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BUOYANCY- INDUCED WALL FLOW DUE TO FIRE IN A ROOM

Yogesh Jaluria

Abstract

A study of the buoyancy-driven flow generated adjacent to the vertical

walls of a room due to fire in the room has been carried out. Considering a

room with a single opening, experimental measurements of the wall and the gas

temperatures in the room were made. Though the emphasis was on the steady and

quasi-steady state situations, some measurements were also taken at the very

early stages of the fire to consider the transient variation of the tempera-

ture levels. The boundary layer flow that arises over the vertical walls due

to the resulting difference between the wall and gas temperatures was

analyzed, employing the integral analysis method. The flow rate, momentum and

convected energy in the downward flow that arises in the heated upper layer

and those in the upward flow that is generated in the cooler lower layer were

determined. As the fluid flows from one layer into the other, through an

intermediate stratified region with large temperature gradients, it becomes

negatively buoyant, penetrates to a finite distance and then falls back due to

negative buoyancy. These circumstances are also analyzed by the use of an

integral analysis and calculations are carried out for selected experimental

results. The flow is predicted to separate from the wall at the location

where the downward and the upward momenta of the two opposing flows are equal.

The separation point and the region near it where the flow starts separating

from the wall are studied. Results are obtained for a three-layer model,

which incorporates an intermediate stratified layer lying between two isother-

mal regions, and are eventually considered in terms of the two-layer approxi-
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mation used in zone models. The penetration of the fire plume into the upper

layer is also considered in terms of the Integral approach and a simple model

based on the dynamics of the fluid elements in the flow.

For the range of experimental data considered, it is found from this

analysis that the wall flow is quite significant as compared to the flow in

the plume and should, in general, be taken into account in the mass balance

considerations of the two layers. The energy transfer across the interface

due to the wall flow is relatively small and may often be neglected.

Depending on the temperature levels and the height of the interface, the

upward flow in the lower region may penetrate into the upper layer or the

downward flow in the upper layer may be injected into the lower layer. The

study indicates the method for determining the direction and magnitude of the

penetrating flow. Though more detailed and more accurate computations are

included, an approximate method for evaluating the wall effects for a two-

layer model and for an experimental study is outlined. The penetration of the

plume into the upper layer is studied and it is found that only a small frac-

tion of the flow is unable to penetrate the Intermediate stratified layer. As

a first approximation, the mass flow rate may be taken as unaltered across the

interface. Employing this approximation, results are presented on the plume

flow in the upper layer, as obtained from the integral analysis. Finally, the

study indicates future experimental and analytical work that may be carried

out to answer some of the basic questions raised here and to provide further

Information on the wall and plume flow penetration across the interface.

Key words: wall flows, plume penetration, enclosure fires, zone-

modeling, stratified media, density Interface.
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1 . INTRODUCTION

In recent years, there has been a considerable interest and research

activity in the buoyancy-driven flow of air and gases in room fires, with a

view to determine the changing environment within the enclosure and to provide

inputs for the eventual spread of combustion products into other connected

enclosures [1-4]. Much of the present information on the development of the

fire, with respect to the temperatures in the room and the movement of gases,

has been obtained from zone modeling, which divides the room into distinct

homogeneous regions, generally the hot upper gas zone and the cooler lower

zone [5-7]. The zone models have received corroboration from detailed experi-

mental measurements of temperature and velocity distributions in enclosures

with ventilation from single openings [8-11]. The zone models predict the

average gas and wall temperatures in the various regions and do not provide

Information on local conditions, which may be obtained from field model

studies which have also been carried out in recent years [12,13].

The basic features of the zone model for fire in a room with an opening,

such as a door or a window, are shown in Fig. 1. As a fire starts in a room,

buoyant hot fluid rises from the fire, entrains fresh air from the room and

moves towards the ceiling in the form of a buoyant plume. This flow generates

a distinct layer of hot and, thus, lighter gas below the ceiling. The layer

increases in thickness as the plume brings more hot fluid into the layer. The

hot gases eventually start flowing out of the room, while the cold air from

outside flows into the room due to the resulting pressure difference. As

estimated by zone modeling studies and also observed in several experiments,

fires of any thermal significance (> 10 kW) in typical residential rooms

- 3 -



display a rapid increase in the upper layer thickness, its interface with the

lower layer reaching the opening in a matter of seconds. However, conven-

tional walls have a much slower time response than the gas layers [2] and,

following the rapid increase in the tenperatures in the two layers, the walls

continue to increase in temperature at a very gradual rate. Therefore, an

initially rapid increase in the gas tenperatures is followed by slowly varying

wall and gas temperatures. This has led to the modeling of many practical

circumstances as quasi-steady, with the flow and tenperature distributions

progressing from one essentially steady situation to another, until rapid

pyrolysis of combustible material in the room, followed by room flashover,

occurs.

The air entrainment by the plume and the flow rate through room openings

are important inputs into the modeling of fires in enclosures. Several

studies of entrainment in fire plumes have been carried out [14,15] and the

results have been compared with those for an idealized point source plume. A

larger entrainment has been obtained in the actual case and the entrainment

has been found to be influenced by the size of the source, by disturbances in

the room, by the incoming air flow through the openings, by the proximity to

walls and by several other effects [16,17]. It is, therefore, important to

develop analytical procedures for an accurate determination of plume entrain-

ment under various operating conditions. In addition, the flow of the plume

across the Interface, between the upper and lower layers, is important for

modeling of the flow.

Due to the difference between the temperatures of the gas and the

adjacent walls that are being heated up due to convective and radiative heat

-4-



transfer, a significant buoyancy-induced flow may arise adjacent to the walls

and may lead to additional mixing across the interface. At the initial stages

of the fire in a room, the upper layer generates a downward flow adjacent to

the cooler upper region of the wall. The flow emerges from the upper layer,

becomes negatively buoyant in the lower layer and rises towards the interface

to cause greater mixing in the lower zone, near the interface. At later

stages, the lower region of the wall, in contact with the lower layer, heats

up and an upward flow is also generated in the cooler lower layer. These

opposing streams of wall flows may be important in the mass and energy

balances of the zones for modeling. The present study was undertaken to study

the wall flows thus generated in enclosure fires. Also of interest were the

nature of the interface between the two layers, with respect to temperature

distributions in an actual full-scale experimental system, and the penetration

of the buoyancy-driven wall flows and of the fire plume across the interface.

2. THE PROBLEM

2.1 Background

Let us consider some of the important physical aspects relevant to a

study of tenperatures and flows due to fire in an enclosure. In terms of a

two-layer zone model, the upper layer is characterized by a uniform average

temperature T and the lower layer by T_ i , as shown in Fig. 2. Similarly,
6 » ^ 6 »-*-

the wall temperatures may be considered in terms of an upper region value Tw
,
u

and a lower region value T ,. Thus, a step change in the temperatures isW
,
J.

assumed to occur at the interface height In actual practice, of course, a

step change would be replaced by a more gradual variation, as shown In Fig. 1
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and discussed later in terras of experiraental results. Now, as is evident from

Fig. 2, the wall temperature is higher than the adjacent gas temperature in

the lower layer and lower in the upper layer. Therefore, a buoyancy-induced

wall flow rises in the lower layer and descends in the upper layer. The

boundary layer flows that arise adjacent to heated or cooled vertical surfaces

have been studied extensively [18]. A qualitative sketch of these flows is

shown in Fig. 3, along with the corresponding velocity and temperature distri-

butions.

In the absence of the upper opposing flow, a buoyant lower flow arises in

the lower layer, penetrates the interface, becomes negatively buoyant as it

encounters the high temperature in the upper layer, stagnates at a certain

height and drops towards the Interface due to the negative buoyancy. This is

similar to the case of a negatively buoyant jet, as shown in Fig. 4 [19-22].

In the presence of an opposing stream, the flow stagnates and separates from

the wall, either above or below the interface, as shown in Fig. 5. The fire

plume is, on the other hand, generally, buoyant with respect to the upper

layer and rises in the upper layer towards the celling. It may, however, shed

some flow at the interface due to negative buoyancy in the outer regions of

the plume. This "peeling off" phenomenon can manifest Itself as a multi-layer

counter current stratified flow as has been observed In several experimental

studies [1,23] Also, If the heat Input Into the fire Is reduced after the

layers are established, the plume may be unable to penetrate Into the upper

layer, as shown In Fig. 6 [24,25].

There are several Important questions that must be answered In a consid-

eration of wall flows. The most significant one relates to the magnitude of

- 6-



the flow generated in an actual room fire situation. The wall flow rate may

be compared with the flow in the fire plume and also with that entering

through the opening to determine the importance of this effect. The second

question is whether this flow is able to enter the hot upper layer, despite

the opposing descending wall flow and the stable thermal stratification that

exists in the room. The third question relates to how these considerations

modify the present two-layer zone models and experimental studies of enclosure

fires. Besides these three crucial questions, there are several related

considerations. It is important to consider the nature of the interface in an

actual fire situation and to determine the mixing across it due to wall flows.

Also of interest is the penetration of the fire plume across the interface and

the determination of the magnitude of the flow that is unable to penetrate

into the upper layer.

2.2 Objectives of the Study

This study was undertaken to determine the nature and magnitude of the

buoyancy-driven wall flows generated by fire in an enclosure. It is to be

ascertained whether the effects due to these flows are important in the

consideration of the mass and energy balances in the present two-layer models,

which are employed to predict temperature levels and flows in the room. To

the author's knowledge, all existing zone models neglect the wall flow.

In addition to the above consideration of the wall flow effects, it Is

also desirable to determine the magnitude of the fire plume flow which does

not penetrate into the upper layer, since this flow should also be Included In

the overall energy and mass balances. A consideration of the experimentally
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observed interface region in terms of the step change assumed by a two-layer

model is also needed. Such discrimination bears on the whole concept of

penetration across the interface.

In summary, the basic objectives of the study are to develop a methodo-

logy to evaluate the wall flow effects, in terms of their magnitude and

penetration across the interface, and to employ the methodology in an analysis

of recent full-scale enclosure fire experiments and in incorporating these

effects in existing two-layer zone models for enclosure fires.

3. EXPERIMENTAL RESULTS

The study considers steady and quasi-steady situations that arise in an

enclosure fire. This will be based on fires of 30 to 130 kW energy release in

a typical residential room with a single opening. The analysis and the

results obtained are not expected to apply for the very early stages of the

fire, following ignition, since transient effects are important and may have

to be included for a realistic analysis of the flow. For the experimental

arrangement considered in this study, it can be shown, employing the results

presented in Ref. [18], that the boundary layer flow takes about 2 seconds to

be established. This is of the same order as the time taken for the interface

to descend to the door soffit. For the experimental arrangement considered in

Refs. [10,11] and employed here, a steady state circumstance is attained, for

a constant heat release fire, after the transient heating of the walls is

complete. Therefore, this study examines wall flows for such steady or quasi-

steady cases.

-8-



Experimental work was carried out to determine the wall and gas tempera-

ture profiles generated by fire in a room. The experiments were conducted in

a 2.8 m x 2.8 ra x 2.18 m room shown in Fig. 7. Essentially steady state

conditions are attained in this arrangement within about 30 minutes following

ignition of the burner. The experiments employed circular and line burners,

the latter being a long slot supplied by an array of circular holes. The gas

flow rate and the length of the line burner could be adjusted. Velocity and

temperature measurements were taken by means of bidirectional velocity probes

and thermocouples. Bare thermocouples were Imbedded in the walls and the

ceiling to obtain wall temperature data. Further details on the experimental

arrangement and the measurement techniques may be obtained from Refs. [10,11].

Several experiments were carried out with various burner locations and

configurations, door openings and fire heat Inputs. Some of the typical

results obtained are shown in Figs. 8-11 (the room symbol on the figures

indicates the burner location and door size [10,11]) and Table 1 for the two

burner configurations. It is apparent that the results depend on the heat

input, the door opening, the dimensions of which are given in terms of the

notation included in Table 1, and the burner location. However, the basic

form of the profiles is similar in all the cases shown. The wall temperature

increases gradually from the floor and then more sharply as the upper layer is

approached, attaining essentially uniform temperature in the upper layer in

most cases. The gas tenperature shows greater uniformity in the two layers

and a much sharper temperature rise from the lower to the upper layer. The

gas temperature starts increasing gradually as the upper layer is approached

and then rises very rapidly, over relatively a very short distance. It then

gradually attains the upper layer temperature. Even the region of rapid

-9-



temperature variation spreads over a distance of about 20 cm, being smaller in

some cases and much larger in others, particularly at small door openings

which give rise to much greater mixing in the room [11]. Only a few profiles

are shown here for brevity and similar trends were observed at other operating

conditions.

It is evident from the results presented that a two-layer zone model can

be employed to obtain average temperatures in the two zones. Gas temperatures

are fairly uniform in the two layers and quite a sharp change in the tempera-

ture occurs in going from one layer to the other. However, it is not clear

where one might locate the interface for a two-layer model. Following a

suggestion by Emmons [52]

,

Steckler [10] has considered this question in

detail. In replacing the actual measured profile with an idealized two-layer

profile, the two profiles are made equivalent by requiring equal mass and

equal values of the integral / Tdz. The second condition is, therefore,

arbitrary, though for a constant density fluid it would imply equal thermal

energy in the two profiles. For gases, since the product of density and

temperature is essentially a constant, a similar constraint on energy does not

lead to any useful constraint on the choice of the idealized profile. The

method discussed by Steckler [10] was shown to yield satisfactory results with

respect to flow rates and other physical variables measured experimentally.

Some experimental observations were also made in order to determine the

position of the interface as indicated by the occurrence of a stable stratifi-

cation. Employing smoke, introduced into the upper layer, a fairly distinct

interface was observed. The upper region was seen to be fairly disturbed and

the lower region, away from the plume, relatively quiescent. A comparison was

- 10-



made between the interface height observed by means of the smoke and the

measured temperature profile. Ihe interface observed with smoke was found to

be quite close to that obtained by the method outlined above [10] . The height

in the former case versus that in the latter for four experiments yielded

1.27, 1.09, 1.38, l.OA m as compared to the corresponding values of 1.4, 1.1,

1.38, 1.15 m. Obviously, more work is needed on the relationship between the

interface as defined by a two-layer temperature profile and observations of

stable stratification by some visualization technique is needed. Some visual-

ization of the wall flows, by means of a mineral oil smoke generator, was also

attempted in this study. A downward flow adjacent to the wall was observed in

the upper region and an upward flow in the lower region. The region near the

interface was found to be very disturbed and a distinct flow direction could

not be discerned.

The experimental study also measured opening flow rates, as outlined in

Ref. [11]. Ihble 1 shows the results for a few configurations and heat

inputs. Time-dependent temperature distributions were also measured. It was

observed that the upper layer descends to the door soffit within a few

seconds, generally 2-5 seconds. This is followed by a transient process while

the walls, floor and the ceiling are heated. Within about 30 minutes, the

variation in the temperature profiles was found to become quite small. During

a tjrplcal experiment, such as that shown in Fig. 8, wall temperatures in the

upper and lower regions varied by only about 5% over a period of more than 30

minutes following the initial transient. Therefore, measurements were taken

in an essentially steady-state situation. Following the initial transient of

a few minutes, the interface is more or less established and a quasi-steady

approach would be quite appropriate while the walls are heating up. After
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about 30 minutes, the conditions may be taken as steady. Fig. 12 shows the

measured variation with time of the gas and wall tenperatures in the upper and

lower layers for a single line burner, with 31.6 kW input and 1.83 m x 0.24 m

door opening. It is seen that the system may be taken as quasi-steady after a

few minutes. These experimental results will serve as the basis for analysis.

The next section describes the computational methods employed for estimating

the wall flow rate and the degree of its penetration across the hot-cold

Interface and for considering the nature of plume flow across the interface.

Wall and gas temperature profiles representative of Fig. 8 will be used as the

conditions of stratification. For this experiment, the values of Tg T^

T T 0
and Z. are obtained as 241°C, 184°C, 110°C, 50°C and 1.42 m,

w,* g,Jl 1 » 1 » »

respectively. Variations from these experimental data will also be consid-

ered.

4. RELATIVE MAGNITUDE OF WALL FLOWS

With information now available on the tenperature profiles, we may

proceed to a consideration of the buoyancy-induced flows generated adjacent to

the walls. The actual wall and gas temperature distributions are of the form

shown in Fig. 13(a). The two-layer zone model requires an idealized distribu-

tion of the form shown in Fig. 13(b). Though our interest lies mainly in this

distribution for zone modeling purposes, the nature of flow penetration and

various other aspects outlined earlier can be best considered in terms of a

three-layer approximation, which considers uniform temperatures in the upper

and lower regions and an intermediate region where sharp changes in the

temperature occur from one region to the other. Though the actual profiles

may be employed for such a consideration, a more convenient approach would be

- 12-



to consider a profile of the form shown in Fig. 13(c), where a linear tempera-

ture variation exists between the two layers. This approximation has been

used by several researchers in the study of stratified water bodies, where

zone models have yielded results which closely approximate the experimental

results [26-29]

.

The wall flows generated in the two isothermal regions may be analyzed as

boundary layer flows adjacent to isothermal surfaces immersed in uniform

temperature media. In the upper region the wall is colder than the ambient

fluid and a downward flow arises, whereas in the lower region an upward flow

is generated. These flows encounter a stably-stratified region as they go

from one layer to the other, through the step change of Fig. 13(b) or the more

gradual variation of Fig. 13(c). Therefore, we need to consider the flow in

the two Isothermal regions, followed by a consideration of flow in the nega-

tive ly-buoyant or stably-stratified regions.

A considerable amount of work has been done on laminar and turbulent

natural convection flows adjacent to isothermal vertical surfaces in isother-

mal ambient media [18]. For the coordinate system of Fig. 14, the vertical

velocity u and the temperature distribution may be determined for laminar flow

from similarity analysis [30,31]. One could then calculate the flow rate

m, convected energy q and momentum M in the boundary layer. These are

obtained, per unit flow perimeter, from the following expressions:

6

m = / pudy ( 1)

o

6

q = / PC u (t-T„) dy (2)
o ^
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( 3 )

where Cp is the fluid specific heat at constant pressure, is the local gas

tenperature, p is the fluid density, which varies as 1/T for the assumed

perfect gas, and 6 is the boundary layer thickness. For the exact boundary

layer similarity analysis, 6 is replaced by infinity and the velocity and

temperature distributions from the numerical solution of the governing equa-

tions are employed. An approximate integral analysis has also been carried

out [32] . It yields results quite close to the exact analysis for laminar

flow. The integral analysis is probably more appropriate here, since there is

no satisfactory exact analysis for turbulent flow, which is of interest in

many cases, and since the numerical values of the integrals required for

determining the above physical quantities are not readily available.

The integral analysis assumes the velocity and temperature distributions,

substitutes these in the governing integral equations and solves for the

unknown quantities like 6 ,
maximum velocity, etc. The distributions employed

for laminar flow are:

where U and 6 are functions of the height Z. The governing equations are

obtained as ordinary differential equations for U and 6. These are:

T - T

(4)

w

VU
6

(5)
3

|^(SU/30) =|5i-
( 6 )
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where the Bousslnesq approximation, - p = 3p(T-T^), has been employed.

Here, g is the acceleration due to gravity, v the fluid kinematic viscosity,

a its thermal diffusivlty and 0 the coefficient of thermal expansion. For the

temperature differences, AT = observed in the experimental study, the

Bousslnesq approximation is quite satisfactory. These equations yield U

and 6 as:

U = 5.17 V (Pr.ff)
20^- 1 /2

V

1/2 „l/2
(7)

6 3.93 Pr“^^^ (Pr + —)20>i 1/4 |-
g0AT> ~l/4

( 8 )

where, Pr is the Prandtl number and is given by Pr = v/a. Similarly, m, M and

q may be determined. From the above integral expressions, these are obtained

for the constant density approximation as:

m = p6u/12 (9)

M = p6u^/105 (10)

q = pC 6mT/30 (11)
P

In this study, p was taken as constant in each of the two regions, with

different values, evaluated at the average of the wall and gas temperatures,

being employed for each layer.

Similarly, for turbulent flow, various analyses have been carried out

[33-35], supported by various experimental studies [18,36]. The profiles

employed by several workers are [33]

:
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( 12 )

Hie governing ordinary differential equations are obtained as:

0.0523 (6U^) = 0.125 gpATS - 0.0225 (13)

0.0366 -^ (6U) = 0.0225 U Pr”^^^ (14)

If the boundary layer is assumed to be fully turbulent from the leading edge,

Z = 0, the expressions for U and 6 are obtained as:

U = 1«185|- (Gr)^^^[l + 0.494 (Pr)^^^]”^^^

6 = 0.565 Z (Gr)“^^^® Pr”®^^^ [1 + 0.494 (Pr)
2/3jl/10

where Gr is the Grashof nimber and is given by

(15)

(16)

Gr = g3AT Z^/v^ (17)

Again the net flow rate, momentum and converted energy in the boundary layer

may be obtained, per unit perimeter of the flow region, as:

m = 0.1463 p6U (18)

M = 0.052 3 p6u
2

(19)
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( 20 )q = 0^366 pc 61BT
P

The maximuni vertical velocity obtained as 0.537 U.

Therefore, the physical quantities of interest may be obtained from the

above expressions for heat, mass and momentum. More accurate results may be

obtained from the other analytical and experimental studies mentioned above.

A question of accuracy may be raised regarding the application of the above

boundary layer analysis since considerable turbulent flow and mixing occurs in

the region away from the walls. To some extent, this effect can be taken into

consideration by determining the location where the boundary layer flow under-

goes transition to turbulence. Transition occurs earlier if the flow away

from the walls is highly turbtilent. In addition to this effect, the turbulent

flow outside the boundary layer gives rise to a non-zero velocity in the

ambient region. Consequently, a pure natural convection flow is not obtained

and the mixed convection effects may have to be considered. As reviewed by

Jaluria [18], this effect may be quantized and the overall variation in the

flow rate, momentum flow rate and the convected thermal energy may be deter-

mined. For the range of velocities generally encountered in these flows, as

estimated from the flow in the fire plume, it can be shown from current

knowledge that the effect is not very large. However, a detailed numerical

solution would be needed to account for the complete three-dimensional charac-

teristics of this problem. A word may also be said about property variations.

In the above expressions, fluid properties are taken as constant. The values

were determined at the average of the local wall and gas temperatures. For

the range of AT observed experimentally, this approach is quite accurate

[18], If fluid property variations are to be incorporated in the analysis,

the governing equations and the results obtained would need to be suitably
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modified. However, it was numerically found to be a small effect for the

experimental range of tenperature difference considered for the wall flow.

In actual practice, the boundary layer is laminar near the leading edge,

undergoes transition downstream and eventually attains fully-developed turbu-

lence, as shown in Fig. 14. This problem is obviously a complicated one and a

detailed study becomes quite involved [37]. One may assume laminar flow up to

a certain point, followed by turbulent flow downstream. This implies a step

change from laminar to turbulent flow and is an approximation of the actual

circumstance. This requires a solution of the governing equations for turbu-

lent flow, Eqns. (13) and (14), with inputs from the laminar flow which

applies up to transition. A numerical solution, employing the Runge-Kutta

method, was obtained. The values at the first step are obtained from the

expressions for 6 and U given above and numerical solution of the equations

yields the downstream values. For various values chosen for the Grashof

number Gr^ at which transition occurs, the numerical solution was obtained by

matching the flow rate and the momentum across the transition location. Fig.

15 shows the flow rate in kg/s per m of the flow perimeter for various condi-

tions. The results are shown mainly for AT = 60°C, a typical value obtained

from Fig. 8. One case for AT = 30^C is also shown.

It is obvious from Fig. 15 that the boundary layer mass flow rate depends

strongly on the transitional Grashof nunber. Many earlier studies have

Q
indicated the value of Gr^ to be around 5 x 10 . However, it can be as large

as 10 and as low as 10 , depending on the background disturbance. For a

relatively quiescent compartment fire problem, the former value is expected to

apply and for a disturbed one, the latter. For the upper zone, the flow is
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generally very disturbed and a fully-turbulent flow may be expected over much

of the region. It is, therefore, clear that there is uncertainty regarding

the onset of turbulence. The two extreme cases of laminar and completely

turbulent flow may be considered and an average taken to represent the

resulting values. This approach appears reasonable in terms of the results

shown in Fig. 15. One needs to know the position of the interface so that the

expressions for laminar and turbulent flow, given above, may be employed to

obtain the flow rate, momentum and convected energy due to the wall flow. Let

us consider the data of Fig. 8 and determine the upward lower region flow at

the interface. From Fig. 8, the Interface for a two-layer model may be taken

at a height of 1.42 m, for which the laminar solution gives a flow rate in the

lower region at the interface height of 0.0121 kg/ms and the turbulent one of

0.0225 kg/ms. The opening flow measured from this case was 0.424 kg/s. For a

flow perimeter of about 10 m, which applies for the experimental arrangement,

the upward wall flow in the lower region ranges from 28.5% to 53% of the

opening flow rate. An average of the two gives a value of 41%, which

Indicates the level of importance of the wall flow in this case. This average

value of the upward flow at the interface was obtained as 42.5, 39.4 and 21.6%

for test numbers 169, 300 and 303 of Table 1.

A similar comparison of the estimated wall flows may be made with the

corresponding fire plume flow rate. Following the model of Morton, Taylor and

Turner [38] for a point heat source, the plume width d, centerline velocity

and the centerline density difference Ap
^
may be obtained in terms of the heat

input into the convective flow. Ihe relevant expressions are:

d =
5

Z ( 21 )
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( 22 )

-1/3 2-5/3
(23)

where

g(X^ + 1)

(24)

Here, the subscript o refers to the ambient conditions at the level of the

heat source, a is the entrainment coefficient and X a constant that conpares

the spread of the thermal field with that of the velocity field in the plume.

The radial velocity and density distributions at any height Z have been

assumed to the Gaussian, i.e. ,

The constants a and X may be taken as 0.1042 and 1.15, as based on the work of

Yokoi [39] and Zukoski et al. [15] and derived by Evans [40]. The numerical

results from this model were also conpared with the measurements of McCaffrey

[14] , indicating a fairly good agreement far from the source.

As measured by McCaffrey [41], about 20% of the input energy is lost as

radiation for a methane flame. Employing this result to determine the

convected energy Q^, the flow rate in the fire plume was determined. Fig. 16

shows a comparison between the wall flow rate and the plume flow rate, as a

function of the height Z. For the experimental interface location at 1.42 m,

corresponding to the data of Fig. 8, the fractional strength of the wall flow

(25)
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varies from 27.5% in laminar flow to 51% in fully turbulent flow, giving an

average value of 39.3%. At two values of Gr^, the corresponding results are

also shown in Fig. 16. The relative significance of the wall flow increases

as the interface height decreases, indicating the dominant effect of a

decrease in entrainment height on the plume flow rate. These results are

shown for Q = 63.2 kW, at the conditions of Fig. 8, and the interface height

obtained is around 1.42 m. It is, therefore, seen that a significant flow

rate, as compared to the flow in the fire plume and to that through the

opening, is generated adjacent to the walls. If this flow penetrates into the

upper layer from below or the lower layer from the upper region, it conveys

air and gases across the interface. This implies a transport of mass and

energy from one layer to the other and should be included with other mecha-

nisms of transport across the interface. Hie next step in our consideration

of the wall flows is a study of the penetration of these flows across the

Interface. We need to determine if the flows do penetrate, under what condi-

tions they do so and what the magnitude of the penetrating flow is. These

questions are considered in detail in the next section.

5. WALL FLOW PENETRATION ACROSS THE INTERFACE

5.1 Flow in Stratified and Negatively-Buoyant Situations

As mentioned in the preceding section and as seen in Fig. 13(c), the wall

flow rising in the lower region, or descending in the upper region, encounters

a stably stratified region before it emerges in another Isothermal region

where it is negatively buoyant. In fact, the flow is buoyant as it initially

enters the stratified region, between the upper and lower Isothermal regions,
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and as It moves downstream, its buoyancy decreases, becomes zero and then

negative. Some flow may be shed in this region and the flow that does pene-

trate into the isothermal region would turn back after attaining a certain

height of penetration. For the idealized two-layer system of Fig. 13(b), the

stratified region is of zero thickness and a step change in temperature is

assumed. This implies a negatively buoyant flow as the flow moves from one

layer to the other. Both these circumstances are considered here, the actual

or the three-layer profile being of interest when experimental data are avail-

able on the profiles and the two-layer system being applicable to the zone-

modeling studies. The two are obviously interrelated and the ultimate focus

for modeling purposes is on the two-layer approximation.

Let us first consider the three-zone system of Fig. 13(c), which involves

a linearly stratified region of height L
2

lying between a lower Isothermal

region of height
, and an upper isothermal region of height L-Lj-L

2 , where L

is the total height of the enclosure. Interest lies in studying the flow

through this stratified region and then considering the situation as L
2 0,

the limiting case being the two-layer zone model of Fig. 13(b). This is

clearly a very complex flow situation and boundary layer approximations will

not apply when reverse flow or shedding occurs. A proper approach would be to

consider the full governing partial differential equations and obtain the

velocity and tenperature fields numerically, employing various finite differ-

ence or finite element methods available. However, that would require a

considerable effort. Approximate results may be obtained by employing inte-

gral methods, as outlined earlier. The relevant information on the profiles

and other boundary layer variables may be obtained from earlier exact analysis

of the boundary layer flow. This is the approach considered here.
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The natural convection flow over a heated surface Immersed in a stably-

stratified medium has been considered by several investigators [42-45]. The

problem has been treated in these studies as a boundary layer flow, with the

ambient and surface tenperatures varying as specified. The linear ambient

temperature variation for an Isothermal surface is of considerable practical

interest and has received much of the attention in literature. It can be seen

from these studies that the velocity and the temperature distributions are

similar in form to those for an isothermal medium over the considered para-

metric range. The temperature in the outer region of the flow has been found

to be less than the local ambient temperature and this tenperature defect has

been observed to be on the order of 5% of the overall temperature difference

across the flow. If this effect is neglected, which is justified when the

parametric range of condition in the present work is compared with that of

Ref. [43], the velocity and temperature distributions may be taken as:

for laminar flow and, similarly, Eqn. (12) for turbulent flow. The above

assumption clearly constrains the tenperature variation in the flow, though

the profiles have been found to be satisfactory for an unstratlfled medium.

The variation of the gas tenperature with height is numerically treated as

steps of isothermal regions as is customary in a finite difference approxima-

tion. The solution of the governing momentum and energy equations, Eqns. (5)

and (6) or Eqns. (13) and (14), is obtained numerically with these step

changes. This procedure is often employed, with good success, with the moving

boundary heat transfer problems.

(26)
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5.2 Penetration In a Three-Layer System

The laminar results for the mass flow rate per unit perimeter, m, and for

the momentum flow rate, M, are shown in Fig. 17. Ifere, is taken at a

typical value of 1.2 m and L
2

at 0.4 m. Results for the unstratifled, or

isothermal, ambient medium case are shown at T -i . Ihe tenperature differ-

ence, T i
~ T , is taken as 60°C. The governing equations are first solved

w >
J- a >

until the momentum and, hence, the flow becomes zero. This is shown as the

boundary layer solution in Fig. 17 and is similar to the treatment for

negatively buoyant plumes by Iforton [21]. The flow continues to increase

because of entrainment and the momentum decreases because of buoyancy, after

an initial increase, since T > T up to the point of crossover, beyond which
w g

T < T . Beyond a height of (Li + L^), (T - T ) is constant and taken as

57°C. All the values employed here are typical values taken from the experi-

mental results of Fig. 8. Therefore, the flow increases due to entrainment,

while the momentum decreases sharply. Ultimately, the momentum becomes zero

and the flow turns horizontally.

Obviously, the boundary layer treatment of the flow is not physically

realistic. As pointed out in Ref. [46], shedding of the flow from the

boundary layer must start before the stagnation point (beyond which no flow

penetrates) is reached. The tenperature of this shed flow is not known. But

it will be cooler than the local ambient and would fall downwards. A

vertically rising flow adjacent to the wall and a descending flow outside the

rising flow region are expected to arise [20,22] . This is a complex non-

boundary layer phenomenon, which requires a much more elaborate treatment than

that outlined above. However, in order to approximate the flow and obtain
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estimates of the flow and momentum in this region, some further assumptions

and approximations may be made. The validity of these assumptions can be

ascertained by detailed experimentation or by an exact solution, analytical or

numerical, of the governing elliptic partial differential equations.

An assumption is made regarding the variation of the boundary layer

thickness 6 in the region of negative buoyancy where becomes less than

T . It is assumed that 6 varies as z’^, where n is a constant. For the
o

laminar boundary layer flow, it can be shown analytically that n = 0.25 and

for the turbulent flow, n = 0.7 [18]. A Froude nunber dependence, based on

local velocity and temperature levels, may also be employed [46], though that

would also be arbitrary. With this assunptlon, the momentum decrease beyond

the point where T = T may be determined. The Integral equation is:
W g

This gives Eqn. (5) with the assuned profiles, which obviously do not take the

shear due to the reversing shed flow into account. However, as seen for

recirculating flow in enclosures [18], the reverse flow and the wall flow are

generally separated by a relatively stagnant fluid. The flow shed from the

wall flow may then be obtained from the assumed 6 variation and the computed

upward momentum. The tenperature of the outflowing fluid, if needed, may be

obtained from the integral energy equation. While several objections may be

raised against this assunptlon, it is probably consistent with the approximate

nature of this analysis and a much more elaborate analysis will be needed to

consider the shed flow, its descent towards the Interface and its consequent

effect on the wall flow [47].

(27)
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Fig. 17 shows the flow rate and the momentum flow rate at three values of

n. As n increases, the results approach that of the boundary layer analysis

that gives an increasing flow which is finally turned horizontally when

momentum becomes zero. The basic trends are similar and the n = 0.25 case is

simply the upstream boundary layer variation. It is this case which is

considered in greater detail later because it is a more realistic variation

[46]. For n = 0, the boundary layer thickness remains constant after

becomes less than T . For all these values of n, the flow decreases along
O

with the momentum, as may be realistically expected in a stratified flow.

Fig. 18 shows the momentum flow rate at various values of Lj, the other

variables being kept unaltered from those of Fig. 17. The downward flow

momentum is also shown. The point where the two momenta are equal is

predicted to be the separation point from the wall. Therefore, if the upward

flow is stronger at the interface, the flow penetrates into the upper layer.

Otherwise the downward flow mixes with the lower layer. The turning of the

flow away from the wall would obviously occur upstream of the separation

point. This distance may be expected to be of the order of the boundary layer

thickness [48] and an estimate of the temperature and flow rate of the turned

flow may be determined by considering a small control volume in the neighbor-

hood of the separation point. It can be easily shown that the shed flow wotild

be negatively buoyant and will flow towards the interface. In fact, if its

temperature, which lies between T and T ,
is assumed, the governing momentumw g

and energy equations may be solved to yield results quite similar to those

obtained with the above treatment.

The results for a fully turbulent wall flow were also obtained and Fig.

19 shows the variation of momentum for several values of Lj and also for the
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downflow, thereby Indicating the separation point. Fig. 20 shows th'e corre-

sponding flow rates. The turbulent results are shown for n = 0.7, which

applies for a turbulent boundary layer. Fig. 21 shows the dependence of the

height of the separation point on Lj. The results are quite similar for

laminar and turbulent flow and the height of penetration, beyond Lj ,
may be

determined from these results.

Fig. 22 shows the dependence of penetration on both Lj and L
2 ,

the height

of the stratified region. The temperature differences of Fig. 8 are employed.

The results are shown at Lj = 0.8, 1.0 and 1.2 m. For the first value of Lj

,

curves for L
2

= 0 .2 and 0.3 m are shown. For the second value of Lj, results

are shown for L
2

= 0.2 m. For the last case, results are shown at L
2

= 0.1,

0.2, 0.4, 0.5 and 0.6 m. This is an important consideration since L
2

0 for

the two-layer model and it is desirable to determine the results that apply

for that idealized case. In Fig. 22, the upward momentum is shown in solid

lines and the downward momentum in broken lines. It is seen that, in all

cases, the flow initially increases and then decreases as the flow becomes

negatively buoyant. The computed momentum at the top of the stratified region

is found to decrease as L
2

Increases. A similar trend is found for the flow

rate, though the Inaccuracy of the numerical results increases as L
2

decreases. However, the results Indicate that as L
2 0, the flow momentum

change across the stratified region becomes smaller. Fig. 23 shows the height

of the separation point at two values of Lj for various values of L
2

* A

stronger effect is seen at the smaller Lj , since the flow in the lower layer

is weaker and the downward flow may penetrate into the lower layer Instead.

Fig. 24 shows m and M at the top of the stratified layer for various values of

L
2

at Lj = 1.2 m. It is interesting to note that M decreases gradually with
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L
2 » whereas ni changes very little. It may be mentioned that the points at

L
2

= 0 obtained by extrapolation give an increase in m and M of 5 and 4%,

respectively, over the corresponding values just below the stratified region.

The above result is an interesting one since it implies a small change

in m and M across a stratified region whose thickness goes to zero, l.e. , for

a step change. However, it must be remembered that the numerical results are

not very accurate at small values of L
2
and such an extrapolation may not be

valid. Still, it points out a few Interesting features which may be employed

for the simulation of a two-layer model, as discussed below.

5.3 Penetration in a Two-Layer System

We may now consider flow penetration in a two-zone system, such as the

one shown in Fig. 13(b). As the wall flow from below crosses the interface,

it is subjected to a step change in the ambient temperature. Under the action

of the strong buoyancy forces and the large temperature gradients that arise

across the flow, the tenperature profile will adjust in a very short distance

to attain the wall temperature, at y = 0 and the ambient temperature,

Tci „> at y = 6. In actual practice, of course, there is a finite region over

which this adjustment occurs and a three-layer model, as discussed above, may

be employed to consider the adjustment. As suggested by Fig. 24, m and M may

be taken as unchanged while T changes from T . to T . This temperature

change Implies a considerable energy flux into the flow due to convective flow

and diffusion. This can be achieved by a substantial amount of mixing at the

interface, as observed in the experiments, which raises the temperature in the

flow to the resulting profile. Such a mixing process will obviously lead to a
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finite amount of entrainment Into the flow, which being negatively-buoyant is

expected to shed flow further downstream. In view of the disturbed nature of

this penetration, an analytical or experimental study of the flow in the

region of the interface is very desirable. If the entire increase in

converted energy q is assumed to come from entrainment, a step change in m

occurs along with that in q, contrary to what is observed for a finite strati-

fied region. Since there are shear and buoyancy forces, M will change down-

stream, though right across the interface it may be taken as unchanged. For

the results presented here for the step change in T , m and M are taken as
O

unchanged across the interface and q obviously changes. A more realistic

approximation would be a change in m along with q. But more information on

the mixing process is needed for a satisfactory model. Due to large tempera-

ture gradients across the flow, a substantial amount of energy transfer also

occurs due to convective transport mechanisms.

Fig. 25 shows the mass flow rate, m, and the momentum flow rate, M, per

unit perimeter for laminar flow. Two values of n, along with the boundary

layer analysis results are shown. The separation point may be determined by

employing the upward flow momentum, as before. Fig, 26 shows the results for

turbulent flow. Fig. 27 shows the penetration distance 6 as a function of
P

the interface height with and without opposing flow for the turbulent

case. A considerable difference between the two is seen. Without the

opposing stream, the flow always penetrates, with
6^

becoming smaller as the

interface height becomes smaller. But with opposing flow, the penetration

is restricted. For Z^ < 0.9 m, the flow from the upper layer penetrates into

the lower layer. Also note that at large Z^ (> 1.6 m), the flow from below

does not stagnate at any height, but ultimately hits the celling whose height

is 2.18 m in this case.
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5.4 Concluding Remarks on Penetration

It is seen that the penetration of the wall flow from one isothermal

layer into another at a different temperature is a very involved process. The

penetration depends on the tenperature profile and the opposing flow that

arises in the other layer. The flow separates from the wall when the two

opposing streams have equal momentum. The flow turns away from the wall and

descends or rises towards the interface since it is negatively buoyant. A

considerable amount of mixing occurs in this region and flow stability

considerations are Important. The actual profiles may be considered for

experimental results and a two-zone idealized profile for zone modeling. In

two-layer consideration, a computation of the momentum for the two streams

indicates which zone the flow enters and gets mixed with the fluid there,

conveying mass and energy. For the actual profiles, a three-layer system may

be considered and the location of the separation point determined. The corre-

sponding interface relevant to a two-zone idealization may be located as

outlined by Steckler [10] and also confirmed from some of the results in this

study. The flow rates and the energy transported across the interface may be

determined in order to provide inputs into the zone models.

6. FLOW OF FIRE PLUME ACROSS THE INTERFACE

In order to further study the basic mechanisms underlying flow penetra-

tion from one Isothermal layer into the other, some consideration is given to

the flow of the fire plume across the interface. The plume is generally

buoyant with respect to the upper layer, unless the heat input is reduced

after the layers are established by a higher energy input source. The wall
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flow, on the other hand, Is negatively buoyant as it crosses the interface.

The temperature and velocity levels in the wall flow are also much lower than

those encountered for the corresponding fire plume, though the much larger

flow perimeter makes the flow rate in the wall boundary layer conqiarable to

that in the plume, as seen earlier. These differences in characteristics may

be expected to lead to differences in the penetration across the interface.

The wall flow generally penetrates a given distance and then turns back,

whereas the plume would penetrate and flow in the upper layer at a reduced

buoyancy level because of the higher gas temperature there.

Some of the relevant aspects may be considered in terms of Fig. 28. As

the plume enters the upper layer, the gas temperature rises sharply. As a

result, some portion of the flow is buoyant and some negatively buoyant, with

respect to the upper layer temperature. Tlie buoyancy flux in the flow is the

convected thermal energy q, given by Eqn. (2). Therefore, the net buoyancy of

the flow with respect to the upper layer temperature T is given by:
g »

u

5

q = / PC u(T-T )dy (28)

o P

This quantity may be negative, zero or positive. As pointed out by Cooper

[49], a negative buoyancy leads to a finite penetration height, zero buoyancy

to a nonbuoyant jet and a positive buoyancy to a flow which penetrates and

rises as a buoyant plume. Note that any entrainment into the flow in the

upper layer does not alter q, since the entering fluid is at temperature

Tg The wall flows considered earlier are clearly negatively buoyant and

have a finite penetration distance, whereas the plumes, in the context of the

present work, would be positively buoyant.
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As the fire plume enters the upper layer from below, its buoyancy, with

respect to the local environment, is reduced, since T_ „ is larger than T

Consequently, the outer regions of the plume become negatively buoyant,

causing flow there to stagnate and reverse, as shown qualitatively in Fig.

28(b). This implies that some flow may be shed at the Interface and further

entrainment of the upper layer gas occurs as the plume moves downstream.

Since in actual practice, there is always a finite region over which such

changes occur, one may think of a region of adjustment over which m, M and q

change, while the temperature profile becomes consistent with the changed

value of as shown in Fig. 28(c). However, the changes in temperature do

occur over a very short distance and an idealization of a two-zone model is

appropriate in most cases. This implies a step change in
,
which results in

a step change in temperature in the outer region of the plume. These large

temperature gradients lead to large energy transport rates, due to conduction

as well as ambient fluid entrainment, leading to a smoothenlng of the

profiles, so that an esentially Gaussian profile is obtained further down-

stream. The nature and height of this region of adjustment are not known in

detail. For a three-layer model, the intermediate layer allows a considera-

tion of these adjustments, whereas in a two-layer model, one assumes an

immediate adjustment, followed by the plume flow in the isothermal upper

region.

A simple model, based on the dynamics of the fluid elements that

constitute the flow, is first considered. If one considers the fluid at any

given location in the flow, just below the Interface, one could determine its

vertical velocity and tenperatur e. This fluid element is exposed to an

increasing temperature in the stratified zone of height L
2 , where the two-
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layer model is obtained for 0, until it emerges in the upper zone at

temperature T„ . Neglecting viscous effects, a balance between the kinetic

and potential energy leads to;

(29)

or,

+ / 2gs(l^T„)dx (30)

o

where x is the vertical distance above the isothermal lower region of height

Lj, Uq is the local velocity just below this height, u the velocity at height

X for the given fluid element, T the temperature and the local ambient

ten^jerature. Thus, if T is assumed unchanged over the stratified layer, or a

chosen region of adjustment, a step change in temperature, from T -i to T ,

exists at the edge of the flow. This is the maximum temperature defect that

could arise, where the temperature defect D.ji is the amount by which the

smallest temperature in the flow is less than the gas temperature at the same

height, as outlined earlier in Section 5.1. One may also consider a defect

which varies from zero at Z = Lj + L
2 > with a parabolic variation and a

maximum value at mid-height. For the wall flow, D.j. was taken as zero,

because of analytical work done earlier on the flow that indicated that the

temperature in the outer region of the boundary layer flow was only slightly

less than the local ambient temperature, giving a temperature defect of less

than 5% of the total temperature difference in the flow. For a plume, it has

been seen to be higher [45], though still only a few percent of the total

temperature difference. We shall consider a range of values for IXp and deter-
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mine its effect on penetration. This is, obviously, an approximate model for

penetration and is used only to study the effects qualitatively.

The above model was first used for the wall flow rising from below and

penetrating into the upper layer, with no temperature defect, that is, the

assumed profiles of Eqn. (4) or Eqn. (12), for laminar or turbulent flow,

respectively. Fig. 29 shows the results obtained. The trends observed are

similar to those obtained from the integral analysis given earlier. A viscous

3^u
model was also considered by Including the viscous force v along with the

buoyancy force. The corresponding results are shown in Fig. 29 and it is seen

that the integral results lie within the invlscid and viscous models, lending

support to the basic features obtained by such a simplistic model. Fig. 30

shows the velocity profiles as the flow penetrates and the lowering of the

maximum velocity and stagnation at the two ends propagating Inwards is seen.

The viscous model constrains the outer region and an outward shift in the

profiles arises. This figure indicates the physical nature of the penetration

process. It must be noted that, though not shown here, the flow in the outer

region of the wall flow reverses under the action of the negative buoyancy.

Figs. 31 and 32 show the results for a fire plume, employing the inviscid

model, which is more appropriate due to the absence of the constraining wall

of the earlier case. The three layer profile from Fig. 8 is employed and the

observed results indicate the physical processes Involved in peeling off of

the flow as it penetrates into the upper zone. It is seen that the flow rate

initially Increases and then decreases in the stratified region, as seen

earlier for wall flows. The flow rate Increases as the plume emerges into the

upper layer. These effects are more significant at larger interface heights
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where the flows are weaker. Fig. 31 Is drawn for the maximum temperature

defect, so that the negative buoyancy effect is the strongest. Fig. 32 shows

the results for various D.j, and it is seen that a decrease in flow rate occurs

only for large D.p. It is, therefore, seen that, depending on the interface

height, the flow rate decreases in the stratified layer due to negative

buoyancy in the outer region of the flow. The model gives an order of magni-

tude value of this flow. For high interfaces, which arise for large door

openings [11], this effect is large and needs to be accounted for. For low

interfaces, under the same conditions, the effect may be neglected. The

results presented here give a qualitative picture of the processes involved.

Though Dq, is not known and can only be determined by a detailed analysis, a

defect of 5-10% of the total change in T„ is a reasonable approximation. At
O

this level of D.J., the amount of fluid peeled off is small and may, therefore,

be neglected, as a first-order approximation.

In view of the above qualitative picture and the earlier results on wall

flows, it is now possible to consider the plume flow across a two layer inter-

face. The flow momentum changes because of the forces acting over a finite

distance. Since a step change is considered, momentum remains unaltered

immediately above the Interface. The temperature profile is assumed to adjust

to the new ambient tenperature immediately. This implies a considerable

Inflow of energy and a lowering of the buoyancy with respect to the upper

layer temperature, from that obtained with respect to the lower layer tempera-

ture. This inflow of energy occurs due to conduction and mass Inflow, arising

from large tenperature differences. For a step change in the profile, a mass

inflow may be Included. But as a first approximation, in view of the results

presented, it may be taken as unaltered. The governing equations from which

the results presented in Eqns. (21-24) are obtained are:
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(d^u) = 2dau (31)

d 2v 2 ,2 , . ,(d u ) = 2X d g (p^ - p^)/p^ (32)

Iz “ (33)

These equations may be solved analytically or numerically.

Fig. 33 presents the centerline temperature and velocity, with the above

model. At the Interface, only the temperature profiles change to accommodate

the change In . llie rest of the variables remain unchanged, so that m and M

are unaltered. The above equations are then solved numerically beyond the

Interface with the new temperature distribution. As displayed In Fig. 33, the

centerline temperature T^ varies as and the velocity as up to

the Interface. Beyond the Interface, the reduced buoyancy leads to a more

gradual change In T^ and a more rapid decay In U^, as expected. Hie observed

trends are quite similar to those shown In Ref. [40]. There Is no step change

In and T^,, as physically expected. For a lower Interface, the downstream

temperature decrease Is more pronounced, since the buoyancy In the upper

region Is higher than that for higher Interfaces, with the other conditions

kept the same. The flow rate continues to Increase beyond the Interface due

to continued entrainment and the momentum also Increases at a decreased rate,

due to lowered buoyancy.

It Is evident from the above discussion that the penetration of the wall

flows, as well as of the plume flow, across a sharp ambient tenperature change

Is a fairly complex phenomenon. It Is not a boundary layer effect, since
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stagnation and flow reversals may arise. Some simple analytical models are

considered in order to study the basic features of the flow. Ihe results

obtained are physically realistic and some quantitative Information is also

obtained. Though several aspects need detailed further effort, some of the

major considerations and conclusions may be outlined. Let us first consider

the relevance of these effects in zone-modeling and in experimental studies of

enclosure fires.

7. ESTIMATION OF WALL FLOW EFFECTS

Let us consider the two-layer zone model for the circumstance shown in

Fig. 1. In addition to the flow rates shown, let us denote the total wall

flow rate by m^, the plume flow rate that crosses the interface by m^, and the

plume flow that is peeled off and is unable to penetrate by m^. For steady

state conditions in a lower layer control volume that excludes the fire plume,

a mass balance gives;

m-+m +m. = m +m (34)
I a j p w

where m^ is the mass flow rate of the fuel. Therefore,

m =m +m. +m£-m (35)
P a j f w ^

Als o.

m = m + m'
e p p

( 36 )
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This gives the pltime flow entering the upper layer, normalized by the flow

through the opening, as:

m m. m_ m
-E-=

;1 + -j- +
f w

. * • *

m m m m
a a a a

(37)

and the rate of entrainment over height as:

•
m

• •
in . TH- m m*

e
1

_ ^
• • • • •
m m m m m
a a a a a

(38)

A comparison between the theoretical models of Refs* [6,15,39] and experimen-

tation is made in terms of the fire plume entrainment. For a wind-blown

plume, there would be an Increase in the entrainment and that additional

effect must also be considered when a couparison with the results from a

theoretical model for a free standing plume is being made [17].

It has been shown that, in a three layer system, some of the plume flow

is shed in the intermediate stratified region. Ifowever, the effect is not

large for the range of physical variables considered here and, for the two-

layer approximation, the flow rate may be assumed to remain essentially

unaltered. The fuel flow rate is generally much smaller than the opening flow

rate. Neglecting these two quantities, the rate of entrainment becomes

m
1

m
w

(39)

m m
•
m

a a a

air flow rate may be measured experimentally with good accuracy [10,11] .

If we consider an energy balance for the lower layer, the energy input into

the plume flow at the source and into the wall flow is conveyed to the upper
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layer, unless a significant amount of these flows peel off and get mixed with

the lower layer, this being a negligible effect according to the results

obtained here. Thus, the energy balance gives:

iTi (T ,
- T ) = m. (T - T , ) + 7T-

a g,l o" j g,u g,l Cp
(AO)

where is the outside air tenperature and is the heat transfer between

the floor and the gas. It may be estimated as

Qf
= hA(Tj- (41 )

where h is the convective heat transfer coefficient, A the floor area, and

the floor temperature, which is greater than the gas temperature in the lower

layer. If is neglected, an upper bound for m^ is obtained as:

- T°
(4 2 )

If Tf is measured, available heat transfer correlations [18] may be employed

to determine m. more accurately. As discussed in Refs. [10,11], m,/m
j * j a

increases as the door opening is decreased. It nust be noted that if the wall

flow from the upper layer penetrates into the lower layer, the energy added to

the lower layer due to this flow and that due to heat transfer from the lower

wall should be included in Eqn. (40) for greater accuracy.

Therefore, the wall flow rate enters into the calculation for ifl . As has
e

been shown earlier, this flow is quite significant as compared to the flow

through the opening m . A comparison between the two may be made by consid-
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ering the results shown in Fig. 15 for T_. -i
- T • = 60°C and 30°C, along withw ,

J- e >

those presented in Ihble 1. It is therefore, evident that the estimated value

of m , obtained from the measured value of m , is reduced by 20-40% by

considering the wall flow. This additional consideration could, thus, lead to

a better agreement between the theoretical and experimental predictions of the

plume entrainment.

The wall flows not only transport mass across the interface, they also

lead to an energy transfer. The energy transfer for a two-layer system is

given by:

6 Hp6UC

q = Pq = P / p C u ( T-T , ) dy =
( T ,

-T .

)

^w ^ P g»l 30 ^ w,l g,!''
for laminar flow.

and.

= 0.0366 Pp6uc (t t -T ,) , for turbulent flow (43)
P w,l g,l^*

where the physical variables 6 and U are determined in the lower layer just

below the Interface and P is the perimeter of the wall flow. The perimeter P

is the horizontal perimeter of the room minus the door width. Similarly the

mass flow rate due to the wall flow is:

6

ra = Pm = P / pudy = Pp6U/12, for laminar flow, and
o

= 0.1463 pp6U, for turbulent flow (44)
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The variables 6 and U are determined from Eqns. (7) and (8) for laminar flow

and Eqns. (15) and (16) for fully turbulent flow. As explained in Section 4,

the governing equations may be solved with the transition Grashof nimber

9
Gr " 5 X 10 to obtain these variables, or an average from the laminar and

c

f ully-turbulent analyses may be employed as an approximation. The above mass

and energy transported across the interface nust, therefore, be included in

the mass and energy balance equations for the two layers. The energy trans-

port is relatively small conpared to the energy input into the upper layer due

to the plume because of the much larger temperature levels in the latter

case. The energy transfer across the Interface due to the fire plume is Q^,

which is the total energy input minus the radiative loss from the fire.

It must be noted that the wall flow m^ may be positive or negative,

depending on the wall and gas temperature levels and the location of the

interface. If the downward flow momentum is larger than the upward flow

momentum, the flow penetrates from the upper layer into the lower layer and

mixes with the fluid there. If the upward flow is stronger, it penetrates

into the upper layer, as considered above. The flow momentum is given by:

5 2 2
M = PM = P / pu dy = Pp6u /105, for laminar flow, and

o

= 0J)523 Pp6u^, for turbulent flow (45)

If the downward flow momentim in the upper zone, (M^)^* is much larger than

the upward flow momentum in the lower zone, (M^)]^» both being calculated at

the interface height Z^, i.e. , (M^)^ >> ^^^1» flow penetrates into the

lower zone from the upper one. Similarly, the flow penetrates into the upper
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zone if (M^)^ << is negative in the first case and positive

in the other. It is difficult to predict penetration when (M ) » (M ),. The

penetrative flow under consideration is a stability problem and a considerable

disturbance is expected in the region where the flow turns away from the

wall. When the difference between the two flow momenta is large, this

disturbed region is well within one of the zones. But when the two are close

in magnitude, it is very difficult to predict the penetrative flows for the

two zones. However, some conjectures may be made, a detailed analysis being

beyond the scope of the present work.

As mentioned earlier, the interaction region in which the flow turns is

expected to be of order 6 . If the separation point, as determined from the

analysis of Section 5 is farther than distance 6 from the interface, a

complete penetration into that zone may be assumed, since the turning region

is beyond the interface. If it is less than 6, a proportional distribution of

the flow in the two zones may be considered, assuming a uniform flow away from

the wall over a flow height 6. If the two momenta are exactly equal, a rather

unlikely situation, the wall flows do not penetrate. Similar considerations

are outlined in Refs. [43,48] and the experimental observations in these

studies support these conjectures. In many cases, information on the separa-

tion point, as a function of the physical variables of the problem, may not be

available. In zone modeling, for instance, the temperature levels and the

interface height at a given time is all that is known. For such cases, ra may
w

be determined for various interface heights, going from a large positive value

to a large negative value as decreases. The value of at which the two

momenta are equal may be taken as zero ra^ and an interpolation employed to

determine m^ at other values of Z^. Depending on the desired accuracy in
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considering the wall flow effects, one may construct the scheme to determine

the penetrative flow. The simplest one is the one that assumes complete

penetration when the two momenta are different, as shown in Fig. 34,

If experimental results are available on the wall and gas tenperatures ,

one may approximate the profiles as a two-layer system [10,11] and apply the

above considerations. For greater accuracy, the exact profiles may be

employed to determine mass flow rate, momentim and energy at the estimated

interface by solving the governing equations, as outlined in Section 5. This

would then indicate the location of the point where the two momenta are equal

and allow one to consider the case when the two are close to each other at the

Interface, as outlined above.

In summary, the approximate method discussed above for incorporating the

wall flow effects in the present zone models may be outlined. Let us assume

that the upper layer temperatures, Tg ^ and the lower layer tempera-

tures, T_ 1 and T„ -i , and the Interface height are available from the zone-

model analysis or from experimentation. For the experimental results, as

pointed out earlier, the model of Bef. [10] may be employed to obtain the

characteristic quantities for a two-layer system. The first step is to deter-

mine the momentum flow rates, for the downward flow in the upper zone and for

the upward flow in the lower zone, at the Interface height, from the boundary

layer analysis. For laminar and turbulent flows, respectively, M is given by:

M = pv2 (pr + (46)
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and,

M = 0.04149 pv^ [1 + 0.494 (47)

The corresponding mass flow rates are:

m
20>|-l/4 „ -1/2 rg3AT^ 1/4 ^3/4

= 1.6932 pv (pr Pr“^'" (^) (48)

and

m = 0.09795 pv
rgBAT>|0.4 „ -8/15

Pr [1 + 0.494 (Pr)^^^]"^**^ (49)

These values are given per unit flow perimeter. The laminar as well as the

turbulent values are computed and their average taken to approximately give

the flow momentum and mass flow rate. For more accurate results, the

considerations outlined in Section 5 may be followed.

The downward flow momentum in the upper layer (M^)^ and that in the lower

layer (M^)^ are conpared. If (M^^)^ > upper region flow penetrates

into the lower layer and the corresponding value of m is determined. If

^^^u ^ ^^^1* lower region flow penetrates into the upper layer. This

approximation amounts to the replacement of a sharp variation of m with Z^

,

near the location where the two momenta are equal, by a step change, as shown

in Fig. 34. For this figure, the temperature data of Fig. 8 are employed and

the effect of a variation in the interface height is Indicated. The solid

curve refers to a three layer model and the broken lines to the two-layer

approximation. The interpolated curve around = 0.97 is also obtained
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approximately as outlined earlier and the step change assimption is reason-

able. The determined wall flow rate may then be employed in the determination

of m from Eqn, (39). Thus an Insltu plume entrainment rate could be compared
e

with Idealized free plume models.

8. SUMMARY AND CONCLUSIONS

A study of the buoyancy-induced flow generated adjacent to the vertical

walls of a room with an opening due to fire in the room has been carried

out. Experimental results on wall and gas temperatures are obtained for a

full-scale fire in a room. Though some data are taken at the very early

stages of the fire, most of the measurements are taken for the quasi-steady

and the essentially steady state circumstance attained after the initial

transient. The boundary layer flows generated adjacent to the walls due to

the temperature differences that arisa are studied for laminar as well as

turbulent flow. The corresponding physical quantities, such as mass flow

rate, momentum flow rate and the convected thermal energy, are computed for

the experimentally-determined temperatures. The study is considered largely

in terms of the two-layer zone model, which assumes an isothermal hot upper

layer lying above a colder isothermal lower layer, and a three-layer model,

which considers a stratified intermediate region between the two isothermal

zones. In actual practice, a step change in temperature from one zone to the

other does not exist and a more gradual variation is observed. However,

considerable effort has been directed at the two-zone idealization because of

the resulting simplicity. The three-zone model is considered largely to

provide insight into the basic fluid flow processes and to provide suitable

inputs for the two-layer model.
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The penetration of the wall flow across the Interface between the two

isothermal regions is studied. The momentum of the generated wall flows is

determined for the upward flow in the lower layer and for the downward flow in

the upper layer. Ihe variation of the momentum with height is determined in

the boundary layer flow as well as in the negatively-buoyant circumstance that

arises following penetration. The point of separation of the flow from the

wall is obtained from the condition of net zero momentum for the two opposing

gas flows. The penetration of the fire plume across the interface is also

considered. The study considers the results obtained in terms of the two-

layer zone model and indicates the method that may be adopted to incorporate

the wall flow effects in the model.

The main conclusions of the study may now be outlined for the range of

experimental conditions considered. Experimentation was carried out over a

wide range of heat release and opening slze» as related to enclosure fires.

The important conclusions obtained from this study are given below, the

particular values obtained for specific experiments being given in the various

figures and discussed earlier. Of course, it should be realized that all of

the computations were based on boundary layer or plume models, and did not

address the separated flows. Since the separated flows can redistribute

themselves across the interface region, the quantitative results presented

here may be over-estimated. Also the fact that the interface is not an ideal

plane, but an ill-defined transition region, contributes to uncertainties in

these conclusions on transport rates across the interface. Nevertheless the

following can be concluded from this analysis subject to these qualifications.
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1. The wall flow effects are found to be quite significant

subject to the limitations of the quiescent external flow

field picture discussed above* The flow rates were found to

be in the range 20-40% of the flow rate in the plume.

2. The energy transported across the interface by the wall flow

is small compared to that due to the plume, being less than

about 5% of the energy input into the fire. Therefore, the

energy transfer due to the wall flow may be neglected but the

mass transfer across the Interface must be included in the

analysis.

3. The fire plume penetration into the upper layer was also

studied and a small amount of flow, 5-10%, was found to be

shed in the stratified zone. For the two-layer model, the

mass flow may be taken as unaltered across the Interface.

The general features of the study may be sunmarized as:

1. A downward flow arises in the upper layer and an upward flow

in the lower layer. Depending on which flow has a larger

momentum at the interface, the flow penetrates into the other

layer. When the two momenta are close to each other, the flow

gets distributed over the two layers and interpolation may be

employed to determine the flow that penetrates.
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2. Employing the Integral formulation for plume flow, its pene-

tration across the interface is studied and physically

realistic results are obtained.

3. An approximate method for taking the wall flow effects into

account is outlined for zone-models as well as for experimen-

tal studies, on the basis of the results obtained in this

study

.

9. FUTURE WORK

This study has considered approximate integral models for the evaluation

of the wall flow effects due to fire in a room. Though the general trends and

approximate values of the relevant physical quantities have been obtained, a

more detailed analytical and experimental study is needed to justify some of

the assunptions made and to obtain more accurate results. In particular,

future analytical effort may be directed at solving the governing flow equa-

tions for two-dimensional wall flows and the axlsjmmetrlc plume flow to

provide further information and insight into the following aspects:

1. Temperature field in the wall flow as it penetrates a

stratified intermediate layer, particularly any temperature

defect or reverse flow that might arise, effect of a variation

in the height L
2

of this layer on the flow, particularly

as L
2

0 which corresponds to a two-layer system, and the

effect of the shed flow on the flow adjacent to the wall. The

problem does not allow boundary layer simplification and the

full equations need to be considered.
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2. Interaction of opposing wall flows needs further study with

respect to the dependence of penetration on the difference

between the momenta of the two streams » particularly when the

two are close to each other* It is a nonboundary layer

problem, which may possibly be studied in terms of available

results on flows in corners*

3* Plume penetration across the stratified layer, followed by a

consideration of the two-layer model* The boundary layer

results would indicate regions of reverse flow and separation,

but a nonboundary layer analysis would give the desired quan-

titative information on flow rates, momentum flow and buoyancy

flux*

A. A parametric study of the general problem is needed to deter-

mine the governing dimensionless parameters* This would allow

a generalization of the physical processes* Though the

present results may be presented in dimensionless terms, a

more detailed study is needed to study the effect of the

various physical variables in the problem*

Further experimental work is also desirable in order to provide inputs

for the analytical work* Though some visualization of the interface region

was done in this study, clearly more work is needed to obtain a better under-

standing of the interaction of the wall flows with the Interface and with each

other* Temperature measurements in the flow near the Interface would also

help in the analysis* The mineral oil smoke generator may be employed to
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visualize the flow adjacent to the walls at various operating conditions and

recorded on video. Of particular Interest would be an estimation of the

penetration distances, height and location of the region where flow separates

from the wall and the nature of the flow. Also of interest would be further

results on the transient effects, both at start up and at shut down of the

fire. This would permit a consideration of the very early stages of the fire,

in terms of the boundary layer transients versus the interface movement

[50,51].

When the fire is turned off, the walls and the gases cool down gradually

due to energy loss to the environment. Since the walls remain hot for a

fairly long time following the shutting off of the fire, it is possible to

obtain quantitative information on the wall flows penetrating into the upper

layer by measuring the outflow at the door and the temperatures in the room.

In the absence of wall flow effects, mass balance of the upper layer gives:

= m^ (50)

where A is the cross-sectional area of the room, t is time and m is the mass
o

outflow rate at the opening. If a flow rate of m^ penetrates into the upper

layer, the governing equation is:

|^(a>Zi) + (51)

Therefore, if ) and Z^(t) are determined experimentally, the wall flow

rate may be determined as a function of the conditions at a given time. If

the process can be approximated as quasi-steady, which appears reasonable
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given the slow rate of cooling of the walls, these results may be employed to

yield wall flow rates when the fire is present, by considering the correspond-

ing temperature profiles. Though further work is needed on ascertaining the

validity of this approach, the results obtained are expected to be valuable in

the verification of the analytical model predictions.

Experimental work on the wall flows may also be carried out on a labora-

tory scale. The work would need to be directed at the magnitude of the wall

flow and its penetration as a function of the physical variables of the

problem. Detailed velocity and temperature measurements in the flow would

answer most of the questions raised in the present study and would permit the

development of more accurate models for determining the wall flow effects.

Similarly, the penetration of the fire plume into the upper layer may be

studied to provide suitable inputs into the analysis of the flow as it goes

from one zone to the other, across a sharp interface.
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Table 1

^
Heat Input, Q Location and

Test No. Door Opening (kW) No. of Burners Opening Flow (kg/s)

168 6/6 63.2 1, Ftont Left Garner 0.424
169 6/6 63.2 1, Back Right Corner 0.426
300 6/6 31.6 1. Back Wall 0.37 2

301 6/6 126.4 4, Back Wall 0.622
302 8/6 31.6 1. Back Wall 0.436
303 8/6 126.4 4. Back Wall 0.741
304 4/6 31.6 1. Back Whll 0.290
305 4/6 126.4 4 . Back Wall 0.484
306 2/6 126.4 4 . Back Wall 0.267
307 4/6 126.4 4 , Back Wall 0.478
308 2/6 31.6 1, Back Wall 0.171

All door openings are 1. 83 m high. The width Is 0.74 m for the 6/6 door.
0.99 m for the 8/6 door. 0.49 m for the 4/6 door and 0 .24 m for the 2/6 door.
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Fig. 1. Flow configuration considered
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Fig. 2. Sketch of the temperature distribution in a

two-layer zone mode 1.

Fig. 3. Sketch of the velocity and temperature profiles in

the wall flow.



Fig. 4. Flow in the negatively-buoyant wall flow
and in a corresponding jet.
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Fig. 6. Interaction of a fire plume with the
stably stratified upper layer.
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Fig. 7. Experimental arrangement.
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Fig. 8. Measured gas and wall temperatures in the room for

a circular burner and Q = 63.2 kW.
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Fig. 9. Measured gas and wall temperatures in the room for
a circular burner and Q = 63.2 kW, at a different location.
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Fig. 10. Measured gas and wall temperatures for a single line
burner and Q = 63.2 KW, at a different location.
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Fig. 11. Measured gas and wall temperatures for the line burner

at various door openings and heat input values.
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Actual and idealized temperature profiles.

Fig. 14. Actual and idealized boundary layer wall flow.
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Fig. 27. Penetration depth as a function of interface height

for turbulent flow in a two-zone system.
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Fig. 28. Sketch of the temperature and velocity profiles as the

fire plume flows across the interface.
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