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PREFACE 

This is a final report on the project entitled "Characterization of the Confined 
Ceiling Jet in the Presence of an Upper Layer in Transient and Steady-State Conditions" 
which was performed under Grant No. 60NANBOD1049. The total duration of this 
project was one year. This report essentially and for the most part constitutes the thesis 
completed by Christina Ricciuti. 
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Abstract 

Although both confined and unconfined smooth ceiling jets have been previously 
studied, the data from small-scale experiments evaluated in this report provided a unique 
opportunity to characterize the transience of a ceiling jet in the presence of a developing 
upper layer. 

The development of an upper layer in an enclosure fire has notable effects on the 
ceiling jet. The presence of this hot gas layer increases the temperature in the ceiling 
jet and the heat transfer to the ceiling. Accurate prediction of the characteristics of the 
confined ceiling jet is important in calculating the response time of detection and 
suppression devices. This report examines data from a study of small-scale fire induced 
ceiling jet in a confined situation for a smooth horizontal ceiling. These results were 
obtained from experiments conducted at the National Institute of Standards and 
Technology, Center for Fire Research using 2.0 and 0.75 kW fires at r/H locations of 
0.26 and 0.75. The data gathered from these experiments represents a collection of 
transient and steady-state temperature and velocity measurements of a confined ceiling 
jet and upper layer. The results from this data were compared to similar experimental 
data collected in a previous study for unconfined ceiling jet using the same apparatus. 
Comparison of the confined and unconfined ceiling jet data, quantification of the 
developing upper layer and analysis of heat transfer to the ceiling, are presented in this 
report. Despite the limited data, it is concluded that the unconfined ceiling jet 
correlations may only be valid at the very early time, prior to development of the upper 
layer and that steady-state unconfined correlations are certainly invalid for confined 
conditions. The velocity of the confined ceiling jet within the upper layer is 20-25 % less 
than the unconfined case affecting the heat transfer coefficient. The heat transfer analysis 
showed that values of 4-5 W/m2"C can be expected. Comparisons with LAVENT 
computer program are also presented in this report. 
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Chapter 1: Introduction 

One of the important elements to be modeled during a developing enclosure fire 

is the ceiling jet flow. This jet is formed when the fire plume impinges on the ceiling 

and expands radially. The velocity and temperature characteristics of this ceiling jet are 

used to model compartment fire-induced flows, determine the activation time of detection 

and suppression devices, convective heat transfer to the ceiling and development of the 

upper layer. 

This report is the result of the analysis of data collected by Motevalli for confined 

smooth ceiling jets in transient and steady-state conditions. Comparison with the 

unconfined study by Motevalli and Marks (1990) is also made. The data collected for 

the unconfined case is extensive and detailed. A more limited set of data were collected 

for the confined case than for the unconfined case, however, a good comparison can be 

made between the data collected for the two cases. The same apparatus was used to test 

both cases, but modified for the second case to create a confined ceiling by adding a one- 

half meter curtain wall to the perimeter of the ceiling. Examination and comparison of 

the two cases helped to define the confined ceiling jet characteristics and the effect of the 

developing upper layer. The results can be used to aid in the development and 

verification of compartment fire models and to improve the design and placement of heat 

detectors and sprinklers. Results from the steady-state unconfined ceiling jet have been 

used to predict the ceiling jet characteristics for confined ceiling jets at early times in the 

fire. The basis for comparison is the fact that the unconfined ceiling jet has been studied 



extensively. Using the unconfined ceiling jet permitted the study of the jet characteristics 

alone without any interference from the developing upper layer. The unconfined ceiling 

jet simulates a condition where the walls are much further from the plume centerline. 

It is held that during early stages of a fire where the walls are much further from the 

plume centerline there is not sufficient time for the build up of an upper layer that will 

have a significant effect on the ceiling jet. 

1.1 Description of the Problem 

In an enclosure fire the plume impinges on the ceiling and flows radially outward, 

parallel to the ceiling, forming a ceiling jet. In the case of the unconfined ceiling (ceiling 

boundaries much farther than H), the jet flows along the ceiling entraining the 

enclosure’s cooler ambient air and transferring heat to the ceiling. The ceiling jet grows 

7 H 
Upper 
Layer 

Lower 
Layer 

Figure 1.1 - Confined Ceiling Jet and Developing Upper Layer 
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in thickness as the temperature and velocity decrease. In an enclosure, this jet is forced 

to turn again when the flow encounters a wall, as shown in figure 1.1. This jet will 

cause the formation of an upper layer of hot gases and fire products. The ceiling jet is 

at elevated temperatures and velocities when it encounters the boundaries. As the upper 

layer forms, it effects the characteristics of the ceiling jet and portion of the plume 

contained in the upper layer. The plume and ensuing ceiling jet contained in the upper 

layer have a lower momentum and an increased temperature. These effects on the ceiling 

jet need to be closely examined and quantified to define the confined ceiling jets 

characteristics. Characterization of the confined ceiling jet is attempted here through 

analysis of the confined ceiling jet data and comparison with the unconfined data. 

1.2 Objectives 

This study is concerned with the characterization of the confined ceiling jet in the 

presence of an upper layer, the development of the layer and the comparison of these 

characteristics to the unconfined ceiling jet. Data from the experiments and results will 

be presented here in a manner that will aid other researchers studying ceiling jets. 

The ceiling jet is studied using detailed temperature and velocity measurements. 

Temperature measurements were also obtained for the upper layer. Three objectives are 

addressed in this work. The first objective is to compare and analyze the data for the 

confined ceiling with the correlations obtained from the unconfined ceiling and to 

determine differences in the characteristics of the ceiling jet due to the effect of the upper 
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layer development on the ceiling jet. Consideration will be given to examination of both 

the ceiling transient and steady-state conditions and whether the upper layer temperature 

can be assumed uniform in the vertical and radial directions. 

The second objective is to quantify the transient and steady-state characteristics 

of the confined ceiling jet and the upper layer. While the fire source is in a steady state 

condition, the ceiling heating creates a transient condition affecting both the upper layer 

and the ceiling jet. Changing and developing temperature and velocity profiles of the 

confined ceiling jet are studied due to their importance in designing and predicting the 

operation time of detection and suppression devices. These devices are designed to 

operate early in the event of a fire when the ceiling jet is changing rapidly with time. 

Velocity measurements will be examined for changing characteristics and trends as the 

upper layer develops. Since no velocity measurement of the ceiling jet has been obtained 

in the presence of the upper layer, the analysis of the velocity measurements will be a 

significant contribution. This data will be used to test existing correlations developed by 

Cooper (1984) and Evans (1984) for calculating the characteristics of the plume 

immersed in the upper layer and the enclosure fire model LAVENT developed by Cooper 

(1990). 

The third objective is to analyze the heat transfer from the ceiling jet to the 

ceiling. It is important to quantify this phenomenon to aid in understanding the energy 
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transfer in an enclosure fire environment and ceiling jet modelling. 
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Chapter 2: Previous Work 

Early studies of ceiling jets were limited to analog modeling in different media 

such as salt water simulation. Since that time, ceiling jet studies have mostly used full- 

scale and laboratory-scale fires in unconfined and confined conditions. Still missing from 

this growing base of fire studies are measurements in the transient period, essentially 

ceiling heating effects on the ceiling jet in both steady and growing fires, detailed 

temperature measurements, measurements for confined ceiling jet velocity and 

quantification of the effect of the upper layer on the confined ceiling jet. Previous works 

I 1  will be examined here. In 

them into two categories. 

that are related in developing the history of ceiling jet study 

reviewing these previous studies it is convenient to break 

These categories are experimental and theoretical work. 

2.1 Experimental Work 

Several investigations of confined ceiling jets, produced from small buoyant 

sources, have been conducted. These studies include Ellison and Turner (1959) who 

studied inclined plumes and surface jets using salt water to model entrainment and predict 

mean velocity and fluid concentration. Baines and Turner (1969) also used salt water 

modeling to simulate the buoyant plume and ensuing ceiling jet. Prahl and Emmons 

(1975) studied the resulting flow through enclosure openings using kerosene and water. 
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The first comprehensive experimental investigation of confined ceiling jets was 

conducted by Zukoski and Kubota (1977) to examine the effect of an upper layer on the 

ceiling jet flow field and heat transfer to the walls and ceiling. In their study, two 

separate small-scale models were used. Flow patterns were examined in a room model 

with a cut-out door and an enclosure created by a ceiling and curtain wall. A smoke 

tracer was used to visually observe the flow field in the enclosure. Temperature 

measurements were obtained in the upper layer at various radial locations. Nine 

thermocouples were placed on a movable probe with 5 cm spacings between the top six 

and 2.5 cm spacing between the bottom three. Using these measurements temperature 

maps of the upper layer were developed. These maps show a uniform "well-mixed" 

upper layer temperature. They also found the convective heat transfer coefficient (to the 

ceiling) in a range between 5-40 W/m2"C. They concluded that the level of the gas 

temperature increases as the walls heat up and the heat transfer to the walls decreases, 

and the mixing process of the upper layer is independent of the heat transfer to the walls. 

You and Faeth (1978) conducted small-scale fire tests to examine the effect of the 

upper layer and fire impingement on the ceiling. They considered both confined and 

unconfined cases. During the experiments, measurements were obtained of heat fluxes 

received at the ceiling, flame heights, flame 

temperature profiles within the ceiling jet flow. 

compared to available correlations with relatively 

engths along the ceiling and mean 

Results from the experiments were 

good agreement. 

7 



Small-scale enclosure tests were also conducted by Evans (1983). Data from 

these experiments were collected during steady-state conditions. In the experiments, the 

plumes centerline temperature from the ambient lower layer through the interface into 

the upper layer were measured. The temperature of the layer just outside the plume at 

steady-state was also measured. The objective of this study was to develop a simple 

approximation for the plume’s new characteristics when contained in the upper layer to 

be used in models for calculation of ceiling jet characteristics in an enclosure. 

Full-scale enclosure fire tests were conducted by Mullholland et al. (1981), 

Steckler et al. (1982) and Cooper et al. (1982a). Limited upper layer temperature 

measurements were recorded in all these experiments. 

Mullholland et al. (1981) studied smoke movement, heat flux to the ceiling and 

the filling of an enclosure using smoke generated by a diffusion flame. Steckler et al. 

(1982) concentrated on examining flows through an opening. Data from transient full- 

scale fire tests was used to evaluate room fire flow theories dealing with opening and 

entrainment flows. Cooper et al. (1982) used steady-state and time varying heat release 

rates in full-scale multi-room fire scenarios to generate an experimental data base to use 

in verifying mathematical fire simulation models. The testing focussed on smoke filling 

and selected measurements of the increasing temperatures over time. 
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Many studies have been conducted to find the heat transfer coefficient and the 

heat transferred to the ceilings (confined and unconfined) and walls of an enclosure. 

Veldman et al. (1977), Zukoski and Kubota (1977), You and Faeth (1979), Quintere and 

McCaffery (1980), Woodhouse and Marks (1985), Alpert (1987) and Motevalli and 

Marks (1990a&c) conducted experimental work which addressed the heat transferred to 

the unconfined ceiling. Woodhouse and Marks (1985) studied the transient thermal 

response of unconfined ceilings above fires. The results of Woodhouse and Marks 

experiments included a data base of ceiling temperatures as a function of time and 

position from the plume center line for a range of ceiling material properties. Cooper 

(1982) and Cooper and Stroup (1987) examined convective heat transfer to the ceiling 

using data from these experimental studies. In these papers a method was developed for 

estimating the heat transfer to the unconfined ceiling. 

2.2 Theoretical Work 

Cooper and Woodhouse (1986) reevaluated the calculations for the heat transfer 

to an unconfined ceiling developed in previous works. This work also related the heat 

transferred by the unconfined ceiling jet to the heat transferred by the confined ceiling 

jet. Their analysis developed an independent estimate for the surface temperature of an 

adiabatic ceiling and re-radiation from the ceiling was also considered. 

In other studies, Morita and Hirota (1989) examined the convective heat flow and 

turbulent convection and radiation in a fire compartment using numerical analysis. 
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Cooper (1988, 1989) examined negatively buoyant ceiling jet driven wall flows and the 

heat transfer to the walls from these flows. 

In earlier works, Evans (1984) and Cooper (1984) focussed on plume interaction 

with a developing upper layer and its behavior in a two layer environment. The primary 

results were the development of an equivalent point source fire. Relationships were 

developed which account for the hot gas layer on the fire plume and ceiling jet. These 

relationships are examined further in Chapter 5. 

10 



Chapter 3: Apparatus and Data Collection 

3.1 Collected Data 

The data presented in this study were collected by Motevalli at the National 

Institute for Standards and Technology, Center for Fire Research in Gaithersburg, 

Maryland. The data were collected from small-scale experiments using the methods and 

apparatus discussed in Sections 3.2, 3.3 and Motevalli and Marks (1990~). Two fire 

strengths, 2.0 and 0.75 kilowatts, were used in an experimental set-up modeling a 

confined ceiling. The floor to ceiling height was one meter, resulting in Q' range of 

0.00069-0.00189 (appendix C) which simulates fires of 6.3 to 17.3 kW in a typical 2.4 

m high enclosure. These fire strengths were chosen to correspond to the unconfined 

ceiling experiments previously performed (Motevalli and Marks, 1990~). Ceiling jet, 

upper layer and ceiling surface temperatures were measured at radial locations of 0.26 

and 0.75 meters as a function of time. Velocity measurements of the ceiling jet were 

recorded for the 2.0 kW fire at both radial locations over a period of 40 minutes. 

Velocity measurements for the 0.75 kW fire seemed unreliable, probably due to the 

weakness of the generated plume. A list of the experiments conducted is shown in 

Table 1. 

The upper layer temperature was measured for each of the four cases over a time 

period of 40 minutes. The data for individual records were collected for a 5 second 
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period. The time interval between each record was 10 seconds for the first 5 minutes 

Heat Release 

Rate 

2.0 kW 

0.75 kW 

and then the frequency of data collection was changed to 20 second intervals. 

r/H Locations 

0.26 0.75 

Temperature Velocity Temperature Velocity 

X X X X 

X X 

This resulted in 135 data records for the 40 minute test. A different data collection 

frequency was used to measure temperature and velocity of the ceiling jet during the 

experiments (see sec. 3.3). Each record was a little more than ten seconds in length. 

The time interval between each record was 20 seconds. At five minutes, data collection 

was changed to a cyclic form. Every 260 seconds, four data records, 10 seconds in 

length, were collected at intervals of 20 seconds to form each cyclic group. This resulted 

in 43 temperature and velocity data records. 

Appendix A contains the values of temperature and velocity in the ceiling jet for 

a 2.0 kW fire at r/H locations of 0.26 and 0.75. The data is presented in tabular form 

for times of 5 seconds, 1, 2, 3, 5 ,  10, 15, 20, 25 minutes and steady state average. 

Appendix B contains temperature data of the ceiling jet and upper layer for the 0.75 and 
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2.0 kilowatt fire at r/H locations of 0.26 and 0.75. The data is presented for times of 

2.5, 10 and 30 seconds and 1, 2, 3, 4, 5 ,  6, 7, 8, 9, 10, 15, 20, 22, 25, 28, 32, 35, and 

38 minutes. Appendix E contains ceiling surface temperature measurements. 

3.2 Experimental Apparatus 

The apparatus and instrumentation used for the confined ceiling experiments is 

shown in Figure 3.1. The apparatus is the same used in the unconfined studies 

(Motevalli and Marks, 1990c) with one modification. A curtain wall was added to model 

an enclosure. The depth of the curtain wall, z, was 0.5 meters with a ceiling height, H, 

of 1.0 meter, (thus, the distance between the floor and the bottom of the curtain wall, 

Z=O.5). The ceiling was constructed of 1.27 centimeter thick fiberboard with a 

measured emissivity 

t 
H 

,Cei I ing 

Curtain 
!a l l  

Insul a t  i on  

I 
2 

V -Floor 
Burner n 

Figure 3.1 - Experimental Apparatus for Confined Ceiling 
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of 0.9. The ceiling was insulated on the back side with 8.26 centimeter thick layer of 

standard fiberglass insulation, (R- 1 1). The curtain walls were constructed of corrugated 

cardboard which was also insulated. 

The fire was produced by premixing methane and air at stoichiometric conditions. 

The burner had a diameter of 2.7 centimeters. Fire strengths were calculated using a 

heating value for Methane of 49.997 MJ/kg and an aidfuel ratio of 9.52. Steady fire 

sources with heat release rates of 0.75 and 2.0 kilowatts were used in these experiments. 

For a detailed account of the apparatus and test method refer to Motevalli and Marks 

(1 990c). 

3.3 Experimental Method and Collection of Data 

Temperature and velocity of the ceiling jet were measured simultaneously and 

nearly continuously with an array of sensors using a technique named the Cross 

Correlation Velocimetry, (CCV). Motevalli et al. (1990a, 1992) used and expanded 

upon a method to measure velocity developed by Cox (1977,1980). The CCV technique 

employs the temperature of the fluid as a tracer and obtains the velocity of the fluid 

particles via cross-correlation of the temperature-time records of a thermocouple pair. 

Using an array of sensor pairs stacked vertically below the ceiling, flow velocity and 

temperature can be determined at any distance below the ceiling at a given radial 

location. The thermocouple pairs are located on the CCV probe at locations; 1.19, 

3.175, 6.35, 9.525, 12.7, 19.5, 25.4 and 50.8 millimeters measured from the top of the 

support. The top of the CCV probe was located at distances of 0.5, 32.5, and 58.5 mm 
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below the ceiling for the confined ceiling experiments. This gave detailed temperature 

and velocity profile for the ceiling jet from 0.5 to 10.93 centimeters below the ceiling. 

The data acquisition system was limited to sixteen single ended channels. The CCV 

probe requires two data point for each location measured vertically from the ceiling, thus 

measurements were recorded for eight locations per experiment. Three separate 

experiments were required to develop a detailed ceiling jet profile. Some scatter was 

introduced into the profiles using this approach. 

To obtain temperature measurements in the upper layer, a second probe was 

developed, This probe used single thermocouples to measure the temperature at the 

locations; 0.2, 1, 2, 4, 6, 8, 11, 15, 21, 25, 35, 40,45, 48, 50 and 52 centimeters below 

the ceiling. This thermocouple probe allowed temperature to be measured at 16 z- 

locations during each experiment. 

Voltage signals from the thermocouple were amplified using a 16-channel 

amplifier before being sent to an HP6942A multiprogrammer. The multiprogrammer 

scanned the amplified voltages and stored these values in its internal memory in digital 

form before transferring them to the computer intermittently at a rate of 33 kHz. The 

digitized voltage data were then processed to produce velocity and temperature values. 

To measure the temperature of the ceiling, K-type thermocouples were placed 

flush with the lower surface of the ceiling at the r/H locations where the ceiling jet 
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temperatures measurements would be made. These thermocouples were connected to a 

reference junction at room temperature and connected to a chart recorder to provided a 

continuous temperature time record of the ceiling temperature, AT,, at that location. 
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Chapter 4: Data Analysis 

Data from the confined ceiling jet experiments showed well-defined temperature 

and velocity profiles in the presence of an upper layer for the range of r/H locations 

examined in these experiments. The ceiling jet is a boundary-layer type flow and 

therefore, the velocity and temperature profiles quantify the momentum and energy 

contents of the ceiling jet and their transport. Motevalli and Marks (199Oa) found the 

unconfined ceiling jet to be a highly turbulent flow with large thermal fluctuations. The 

structure of a turbulent boundary layer flow is very complex. In order to characterize 

the ceiling jet and understand the transport of mass, momentum and energy by the jet, 

key parameters need to be quantified. These parameters establish how the thermal and 

momentum boundary layers change with time and position. These characteristics 

formulate the basis needed to predict the magnitude and position of the maximum 

temperature and velocity and the jet momentum and thermal thicknesses. 

The ceiling jet velocity is zero at the ceiling surface. It increases to a maximum 

velocity, V,,,, at a distance away from the ceiling. This distance is noted as the 

ceiling jet momentum boundary layer thickness. The ceiling jet temperature varies from 

the ceiling temperature to a maximum ceiling jet temperature, AT,,,, where AT,,, = Tmx 

- T,, in a thermal boundary layer of thickness, hmX. Beyond &,,,, the ceiling jet 

behaves like a free jet at early times, before the formation of an upper layer. Once an 

upper layer begins to develop the ceiling jets temperature and velocity are affected. The 
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ceiling jet Gaussian momentum and thermal thicknesses, tT and e,, used by Motevalli 

and Marks (1990~) to define the jet characteristic thickness flow for the unconfined 

ceiling jet do not hold for the confined ceiling jet due to the presence of an upper layer. 

4.1 Ceiling Jet Velocity Profiles 

The ceiling jet velocity profiles were formed by combining sets of eight data 

points from three runs. Data collection during the experiment was limited to eight data 

points on the thermocouple probe. Consequently the data became somewhat prone to 

scatter when these sets were combined to form complete temperature and velocity 

profiles. 

Figures 4.1 and 4.2 show the velocity profiles for the 2 kW fire at r/H locations 

of 0.26 and 0.75, respectively. These graphs demonstrate the effect of the upper layer 

on the velocity of the ceiling jet. As the upper layer begins to develop, the flow of the 

ceiling jet at each r/H location is retarded as is evident in reduction of the velocity, 

especially V-. Figures 4.3 and 4.4 show the confined and unconfined ceiling jet 

velocity profiles at 5 seconds and steady-state. The confined ceiling jet flow at five 

seconds closely correlates with the unconfined ceiling jet data for the same case in profile 

shape and magnitude of the velocity. After one minute into the flow the upper layer has 

developed sufficiently enough to alter the shape and values of the profile. The velocity 

profile in the ceiling jet does not change much once the upper layer has become fully 

formed and has reached an equilibrium. The confined ceiling jet velocity, similar to the 

unconfined case, seems to be unaffected by the heat transfer to the ceiling, but may be 
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affected by the upper layer development shown by a 10-20% reduction in velocity. The 

ceiling jet maintains a nearly steady maximum velocity and velocity profile as shown in 

figures 4.1 and 4.2 even though the ceiling and ceiling jet temperatures are rising. 

Alpert (1971) used the relations for a plume emanating from a point source to 

normalize the ceiling jet parameters. These relations are assumed to hold true for the 

confined ceiling jet, but cannot be tested here due to collection of velocity data from only 

one Q". The normalized velocity relation is given as: 

[4-21 

Where Q", the normalized heat source strength, from Cooper (1982) is given as: 

Q *  = ( 1 - A )  0 
L 1  

P, cp T, g 2  H 2  

and X is the fraction of the heat lost due to radiation from the source. The radiative loss 

is assumed to be negligible for the experiments in this work because the source flame is 

produced by burning premixed methane and air and is small & almost entirely blue. 

4.2 Ceiling Jet Maximum Velocity 

The maximum ceiling jet velocity decreases with increasing radial distance, r, 

measured from the plume centerline impingement point. Due to the turbulent nature of 

19 



the flow, there is a considerable net transfer of the component of momentum 

perpendicular to the ceiling (Le. in the z direction). This causes a net drop in maximum 

ceiling jet velocity due to the radial expansion of the flow, as well as viscous losses and 

buoyancy effects as the radial distance, r, increases. For the 2.0 hlowatt fire the 

maximum velocity in the ceiling jet is a time averaged velocity of 0.84 and 0.37 m/s for 

the r/H locations of 0.26 and 0.75, respectively. There is a substantial momentum loss 

over the short distance between the two measured radial locations. 

The momentum boundary layer thickness, represent the thickness of the 

viscous flow regime. The viscous effects cause a slowing of the flow velocity from a 

maximum velocity at decreasing to a velocity of zero at the ceiling. The thickness 

of the momentum boundary layer quickly reaches a steady state value as shown by a 

nearly constant value of aVma over time. This trend is more difficult to observe for r/H 

of 0.75 due to a flatter velocity profile and radial component of the velocity losing its 

dominance. (This introduces more errors in the CCV measurements.) The exact 

location of aVmax is hard to define due to the spacing of the thermocouples at this distance 

below the ceiling. The average for the two kilowatt fires are 2 and 27 mm for the 

radial locations of 0.26 and 0.75, respectively. This shows the thickness of the boundary 

layer is growing with an increase in r as expected. Viscous effects cause the flow to be 

slowed, thus increasing the distance from the ceiling to the point of maximum velocity. 

The same phenomenon was shown to occur in the unconfined ceiling jet flow, Motevalli 

and Marks (1990). Table 4.1 lists the maximum velocity, V,,, and its distance from the 
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ceiling, 6Vmax, for the two cases. In this table the data point for Gvmax at two minutes may 

be unreliable. This was the last measurement recorded by the thermocouple located at 

10.03 mm below the ceiling before communication with one of the thermocouples in the 

pair was lost. No velocity measurements were recorded at 20 minutes for r/H of 0.75. 

0.08 

I .o 
2.0 

3.0 

5.0 

Table 4.1 - Maximum Velocities with Position for the 2.0 Kilowatt Fire 

0.920 1.69 0.631 33.69 

0.798 1.69 0.571 20.55 

0.920 10.03 0.324 26.90 

0.798 1.69 0.308 33.69 

0.798 1.69 0.267 26.90 

II r/H Location II 

l%-l 0.829 1.69 0.363 26.90 

0.841 1.69 0.353 20.55 

20.0 0.855 

* The velocity profile characteristically had a flat peak for the maximum 
velocity value over a range of between 1-10 mm. The values in the table are 
the first point from the ceiling that recorded maximum velocity. 
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4.3 Ceiling Jet Temperature Profile 

Two sets of temperature profiles were collected during these experiments. 

Temperature profiles of the ceiling jet between 0.05 and 10 cm below the ceiling were 

collected simultaneously with the velocity profiles using the CCV probe for the 2.0 

kilowatt fire. Temperature profiles for the upper layer were collected separately using 

the thermocouple tree for the 2.0 and 0.75 kilowatt fires. These upper layer temperature 

profiles also include measurements within the ceiling jet but with much less detail than 

the measurements obtained using the CCV probe. The growth of the ceiling jet thermal 

boundary layer and jet development over time for the 2.0 kilowatt fire at r/H of 0.26 and 

0.75 is demonstrated in figures 4.5 and 4.6. At r/H of 0.75, it is clear that the ceiling 

jet loses most of its distinction and is much less defined compared to r/H=0.26 location. 

Figures 4.7 and 4.8 help to develop the full picture of the ceiling jet for the confined 

ceiling jet by including the upper layer. These figures demonstrate the increase in the 

ceiling jet temperature over time. The ceiling jet temperature reaches 80-90% of the 

steady state condition in about 4-5 minutes into the fire. The temperature in the jet 

decreases near the ceiling due to the heat transfer from the gas to the ceiling. The 

temperature is transient during this period due to this heat transfer and the entrainment 

of increasingly warmer gases from the upper layer. The heat transfer to the ceiling is 

examined further in Chapter 7. Similar behavior is observed in plots of the temperature 

distribution within the upper layer for the 0.75 kW fire, shown in figures 4.9 and 4.10. 

The time scale development of the upper layer is discussed in chapter 5. 

22 



The temperature profiles were non-dimensionalized by AT,,, at different times. 

These plots, at r/H of 0.26 and 0.75 are presented in figures 4.11 and 4.12. The plots 

show the profiles at 1, 5, 10, and 40 minutes into the fire for each fire size at that radial 

location. Each graph exhibits good correlation between the ceiling jet thermal boundary 

layer thickness for all time periods. The non-dimensionalized temperature does not 

correlate as well for the upper layer between different times. This demonstrates the 

upper layer temperature is developing at slightly slower rate than the ceiling jet and 

indicates that AT,,, is not the right correlation parameter for the upper layer temperature. 

4.4 Ceiling Jet Maximum Temperature 

Figures 4.13-4.16 show the comparison of the confined and unconfined ceiling 

jet temperature profiles as a function of time. At five seconds (temperature averaged 

from 0-10 seconds), the profile of the confined ceiling jet matches that of the unconfined 

ceiling jet in profile shape and thickness. The magnitude of the temperatures of the two 

cases are not the same. It was expected that for this time period the confined and 

unconfined ceiling jet temperatures would be closer in magnitude. The time averaging 

(10 seconds) for the confined temperature profiles, may be contributing since the upper 

layer formation (at the later time, e.g. 5-10 seconds) would definitely cause the jet 

temperature to be higher. The different lengths of the sampling period, seven seconds 

for the unconfined and ten seconds for the confined, can be another cause for the larger 

difference seen in figure 4.13. Differences may have also occurred due to the time the 

clock was started. Time zero was set when the first temperature increase was registered 
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at the top thermocouple. For the second and third runs (combined with the data from 

the first run to form a complete profile), the top thermocouple was much further below 

the ceiling, 32.5 and 58.5 mm, respectively. 

0.08 

1 .o 

At thirty seconds, the shape of the temperature profile for the confined ceiling jet 

is changing significantly (Figure 4.14). The position of the maximum temperature hmax 

has shifted farther away from the ceiling. In the unconfined ceiling jet study by 

35.48 6.85 16.46 

49.21 10.03 35.40 

Table 4.2 - Maximum Temperature and Position for the 2.0 Kilowatt Fire 

2.0 

3.0 

I ~ r/H Location 

54.69 10.03 39.27 

56.84 6.85 41.14 

II 0.26 I 0.75 

5.0 

10.0 

58.50 6.85 43.64 

59.70 6.85 47.89 

I 15.0 58.33 13.20 48.67 

11 20.0 I 60.19 I 6.85 I 49.26 

11 26.0 I 59.81 I 10.03 I 51.02 

11 S.S. I 61.42 I 10.03 I 50.86 

26.9 

33.7 

35.7 

35.7 

35.7 

26.9 

35.7 

33.7 

26.9 

26.9 
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Motevalli and Marks (199Oa), it was found that hmax decreased as the ceiling approached 

steady state. This was expected because as the ceiling is heated, the convective heat 

transfer from the ceiling jet is reduced. Therefore, the maximum ceiling jet temperature 

occurs closer to the ceiling. The data for the confined ceiling jet ti,,,, and AT,,, are 

presented in Table 4.2. In this table, the position, shows no pattern of approaching 

the ceiling with time. However, in the measurements recorded using the thermocouple 

tree, a movement of tiTma, away from the ceiling is apparent especially at r/H of 0.75. 

The results for AT,,, and aTmax from the thermocouple probe are contained in chapter 5 ,  

Tables 5.1-5.4. This phenomenon could be due to the entrainment of the warmer gases 

from the upper layer. Also the development of a flatter profile over time may have 

confused the process of locating the real maximum temperature. 

At one minute after the fire was ignited, the temperature at any given location in 

the confined ceiling jet is 20- 75% greater than that in the unconfined ceiling jet. This 

presents an argument against using equations for the unconfined ceiling jet to predict the 

conditions in a ceiling jet confined by an enclosure, even at early times in the fire. 

At steady state, the ceiling jet profile is not as steep as the earlier profiles due to 

the development of the upper layer. However the ceiling jet still maintains a temperature 

that is - 50% greater than the unconfined ceiling jet for the 2.0 kilowatt fire and - 25 % 

greater for the 0.75 kilowatt fire. 
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The increase in the maximum temperature for the four cases of the confined 

ceiling jet with respect to time is shown in figure 4.17. It is important to be able to 

characterize the maximum ceiling jet temperature with respect to time in calculating the 

reaction time of heat detection and suppression systems. After 4- 5 minutes into the 

experiment, the temperatures have reached 80-90% of their steady state values. The 

temperature variation at r/H of 0.75 shows a slower approach to steady state. Figure 

4.18 shows AT.,,,, where; 

AT- AT*max = 

Q*; T, 

There seems to be a good correlation between both fires for each radial location but data 

from different r/H locations do not correlate. Figure 4.19 shows AT.,,, normalized by 

an r/H function as an attempt to collapse all the data. The equation for the r/H function 

for the unconfined ceiling experimental data developed by Motevalli and Marks (1990a) 

did not correlate the confined ceiling jet data. A function for r/H was developed by 

correlating the results of the four experimental cases. 

f (r/H) = -5.02 (r/H) + 13.95 14-41 

This function is linear because the four data points for the experiments fall on the two 

r/H locations examined in these experiments. More experiments are needed to obtain a 

more comprehensive empirical relation for the steady state confined ceiling jet maximum 

temperature. Figure 4.19 shows an exponential behavior of AT,,, as a function of time 

normalized by the time constant, 7.  A fit to the data provides a prediction of the 
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maximum temperature in the ceiling jet as a function of time when the fire size and 

radial location is known and the time constant can be calculated. The equation for the 

curve is given as: 

ATL -05 t - -  - 1 -exp(-) 
f (rlH) 

where the time constant was experimentally defined as the time when 63% of the steady 

state value was reached. 

The maximum confined ceiling jet temperature obtained in these experiments was 

compared to confined ceiling jet data measured in the experiments of You and Faeth 

(1978) and Zukoski and Kubota (1977). The data of You and Faeth (1978) are from a 

detailed study of a steady state ceiling jet induced by burning methanol through a wick 

with a heat release rate of 242-254 Watts. The ceiling was constructed of a copper plate. 

The curtain walls were made from 244 mm deep aluminum sheets. Zukoski and 

Kubota’s (1977) data is for fire from a propane-air burner with strengths of 1.17 and 

1.53 kW. The ceiling was constructed from a cold-rolled steel plate. The curtain walls 

were made from 30 cm deep corrugated paper. Figure 4.20 shows the comparison of 

data using equation 4-3. Using this correlation does not provide a good agreement 

between the experiments. This was also true of the correlation Motevalli and Marks 

(1990~) used to correlate the small-scale unconfined experiments, AT/(Q2’3 H-5’3). The 

upper layer temperature effects the maximum ceiling jet temperature. This difference 
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in upper layer temperature is due to the amount of heat lost to the ceiling and ceiling 

height. A new correlation for confined ceiling jet maximum temperature is needed. 
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Figure 4.1 - Velocity Profiles for 2.0 Kilowatt Fire, r/H of 0.26 
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Figure 4.2 - Velocity Profile for 2.0 Kilowatt Fire, r/H of 0.75 

29 



' -  
n 

v) 
\ 
E 

x 
v 

c, - 
" 0.5 

al 

0 - 
> 

0 '  

2 
0.6 

1 I 

a o n f t n c d ;  5 Seconds 

@ C o n f i n e d ;  5. S .  :, 
A M  
* A  M AUnconf  i n e a ;  5 Second .f 

.Unconfined; 5. S. 

* 

i M . 4  - 
%*e 0 

AA+ 
M * a d  c 

* 0- A 
** 0 . .  

1 A . 9 -  

0.5 

n 

v) 

\ 0.4  
E 
v 

x 
c, 0.3 
.C 

u 
0 

0.1 

0 I I 

50 100 0 

z ( m m )  

Figure 4.4 - Velocity Profile, Confined vs. Unconfined for 2.0 Kilowatt 
Fie ,  r/H of 0.75, 5 Seconds and Steady State 

30 



I '  

8 5  Seconds . 

10 b 
r 

-mmm m m 
W 

I '  I . . . -  

a5 Seconds . . 

J 

0 I .  . .  I . ,  

9 0  
A '  
O h  

V30 Seconds 

*I H l n u t a  

e2 H l n u t e r  

A4 H l n u t e s  

0 1 8  H l n u t e r  

V I 5  H l n u t a s  

0 2 e  n l n u t e s  

e 
* + 
V 
'I I- 

+ *  

A4 Hlnutee 

0 1 5  t l l n u t e s  
0 

I- 

m 
C' .-. 

'I 1 'u 
r i  

Figure 4.6 - Ceiling Jet Temperature ProfTiiIe for 2.0 Kilowatt Fire, r/H of 0.75 

31 



TEMPERATURE PROFILES 

0 10 20 30 40 50 60 
z (crnl 
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Chapter 5: Development and Characteristics of the 
Upper Layer 

Most computer fire models use a two-zone approach to simulate an enclosure fire. 

The lower of the two zones is assumed to remain at or near ambient conditions. The 

upper layer is described in terms of averaged properties. By definition all products of 

combustion are contained in the upper layer. This layer has a changing thickness, z;, and 

a corresponding descending interface between the two layers, parallel to the floor. The 

upper layer is assumed to have a uniform upper layer temperature, T,,,, and uniform 

concentration of combustion products. This assumption allows a compromise between 

accuracy in simulation and practicality of implementation. Full-scale testing at NBS 

(Cooper et al., 1982) and small-scale testing by You and Faeth (1978) have shown this 

approach to be reasonable for general modeling of fire growth and conditions in 

enclosure fires and propagation of combustion products to other rooms. In these 

experiments a distinct ceiling jet is found to exist within the upper layer throughout the 

duration of the test. Currently, most compartment fire models use the two zone method 

to describe the fire environment. 

For calculations of activation times for sprinklers and heat detectors a more 

detailed description of the upper layer, specifically the ceiling jet contained in the upper 

layer is necessary. Chapter six examines some of the methods and models available for 

these calculations. The development of the upper layer and calculation of an accurate 
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upper layer temperature is examined for fires and conditions of these experiments in this 

chapter. The calculations and equations are based on a limited amount of experimental 

data. Broader testing would be needed to develop equations for general use. 

5.1 Development of the Upper Layer 

In these experiments the upper layer develops quickly but takes 20-30 minutes to 

reach a thermal steady state. The ceiling jet maintains a distinct profile throughout the 

development of the upper layer. The temperature versus time profiles for the ceiling jet 

and upper layer have already been shown for the four confined ceiling experiments in 

figures 4.8-4.11. These graphs showed that the upper layer develops almost 

immediately, however, in the first few seconds of the fire the layer temperature is much 

lower than the steady state value. These figures show an interface that is located at the 

bottom of the curtain wall from the onset of fire. The values for the temperature at the 

interface fluctuate due to interface instabilities. 

The upper layer at r/H of 0.26 contains a ceiling jet with a thickness of 0-10 cm. 

From 10 to 35 cm the temperature in the z direction is nearly constant. At 35 cm the 

temperature tapers off toward ambient temperature. At r/H of 0.75, the ceiling jet 

thickness increases to 12 cm. From this point the ceiling jet slowly tapers off to 

ambient temperature at -53 cm below the ceiling. 
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5.2 Average Upper Layer Temperature 

An average temperature for the upper layer was calculated based on the 

approximate relation shown below. Simpson’s rule was used to calculate the integral 

where zj is equal to 50 cm.. The average temperature, Tavg,ul, is shown in tables 5.1-5.4 

for the 2.0 and 0.75 kilowatt fires at r/H of 0.26 and 0.75. The maximum temperature 

and its position in the ceiling jet for these fires are also listed in tables 5.1-5.4. Figure 

5.1 shows a graph of the average upper layer temperatures verses time. This figure 

shows the Tavg,ul is nearly constant at both r/H locations for the 0.75 kilowatt fire. The 

average upper layer temperature at both r/H locations for the 2.0 kilowatt fire is not as 

similar as for the weaker 0.75 kilowatt fire. The slight differences between the average 

upper layer temperatures for the 2.0 kW fire are thought to be due to the effect of the 

plume on the lower portion of the upper layer. The air entrainment causes a lower 

temperature in the region for the stronger fire at r/H of 0.26 only. These differences 

could also be due to the differences between the experiments caused by slight timing 

discrepancies and ambient conditions. The curves show very little convergence or 

divergence based on which two z-locations are chosen as the limits of the integral in 

equation 5-1. The upper layer depth was chosen to be the same as the depth of the 

curtain wall, 50 cm. If the ceiling jet portion is removed from the upper layer 

temperature profile, there is not much change in value of the average upper layer 

temperature. If the interface region between the upper and lower layers, 50-52 cm, is 
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included in the averaging, again little difference occurs in the average upper layer 

temperature. 

Tables 5.1-5.4 along with figures 5.2 and 5.3 show a large difference between 

the maximum ceiling jet temperature and the calculated average upper layer temperature. 

This difference is greater during the early transient times. As the ceiling jet reaches 

steady-state the difference between the maximum and average upper layer temperature 

is still large, on the order of 25-50%. This illustrates the importance of using the ceiling 

jet temperatures as opposed to an average temperature to calculate a more accurate time 

to detector operation and amount of heat transferred to the ceiling. 

To predict the average upper layer temperature as a function of time, a correlation 

relating the temperature to the fire heat release rate and characteristic thermal response 

time was developed. The average upper layer temperatures were normalized with respect 

to Q and T, using equation. 

15-21 

Time was normalized using the time constant, r. The experimental time constant is equal 

to the time the temperature is 63% of the maximum temperature. The time constant for 

the developing average upper layer temperature was derived from the experimental data 

and is 1 15 for the 2.0 kW fire and 167 for the 0.75 kW fire. This lead to the plot 
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presented in figure 5.4. A curve was fit to this graph using the linear least squares fit 

in DATA-TAP plotting program (Timlin and Mihalisin, 1987) also shown in figure 5.4. 

This curve provides an empirical relation for the average upper layer temperature with 

respect to time. This relation is given as: 

A T&,,r = (7.1 +.045(t/t)) (1 -e -*IT) 15-31 

5.3 Energy Balance for the Upper Layer 

The time-scale of formation of the maximum ceiling jet and upper layer 

temperature was examined in section 5.2. An empirical equation was developed to 

calculate the average upper layer temperature as a function of time. The characteristic 

thermal response time, T, needs to be quantified for equation [5-31 to be useful. For the 

general case, a correlation must be developed to calculate the time constant using known 

parameters. A correlation to solve for T is developed by non-dimensionalizing the 

unsteady energy balance equation of the upper layer. Using a control volume approach 

the conservation of energy is represented by: 

[6-111 

where; 

dATd*avg A E  = p, Cy Vc 
dt 
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15-51 

Figure 5.5 - Control Volume for Energy Balance of the Upper Layer 

In this model gas radiation is neglected. Figure 5.5 shows the control volume for the 

upper layer. The results of this process yield T as a function of the dimensionless groups 

However, there is not enough data available to determine the function. 
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Veldman et al. (1977) derived a similar functional relation for the time constant 

for an unconfined ceiling using a ceiling element as the control volume. This correlation 

was used to solve for a time constant to use in equation 5-3. The time constant as 

developed by Veldman et al. (1977) is given here in a modified form for AT- and 

essentially in the original form for the average upper layer temperature in equation 5-8. 

Equation 5-7 shows that r is a function of the ceiling properties. This is implied in 

equation 5-6 as well where has to be determined from an energy balance at the ceiling, 

which includes conduction heat transfer and reradiation from the ceiling surface (see 

chapter 7 for details). 

Since the average upper layer temperature is not a function of radial location, 

f(r/H) was dropped from equation 5-7. As shown in equation 5-8 this relation provides 

a time constant proportional to the experimentally determined time constants for the 

average upper layer temperature. Figure 5.6 shows the use of Veldman's time constant 

to correlate the average upper layer temperatures. The result is the same as shown in 

figure 5.4. Equation 5-7 was used to calculate the value for the time constant for the 
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maximum ceiling jet temperature where f(r/H) is found in equation 4-4. The substitution 

of r developed by Veldman et al. (1977) is shown in figure 5.7. The correlation using 

the experimentally determined T is shown in figure 4.19. Figure 4.19 shows a better 

correlation of the data during the first 10 minutes. Thus, equations 5-9 and 5-10 can be 

readily used to compute the average upper layer temperature and the maximum ceiling 

jet temperature (for the confined condition) in conjunction with a value for T calculated 

using either equation 5-7 or 5-8, as appropriate. 

(for AT*-) [5-91 

Note: The x-axis of figures 5.6 and 5.7 should be divided by 2.2. 
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Table 5.1 - Upper Layer Temperature 

Time ATmax 
(m) (0 

2.0 Kilowatt Fire - r/H= 0.26 

h m a x  ATE"@ 
(cm) (C) 
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Table 5.2 - Upper Layer Temperature 

2.0 Kilowatt Fire - r/H= 0.75 

ATmax b m a x  ATave,ul Fl (C) (cm) 
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Table 5.3 - Upper Layer Temperature 

0.75 Kilowatt Fire - r/H= 0.26 

0.042 

0.16 

0.50 

1 .o 
2.0 

3.0 

4.0 

5 .O 

6.0 

7.0 

8.0 

10.0 

15.0 

20.0 

22.0 

25.0 

28.0 

32.0 

35.0 

38.0 

6.57 I 2.0 I .55 

12.11 

18.43 

22.24 I 1.0 I 5.52 

25.47 I 1.0 1 9.51 

26.55 I 1.0 1 11.81 

26.37 I 1.0 1 12.98 

27.77 I 1.0 [ 13.75 

27.83 I 1.0 I 14.29 

27.78 I 1.0 I 14.76 

28.67 1 1.0 I 15.18 

28.62 [ 1.0 1 15.71 

29.03 I 1.0 I 16.39 

29.07 I 1.0 1 16.97 

28.55 I 1.0 I 17.20 

28.10 I 1.0 I 16.93 

28.19 I 1.0 1 17.25 

29.06 1 1.0 1 17.60 

29.47 I 1.0 1 17.60 

29.24 I 1.0 1 17.81 
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Table 5.4 - Upper Layer Temperature 

22.94 

0.75 Kilowatt Fire - r/H= 0.75 

6.0 18.23 

0.042 

0.16 

0.50 

1 .o 
2.0 

3.0 

4.0 

5.0 

6.0 

7.0 

8.0 

10.0 

15.0 

20.0 

22.0 

25.0 

28.0 

32.0 

35.0 

38.0 

2.27 I I 

2.0 1 0.73 

4.67 I 2.0 I 1.48 

7.96 I 4.0 I 3.42 

11.53 I 4.0 I 6.10 

15.65 I 4.0 I 9.83 

17.26 I 4.0 I 11.82 

18.39 I 4.0 I 13.13 

18.70 I 4.0 13.82 

19.26 I 4.0 14.37 

19.62 I 4.0 I 14.75 

19.98 I 4.0 I 15.15 

20.59 I 4.0 1 15.71 
~~ 

21.71 I 4.0 I 16.68 

22.18 17.33 

22.36 17.54 

22.77 4.0 17.73 

22.63 I 6.0 I 17.93 

22.82 I ~ 

6.0 I 18.09 

22.79 I 6.0 I 18.21 
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Chapter 6: Predicting Ceiling Jet Behavior 

Fire models are used as tools to predict characteristics and development of a fire 

and to aid in system design or failure analysis. Friedman (1990) identified 36 computer 

models currently in use to predict the developing fire and surrounding environment. 

These models are used to predict detector and sprinkler activation times, smoke 

movement, fire products concentration, temperatures, fire growth rate and occupant 

evacuation times. Most of these models were developed through analysis of full and 

small-scale test data. The experimental data collected by Motevalli for confined and 

unconfined ceiling jets is analyzed and used to examine some of the equations relevant 

to this work that make up the basis of the fire models. LAVENT (Cooper, 1990) is 

studied for its prediction of ceiling jet temperatures and the developing upper layer. This 

code uses correlated to defined ceiling jet velocity and temperature in the upper layer. 

6.1 Equations for the Ceiling jet in the Upper Layer 

Correlations for the maximum temperature and velocity of the unconfined ceiling 

jet on a smooth ceiling were developed by Alpert (1972), Heskasted and Delichatsios 

(1978), Cooper (1982) (based on the experimental data of Heskasted and Delichatsios 

(1978) and Alpert (1972)) and Motevalli and Marks (199Oa). 

When these equations are used to model a confined ceiling with a diameter in the 

order of only a few floor to ceiling heights, the temperature of the ceiling jet will be 

54 



under-predicted while the ceiling jet velocity will be over predicted. This occurs because 

the effects of the developing upper layer are not accounted for. These effects result in 

a higher temperature and reduced ceiling jet velocity. Ignoring the effects of the upper 

layer on the ceiling jet by using these unconfined ceiling jet equations is probably 

conservative (increased temperature, but reduced velocity, i. e. competing mechanisms) 

for predicting detector operation. However, using the correlations for the unconfined 

ceiling jet presents a less accurate measure of the ceiling jet characteristics and will 

under-predicts thermal damage. Evans (1984) and Cooper (1984) have developed 

methods to account for the upper layer’s effect on the ceiling jet characteristics. These 

methods use an equivalent point source fire which is substituted for the actual fire. This 

new source is calculated to account for the developing upper layer’s effects in the 

enclosure and on the ceiling jet. It assumes the ceiling jet results from a plume that is 

fully contained in the upper layer. New values are then calculated for the fire source 

strength, Q2, and location beneath the ceiling, H2. The equations by Evans (1984) are 

given as: 

Qi = [(l + C@’2’3>/ECT - l/CJ/2 

where the new fire source strength can be calculated using; 

Q2 = Q~L,c~,J’’~@ 

and the new height can be calculated using; 

55 



zz = 

H2 H - Z + Z2 

tQ*c, r z  
Qi1l3[(f -1)(P2+1) + fcTQ2L2’3] 

The temperature ratio, E ,  is defined as: 

[6-31 

[6-41 

The values of constants CT and p are 9.115 and 0.913 respectively from Zukoski et al. 

(1980). 

After a substitute source in the warm upper layer has been calculated, any 

correlation developed for the unconfined ceiling can be used to calculate maximum 

temperature and velocity. Upper layer conditions replace the ambient conditions in these 

equations. To test this approach, AT*max was calculated using correlations Heskestad and 

Delichatsios (1978): 

A T A  = [0.188 + 0.3131-/H]-~/~ 

and Motevalli and Marks (1990~): 
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AT& = 0.166(r/H)-2 + 1.2(r/H)-’ + 2.0 
16-71 

Negligible difference in the calculations for AT*-, using Evans approach, were found 

when applying these two correlations. The maximum temperature in the ceiling jet was 

then calculated using the relation: 

The resulting maximum ceiling jet temperatures using this approach were much 

lower than expected. This approach did not predict any significant increase in ceiling 

jet maximum temperature over the average upper layer temperature. Evans (1984) 

compares this method to other laboratory scale experiments and experiences the same 

results. It appears that Evans’ method even employing Motevalli’s correlations under 

predicts the actual maximum ceiling jet temperature data. Figure 6.1 shows AT*,, of 

the small scale experimental data of Motevalli and Zukoslu and Kubota (1977) and the 

AT*,, predicted by Evans’ correlations using Motevalli’s and Mark’s unconfined ceiling 

jet correlation. The temperature of the ceiling jet for the experiments is consistently 

higher than predicted by Evans’ method. 

This method was found to be accurate for full-scale fires by Evans. Evans (1984) 

indicates the difference in the maximum ceiling jet temperature between the full-scale and 

small-scale fires could be the result of weaker turbulent mixing in the small-scale fires. 
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Because full-scale tests were used to develop the empirical correlations of Alpert (1972) 

and Heskestad and Delichatios (1978) for ATmax, Evans (1984) recommends that the 

existing correlations for AT*max be used in application to fires that are larger than the 

laboratory experiments used to test his correlations. However, the correlation for AT*max 

by Motevalli and Marks (eqn. 6-7) used here to test Evans upper layer correlations 

agreed very well with the empirical relations by Heskestad and Delichatsios (equation [6- 

61) which is from large scale experiments. It follows that some other factor is creating 

the error in prediction of small-scale experimental data. 

Cooper (1984) has also developed a method to estimate the plume properties and 

resulting ceiling jet characteristics. Cooper’s equations account for the situation where 

only part of the plume is flowing into the upper layer and impinging on the ceiling. In 

his procedure the first step is to calculate the mass flow in the plume which enters the 

upper layer, m2* : 

m2* = 1.045990 + 0.3603910~ 
1 + 1.37748~ + 0.360391~~ [6-91 

where; 

and E can be calculated from equation 6.5. Then the new interface height, source 

strength and equivalent source to ceiling height can be calculated by: 
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[6- 1 13 

[6-121 

[6-131 H2 = H - Z + Z2 

The value for AT,,, from Cooper’s equations was slightly higher than calculated using 

Evans’ equations. However, the predicted value was still significantly lower than the 

experimental data of this work. These same equations are used in the computer code 

LAVENT. The results are shown in section 6.2. 

6.2 LAVENT (Link-Actuated ceiling VENTS) 

The computer code LAVENT was developed by Cooper (1988b) and Davis and 

Cooper (1989, 1991) to estimate the fire generated environment and the response of heat 

actuated detectors and ceiling vents in well ventilated compartments fires with draft 

curtains. The model assumes the upper layer is of a uniform temperature and density. 

An axi-sy mmetric ceiling jet flow is modeled using calculated temperature and velocity 

distributions. This allows the model to calculate the heat transfer to the fusible links 

more accurately since both radial and vertical location of the link within the jet are 

important when using velocity and temperature distributions. The program requires the 

user to input fire size, room geometry and fusible link properties as well as output and 

solver parameters. The program’s output can be examined in tabular or graphical 
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format. In the graphical format the x and y axes can be chosen from ten parameters to 

create a graph. These parameters are 

- Layer temperature, 
- Jet velocity at the link, 
- Jet temperature at the link, 
- Link temperature, 
- Fire output, 
- Layer height, 
- Plume flow, 
- Layer mass, 
- Ceiling vent area, and 
- Time. 

This program was used to model the experiments for confined ceiling jets 

described in this report. The apparatus was modeled using a square ceiling of the same 

area and a curtain wall containing the same upper layer volume. (Values used for these 

parameters are contained in Appendix C.) Temperature and velocity profiles were 

developed by specifying sprinkler heads at various vertical locations in the ceiling jet. 

These profiles were compared with the experimental data for a 2.0 kW fire (following 

discussion first addresses this fire size) and are presented in figures 6.2-6.8. Figures 

6.2-6.4 compare the temperature profiles measured in the experiments versus the 

temperature developed using LAVENT at the radial location of 0.26 meters. Figure 6.2 

shows the two profiles at one minute. Here the average upper layer temperatures and 

profile shapes are similar, however, the experimental ceiling jet temperatures are 25 % 

greater than those calculated by LAVENT. Figure 6.3 shows the same comparison at 

3 minutes into the fire. The difference between the two profiles has increased. The 

average upper layer temperature from the experimental data is greater than the average 

upper layer temperature predicted by LAVENT as is the overall temperature profile. At 
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steady state, the two temperature profiles are separated by 20-30% as shown in figure 

6.4. This Figure also includes Motevalli and Marks prediction for the unconfined ceiling 

jet temperature profile for this experimental set-up. Little difference exists between the 

predictions of the ceiling jet temperatures by LAVENT (2.0 kW fire size) and the 

measured unconfined ceiling jet temperature experimental conditions. Figure 6.5 shows 

the comparison for the steady state velocity profiles. Both the shape and the magnitude 

predicted by LAVENT are different than the experimental measurements. LAVENT’s 

profile resembles the unconfined ceiling jet profile but greatly overpredicts the confined 

ceiling jet velocity 20-30% and under predicts the ceiling jet momentum boundary layer 

thickness. This may be due to the fact that Cooper (1988a) bases the ceiling jet velocity 

on momentum driven wall jets. Figures 6.6, 6.7, and 6.8 present the temperature 

profiles for the other three cases and show that LAVENT consistently under-predicts the 

temperature. 

LAVENT was also used to model the unconfined experiments of Motevalli and 

Marks (1990~). The unconfined ceiling jet case in Motevalli and Marks experiments was 

simulated by specifying the height to the bottom of the curtains wall equal to the ceiling 

height. Using this approach, the program will model an extensive unconfined ceiling. 

In this case, the ceiling jet will not be affected by the build up of an upper layer. The 

program still over predicted the velocity and under-predicted the temperature. This is 

shown in figures 6.9 and 6.10. 
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The LAVENT results consistently gave an over-prediction of velocities and an 

under prediction of ceiling jet and upper layer temperatures obtained experimentally. 

The results were closer at early times in the fire but quickly diverged. Very few 

limitations are listed for the use of the program. The limitations listed for the model by 

Davis and Cooper (1991) for the plume model are satisfied. The plume model requires 

the ratio of Q215/D to fall between approximately 7-700kW215/m to be valid. The values 

for this ratio for the experiments are 33 and 49 kW215/m. The entrainment model is only 

valid for cases as present in the experiments where there is no substantial in-depth 

combustion. 

A few assumption are inherent in the model that do not represent conditions in 

the experiment. These assumptions may be fully responsible for the difference in results. 

The substantially lower ceiling jet and upper layer temperatures could be caused by the 

method used to describe heat transfer in the compartment. The thermal response of the 

ceiling in LAVENT is calculated assuming convective heating from the ceiling jet, 

radiative heating from the fire, convective cooling from the backside of the ceiling and 

re-radiation from both sides of the ceiling to ambient. The values of emissivity of the 

ceiling is assumed to be a black-body with a value of one. The ceiling used in the 

experiments has a calculated emissivity of 0.91. The fraction of the fires energy radiated 

to the ceiling and surroundings is assumed to be 0.35. In the experiments a methane 

flame was used as the fire source. It can be reasonably assumed that little energy was 

lost by radiation from the flame to the surroundings. The ceiling used in the experiments 
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was insulated and much less heat was transmitted through the insulation then was 

calculated through the thin fiberboard ceiling modeled by the program. 

LAVENT was run again to model the 2.0 kW fire using a modified value for the 

heat release rate, Q. A new heat release of 3.077 kW was chosen assuming that 35% 

of this energy was lost to radiation and a full 2.0 kW of convective energy entered the 

plume. The predicted temperature profiles were higher than the measured values for the 

early transitional times, (figures 6.2 and 6.3). As the fire approached steady state, 

LAVENT produced a close approximation of the ceiling jet profile and a very good 

prediction of the upper layer temperature. The velocity profile still overpredicted the 

experimental values by more than 50%. These results show the routines contained in 

LAVENT may be able to predict the temperature profile for the small-scale experiments 

if some of the values assumed by LAVENT could be user input based on the case 

modeled. The velocity profile predictions do not seem to be effective in predicting the 

experimental velocities. The velocity in the jet does not seem to account for the effect 

of the upper layer in reducing momentum as seen in the comparison between the confined 

and the unconfined experiments. Many of the shortcomings in LAVENT seem to be due 

to the use of wall-jet theory in developing the ceiling jet model. This is especially true 

for the ceiling jet velocity predictions. 
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Figure 6.8 - Comparison of Experimental Temperature Data with LAVENT 
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Chapter 7: Prediction of Heat Transfer to the Ceiling 
and Maximum Ceiling Jet Temperature 

7.1 Thermal Boundary Layer 

When the ceiling jet flows under the ceiling, which is at a lower temperature, heat 

transfer occurs between the two mediums. The gas temperature, T, varies from a 

maximum temperature, T,,,, to the ceiling temperature, T,. The variation takes place 

in a region defined as the thermal boundary layer. Heat is transferred to the ceiling 

within the thermal boundary layer primarily by convection. Convective heat transfer to 

the ceiling can be defined by: 

where h, the convective heat transfer coefficient, has the dimensions of W/m2K. The 

heat transfer coefficient is dependent on the fluid properties and flow characteristics. 

The heat transfer coefficient can be approximated for most cases with a Prandtl number 

in the range of 0.6-1.5. The Prandtl number for this case is assumed to be 

approximately 0.7. 

Many empirical relations have been reported for the Nusselt number such as the 

one shown below for turbulent flow over a flat plate (Drysdale 1985): 

= 0.037 Re4/' Pr'I3 17-21 
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The ceiling jet flow is an unsteady, low Reynolds number flow with large eddy structures 

and no relation for Nu is truly valid for this case. The Reynolds number for flow over 

a flat plate, Re,,+t, must be 2 3 X 10s for equation 7-2 to be valid. The Reynolds 

numbers for the 2.0 kW fire range from 9645-30162. The Reynold’s numbers are in the 

laminar range, however, the flow has been characterized as turbulent containing large 

eddy structures by Alpert (1971) and Motevalli et al. (1992). 

The convective heat transfer to the ceiling is calculated using three approaches. 

In the first approach, an energy balance at the ceiling surface is used to account for 

conduction to the solid, convective heating of the ceiling and re-radiation from the 

surface. A finite difference model is used to solve for the conduction into the ceiling 

from the experimentally measured ceiling surface temperature. In the second approach, 

a classical exact solution for transient heat conduction in a semi-infinite solid is used with 

a convective boundary condition at the ceiling surface. This solution does not account 

for re-radiation from the ceiling surface. In the third approach, Cooper and 

Woodhouse’s (1986) empirical relation was used to solve for the convective heat transfer 

coefficient, h. 
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7.2 The Heat Transfer Coefficient 

The heat transferred to the ceiling by convection, QNcmv, is equal to the amount 

of the heat conducted into the ceiling and reradiated from the ceiling surface. The 

ceiling was assumed to be perfectly insulated and is modeled as a semi-infinite solid. 

This is represented by the equation: 

. I1 - 
Qcom - 

. I1 
qcond + q,N 17-31 

Heat is conducted at the ceiling surface according to Fourier’s heat conduction equation 

where k is the thermal conductivity of the ceiling. Heat is also transmitted from the 

ceiling to the ambient surroundings by radiation from the ceiling surface and is quantified 

by the expression: 

q; = €p(C - 

where E ,  is the emissivity of the ceiling and 0 is the Stephan-Boltzman constant. This 

results in an equation for the heat transfer coefficient as follows: 
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[7-61 
T g  - Tc 

This h can be used to solve for other parameters that characterize the energy lost to the 

ceiling and the time scale of formation of the upper layer and maximum ceiling jet 

temperature. 

7.2.1 Numerical Analysis 

A finite difference model was used to solve for the one-dimensional transient heat 

conduction, Q’Icmd, into the ceiling. Radial conduction within the ceiling is assumed to 

be negligible relative to the vertical conduction into the ceiling. The equations were 

solved using the program contained in Appendix D. The initial condition was prescribed 

by: 

at t=O; Tc=Tm 

for 

#T - 1  i3T - -- - 
dz2 cx 

and the boundary conditions were given by: 
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at z=O; Tc=Tg,c 

The values obtained for tj are shown in table 7.1. 

Once the values for tj”cand were known, the heat transfer coefficient, h, could be 

solved for using equation 7-5. The ceiling surface and gas temperatures were obtained 

during the experiments. The emissivity of the ceiling was experimentally determined 

by Woodhouse and Marks (1985). The values calculated for h are plotted in figure 7.1 

and listed in table 7.1 for selected times of 1, 2, 3, 5 ,  7, 10, 12, 15, 20, 25, 30, and 35 

minutes. Figure 7.2 shows the energy balance at the ceiling surface with respect to time. 

The lower limit for h can be the laminar flow over the flat plate. The values of local h 

calculated for laminar flow was in the range of 3.39-3.68 W/m% for x =0.26 and 1.16- 

1.78 W/m2K for x=0.75 for a 2.0 Kilowatt fire. 

7.2.2 Exact Solution 

The solution for a semi-infinite solid where there is a sudden change in 

environment causing a convection exchange with the ceiling was solved by Gebhart 

(1971). The Fourier equation for one-dimensional transient heat conduction for regions 

of uniform thermal conductivity is: 
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17-81 

Using the method of Laplace transforms and the boundary 

The exact solution as presented in Gebhart (1971) becomes: 

conditions; 

This solution does not account for re-radiation from the ceiling. The results for h 

calculated by iteratively solving the exact solution are presented in figure 7.3. Figure 

7.4 shows a comparison between the exact and numerical solution of the q”conv. Since 

the exact solution does not account for the re-radiation, it was expected that the value of 

tj”conv would compare to the numerical value of tj”cmd. Figure 7.4 shows (i”cond from 

the numerical solution and QNconv from the exact solution are similar in characteristic 

shape and magnitude. 

7.2.3 Cooper and Woodhouse 

Cooper (1982, 1984) and Cooper and Woodhouse (1986) have developed a 

method to estimate the convective heat transfer to the unconfined ceiling. This method 
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can be adjusted for use with enclosure fires by using Cooper’s (1984) method for 

substitute fire size and height discussed in chapter 6. This heat transfer method accounts 

for re-radiation from the ceiling surface and variations in the characteristic Reynold’s 

number in the plume. The 

correlations were generated using transient data from the experiments of Veldman et al. 

(1977). These equations must be modified for use with the confined ceiling case. The 

equations 6-9 through 6-13 must be used to calculate a new source strength and height 

Q2 and 

This method is valid for a range of r/H from 0-2.2. 

Cooper and Woodhouse (1986) proposed an equation for h for r/H>0.2 

h -1n (r/H-0,0771) - = 0.283 Reios3 Pr-2/3 (r/W 
h’ (r/H+O.279) 

where 

[7-101 

[7-111 

These equations predict a value for the heat transfer coefficient twice that calculated 

numerically from the experimental data (see section 7.2.1). The values for b in W/m2K 

for the four experimental cases are shown in table 7.2. 
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Table 7.2 

Heat Transfer Coefficient Calculated from Cooper and Woodhouse (1986) 

I r/H Location I 
I Q I 0.26 I 0.75 I 
I 2.0 kW I 
I 0.75 kW I 

13.5 7.26 

10.8 5.68 

The second part of this method calculates an adiabatic temperature to be used to calculate 

the heat convected to the ceiling using the equation 

Again the equation for Tad does not predict values in agreement with the maximum 

temperature obtained experimentally. 

7.3 Comparison with Experimental Data 

Zukoski and Kubota (1977) and You and Faeth (1978) conducted small-scale 

experiments which measured heat transfer to the ceiling. You and Faeth (1978) 

measured wall heat fluxes during the transient period, 0-7 minutes. The corresponding 

jet temperature was measured only at steady state, the period when a constant ceiling 

temperature was obtained. An equation was developed to estimate the heat flux to the 

unconfined ceiling as a function of radial distance. 
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All the relevant factors are not considered by this equation. This function over predicts 

the values of Q'lconv obtained in this work. The values for heat flux to the ceiling in You 

and Faeth's experiments are much larger than the values calculated here. This is due to 

the different factors in the experiments, such as ceiling height, layer depth, and ceiling 

material. 

Zukoski and Kubota (1977) measured the transient wall temperature, the steady 

state gas temperature close to the ceiling and the increase in internal energy of the 

ceiling. The heat transfer to the ceiling was calculated from these values. Again the 

differences between the heat transfer coefficient and heat flux to the ceiling was twice 

the values reported here. The heat transfer coefficients were normalized for all the 

experiments using h' from equation [7-111. The data for the three experiments did not 

correlate. Other factors that differ between the experiments must be considered for 

proper comparison. 
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Table 7.1 - Heat Transfer Coefficient' 

Fire Size: 2.0 kW 0.75 kW 

r/H Location: 0.26 0.75 0.26 0.75 

1 Minute 4 l l rmd 

TC 

T, 
h 

13 1.4 

305.8 

341.0 

5.28 

71.3 

300.8 

324.4 

4.14 

63.3 

300.4 

318.2 

4.9 

31.1 

294.8 

304.5 

4.16 
~ 

2 Minutes 4 Ifd 

TC 

T, 
h 

_ _ ~  

126.1 

309.9 

346.6 

5.60 

79.2 

303.9 

331.8 

4.41 

64.7 

302.5 

321.5 

5.31 

34.3 

296.3 

308.7 

4.15 

3 Minutes 4 Ifrmd 
119.3 

3 12.4 

347.2 

6.16 

68.8 

305.4 

334.2 

4.23 

56.7 

303.8 

321.6 

5.61 

30.62 

297.0 

310.3 

3.89 

TC 

T, 
h 

105.6 

315.5 

349.2 

6.55 

73.5 

308.3 

338.2 

4.82 

51.4 

305.4 

323.8 

5.65 

28.2 

298.0 

311.8 

3.97 

5 Minutes 4 Ifd 

7 Minutes 4 Ifd 

TC 

T, 
h 

83.3 

317.1 

350.8 

6.18 

~~~ 

62.1 

3 10.0 

338.5 

4.97 

41.62 

306.2 

323.8 

5.64 

26.15 

298.7 

3 12.7 

4.07 

10 Minute 4 Ifd 
65.71 

318.9 

352.1 

6.15 

55.23 

312.7 

340.5 

5.26 

30.64 

306.9 

324.6 

5.26 

23.02 

299.7 

313.6 

4.24 

TC 

T, 
h 

' 4 'Icod, T and h have units of Wlm', K and W/m*K, respectively. 
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Table 7.1 - Heat Transfer Coefficient (Cont.)2 

~- 

0.75 

I Fire Size: 2.0 k W  0.75 kW 

I r/H Location: 0.26 0.75 0.26 

55.41 

3 19.9 

352.3 

6.18 

45.84 

313.1 

341.5 

5.12 

20.84 

300.2 

3 14.4 

4.21 

27.08 

307.5 

323.8 

5.68 

12 Minutes 

15 Minutes 4 ’’& 
TC 

T, 
h 

45.88 

321.4 

351.7 

6.61 

38.84 

3 14.4 

342.4 

5.25 

23.00 

308.3 

324.4 

5.78 

18.98 

300.9 

3 14.6 

4.58 

4 ’’& 
Tc 

T, 
h 

23.93 

322.0 

352.6 

5.95 

25.13 

315.6 

343.2 

5.10 

11.44 

301.5 

315.2 

4.20 

14.81 

308.9 

325.3 

5.45 

4 ”& 

TC 

T, 
h 

11.74 

322.1 

353.5 

5.46 

15.26 

316.2 

343.2 

5.01 

7.74 

301.9 

315.8 

4.03 

10.64 

309.6 

324.5 

5.92 

25 Minutes 

6.39 

322.3 

353.7 

5.30 

11.12 

3 16.8 

342.7 

5.18 

8.76 

310.2 

324.6 

6.26 

6.10 

302.3 

3 15.8 

4.17 

3.85 

322.4 

353.7 

5.31 

9.15 

317.4 

343.6 

5.26 

7.87 

310.8 

325.5 

6.31 

35 Minutes 4 ’’& 5.31 

302.6 

315.8 

4.40 

TC 

h 

4 “ food, T and h have units of Wlm’, K and WIm’K, respectively. 
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Figure 7.1 - Heat Transfer Coefficient 
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Figure 7.2 - Energy Balance at the Ceiling 
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Figure 7.4 - Comparison of Numerical and Exact Solution for q,,, 
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Chapter 8: Conclusions 

It has been shown here that the ceiling jet in an enclosure has characteristics 

significantly different than those of an unconfined ceiling jet due to the presence of the 

upper layer. These effects become apparent almost immediately after the start of a fire. 

This report examined these differences by comparing the two cases and attempted to 

quantify these different characteristics. 

The first objective was to examine the differences in temperature and velocity 

profiles between the confined and unconfined ceiling jets. Data was collected from the 

two sets of experiments using essentially the same apparatus. Significant differences 

between the two cases were expected and found. Although the ceiling jet thermal and 

momentum boundary layer thicknesses were similar, the magnitude of the maximum 

temperature and velocity and overall profile values were much different. The maximum 

ceiling jet temperature for the confined ceiling was 25-50% higher than for the 

unconfined ceiling jet. The ceiling jet maximum velocity was 10-20% lower than the 

maximum velocity of the unconfined ceiling jet. The temperature of the confined ceiling 

jet profile was found to be transient due to the heat transfer to the ceiling and walls. 

Transience in the ceiling jet was also due to the developing upper layer. This upper 

layer was at a temperature above ambient and caused the temperature of the ceiling jet 

to be elevated due to the entrainment of the increasingly warmer gases in the layer. The 
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velocity in the confined ceiling jet was lower probably due to increased momentum loses 

induced by the upper layer. 

The second objective was the quantification of the characteristics of the confined 

ceiling jet and upper layer. The maximum ceiling jet temperature was found to be a 

function of fire size and radial location. The non-dimensionalized maximum ceiling jet 

temperature correlated quite well with respect to fire size and r/H location. A correlation 

was developed for the maximum ceiling jet temperature as a function of a time and a 

characteristic time constant. An average upper layer temperature was also calculated 

from the experimental data. It was found that there was no significant difference in the 

average upper layer temperature with respect to the radial locations examined in these 

experiments, however, a distinct ceiling jet still existed at both r/H locations. The 

temperature in the ceiling jet ranged from 30 to 300% above the average upper layer 

temperatures. The difference in the temperature being greater, up to 300%, during the 

earlier transient times. A correlation was also developed to calculate the average upper 

layer as a function of time. Thus, two empirical relations now exists for the maximum 

ceiling jet temperature and the average upper layer temperature as a function of Q', r/H 

location (for maximum temperature only), ambient conditions and time. The 

characteristic time for the transience of the upper layer and the ceiling jet temperature 

was adopted from Veldman et al. (1977). This characteristic time, T, is a function of the 

fire size, ceiling height and material properties. 
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The third objective was to analyze the heat transfer from the ceiling jet to the 

ceiling. Values for the heat convection to the ceiling and re-radiation from the ceiling 

surface were found numerically. The values for the local heat transfer coefficient were 

in the range of 3-6 W/m2K. These values were verified using an exact solution to the 

Fourier heat conduction equation using a convection boundary condition. The results 

using both methods showed good agreement. These values were compared to data from 

other small-scale confined ceiling jet experiments. The values for the heat transfer 

coefficients and heat flux to the ceiling could not be correlated between experiments due 

to dependency of the correlation to ceiling material and conduction heat transfer through 

the ceiling. 

Several methods available to solve for conditions in the confined ceiling jet, heat 

transfer to the ceiling and the computer model LAVENT were examined for their ability 

to predict values obtained in these experiments. None of the methods examined were 

adequate in predicting the experimental results. With some modifications in input 

LAVENT predicted the temperature profile in the upper layer, however, the calculations 

for velocity were 50% higher than the experimental data. This would not allow for 

accurate prediction of link actuation time, a main feature of the model. The results of 

this study show significant differences exist between the two cases. To fully understand 

and predict the fire environment in an enclosure, the confined ceiling jet and upper layer 
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must be more accurately characterized. Some characteristics in this experiment have 

been quantified but large-scale experiments are necessary to verify and expand these 

correlations. 
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Appendix A 
Temperature and Velocity Data for Ceiling Jet 
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Ti;e= 5 Seconds 

1.7 
6. ? 

13.2 
25.T 
41 .7  
48.0 
51.3 

59.q 
63.3 
71.6 
89.3 

cr 7 
4J. I 

I719 
,798 
,748 
,631 
,461 
,428 

,545 
,748 
.337 

. 3 7  
=a0 

I J I  I 

4 5 8  53 
49.13 
48.52 
41, 'io 
39.37 
37.40 
3 7 . 3  
2?. 49 
28.87 
33.04 
27.12 
23.93 

2 (ra! Velocity (ii/si Delta T I C )  

%XIHUfl YELCCITY (;/j)= ,799 Position of iaxirun (az l=  1,H 
nAXInU11 D E L T A  T !C!= 41.21 P05i t i  on o f  rax i ma !arm) =io, 93 
Data Set 1.0.: CFZVCN4 CFSTCN4 
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Tifie= 2 l l inutes 

1.7 
6. 9 

13.2 
25.9 
41.7 
48.0 
51.3 

58. 9 
63.9 
71.6 
83.3 

cr 7 dJ. i 

733 
* 855 
,955 
,665 
I521 
,461 

50.18 
54.35 
59.94 
50.15 
15.91 
14.12 
11.44 
36.51 
.lJ* 93 
79 77 

34.75 
34.12 

-.r 

3 I J I  

- - I  

3 . 1  

10.0 
1ir.b 
j?, 7 
44.9 
51.2  
53.7 
5?. s 
52 .0  
55.2 
77.3 

1113.3 

. 798 

.?20 
,749 
* 521 
I 451 
,161 
,480 
, 4 1 4  
'31 

,169 
* d L  

- 

8 A X I ~ U ~  VELOCITY i s i s i =  ,920 Posi t ion  of aaxifium iaa)=10.33 
/AXIt!U!l 1)ELTA T ( C f =  54.69 Posit ion of riaximiit (as)=l0.03 
s a t  a Set  I,$. : ZF5!TN? CF5TCi47 

1.7 
6.9 

13.2 
25 .9  
41 .7  
48.9 
51.3 
55.7 

63.9 
71.t 
E?. 3 

EO 0 
due i 

,798 

, ?49 
565 

a 321 
,521 

,798 

e 565 
,798 
. 3 t 3  
i48 
SO8 

cq 71 
JL. d i  

3.85 
56.44 
52.21 
49.32 
46.78 
45.04 
37. 51 
55.77 
40.07 
35.05 
?c 77 
4J. rid 

3.7 
10.0 
lir.6 
3 . 7  
44. 9 
5!,2 
53.7 
57. b 
52.9 
55.2 
77 .9  

1 g s  

,798 

,704 
* 545 
.480 
,371 
,531 
,414 
,743 

920 
,157 . '558 

- 
55.06 
57,  b4 

54.44 
50.39 

45.4G 

42.50 
36. 37 
35.26 
39.61 

97. a7 

33.28 

33, t 8  



iirie= 5 Ilinute; 

1.7 
6.9 

1' 1 

25 .  P 
41.7 

51.2 
55.7 
58.9 
63.9 
7 1 . i  
59.: 

3 . i  

:a. o 

.7?9 
a 793 
,748 
b65 

, 4 1 4  
e 400 

25.39 
53.50 
57.36 
53.14 
59.78 
49.56 
4b. 92 
41.33 
40.89 
46.53 
39.45 
41.13 

.?9S 

,704 
a 461 
,353 

,353 

I499 

,337 

t c 7  . 3 J d  

,375 

53.12 
57. 55 
55.50 
51 * 41 
50.15 
49.22 
41.53 
4 7 . 7 7  
49.45 
40. oa 
7q t ?  
r ' r . A J  

T i l @ =  10 fllnutes 

1.7 
5.9 

25.9  
41.7 
l a .  G 
51.3 
55.7 
58. '3 
63.9 
71 .5  
89. 3 

17 '7 13.L 

I 748 . ??8 
,798 
,794 
I 4 3 0  

,428 

57.32 
5?. 70 
59.21 

51 * 90 
50.15 
48.88 
42.36 
41.66 
46.54 
39.66 
11.44 

cr 7 1  
JJ. d Y  

,798 
- 

,748 
,199 
* 429 
,428 
,300 
a 3 8  
* 324 
,273  
,267 

53.93 
58.93 
57.43 
52. b7 
50.90 
49.50 
42.95 
47.89 
40. ?? 
40.45 
39.37 
:a. 79 
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Time= 15 tlinutes 

1.7 
6.3 

13.2 
25 .9  
41 .7  

51.3 
55.7 
58.9 
b3.9 
71.5 
89 .3  

48. o 

I955 
.798 
,793 . t b 5  
* 461 
,400 

I ;75 
I 400 
I 333  
183 
$60 

5i* 42 

3 . 5 8  
57.04 
53.53 
51.93 
54.12 
45.76 
15.04 
47. i5 
43.13 
43.95 

11 )  
* 1 ;  

3.7 
1'3.0 
19.b 
39.7  
44.9 
51.2 

57. & 
52.0 
65 .2  
77 9 

103.3 

r? 7 
J J e  i 

1 8 .  

KclxIHlfH VELOCITY ( a i d =  ,855 Positicln o f  aaxiaua (ami= 1.69 
M I H U H  CELTA T (Cl= 60.19 Pcsition G f  aaximum inm)= 5.35 
Data Set I .D. :  CF5VCN25 CF5TCN25 

798 

,798 
I 5 4 5  

I428 
I375 
,365 
.428 
.414  
?f? . J J J  

. L& ??7 

59.3 
59. bit 
59.57 
54.23 
52.57 
51.37 
4b. 27 
49.30 
44.44 
43.96 
I?. s9 
42.22 
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Time= 26 f l inutes 

1.7 
6. 9 

13.2 
25 .9  
41 .? 
48.0 
51.3 

58.9 

71.6 
39.3 

cc Jd, 7 

61 n 
J. 7 

,329 
I !50 
. 773  
,649 
,496 
rn 427 

58.47 
59.58 
59.35 
56.64 
53. b7 

51 I 78 
4 6 . 3  
45.71 
49.!0 
44.25 
46. $0 

CCI 37 
JL. i d  

7 7  
3 . :  

10.0 
19.b 
29.7 
44.5 
5 1 1 2  
53.7 
57.6 
52.0 
65.2 
77.9 
1Vj3.3 

59.31 

57.39 
54.23 
52.81 
51.81 
46.79 
50. ti2 
55.20 
4 4 . 9 3  
4.3.34 
42. a3 

51. a i  

b e =  Steady S t a t e  (Avej  

z h a )  ' i 'elocity ( a / s )  Delta T i C i  
............................................. 

3 .7  ,800 55.16 
10.0 . aoo 55.40 

39,  ? ,573 55.15 

51.2 ,477 52. oa 
53.7 * 414 47.14 
57.6 8 475 50.39 

77.9 ,314 44.32 
103.3 ,043 43.49 

19.5 ,744 54.02 

44.9 . 492 53.47 

62.9 ,434 45.70 
.311 45.42 & 2  
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Cei 1 i n q  Type Fiberboard 
Fire Strength= 2 . 0  K #  
Ceiling t o  Floor Height, ti: 1.0 a 
Probe Loiation !r/H): 0 . Z  

H A X I M I  VELOClTY ( m / c , ) =  .A31 Position o f  aaxiiue i m ) = ; 3 . 5 9  
flAXIfiUM DELTG T !C!= 15.46 Position Gf iaxilnur ( t ~ m ) = ? b . W  
Data Set 1.3.: CFbVlA CF6TlA 

h e =  1 flinute 

2 .7  
? *  9 

14.2 
26.9  
35.7 
42.0 
51.5 
57.9 
51 .7  

77.5 
33.y 

ha. o 

* 227 
,231 
,286 
.SO8 

,261 
,222 

167 
* 200 
.?i 1 

* 204 
,200 

- 

. L A  

23.37 

33.97 
35.21 
35.39 
15.34 
35. Ir3 
74 ye: 

34.22 
34.98 
34.58 
33.37 

x a i  

J . , J  

71 

flAXIRUfl VELOCITY f r / s )=  ,571 Position o i  saxirum (~~)=?0.55 
HAXIflUtl DELTA T (C)= 35.40 Position of  caximur !mr)=3L69 
Data S e t  1.9.: CFbV4 CF6T4 
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4.7 
11.3 
23.6 

39.9 
45.2 
52.2 
59.7 
64.3 
!1.2 
83. I 

109.3  

77 7 
J d .  I 

--------------------------------------------- 
4 . 7  ,240 32. Air  

11.0 ,218 38.29 
20.6 ,296 i o .  64 

I308 4 1 . 1 4  
38.9 I 2 b 7  4 0  a9 
45.2 I293 41.15 
52.3 ,293 42. so 
59.7 I300 41.72 
64.3 ,293 41.19 
71.2 ,182 41.14 
93. 3 165 10.26 

109.3 ,300 3.05 

77  7 
"4. i 

%LlIWUfl VELOCITY i d s ! =  ,309 Position of m a x i m  (naj=.jLb? 
HfiXIMUfl DELTA T i s ) =  42.20 Position g f  saxiiziur !er)=35.S7 
Data S e t  1.2 . :  CFbYl0 CFST10 



Time= 5 Iifiutes 

z (om) Velocity f d s )  Delta T !C) ............................................. 
2.7 ,185 ;o. 31 
7.9 ,132 35.54 

14.2 ,191 39.45 
26.9 ,257 41.35 
35.7 - 44.54 

43.77 42. 0 235 
51.5 * L J  3r5 4 3 . u  
57.9 ,251 43.78 
61.7 - 12.50 
t8.0 . L I  77f  J 42.41 
77.5 ,179 42.13 
33.3 I107 4l.tB 

ZAXItlUtI YELUCiTY (ais)= ,267 Position of  zawieurr :;iie)=2h.?0 
tlAXIHUH DELTA ? iC)= 44.54 Pcs1tion 3 f  Paxiatlr !rr ,=Z.67 --. _.  

Dtta  Set I.D.: CF6VIb C F t T l h  

TiaE= ! 0 niiiutes 

z iinmf Velocity ( m i s i  Delta i !C) 
--------------------------------------------- 

255 39.33 
?. 9 .214 11.92 

14.2 ,255 45.37 

35.7 - 47. Oil 
42.9 ,245 4 7 . 3  
51.5 ,240 47.33 

251 47.13 
51.7 179 47.17 
68.0 ,115 47.34 
77.5 ,159 47.40 
83.9 .:ti2 47. 12 

? 7  
L .  I 

25. ? I250 47.89 

c- d l . ?  

z (ma) Velocity (mis! Delta T iCj 

4.7 ,233 42.16 
1l.C ,211 96.11 
20. b ,273 47.79 

,267 47.25 35.7 

38.T ,240 47.15 
47.42 45.2 

52.3 ,222 17.79 
59.7 ,120 47.46 
54.3 ,129 47.21 
71.2 ,155 47,3b 
is. 3 ,179 lib. 39 109.3 - 45.73 

--------------------------------------------- 

755 . LY 

MXIflUH SELUCITY i m / j l =  ,273 fosition 3f aaximur !aa)=2i?.55 
IIAHttUtI i!ELTA T i C ! =  47.39 Posit i on o f  ma:! i BUB fatal =2b ,  90 
Data Set I.D.: C F S W  CF6T23 
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Tine= 15 Minutes 

ffAX!HUE VELOCITY Inis)= ,353 fosition o f  Baxieum lrm)=26.?0 
~AXllltflr 2ELTil  T ! & I =  50.65 Position ~i aaxicua imd=25.?3 
Data $et I.D.: CF6V30 CFbT30 
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h e =  Steady S t a t e  ! h e )  
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Appendix B 
Temperature Data for Ceiling Jet and Upper Layer 
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C e i l i n g  Type F i b e r b o a r d  
Fire S t r E n g t h =  2.0 k l l  
Ceiling tl; Floor H e i g h t ,  H: 1.3 P 

Probe Locat ion ! rM:  0.25 

Tiae= 2.5 Seconds 

i [ E l i )  Delta T i C )  

1.0 11.05 
6.9 1.b7 

15.5 .03 

43 .3  -. 47 
?C f-i - '7 

I .A; Y J ,  ii 

f i ax i auo  D e i t a  T i C i =  25.68 PGsit ion of  iiaxieus h j =  1.0 
Data S e t  1.0.: QZHlRZST16S 
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Tine= 30 Seccnd; 

z fcm) Delta T !E) ---------------------------- 
.A 29.41 

4.0 23.41 
11.3 7.70 
25.0 7. :5 
45.0 1.37 
52. c 20 

haxirua Delta T fC!=  57 .05  Position of  oaxiaua ica!= 1.0 
Data Set 1.0.: KHlfi25T30f 

naxirllua Delta T i C ) =  4 L Q O  Position oi aaxiaun icaf=  1.Q 
Data f 2 t  1 . 3 . :  g2HlR20Tlfl 

Tiae= 2 ninutes 
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Time= 3 ninute 

jraxiwe Gelta T iC)= 52.09 Position of  saxiaua (uf= 1.9 
Data Set 1.1.: 22HlR25T3M 

Tiw= 4 f l inutes 

T i m =  5 I l inutes 

104 



Tiae= 5 Rinutes 

z (cn) Delta T XI 

f '  --- 
I 1 =e- 7 Finutz5 

!laxinuill Ceita T ( C ) =  54.81 Position of oaxiaum (ca)= 1.0 
Data Set 1.3,: ZHlR26T714 

b e =  a lrinutEs 

z iCP) Delta T i C 1  

9 
a &  

4.0 
11.8 
25.0 
45.0 
52.0 

47.22 
46. ?3 
34.7; 
33.34 
25.43 

I 22  

1.0 55.57 
6.0 40.34 

15.0 24.15 
35.0 3!.08 
48. 0 13.53 

Haxiaur Oelta T (C!= 55.57 Position o f  eaximun (ca)= 1.9 
Data Eet I.D.: L!ZHlR?hTaH 

2 . 9  

20.0 
40.0 
59.5 

a. s 
53.44 
36.46 
33.63 
29.12 
8.15 
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h e =  10 Ilinutes 

Haxirua Delta T !C)= 56.09 Position of  raxieuit ! i n ) =  1.0 
Data Set I.D.: QZHtEbTlON 

.? 
4.0 

11.0 
25.6 
45.0 
52.0 

48. A2 
43. ':b 
33.43 
36.36 
??, $1 
4.06 

Haxime Delta T !C!= 55.67 Position o f  tiaxihua (La)= 1.3 
Data Set LJ . :  82H!R26T!5tI 

Tire= 20 Finutes 

t (cmj Delta T IC) 

9 
.L 49.89 

4 .0  50.57 
11.0 38. t5 
25.0 

15.0 29.44 
52.0 4.13 

'7 77 
J t  0 4 ,  

106 



Tiae= 21 ginutes 

z ica)  Delta T i C )  ---------------------------- 
.? 50.20 

4.0 49.70 
11.0 39.78 
25.0 37.53 

52.0 4.20 
45.0 30.28 

Haxiaus Delta T XI= 53.65 Position o f  r;axin;ua k o ) =  1.0 
Oat; Set I.D.: QZHlR?&T22M 

z ita) Delta T iCi  

1.0 56.65 
6.0 44.41 
15.0 38.29 

48.0 12.71 

--------------------------- 

35.0 35.91 

T; i A pie= 23 Ibtinut~s 

1.3 57.10 
6.0 45. ?O 

15. d ;s.is 
z5.0 36.1; 
48.3 11.17 

laximum Delta T XI= 57.10 Position o f  aaxieue ita)= 1.0 
Data Set LD.: 92H!R26TZ€!fl 

3 . L  

4.0 
11.0 
25.0 
15. c 
52.0 

51.44 
51.47 
Z?. 81 
38.41 
SO. 56 

4.70 

1.9 
6.9 

15.0 
35.0 
48.0 

58. os 
95.71 
39.16 
36.81 
9.79 
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Tin€= 35 HinutEs 

q 
a i  

4.0 
11.0 
25.0 
45.0 
52.6 

51,91 
3.64 
39.96 
38. bb 
36.76 

4. bb 

1.0 
t .  6 

15.6 
35.6 
46.6 

57*45 
45.15 
39,4? 
36.74 
16.5'1 

52.89 
'1 ?{ 

39.66 
38. b t  
2E. e? 

4.92 

J . J 

53.07 
46.24 
79 ?E 

36.92 
16.04 

d * d J  
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Cei 1 ing Type Fiberboard 
Fire Strength= 2.0 ksrl 
Ceiling to Floor Height, H: 1.9 Q 
Probe locaticn W H ) :  0.75 

Tire= 2.5 Seconds 

flaxisurn Delta T (C!= 4.10 Position of maxiaur (til)= 2.0 
Data Set 1.9.: XHlR75T2S 

b e =  1'3 Seconds 
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Tire= 50 Seconds 

T i e ~  1 flinute 

m 
.i 

3.0 
!1*0 
25.  c 
45.0 
52.0 

3.84 
28.21 
20.90 
17.03 
8.66 
2.64 

1.0 
6.0 

15.0 
35.9 
48.0 

24.33 
27.36 
i d .  11 
12.50 
s. 46 

-7 

Time= 2 niniltes 

Delta T (C) 
.---------- 

32 "3 
35.39 
32.70 
20.92 
14.35 

. V  

Haxirur Del ta  T (C)= 25.83 
Data Set I.D.: KHlR75TZfl 

Posit ion of  aaxiaur  ita)= 4.0 
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Time= 5 I inutes  

z icaJ Delta T ( C )  ............................ 
. 2  16.73 

11.0 33.96 

45. 0 22.06 
52.0 ?. 48 

4.0 38.24 

25, c 29.56 

z fcrl Delta T i C )  

2.0 37.43 
8.0 36.68 

20.0 30. 32 
40.0 24.11 
50.0 12.97 

............................ 

Time= 4 Hiniltes 

Time= 5 flinuter 

JlaxiPui Celta T X I =  42.17 
Data Set i.D.: !I2HlR75T5W 

Position of maxirum (a)= 4 .0  
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Tiiw 5 flinutes 

Time= 7 lrinutes 

Tiae= fl Binuter 

flaXiaUB Delta T (C)= 43.51 
Data Set 1.9.; 12HlR75T8H 

Position of tlaxirrue (cn)= 4.0 

112 



Tine= 10 Minutes 

flaxieum Del ta  T (C)= 34.52 P o s i t i o n  o f  maximua ( c n i =  6.0 
Data Set  I.D.: E!Hlh75T10H 

.? 
4 .  c j  

11.0 
25.0 
45.0 
52.0 

28.27 
96.35 
42.5? 
JB. 34 
32.67 
3.52 

1.0 
6.0 

15.0 
35.0 
48.0 

42. $3 

34.52 
35.52 
27.35 

46.32 

Time= 20 l i n u t e s  

Haximur Delta T !C)= 17.22 P o s i t i o n  a f  maximum { c d =  4.0 
Data Se t  I,D,: LQHlR75T20H 
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The= 22 tlinutes 

z Icrl Delta T (C) 

1.0 42.67 
6.0 46.15 

............................ 

15.0 45.10 
35. 0 36.58 
48.0 28.96 

flaxirum Delta T I C ) =  46.20 
Data Set 1.1.: QZHlR75T22H 

Position of  aaximua !ca)= 4 . 0  

-_-______-______________________________----------------------------------------------------------------- 

The= 28 Minutes 

The= 32 HinutEs 

.2 31,54 
4.0 47.55 

11.0 44.60 
25.0 40.04 
45.0 34.27 
52.0 2.15 

z (cm) Delta T (C) -----------------_------ 
46 . a4 2.0 

a. 0 4 6 . 5  
20.0 41.00 
90.0 36.20 
50.0 1?.00 

114 



z icni  Delta T ( C )  

. 2  
4.0 

11.0 
25.0 
45.0 
92 .0  

31,37 
47. b2 
44.27 
40.16 
34.78 

2.07 

laximum Delta T !C)= 47.52 Position of naxieue ( ce )=  4.0 
Data :et 1.1,: Et!1R!STXtI 

1 
.i x. 00 

4.3 47 .24  
11.0 44,13 
25.0 40.39 
45.0 34.89 
52.0 1.77 

z ( c d  Delta T (C1 

Haxirum Delta T i C ) =  47.24 Fositiori o f  aaxiaue (cia)= 4.0 
Data Set 1.0.: UHlR75733fl 
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CEi 1 ing Type i i  berboard 
Fire Strength= 0.75 k# 
Ceiling t o  Floor Height, H: 1.0 m 
Probe Location !r/H): 0.25 

Tire= 2.5 Seconds 

ilaxiru~ Oelta T IC!= b .57  
Data S E ~  L3.: Q7H1R25TZS 

Position of oaxieuil ica j= 2 . 0  

Tiae= 10 Seconds 

tlariruo Oelta T (Cl= 12.11 
Data Set 1.0.: Q7HlR2STlOS 

Position of  aaxieua kn)= 1.9 
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Tiae= 3 Seconds 

z icn)  Delta T (C) 

2.0 16 .94  

20.0 2.08 
40.0 .56 

a. 0 3.3 

50. u .31 

Tine= I ifinute 

17.57 
1 4 . 2  
5 . 5 5  
5 .  oa 
1.23 

* 71 

1.0 
6.0 

15.0 
35.0 
48.0 

Tioe= 2 Hinutes 

Yaxioun Oelta T (C)= 25.47 Pos i t ion  of aaxirun !:cni= 1.0 
Data Set 1.3.: l?7HlRZbTZY 

117 



Tise= 3 Irinute; 

z (cmi Delta T i'C1 --------------------------- 
7 2 1 . 3  

4 . 0  2c. 77 
i f  I: 11.0 Ad. i 

25.0 11.87 
45.0 7 .41  
52.0 :.;a 

.A 

Maximila Delta T ( E ) =  ? b a s 5  Position of  eaxiaua i c d =  1.0 
Data Set I.D.: 47HlR26T3fl 

1.0 2 6 . 3  
5.0 12. c1 

15.0 13.3 
35.0 19.22 
48.3 3 , 9 i  

z (tiel Delta T (Cl ---------------------------- 
I ?I  q? 

4.0 21.73 
il.C 14.40 

13.25 ?f 0 

45.c 3.90 
52.0 1.j.a 

.i i . # L  

i d .  

flaxieur i jelta T (Cf= 25.37 Position of aaxieua i c a f =  1.0 
Data Set 1,D.: Q7H1R2bT4H 

z icm) Delta T (C) 

I ?c) 7r 
. L  Lia I 4 

4.0 22.33 
11.0 15.08 
25.0 11.00 
45.0 10.01 
52.0 1.37 
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Tise= 5 f l i f iu tes 

Tiae= 7 l i n u t e r  

?f “7 

:6.13 
15. 07 
10.32 

!.35 

Ld* i 

i d .  i, 
“7 74 

1.0 
6.0 

15.0 
25.0 
48.0 

27.73 
15.08 
16.4? 
12.?5 
3.73 

?iae= 3 flinutes 

2 fcr) Oel ta  T !Cl -----------------_---------- 
.L  24.24 

4 . 0  23.64 
11.0 16.68 
25.0 15.46 
45.0 11.29 
52.0 1.35 
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T i w  10 llinutes 

Tiw= 15 flimtes 

.-! 
.A 

4.  r3 
i1.0 
25.0 
45.0 
52.0 

T h e =  20 flinutfs 
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T ~ J E =  22 I i nu tE r  

Jl .i 

4.0 
11.3 
25.0 
45. 0 
52.  rJ 

24.70 
25.47 
18.79 
17.75 
13.93 

1.24 

1.0 
6.0 

15.0 
35.0 
49. 0 

Raxiaiir DElta T ( C ) =  28.10 Position of araxieua ICE)= 1.0 
h t a  Set 1 . 2 . :  27HlR25T25fl 

z (cm) Delta f (C! 

1.0 ?a. 19 
5.0 19.43 

15.0 i9.!3 
3.0 17.23 
48.0 7 .  a5 

RaxiiPila Delta T i C ) =  28.19 Position of  eaxinur (cia)= !.O 
Cata Set 1.D.: 07HiR2bT23H 
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T i w  32 Hinutes 

7 
.L 

4.0 
11.0 
25.0 
45.0 
52.9 

25.37 

13.30 
18.25 
14.79 

1.21 

3E. ?? 
L J .  J L  

1.0 
L 0 

15.0 
25 .0  
48.0 

29.05 
I? .  83 
19.54 
17.36 
9 .75  

Tire= 33 Ilinutes 

z i c d  Celta T i C )  -------------------_------ 
7 25.04 

4.0 25.61 
11.0 19.59 
25.0 !a. 75 
45.0 14 .77  
52.0 ..a. i ?fJ 

a i  
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Cei 1 ing Type Fiberboard 
Fire Strength= 0.75 kki 
Ceiling to Floor Height, H: !.ij s 
Prcbe Location !r!H): 0 . Z  

45.0 
52.0 * 21 

, 20  

7 
.L  66 

11.0 2.26 
25.0 1.27 
45.0 e JJ 

52.0 . 23  

4.0 41 17 

?C 

1.0 3.75 
6.0 3.89 

15.0 1.79 
35.0 I 5 9  

48.0 35 

Haxiaun Delta T (C!= 4.62 Position o f  saxirur (cm)= 2.0 
Data S E t  1.L: Q7HlR!5TlOS 
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Time= 30 Seconds 

flaxiouo Delta T i C ) =  7.36 
Data Set  1.0.: G?H1R75T30S 

Pos i t ion  of Laximus (cn)= 4.0 

T h e =  1 t!inute 

lraxinun Delta T fCl= 11.53 Posi t ion  of  maxima h)= 4 . 3  
Data Set  I.D.: 47HlR75TlH 

The= 2 Rinutes 

CI .L  

4.0 
11.0 
25.0 
45.0 
52.0 

.A4 
15.65 
11.75 
10.41 
6. !3 
2.10 

1.0 
6.0 
15.0 
35.0 
48.0 

13.52 
15. $3 
l 1 . 3  

4.33 
a. 31 



Time= 3 Iinii tes 

1.0 14.86 

15.0 13.76 

17 i l  5.9 i l * r A  

35.0 io. 63 
48.0 7.13 

flaximus Delta T iC)= !7.25 
9ata Set LDm: ~7Hlfi75T3H 

Positior; of maximum i c ~ ) =  4.0  

T h e =  4 flinutes 

flaximua Delta T ( E ) =  19.31 
Data Set 1.i.: dTH1R75TM 

Position a f  f i ax i~ur  i c i ) =  4.0  

? h e =  5 RinutEs 

lraximut Delta T !C)= 18.70 
Data Set 1.J.: i7HlR75TSIl 

Positior, of eaxiaur ita)= 4.0 
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Tioe= 5 f!ir;utes 

f i t a )  ------------ 
7 .i 

4.0 
11.0 
25.0 
45.0 
52.0 

Zeita T !C) ------------- 
9.32 

1?,25 
17.32 
14.92 
10.953 
4.41 

2.0 ia. 62 
a. 0 18.55 

17.05 
19.12 

13.1s 
9.13 

15.12 20.0 !5,23 
40.0 1L . i l  

50.  r? 7 .  c1 

1 -  ?O 

Tiae= 7 flinutes 

Tilse= 8 Yinuter 

7 
1.0 17.92 
5.0 19.98 

15.0 15.91 
15. e3 

48.0 10. 04 

n L  10.35 
4.0 19.98 

11.3 18. ?b 

15.0 11.87 
25.0 i5.65 15.0 

52.0 5.09 
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Tim= 10 l inutes  

1?. 70 
21 r? 

18.46 
15.70 
11.50 

d, 

z i c a i  Celta T iCI 
............................ 

21 I ? ?  2 . 0  
21. i)O a. 0 

4. 17.95 ?O, 0 
40.0 15.01 
50.0 3.51 

Time= 20 (limit2s 

l a x i o u r  De l ta  T I C ) =  22.18 
Data Set ?,I.: EH!R75TZOfl 

P o s i t i o n  o f  aaxieua ! c P ) =  b.0 
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The= 22 ilinutes 

Time= 25 !lir,utes 

CI 

. L  13.78 
4 . 0  22.77 

11.9 21 .03  
25 .0  18. 42 
45.3 15.02 
52.9 .?5 

? h e =  28 flinutes 

7 
.A 

4 . 3  
11.0 
25.0 
45.9 
52.0 

1.0 
6.0 

15.9 
35.0 
48.0 

20 .33  
22.53 
20.11 

12.80 
17. l a  
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laxirum Delta T i C ) =  ?2.7? Position of aaxiaua (cf i)= 5.0 
Data Set 1.5.: i27HlR75T34 

Tire= 38 flinute; 

Haxiour Delta T i C ) =  22.94 Position of tiaxiaua i c e )=  S.O 
Data Set I.D.: WilR75T38f l  
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Appendix C 
Test Conditions and Constants 

Fire Size Q' Re,, 
j 

Ceiling Properties 

.00189 

.oO071 

Ma tend : Fiberboard 
a,= 0.0127 m 
cy = 1.2E-07 m2/s 
C,= 1485 J/KgK 
k,= 0.0485 W/mK 
E = 0.91 
pc= 272 Kg/m3 
d = 2.13 m 

28292 

--- 

Insulation Properties 

Material: Fiberglass # 12 
lji= 0.0826 m 

Air Properties 

C,= 1004 J/kg K 
pa= 1.1 kg/m3 
p = 1.84E-05 Ns/m2 
v = 1.67E-05 m2/s 

Nondimensional Q and Reynolds Number 

r/H Location 
I 

1 0.26 

I 2 .0kW I 
I 0.75 kW I 

.00189 

.O0069 

14300 
--- 

0.75 
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Lavent Room Parameters 

Ceiling Height = 1 .O m 
Room length = 1.89m 
Room Width = 1.89m 
Curtian Length = 7.56m 
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Appendix D 
Heat Conduction Program - ASCL' 

Program Transient Conduction 
Initial 

Constant alpha = 1.7E-7 
Constant delta = 0.000635 
Constant k = 0.0485 

$ "Thermal Diffusivity (mA2/s)" 
$ "Delta X (m)" 
$ "Conductivity (W/m.K) 'I 

End $ ' of Initial ' 

Dynamic 
Cinterval Cint = 60. 
Constant Tstp = 2300. 
Termt(T .ge. Tstp) 
Table TO, 1, 18 /0.,2.5,12.5,32.5,62.5,92.5,122.5,152.5 ,... 
182.5,212.5,242.5,272.5,302.5,462.5,602.5,902.5,1202.5,2382.5,. . . 
293. ,293.1,293.5,293,7,294.9,295.7,296.3,296.7,297. ,297.3,. . . 
297.5,297.8,298. ,299. ,299.7,301. ,301.5,303./ 

Algorithm Ialg = 5 
Nsteps Nstp = 10 
Maxterval Maxt = .1 
Minterval Mint = .ooOOl 

Derivative 

TOO = TO(T) 
Tld = alpha*(TO(T) - 2*T1 + "2)/(delta*delta) 
T1 = integ(tld,293.) 
T2d = alpha*(Tl - 2*"2 + T3)/(delta*delta) 
T2 = integ(t2d,293.) 
T3d = alpha*(T2 - 2*T3 + T4)/(delta*delta) 
T3 = integ(t3d,293.) 
T4d = alpha*(T3 - 2*T4 + TS)/(delta*delta) 
T4 = integ(t4d,293.) 
T5d = alpha*(T4 - 2*T5 + T6)/(delta*delta) 
T5 = integ(t5d,293.) 
T6d = alpha*(T5 - 2*T6 + W)/(delta*delta) 
T6 = integ(t6d,293.) 
T7d = alpha"(T6 - 2*T7 + T8)/(delta*delta) 
'I7 = integ(t7d,293.) 
T8d = alpha'(T7 - 2*T8 + T9)/(delta*delta) 
T8 = integ(t8d,293.) 
T9d = alpha*(T8 - 2*T9 + TlO)/(delta*delta) 
T9 = integ(t9d,293.) 
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TlOd = alpha*(T9 - 2*T10 + Tll)/(delta*delta) 
T10 = integ(tlOd,293.) 
Tl ld  = alpha*(TlO - 2*Tll + T12)/(delta*delta) 
T11 = integ(tlld,293.) 
T12d = alpha*(T11 - 2” T12 + T13)/(delta*delta) 
T12 = integ(t12d,293.) 
T13d = alpha*(T12 - 2*T13 + T14)/(delta*delta) 
T13 = integ(t13d,293.) 
T14d = alpha*(T13 - 2*T14 + TlS)/(delta*delta) 
T14 = integ(t14d,293.) 
T15d = alpha*(T14 - 2*T15 + T16)/(delta*delta) 
T15 = integ(t15d,293.) 
T16d = alpha*(T15 - 2*T16 + T17)/(delta*delta) 
T16 = integ(tl6d,293.) 
T17d = alpha*(T16 - 2*T17 + T18)/(delta*delta) 
T17 = integ(t17d,293.) 
T18d = alpha*(T17 - 2*T18 + T19)/(delta*delta) 
T18 = integ(t18d,293.) 
T19d = alpha*(T18 - 2*T19 + T2O)/(delta*delta) 
T19 = integ(tlgd’293.) 
T20d = alpha*(T19 - 2*T20 + ?rl)/(delta*delta) 
T20 = integ(t20d,293.) 
T21 =T20 
flux1 = -k*(Tl-TO(T))/delta 
flux2 =-k*(m-Tl)/delta 

End $ ’ of Derivative ’ 
End $ ’ of Dynamic ’ 

Terminal 

End $ ’ of Terminal ’ 
End $ ’ of Program ’ 

1 Advanced Continuous Simulation Model - Reference Manual, Mitchell and Gauthier 
Associates, Concord, MA, 1986. 
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APPENDIX E 

Time\ r/H 

Ceiling Surface Temperature, ATc (K) 

0.26 0.75 0.26 0.75 

Fire Size I 2.0 kW I 0.75 k W  

32.5 sec 

1 Minute 

2 Minutes 

302.5 299.0 298.7 293.7 

305.8 300.8 300.5 294.8 

309.9 303.9 302.5 296.3 

12.5 sec I 298.5 I 297.0 I 296.8 I 293.4 

3 Minutes 

4 Minutes 

312.4 305.5 303.8 297.0 

314.0 306.8 304.5 297.5 

10 Minutes 

15 Minutes 

5 Minutes I 315.5 I 308.3 I 305.4 I 298.0 

319.0 312.2 307.0 299.7 

321.4 314.4 308.3 301.0 

7 Minutes I 317.1 I 309.9 I 306.2 I 298.7 

20 Minutes I 322.0 I 315.6 I 309.0 I 301.5 

25 Minutes I 322.1 I 316.2 I 309.6 I 301.9 

35 Minutes I 322.4 I 317.4 I 310.7 I 302.6 

Steady State I 322.5 I 317.9 I 311.2 I 302.9 

*NOTE* 
ATrnb = 296 K 296 K 296 K 293 K 
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