthermore, to ensure a convenient rate of increase
of the ceiling temperature, the conductivity of the ceiling material
could not be too low.

Several preliminary experime;lts revealed that a ceiling of
1/16'" cold-rolled steel plate would exhibit the desired thermal be-

havior for the heat source strength required during these experi-
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meﬁts. Such a ceiling had the additional advantage of simplifying the
method of attachment of thermocouple junctions, since these could
simply be spot-welded onto the ceiling.

Ceiling heat transfer measurements had to be carried out for
ceiling heights ranging between 50 cm (== 20") to 82 cm (= 32") above
the heat source. It was estimated that at these heights the buoyant
plume would have a diameter of 23 cm (9') to 30 cm (12'"). This
suggested that a ceiling of 91 cm (36') diameter would be adequate
for the purpose of ceiling heat transfer measurements, since the
ratio of ceiling height to width is representative of that of a normal
room.

The back of the ceiling was insulated with 9 cm (31") thick
glass wool insulation to reduce the heat loss from this surface. It
was, however, still necessary to correct for the heat loss through
this insulating material, as discussed below.

1. Determining the Ceiling Heat Transfer. Consider a

typical volume element of the ceiling material:

¢
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Energy balance:

ok = %n " Yout
= 9 = Yogs ~ raar e
9c = il = 9oss T 90nd - {2.31)
where
Yoss = heat loss through backing insulator/unit area
—— radial heat conduction/unit area = T
q = ceiling heat transfer/unit area
c

a) Increase in ceiling internal energy (AE). The increase

in ceiling internal energy was obtained by measuring the ceiling tem-
perature periodically at seven radial positions, spaced 7 cm apart
starting from the center of the ceiling. The temperature at each po-
sition was measured every 44 sec (refer to Section IIl. B). To con-
firm axisymmetry, the same measurements were carried out on two
other radii 120° apart.

These measurements were carried out over a period of 9 min-
utes from the time fhe burner was started, yielding twelve tempera-
tures as a function of time for each radial position.

Two techniques were applied for obtaining AE from these
data. i) The data points were plotted on large-scale graph paper, a
smooth curve drawn through all points, and a tangent constructed
geometrically at each position at the required times. Though some-
what time consuming, this method yielded good results. 1ii) The sec-
ond technique required the use of a computer program to do a least-

squares fit of any required degree polynomial (degree of polynomial
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less> than number of points} to the data points. After several attempts
with different values for the degree of polynomial fit antglmcomparison
with data obtained through fnethod i), it was found that a sixth degree
polynomial yielded almost exactly the same values as method 1i).
This method helped a great deal to accelerate the reduction of the
data.

The results obtained from either method i) or ii) were then

substituted into the equation;

AE(r,t) = pC6 \ (Wi} . (2.32)
,t

b) Radial heat conduction. Under the assumption of an axi-

symmetric case (i. e., no tangential temperature gradients) and a uni-
form ceiling temperature (& sufficiently small), the radial heat con-
duction due to a radial temperature gradient only (assuming positive

radially outward) is given by:

deond = -6k(§§-§+%8—3> (W/m?)
- _5k[%—£_—<r?%>] ) (2. 33)

Since the value of q_ at the center was required, the singu-

ond

larity at r = 0 was removed by writing (2. 33) in the following form:

Yoo ~ ~Bs 2 % (21”2 L )
con a(r”) a(r™)

Letting R = r2 , this equation becomes

e t) = -46k 5= B ( )| (2.34)

COn

Evaluation of eqn. (2.34) therefore required the calculation of 3T/3R

e} oT

and 3 (3r

)
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T(R) at any required time was obtained from the temperature
history for the seven radial positions. Then 9T/9R was evaluated

graphically, multiplied by the value of R corresponding to each po-
2 T
R (3R

Such graphical procedures, especially in evaluating the second

sition, and the slope ) determined graphically.

derivative, introduce a large degree of inaccuracy, and the author
admits that this constitutes a limitation on the accuracy of these re-
sults,

In evaluating the s.econd derivative, it w‘as found that at posi-
tions r = 0 and r = 7 cm, the slopes of the curves became so large
that graphical evaluation became impossible. It was therefore de-
cided to use the data for the first four radial positions for fitting a
theoretical curve through these points, using the computer program
mentioned above. This enabled calculation of the second derivative
with greater accuracy than is graphically possible.

The procedure followed was:
at r =0

Consider a Taylor expansion of T(rz) at r = 0.

i oT) 2
T—TO"}'(-é-R—OR'*'( IR +....

oT (BT
— = e 2
IR 8R0+ Ry J#
aT /a*r) 2
R—BR_ R,\—-—-—BR O+2R ( )+...
o ( aT \ _ <8T
R \R3r/ 3§0+4R( e

Hence, at R = rz = 0 3
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R \R3R/ |, © \R/ (7= 38
0
Now let T(rz) be represented by the following third degree
polynomial:
2 2.2 2.3 2 3
T:a,o+a.lr +a2(r ) +a3(r ) :ao+a1R+a2R +a3R. "
then
oT 2
R al + ZazR + 3a3R . (2. 36)
Hence, from eqn. (2.35),
0 2 oT eT
A BTN - _\ = a (2. 37)
a(r") az*)’' "o Bl 1
qcond(O,t) = -46kal 3 (2. 38)
at r = rl
From (2. 36):
T 2 3
R TR T aIR. + ZaZR + 3a3R
d ( BT) _ 2
Hence, radial conduction at r = ry is given by:
qcond(rl’t) = -46k{a1 +: 4a2R + 9a3R27 . (2. 40)

This method could not be extended to the remaining five radial
positions, since the multiplication by rZ before taking the second
derivative tended to make the function very sensitive to any error in
the polynomial fit for the first derivativé. This was proved by apply-
ing the technique to one set of data points. Hence, the graphical
method was used to evaluate 9eond at the remaining five positions.

It was also proved by the first experiment that the contribution of the

radial conduction term at these remaining five positions was at least
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an order of magnitude smaller than that of the increase in internal
energy. An error in these estimates, therefore, could not contribute
a significant error in the overall heat transfer.

c) Heat loss through the backing insulator. Though glass-

wool insulation was used on the upper surface of the ceiling to reduce
heat loss from this surface, the absence of perfect insulation required
the calculation of the heat conducted through this insulator. Assum-
ing that the insulation is in good thermal contact with the upper sur-
face of the ceiling, the temperature of the contact surface of the in-
sulation will assume that of the ceiling, and vary accordingly. Then
the insulator can be considered to be a semi- infinite solid, with a
known temperature variation on the surface. An approxixﬁation (of
second order) is made by ignoring the radial conduction through the
insulator due to a radial temperature gradient at the surface. Under
these assumptions, the following analysis can be made.

Consider the one-dimensional heat conduction equation:
2

8T _ , 9°T

_B?_n_a_z. , x>0 (2.41)
X

T =0 at t = 0

T =

T (t) at x= 0
c

where Tc = ceiling temperature. Applying the Laplace Transform:
= e st
T = j' Te  dt
0

Then (2.41 ) becomes
o°T

— - T = 0
9x

=|w



=Bl =

Solving this differential equation gives

T - T (S)e—XJS,' H .
oT s l = .
ety = =o— — T (S)
5= |, g Jd5 5 ©

Now appling the inverse transform:

t T (1) t T r)
%l :-—_l__aqu—c—drr: L [ ¥ _ar if T_(0)=0
%=0 qu ;\/t—"r :\/TT% 0 A/t-‘T
. L E ¥ xR lr)
90ss ~ N (ka)ins ‘I‘W— dr . (2.42)
0 t-r
Now let
T'(t)—a+at+a't2+ —% a tt
w - %o 1 2 =, B
Then
™ % f Tn %O n+% j-l zn
q —_— a dr = a_t dz ,
loss+/ (ka)ins n=0 n0 B n=0 n O e
(2.43)
where T = tz .
1 20
/ dz = B(n+l, 1/2)
Or\/l-z
; _ T(n+1)(1/2)
T'(n+3/2)
B 2 e . 3
Zntl)! = ““n
2
2°(0!
- ‘_éT_)— = 1 _ (2. 44)
°n  2%R(nr)? @o-12  8%°  2a
= : = = .
Cn_l (2n+1) 22171-2(11_1)-, (2n+1)2n 2n+1
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* T T BEAFl Cmed ¢ n=l (2.45)
Hence,
2 %%o n
Uons' Tt = = [lockly t19 2 2 e £ . (2. 46)

The values of p and k for the insulation used in this experiment
were obtained from the manufacturer's research laboratories. The
value for the specific heat (C) was not available, but with the values
of P and k known for the insulator, air, and glass wool, C was cal-
culated (see Appendix B).

2. Ceiling Heat Transfer Coefficient. Substituting for the

values of AE, 9eond’ and oss in eqn. (2.31), the total amount of

heat transferred per unit area of the ceiling can be calculated as a
function of the radial position and time. From this it is possible to

define a ceiling heat transfer coefficient:
2
h (r,t) = 2—T (W/m® °K) (2. 47)
-

where

AT = Tg-TC,

ceiling temperature ,

=
[

T = some reference temperature in the ceiling jet.
The problem in defining such a heat transfer coefficient ié the
choice of the appropriate reference temperature (Tg) in the ceiling jet.
Basically, there exist three possible reference temperatures:
i) an average ceiling jet temperaturé at time t and position r,
ii) the maximum ceiling jet temperature at t and r ,
iii) the maximum temperature the ceiling jet would reach in the

case of an adiabatic wall (i. e., the recovery temperature),
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measured adjacent to the wall at r .

The choice of any of these temperatures presented some problems.
The average ceiling jet ternperature is not directly measurable and
can only be calculated if the temperature profile through the ceiling
jet at every radial position is known. On the other hand, the maxi-
mum ceiling jet temperature can be measured, but the distance be-
low the ceiling where this temperature occurs is not easily defined
and may vary with time. Since the adiabatic wall temperature was
easier to measure and could also be calculated most easily, it
seemed to be the most appropriate reference temperature.

It is debatable whether an ""adiabatic wall'' condition is in fact
reached, even after a long time. Preliminary experiments indeed
revealed that,due to a large radial conduction component near the
center of the plate, some heat transfer still occurred even after a
very long time, resulting in a noticeable difference between the gas
and ceiling temperatures. However, this occurred mainly in the
turning region where the hot gas flowed from the buoyant plume to the
ceiling jet (also called the stagnation region). For radial positions |
farther out, the ceiling did reach the gas temperature so that an
'adiabatic wall" condition was established, with the maximum tem-
perature measured adjacent to the wall.

Based on these considerations, the ceiling heat transfer coef-

ficient was defined as

- T

T
pt) = 2R € e (2. 48)

B {
e a.

where T , = "adiabatic wall'' temperature which is measured after
a

d
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=~ 30 minutes in the work discussed here.
This heat transfer coefficient can be put into a much more
useful form, by relating it to the other parameters which character-
ize this problem.

3, Dimensionless Ceiling Heat Transfer Coefficient. Consid-

er the Stanton number defined as

h
St = ﬁf-c— ; (2. 49)
E B P
where
Vg = characteristic velocity in ceiling jet,
p_ = characteristic gas density,

g
Cp = specific heat of gas.

In analegy to the non-dimensionalizing of the ceiling jet maximum
temperature, let
Py = P = ambient density,

24
cC =2¢C = ambient specific heat.
P fo o)
Now it is reasonable to assume that the ceiling jet velocity is pro-
portional to the velocity in the buoyant plume as a result of buoyancy

only. Hence, from (2.8),

. 1/2
vy = (gH AT/T)
thool/Z
St « . (2. 50)
g Vi T

o p
Since AT in the ceiling jet is related to the maximum plume tempera-
ture, let

AT = ATad = (Tad-TOO)

Then, from {2.29),
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Hence,
h 1/3 - =l ]2
< H . (E)
St « R —E £ =) | . (2.51)
p 8/Pn~p o
Therefore, the following relationship can be expected:
hc ¥
= £,(=) (2.52)
1/3 2' H
meP(Qg/pmcpimH)
This is the same dimensionless parameter derived by Alpert(l) in his

analysis of the ceiling heat transfer.
Following the treatment of the dimensionless ceiling jet tem-
perature (see the previous section), eqn. (2.52) can be put into an

easier recognizable and simpler form as follecws:

h h
c _ C
173 ~ — % 1/3
)
PooCp(RB/p O T H) pchJgH(Q )
where, as before,
Qm _ Q '\/_.——“ 2 '
poonToo gH H
Hence,
hc r
= i) = H . (2.53)
S = 1/3 2' H c
PeoCpY B (Q7)
A very interesting and simple relationship between q. Q,
and H is obtained for the case where TC = Too , i.e., at the begin-

ning of the experiment when the ceiling temperature is equal to the
ambient temperature. By multiplying the dimensionless group ™

feqn. (2.27)] and the Stanton number as defined by eqn. (2.51), the
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following result is obtained:

2
2. = gATa.d Hl/3 _ hcATadH (2. 54)
L C T )P
P o p
o« p
Now, if TC = Too’ then the initial ceiling heat transfer rate is
¥ 2 B (T -T ) = h AT
9 7 Pt gT e’ T PP tad
Hence, (2.54) becomes
q H
T, = —x— . ] (2.55)

Q
Therefore, it can be expected that when a fire starts out, the follow-

ing relationship will hold:
* 2
9 E T
Thus, in the early stages of a fire, the ceiling heat transfer will

vary as Q/HZ .

4., Time Scale for Heat Transfer Model. Since the buoyant

plume is of a steady nature, the time scale for the ceiling tempera-
ture depends only on the ceiling. This time scale, asls uming a thin
slab ceiling and ignoring radial conduction as well as losses from the
upper side of the ceiling, can be derived as follows.

Consider an element of the ceiling to which heat ch per unit
area is transferred. Under the above assumptions the energy equa-
tion yields |

P.C 5-3— = 4. = h (T _4-T) ,

which can be written as
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Preliminary experiments showed hc to be reasonably constant during
the first 8 - 10 minutes.
Thus, eqn. (2.57) can be integrated to give

) |

e B @ ; (2. 58)
where

T = —
pcccé

and T = T _ = initial ceiling temperature.

Substituting for hc from eqn. (2.53) yields

oo \ /Tt 13, 5
r = (2) 2B @Y k) (2. 59)

Hence, choosing as the value for the characteristic time scale, Te s

T, =1,
c
1. e., 7
Tad-T _ ATad-(T—TO) 1
Tad_To ATad e
or
T--TO ATC 1
= = 1= (2. 60)
ATad ATad e

yields the following relation for the dimensionless characteristic

time:
v
ic—'g;— (—;;i—c—)(d") sz(fg)] : (2.61)
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III. INSTRUMENTATION

A. Heat Source Strength

No special instrumentation was required for determining the
magnitude of the heat released by the burner. As discussed in Section
II. B, the'gas and air flows were metered through two Fischer -Porter
rotameter -type flowmeters, and controlled by two adjustable valves.
The flowmeters were calibrated for gas and air flow, respectively,
taking care that during calibration the exit pressure resembled that
in the actual expefiment as closely as possible. From the known
gas and air volumetric flow rates, the heat input was calculated as
described in Appendix A.

Once adjusted to the required value, these .ﬂow rates re-
mained constant throughout each experiment, and no further adjust-

ments were necessary during the course of the experiment.

B. Temperature Measurements

1. Plume Temperature Measurements. Thermocouples were

used for measuring temperatures in the buoyant plume. To reduce
errors in the measured temperatures due to radiative heat transfer
and conduction along the thermocouple leads, the diameter of the
wire had to be a.s small as possible. This was achieved by using

. 005" diameter iron and constantan thermocouple wires, coated with
a thin teflon layer (generally known as a type J junction). The hot
junction was made by spot welding the bare wires together. This
ensured a good electrically-conducting junction with no added thermal
capacity due to additional metal used in forming the junction. Ther

thermocouple was then placed in a 1/8" diameter stainless-steel tube
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and epoxied in position with the hot junction at least 1/4'" away from
the end of the tube. |

The e. m.f. produced by these thermocouples is in the order
of 10 rﬁV for the temperature range expected in these experiments.
In order to record these temperature measurements on a strip chart
recorder, the output from the thermocouple had to be amplified. A
DC amplifier with a gain of 100 was used, thus producing an output in
theé order of 0.1 V, which could be recorded to within the accuracy
available on the recorder.

Trial plume temperature measurements confirmed the ex-
pected flu;:tuating nature of the temperature in the plume, due largely
to the turbulent nature of the buoyant plume and the entrainment of
the cooler surrounding air. These temperature fluctuations varied in
magnitude, depending on the position in the plume and the height
above the heat source. A closer study of these temperature fluctua-
tions revealed the existence of very low frequency variations (ap-
proximately 0.5 cycle/min) of relatively small amplitude, and im-
posed on these were higher frequency fluctuations (approximately 2 -
4 cycles/sec) with large amplitudes ranging from 5 °C at the outer
edge of the plume to approximately 30 - 40 °C on the centerline of the
plume (decreasing with an increase in elevation above the source).
Since this part of the investigation was mainly concerned with defin-
ing the plume, based on average temperatures, and also due to the
fact that at these higher frequency fluctuations the thermal capacity
of the thermocouple junction affects the measured temperature, a

filtering circuit was built into the amplifier circuit discussed above.
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It was important, however, not to filter out the lower frequency fluc-
tuations, since it was suspected that these might be due to some
large scale movement of the plume as a whole. Therefore, it was
decided to use a filtering circuit that would filter out frequencies in
excess of 1 cycle/sec.

A circuit diagram of the amplifier with built-in filter is

shown below.
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All thermocouple measurernents were referenced to a 0 e
reference junction. Each probe was calibraled threugh the amplifier
circuit and chart recorder, thus elimirating any error due to a zero
offset on the amplifier and/or recorder.

The following schematic diagram presents the layout used in

measuring the plume temperatures.

G/HOT JUNCTION AMPBLIFIER CHART
\,g L RECORDER
]
|
|
\
N\

0°C REFERENCE JUNCTION

The thermocouple probe was mounted on a traversing mechan-
ism, enabling temperature measurements at any position in the plume.

A time average of the recorded temperatures at each position
was used as the mean plume temperature (a function cf position).

2. Ceiling Jet Temperature Measurements. For the purpose

of obtaining the ceiling jet temperature distribution, a rake consisting
of 8 thermocouple probes as described above was used (see sketch
below). Large temperature gradients close to the ceiling, observed
during preliminary measurements, necessitated a closer spacing of
thermocouple probes in the upper part of the rake. This rake was
mounted on a traversing mechanism, and by traversing radially in-

ward and outward directly underneath the ceiling, the ceiling jet
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temperature distribution was obtained.

It was also observed during preliminary measurements that,
although of lesser magnitude than in the plume, the ceiling jet tem-

peratures also exhibited a fluctuating behavior due to turbulent flow

characteristics. Since temperature measurements in the upper lay-

ers of the ceiling jet were done at distances 3' apart, it was desir-
able to record at least two adjacent thermocouples simultaneously.

This would also be of help in determining the nature of these fluctua-

tions and the depth of penetration. Through the use of a second re-
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corder and a switching circuit, each pair of thermocouples was re-
corded simultaneously. To ensure agreement of the recorded data,

each set of thermocouples was calibrated through its own recording

channel.
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Circuit Diagram for Ceiling Jet Temperature Measurement

3. Ceiling Temperature Measurements. Ceiling temperatures

were measured by thermocouple junctions spot welded onto the upper
side of the ceiling, at the required radial positions, on three radii
spaced 120° apart. In order to reduce the effect on the local tempera-
ture measurement of heat conducted away through the thermocouple
leads, it was decided to use the same . 005" diameter iron-constantan

wire used for the gas temperature measurements. The use of these
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small diameter wires had the addea advantage that, after spot weld-
ing the junction onto the ceiling, there was practically no increase in
the local thermal capacity due to added material, thus assuring a
reliable measure of the local ceiling temperature. In addition, these
thermocouple leads were spread out tangentially on the plate for at
least a distance of 1" from the junction to further reduce the effect of
conduction losses through the wire. In Appendix C it is shown that
the conduction effect is indeed negligible in this case.

The problem of recording these different temperatures was
overcome by using a telephone switch having 44 different switch po-
sitions. The switch was activated by a solenoid mechanism, driven
by a square-wave generator with adjustable frequency.

The gas temperature in the ceiling jet was measured by a
thermocouple junction underneath each corresponding position of
ceiling temperature measurement (see Section II. E). These thermo-
couple junctions were combined with those on the ceiling in a sequence
such that the ceiling temperature and corresponding gas temperature
were recorded consecutively. Trial runs showed that a duration of
1 sec per temperature measurement for both the ceiling and ceiling
jet was adequate. In this way, these two temperatures could be re-
corded almost simultanecusly for each position on the ceiling, at
regular intervals of 44 seconds.

It must be noted that during these measurements the filtering
circuit of the amplifier could not be used, due to the characteristic
time constant associated with the circuit. Although fluctuations in

the ceiling jet temperature were still present, the amplitade of these
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Schematic Layout for Ceiling Temperature Measurement

fluctuations adjacent to the ceiling was smaller and hence a reas Onably
accurate time average could be taken over a period of 1 second.

By means of this switching circuit, the temperature at each
position on the ceiling was measured every 44 sec, each position
being measured at a different time, according to the sequence of
switching. In the reduction of the obtained data, the instantaneous

temperature at all positions on the ceiling could be obtained by inter-
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pelation.
Shown above is a schematic layout of the circuit described,

indicating the positions of ceiling temperature measurement.
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IV. RESULTS AND DISCUSSION

A. Plume Temperature Distribution

As mentioned in Section II. C, mean temperatures in the un-
disturbed buoyant plume wete determined for the purpose of defining
and characterizing this specific plume, and also for comparison with
results obtained by investigators such as Yokoi(2 ).

Although higher frequency temperature fluctuations were fil-
tered (see Section III. B) to simplify the time-averaging procedure
used for obtaining the mean temperature at each position, there was
evidence of low frequency temperature variations (~ 0.5 to 2 cycles/
min), apparently due to deviations of the plume as a whole from the
centerline. Though all doors and ventilation inlets of the room in
which the experiment was performed were sealed and care was taken
by the experimenters to cause as little motion of the surrounding air
as possible, this apparent motion of the plume could not be totally
eliminated. It was also found that the plume had a tendency to move
over to one side with an increase in elrevation above the source, pos-
sibly due to some undetected draft.

In general, however, the plume was found to be reasonably
symmetric about the centerline of maximum temperature. Visu’ali_A
zation of the plume by means of the shadowgraph method also showed
no evidence of large scale deviations from the extended burner
centerline. In addition, this shadowgraph method also visualized the
turbulent nature of the buoyant plume and indeed confirmed that the.

plume was fully turbulent.
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1. Readial Téﬁlperature Distribution. The radial temperature
distribution at various heights above the heat source was obtained by
means of the thermocouple probe described in Section IIL. B. Typical
plume temperature data as recorded by the chart recorder are pre-
sented in Figure 2, where the magnitude of the temperature fluctua-
tions is shown for various heights above the heat source (source
strength Q= 1.17 kW).

Despite the use of the filtering circuit, large fluctuations
still occurred in the recorded plume temperatures, with the fluctua-
tions on the centerline of the plume varying from ~ 40 per cent (at
z = 36.6 cm) to less than 15 per cent (at z = 101. 6 cm) of the mean
value. However, repeated measurements over sufficiently long
periods of time made it possible to I:;erform time averaging and thus
determine mean temperatures.

Figure 3 presents the normalized mean radial temperature
data obtained at various heights above the heat source. It shows a
fair agreement with the Gaussian distribution suggested by theory,

(2) (5)

and confirmed by Yokoi , Morton and Taylor , and others.

2. Centerline (Maximum) Temperature Distribution. The

centerline or maximum temperature variation as a function of the
elevation above the heat source was obtained from the radial temper-
ature measurements performed at various heights. These maxi-
mum mean temperatures defined the actual centerline of the buoyant
pluma.. Although evidence of a tendency of the plume to move over
to one side was present, the actual centerline deviated less than

2.5 cm from the extended burner centerline at an elevation z =
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100 cm. The radial and centerline absolute temperature variations
are presented in Figure 4 for the case of a heat source strength 0 =
1. 17 kW .

Yokoi, on page 39 of ref. 2, derived an analytical expression
for the maximum excess plume temperature, resulting from a circu-
lar heat source of finite radius By 8 assuming a temperature variation

5/3

proportional to z~ (as verified experimentally by several investi-

gators): refer to Section II.C. 1.

2
T Q
B 3 o -8/9 -5/3
ATm = O. 423 /_z—?—— C z » (4‘. l)
Cp P B
where cz/3 = 0.1, derived from laboratory experiments.

To compare the plume generated by the gas burner used in
these experiments with those generated by alcohol pan fires used by
Yokoi, the values pertaining to these experiments are substituted into
eqn. (4.1) (see Table I). For z = 20" = 0.508 m and Q = 1. 17 kW,

AT s g%.190
max ,
Hence, according to Yokoi, at elevations sufficiently far above the
heat source, the maximum plume temperature should vary according

z-5/3

to , passing through AT

= 87.1°C at z = 20", Figure 5
ax ",

represents the data obtained during two different experiments. In
both cases, the data agree remarkably well with Yokoi's prediction,
although an entirely different type of heat source was used. This
confirms the fact that at elevations sufficie‘ntly removed from the
sourcé, the plume behaves independent of the source. The deviation
from the predicted value at z = 14'' is as expected for lower eleva-

tions, due to the momentum flux becoming more important.
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The fact that in the region sufficiently far from the source the
plume behaves independent of the source, is also confirmed by com-
paring values of the source concentration Q/D2 used by Yokoi with
those used during these experiments. Yokoi used larger diameter
heat sources, resulting in relatively low values of Q/DZ, ranging from
6.50 to 8.33 Cal/cmZSec, whereas the more concentrated heat source
used during this investigation yielded concentrations of 173.4 and
226.7 cal/ crnzsecr. Despite this large ratio in source concentrations
(20 to 35), there is still a very good agreement of plume character-
istics for the region !'sufficiently far'' from the source.

From the normalized radial temperature distribution (see Fig-
ure 3), using the Gaussian width at different heights, the plume width
is shown to extrapolate to a virtual origin located in the vicinity of
the center of the heat source (Figure 4). This agrees with the con-
clusion at which Yokoi arrives (page 45 of ref. 2).

3. Plume Spread. In the development of the appropriate scal-

ing parameters for the buoyant plume (see Section II. C. 1), the assump-
tion was made that the plume is straight edged, which implies a linear
rate of plume spread. Measured plume temperatures proved this as-
sumption to be valid, as is shown in Figure 4 and presented in Table

II. The average value of the plume width was 0. 128 =z.

(1)

Alpert' ™’ predicts a value of b/z = 0.138, using an experi-
mentally determined constant entrainment parameter. Yokoi( z ) also
predicts a value of b/z = 0. 138, and confirms this with experimental

data for finite diameter heat sources. The value measured here is

thus 10 per cent below these estimates.
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In view of the above results it can be concluded that the buoy-
ant plume generated by the heat source used during this experimental
investigation is representative of that generated by a source of buoy-
ancy only, e.g. a floor-level fire. Hence, it serves as an acceptable
model for investigating the heat transfer from a buoyant plume to a

ceiling.

B. Ceiling Jet Temperature Distribution

Temperatures in the unobstructed ceiling jet were measured
with the rake described in Section III. B, and also during the actual
heat transfer experiments by thermocouple junctions adjacent to the
ceiling at each corresponding position of ceiling temperature meas -
urement.

The thermocouple rake was positioned such that the upper
thermocouple junction was 0. 16 cm (1/16'") away from the ceiling. By
means of a traversing mechanism the rake could be moved radially
inward and outward to the desired pdsition.

These temperature measurements were aimed at obtaining
the following information:

i) general vertical temperature profile at any radial position;

ii) development of the thermal boundary layer on the ceiling

and distance below the ceiling where maximum tempera-
ture occurs;

(iii) relation between decrease in the ceiling jet maximum

temperature and the increase in radius.

1. Vertical Temperature Profile. Although the tempera-

tures in the ceiling jet were still of a fluctuating nature requiring the
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use of the filtering circuit, there was a distinct decrease in the mag-
nitude of these fluctuations compared to that in the buoyant pluﬁle.

At a ceiling height of 81.3 c¢m, the maximum amplitude of the ceiling
jet temperature fluctuations (measured at r = 14 cm and y =4 cm
below the ceiling) was approximately 15 - 20 per cent of the mean
value as opposed to 25 -~ 30 per cent for the plume centerline tem-
perature fluctuations at the corresponding height. This reduction
was as expected, due to

i) the presence of a solid boundary (the ceiling itself);

ii) a decrease in the maximum temperature with an increase
in radius;

iii) the stratified nature of the ceiling jet, i.e., the hot gas is
bounded by the ceiling from above and by layers of cooler,
more dense, air from below.

Temperature measurements were carried out at different
radial positions, after a steady state was reached, i.e., when the
ceiling temperature reached a constaﬁt value (this occurred after 25
to 30 min). These measurements were also done for two different
strengths of the heat source (Q = 1. 17 kW and 1.53 kW). For each
radial position, the temperatures were normalized by the corre-
sponding maximum temperature. The measured temperature profiles
shown in Figure 6 agreed very well with the Gaussian profile sug-

(1)

gested by theory and verified experimentally by Alpert and others.
" The thickness of the ceiling jet, based on the temperature

measurements, is characterized by the Gaussian width 4 . Since, in

these experiments, r/H < 0.7, the variation in ceiling jet thickness
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with radius was not distinct, although at both heatiﬁg rates it appeared
that the value of b increased from about 3.5 cm (1. 4“') at r/H = 0.22,
to 4 cm (1.6") (Q=1.17 kW), and to 4.8 cm (1.9") (Q = 1.53 kW) at
r/H = 0.47. For further information about the ceiling jet thickness
variation, it is essential to do at least some velocity measurements
to deterr;'li_ne the thickness of the velocity boundary layer (see Al-

(1),

pert Such velocity measurements were not permitted during the
course of these experiments due to time limitations.

From these vertical temperature measurements it is possible
to determine the radial plane where the ceiling jet left the turning
region (or stagnation point). For both heating rates this occurred at
between r = 10.2 cm (4'"') and r = 12.7 cm (5'"), which corresponds
to the diameter of the plume at a height of 76.2 e¢m (30'') to 81.3 cm
(32").

2. Development of the Thermal Boundary Layer. During a

second series of ceiling jet temperature measurements, the thermo-
couple rake was positioned at a radial distance r = 28 cm (11'") from
the centerline, where it was held fixed