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ABSTRACT

Detailed velocity and temperature measurements using cross-correlation
velocimetry were obtained for unconfined ceiling Jjets under ceiling
transient and steady-state conditions. Small fires of 0.5 to 2.0 kW were
produced with a premixed methane-air burner. These measurements represent
one of the most detailed studies of unconfined ceiling jets to date and
seem to be 1in general agreement with Jlarge-scale data. Empirical
correlations for the steady-state ceiling jet temperature and velocity
profiles are described herein. The correlations compare well with, and
have improved, results from previous works, The maximum temperature may
not be scaled as a function of fire-to-ceiling heights for large radial
distances. Furthermore, the Gaussian and boundary Tayer thermal and
momentum thicknesses of the ceiling jet are not equal, contrary to the
assumptions made in other works.
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NOMENCLATURE
<y Heat capacity, (kJ/kg K) Ri Richardson No.(=[ghp€/px]V2/V)
d Thermocouple pair dist., (mm) r Radial axis, meas. from
g Gravitational accel., {(m/s?) plume impingement pt, (m)
H Burner to ceiling dist., (m) t Time, (s)
£y Gaussian momentum thickness, (m) T Temperature, (°C)
£, Gaussian thermal thickness, (m) Tw Ambient temperature, (°C)
Pry  Turbulent Prandtl number AT T-Tw
Q, Heat source strength, (kW) v Ceiling jet vel., (m/s)
Q Non-dimensionalized convective z Vertical dist. measured
heat release rate, (Eq. 2) from the ceiling, (m)
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Greek Symbols

8Tmax Distance from the ceiling to maximum temperature, (m)
SVmax Distance from the ceiling to maximum velocity, (m)

A Radiation fraction of heat released by fire
p Density, (kg/m?)
INTRODUCTION

Characterizing the ceiling jet formed by a fire-induced buoyant plume
is essential, since most fire detection and suppression devices are
designed to operate within this jet. Although many investigators have
studied the ceiling jet, detailed measurements of velocity and temperature,
together, have not been obtained to date.

The velocity and temperature profiles and ceiling jet growth quantify
the momentum and energy contents and their transport within the ceiling
jet. Wall-jet studies of Glauert [1] and Poreh, et. al. [2] have established
the ceiling jet to be a boundary-layer type flow. The key parameters which
define the behavior of the ceiling jet as a function of position under
steady-state conditions can be identified according to Fig. 1. The ceiling
jet momentum and thermal boundary layer thicknesses are denoted as Sypax
and Syyay» respectively. They identify a region of the jet where ¥Tow
ve]ocigy and temperature vary from the wall no-slip conditions to maximum
values Vpay and ATp... At distances beyond &, the ceiling jet flow behaves
like a ?ree jet and its growth may be defined by thermal and momentum
Gaussian thicknesses, £, and £, respectively.
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FIGURE 1 - Schematic of the ceiling jet and its characteristic parameters

The ceiling Jjet 1is characterized using detailed temperature and
velocity measurements as a function of respective maximum values, vertical
distance from the ceiling, 2z, and radial distance from the plume
impingement point, r, (i.e. AT{r,z) and V(r,z)).
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Previous Studies of Unconfined Ceiling Jets

Alpert [3], Veldman, et. al. [4], You and Faeth [5] and Heskestad and
Delichatsios [6]1 have produced correlations for the ceiling jet maximum
velocity and temperature. Alpert assumed a Gaussian behavior for the
velocity and temperature profiles and has developed an integral model for
the boundary Tlayer thickness. Beyler [7] has also compiled and compared a
Tist of ceiling jet correlations. The comparisons demonstrate that the
agreement between the empirical models presented is not always as good as
desired and no correlations defining the velocity and temperature profiles
exist. Furthermore, very limited ceiling jet velocity measurements have
been obtained.

EXPERIMENT APPARATUS AND APPROACH
Cross-Correlation Velocimetry

Simultaneous measurements of temperature and velocity profiles of the
ceiling jet required a technique which would provide multi-point velocity
and temperature data without significantly disrupting the flow. Many such
considerations led to the adoption of the Cross-Correlation Velocimetry
(CCV).[8,9]

The cross-correlation of temperature-time records from a pair of
thermocouples placed in the streamwise direction of the flow and separated
by a distance, d, can be used to obtain the most probable mean velocity of
the fiow in the streamwise direction for flows with a preferred component
such as is observed in the ceiling jet [9]. The fluid temperature can
easily be measured using the temperature-time records directly. An
extensive discussion of the fundamental principles of the CCV technique and
its verification using the Laser Doppler Velocimetry calibration has been
presented elsewhere [10,11].

Velocity and temperature probe The CCV probe consisted of 8 pairs of
25.4 um, type E (chromel-constantan) thermocouples stretched between non-
conductive thin support arms. The bead sizes for the thermocouples were
approximately 76.2 um with an estimated time constant of 0.05 seconds [10].
The thermocouple pairs were vertically positioned at: 1.19, 3.175, 6.35,
9.525, 12.7, 19.5, 25.4 and 50.8 millimeters measured from the top of the
probe. The thermocouple beads were positioned at the mid-point between the
holder arms, which were 11.5 cm apart.

Unconfined Ceiling and Burner Apparatus

A ceiling 2.13 m in diameter was constructed from 1.27 cm thick fiber-
board material. The back face of the ceiling was insulated. The surface of
the ceiling was painted and the emissivity was measured to be 0.9 [10].

A premixed methane-air burner with a 2.7 cm inside diameter was used.
Small steady fires in the range of 0.5 to 2.0 kW were produced using this
burner. This ensured a biue, short flame producing a nearly pure buoyant
plume. The resulting gas exit velocity was between 0.27 to 1.08 m/s. The
burner mouth was placed flush with an artificial floor whose distance to
the ceiling could be altered in order to vary the floor to ceiling height.
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PROCEDURE

Fire strengths of 0.75, 1.0 and 2.0 kW were used and measurements were
made for twoc heights of 0.5 and 1.0 m at r/H locations of 0.26, 0.5, 0.75,
1.0, 1.5 and 2.0. Due to the Timited number of thermocouple pairs and
their distribution, each experiment was repeated 3 to 4 times. Each time,
the probe was positioned at a different distance from the ceiling. This
provided enough data to form complete velocity and temperature profiles.
By default, this procedure also demonstrated the high degree of

repeatability obtained.

STEADY STATE RESULTS AND DISCUSSION

Alpert [3] and Veldman, et. al. [4], among many other researchers, have
used the following non-dimensionalized form for the ceiling jet velocity
and temperature:

V¥ = v/ QF173 (gH)V2 = F(r/H) and (1)
AT® = AT/ Q*¥3Tw = f(r/H) (2)

where Q° was later defined by Cooper [12] as: Q*=(1—Ar)Q/pmcme R
and Ay is the fraction of heat lost due to radiation from the source. In
this work, X, is thought to be negligible because flames from premixed
combustion are small and blue. It is believed that the use of H as a
lTength scale in equations 1 and 2 is only valid if H>>£ (discussed later).

Ceiling Jet Maximum Velocity

The steady-state maximum velocity of both heights and all fire
strengths collapsed onto a single curve using Eq. (1). A Tinear Tleast
square fit to the data yields the following empirical equation:

V¥ax = 0.0415 (r/H)2 + 0.427 (r/H)™" + 0.281 (3)

As the initial momentum of the ceiling jet diminishes with increasing
r/H, the maximum ceiling Jjet velocity asymptotically approaches zero.
Figure 2 shows a comparison of Vg, empirical equation with the results of
other investigators. In this figure, the maximum velocity is normalized by
Q'/3H4-1/3 (adopted from Beyler [7]). There is a general agreement between
the different correlations. Heskestad and Delichatsios [6] data are from
large-scale experiments. Cooper’s model [13] is based on less direct data
and is developed from wall-jet theory of Poreh, et. al. [2] His model
agrees well with Heskestad and Delichatsios at r/H>0.4, but overesiimates
authors’ data by 30% to 50% at r/H < .7 and even more compared to Alpert’s
model.  Since Heskestad and Delichatsios’s equation is only valid for
r/H>0.4, it is not certain if Cooper’s model would have any agreement with
their equation in that region. Figure 2 also shows that Cooper’s model
predicts an unreasonably high Vg, at small r/H values (r/H<0.4) and
probably is not accurate in that range. Alpert’s data were obtained using
a hot-wire probe while Heskestad’s measurements were made employing a bi-
directional probe. The empirical equation from this work seems to closely
agree with that of Alpert and is in a general agreement with Heskestad and
Delichatsios’s correlation, both of which are for large-scale experiments.
The velocity measurements by the authors are also much more detailed than
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those by other investigators.
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FIGURE 2 - Comparison of empirical equations of ceiling jet maximum velocity
from Alpert[3], Cooper{i3], and Heskestad & Delichatsios{6] with authors’.

Ceiling Jet HMaximum Temperature

Plots of AT profiles at different times and r/H Tocations revealed that
as r/H approaches 1.0, AT profiles do not correlate for the two heights.
Comparison of the temperature profiles clearly showed that as the ceiling
is heated, the normalized temperature profiles diverge for the H=1.0 m and
0.5 m cases at r/H>0.75 locations. Velocity profiles did not demonstrate
this behavior, however, the scatter in velocity profiles increased
substantially for r/H > 0.75.

The above discrepancies could be explained if a significant portion of
the plume were not turbulent. However, if H=0.5 m was too small for a
turbulent flow and the plume had a laminar length, which is not scaled,
then the normalized ceiling jet temperatures for H = 0.5 m ought to have
been higher due to reduced air entrainment and mixing. The results point
to the opposite. Measurements of the thermal fluctuations both 1in the
plume and ceiling Jjet also indicated turbulent plume behavior. In
addition, the premixed flame provided short flame lengths (2 to 3 burner
diameters long) Teading to production of a purely buoyant plume only a few
burner diameters downstream of the exit. These observations Tled to
development of two separate empirical equations for H=1.0 m and 0.5 m cases
shown in Fig. 3.

AT pax = 0.166(r/H)2 + 1.2(r/H)"" + 2.0 0.26<r/H<1.0, H=1.0 m (4)
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AT pax = 0.082(r/H)™2 + 1.9(r/H)™" + 0.966 0.26<r/H<2.0, H=0.5m (5)

It appears that the Richardson number, Ri, of the ceiling jet might be
changing across the critical number of 1.0 at about r/H=0.75 [10]. Thus
the dominance of buoyancy (Ri>l) at these large r/H values may be the cause
of divergence in the ATp,y curves.
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FIGURE 3 - Non-dimensionalized ceiling jet maximum temperature
(1) H=1.0 m, (2) H=0.5m

The AT*max empirical equation is compared to those obtained by other
investigators and data of You & Faeth and Zukoski et. al., as reported by
You & Faeth [5], in Fig. 4. Data of You and Faeth are from a very detailed
study of a steady-state ceiling jet induced by a 0.25 kW fire. Zukoski et.
al.’s data are from study of 1.17 kW and 1.53 kW fires. The general
agreement between their data and Eq. (5) indicates that these small-scale
experiments correlate quite well. Furthermore, You & Faeth concluded that
Alpert’s integral model generally underestimates the measured maximum
temperature by 20%. Data from this work indicate a 30% to 18%
(0.26<r/H<2.0) underestimation of the measured maximum temperature by
Alpert’s model. Cooper’s model [12] seems to underestimate the maximum
temperature even more, especially at r/H>0.75. Heskestad and Delichatsios
[6] also show Tower temperature in their Targe-scale experimental results.
In the authors’ view, the overriding factors in correlating results of
ATpax are the actual value of the convective heat release rate used in each
investigation, the distance from the virtual origin and differences between
heat transfer characteristics in large and small-scale experiments. The
convective heat release rate were determined quite accurately for the
premixed flames used here. In addition, accurate determination of the
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location of maximum temperature requires very detailed measurements. While
authors and You and Faeth obtained very detailed temperature measurements,
data of Alpert & Ward and Heskestad & Delichatsios were not as detailed.

CEILING IET MAXIMUM TEMPERATURE VARIATION
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FIGURE 4 - Comparison of empirical equation of authors (Eq. 4), Alpert &
Ward[14], Cooper[12], Heskestad and Delichatsios[6]. Data of You & Faeth,
H=0.695 m, Q=0.25 kW, Zukoski (H=0.813 m, Q=1.17, 1.53 kW) from [5].

Ceiling Jet Velocity and Temperature Profiles

The velocity profiles did not correlate very well for r/H>0.75
locations. Plots of the normalized velocity profiles (V/Vpay vs. 2/£y,
after Alpert [3]) showed that the data near the ceiling collapsed
reasonably well whereas away from the ceiling there was considerable
scatter. Some of the scatter is due to combining data sets from multiple
runs and difficulties in velocity measurements near the Tower edge (z>¢,)
of the ceiling jet. The Richardson number effect may also be playing a
significant role in increasing the scatter. To test this hypothesis, the
velocity data for r/H>0.75 were eliminated and the remaining data were
plotted in Fig. 5. The scatter reduced considerably and the normalized
velocity data for 0.26<r/H< 0.75 are correlated well by:

V/Vinax = 1.59 (2/4£,)%% exp[-1.517(z/4y)] 0.26<r/H<0.75 {(6)
where Vp., and £, are defined by empirical equations which appear later.
Equation 16) had a variance of 0.101. It has been determined that the

ceiling Jjet velocity is not affected by the ceiling heating [101,
therefore, Egqns. 3 and 6 may be valid for ceiling transient conditions.
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VELOCITY PROFILES
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FIGURE 5 - Steady-state normalized velocity profiles

The temperature data was normalized with respect to AT,y and 87 for
each individual experiment. A plot of all the norma]izea temperature
profiles is presented in Fig. 6. This plot consists of over 600 data
points from 27 different temperature profiles. A single Tinear Tleast
square fit to the data of Fig. 6 is shown below:

AT/ATpax=4-24(2/ €, + 0.094)0755 exp[-2.57(z/£7)]  0.26<r/H<2.0 (7)

Equation 7 is only restricted by high H or Q until it can be compared with
detailed large-scale temperature profiles.

Ceiling Jet Boundary layer Characteristic Thicknesses, Sypay and &ypax
The ceiling jet growth and thickness is characterized by the two parameters
§ and ¢ as defined in Fig. 1. Alpert [3] developed an integral model for
the ceiling jet where &y ax Was shown to be a function of r alone when Q is
on the order of tens of kilowatts. He also assumed that the momentum
Tength scales and thermal Tength scales to be the same; i.e. Sypax=8Tmax
and £V=€T. The dependency of § on r alone was confirmed by plots 0¥ Symax
and §ypax VS- r and the empirical equations constructed, Egns. (8,9).

Symax = 0.0187(r)0-68 0.26<r/H<2.0 8)
§Tmax = 0.0152 (r)T-* 0.26<r/H<2.0 (9)
It should be noted that equations 8 and 9 can be simply normalized by H so

that they can be used for floor-to-ceiling heights other than those used in
this study.

308




TEMPERATURE PROFILES
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FIGURE & - Empirical fit to steady-state normalized temperature profiles

Although the uncertainty in locating the position of maximum velocity
increases beyond r/H>1.0 due to the fixed vertical spacing of the
thermocouples, this correlation seems to be quite accurate since it is
based on a much larger data set and a more accurate measurement technique.
Equation (9) predicts that the momentum boundary layer is retarded and
approaches an asymptotic value, as would be expected. The Teast square fit
of Eq. (10), however, suffers due to increased uncertainty in Tocating
STmax for vr/H>1.5.  Hence, the relation for &qy,sy does not approach an

asymptotic value. Therefore, its use in its normalized form should be
Timited to r/H<2.0.

The boundary Tayer region of the ceiling jet is driven by the initial
momentum of the plume. 1In this region, the flow velocity and temperature
are forced to zero and ceiling temperature, respectively, from the
centerline plume velocity temperature. The outer region of the ceiling jet
does not go through the same drastic transformation. Therefore, & does
not have an analogous parameter in the plume whereas £ is similar in
definition for both the ceiling jet and the plume.

A comparison between the empirical Eq. (8), Alpert’s formula developed
for large and small-scale fires, and Cooper’s equation [13]; Sypay/H =
0.023 (r/H)°? 1is shown in Fig. 7.  Cooper’s model shows that %Vmax
increases indefinitely with vr/H. Alpert’s formula indicates the same
behavior. Physically, it 1is expected to assume that the ceiling Tlayer
growth would be retarded as the initial momentum of the jet diminishes due
to viscous Tlosses and as buoyancy of the ceiling jet becomes dominant
(Ri>1). This effect, however, is observed on the overall characteristic
thickness, £, more than it is on &. The comparison in Fig. 7, also
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demonstrates that Eq. (9) agrees well with the large-scale correlation of
Alpert.

POSITION OF CEILING JET MAXIMUM VELOCITY
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FIGURE 7 - Comparison of empirical equation of authors (Eq. 8), Alpert[3]
and model of Cooper[13].

Ceiling-jet Gaussian momentum and therma1 thicknesses, £, ¥&; A
mathematical approximation of the form AxPe “X was fitted to every steady-
state velocity and temperature profile (a total of 30 profiles) and the
respect1ve values of év and £, were obtained from these fits. Plot of £,/H

r/H correlated quite well for r/H<0.75 whereas the correlation suffered
s1gn1f1cant1y beyond this r/H value. The growth of £, and £ are retarded
as r/H increases and they approach a constant th1ckness fhe asymptotic
behavior of £, and £, is thought to be due to the effect of Ri > 1. The
free jet flow, and thus £, and £, are effected much more by the buoyancy
than the near ceiling f1ow reg1on It can also be stated that £ is scaled
by H since it characterizes the free jet portion of the ceiling jet and it
is analogous to the Gaussian thickness of the plume as Tong as #<<H. This
explains why £, data has more scatter beyond r/H=0.75 where £, is about 15%
of H. The emp1r1ca1 relations defining £, and £, are shown be¥ow

£y/H = 0.205 (1-exp[-1.75{r/H)1) 0.26<r/H<1.5 (10)
£/H = 0.112 (1-exp[-2.24(r/H)1) 0.26<r/H<2.0 (11)

The data of £, correlated well for both heights; all fire strengths and
at all r/H Tocations. Aside from a more accurate determination of £, (due
to less scatter in the temperature data), £,<<H holds for this ent1re range
explaining the superior correlation of the Eemperature profiles compared to
that of the velocity.
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The empirical equations for £, and £, are compared to those obtained by
other investigators in Fig. 8. Note that Alpert and mwany other
investigators have always assumed £, = £, as well as Sypsy=81may» Which
stems from considering the turbulent Pran&£1 number, Pry, @o be T.é. The
equation of You and Faeth [5] in figure 8 is based on Alpert’s integral
model but for a friction factor of 0.3. Cooper’s [13] model is again based
on the wall-jet theory and data of Alpert. These models indicate a Tinear
growth of €. Retardation in the growth of the ceiling jet seems to be more
reasonable. A significant conclusion from comparison of £, and £, is that
£, > £,. Based on the data presented here, the ratio of £,/£¢; varies
between 1.6 to 1.9.

CEILING JET CHARACTERISTIC THICKNESS

0.30

0.26F

B ,,:f:uxf
9’V& ......................... //”’/‘//ymu . me(mT)
........ ,/’ ,/ /

S 0.16) Cooper, "
(g\f)f’,// -

g.10¢ .

0.05}

0.00 ) ‘ | |

0.0 0.5 1.0 1.5 2.0 .

r/H

FIGURE 8 - Comparison of models for ceiling jet Gaussian characteristic
thickness. Cooper[13], You & Faeth[5] and Alpert[3].

CONCLUSIONS

It was concluded that the wall-jet theory for cold flows is inadequate
for the prediction of the ceiling Jjet velocity specially for the
0.2<r/H<0.5 region, and it overestimates the maximum velocity and ceiling
Jjet momentum thickness.

The measurements showed that the Gaussian thermal and momentum
characteristic thicknesses of the ceiling Jjet are not equal and are a
function of r/H. The boundary layer thicknesses, however, are a function
of r alone for ¢ in the order of tens of kilowatts. The two regimes in the
ceiling jet, i.e. near the wall and the free jet portion behave differently
where the free jet flow is not strongly effected by the ceiling heating.
Differences between the small-scale maximum jet temperature and large-scale
data may be due to differences in the heat transfer characteristics and
accuracy in determination of the convective heat release rates.
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The effect of buoyancy at r/H>0.75 becomes very significant and
interferes with scaling of the ceiling jet parameters solely based on the
fire heat release rate and H.
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