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FIRE INDUCED FLOWS THROUGH ROOM OPENINGS - FLOW COEFFICIENTS

K.D. Steckler, H.R. Baum and J.G. Quintiere

Abstract

A full-scale experimental and theoretical study was made of steady-state

fire-induced flows through doorway and window openings. Measurements included

two-dimensional temperature and pressure-difference profiles within the

opening and vertical temperature profiles within the rooms connected by the

openings. A floor-level gas burner served as the energy source. Mass flow

rates through the openings were calculated from the opening data. A static-

pressure flow model was used to establish ideal orifice flows from different

combinations of the experimental temperature profiles. The opening and ideal

flow results were combined to form room-opening flow coefficients as a

function of fire energy release rate, opening geometry, and fire location.

Two calculation procedures were used to compute the ideal flow. An irrota-

tional jet model for the flow coefficients was developed and found to be in

reasonable agreement with these and other measurements. Measured flow coeffi-

cient results show no significant dependence on fire strength, opening

geometry, or fire location, as long as the ideal mass flow rate was based on

measured gas temperatures. However, the theory indicates a significant varia-

tion in flow coefficient with opening widths larger than those used in the

experiments.
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1 . INTRODUCTION

The flow of gas through openings in a room containing a fire represents a

key element in the fire-growth process. Therefore, it is important to

describe these flows correctly in mathematical models which simulate fire-

growth in enclosures. In the zone modeling approach to fire growth

[e.g., 1-4], which represents phenomena in discrete physical zones, these

flows are computed based on conditions surrounding the opening. This computa-

tion requires knowledge of room-opening flow coefficients.

Early work in the mathematical prediction of room fires, done by Kawagoe

[5] and Sekine [6], dealt with a fully-developed fire situation which was

approximated as uniform in temperature. They treated the buoyancy-driven gas

flow through the doorway or window opening as an orifice flow problem. A flow

coefficient of 0.7 — taken from pipe-flow technology — was assumed valid for

these room openings. Thomas, Heselden, and Law [7] examined the problem of

flow through both small and large openings in an enclosure containing a fully-

developed fire. The small-opening flow was modeled as an orifice problem,

whereas the large-opening flow was treated as an entrainment problem.

The orifice concept was carried over to zone models for the developing

fire by Thomas, et al [8] who developed a two-layer model for gas flow through

a roof vent, and Emmons [9], Rockett [10], and Zukoski [11], who modeled the

doorway and window-opening versions of the problem. Here again, flow coeffi-

cients taken from pipe-flow technology were employed.
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Prahl and Emmons [12] studied flows through a single window and single

door opening with a reduced-scale kerosene/water analog experiment. Inflow

and outflow orifice coefficients were determined and found to be significantly

different at low Reynolds number (Re based on flow height), but tended to a

common value of approximately 0.68 as the Reynolds number increased. In

particular, they state that the outflow coefficient can be regarded as approx-

imately 0.77 for 1000 < Re < 15,000; although their results at high R
g

tend to

be lower than 0.77. The inflow coefficient was lower, but appeared to

approach a value of 0.68 for Re > 4000 for the window and Re > 10,000 for the

door configuration. For most full-scale fire conditions (Re > 5000 in the

present study) , the large Reynolds number case should apply. Then their

results suggest the use of a constant coefficient value for both of approxi-

mately 0.68. The question remained, however, whether this flow coefficient,

which was obtained for two different constant density liquid layers, was

applicable to the flow of a variable density gas in a full-scale room geometry

and for various opening configurations.

In the case of gas flows, Shaw [13] studied full-scale natural convection

through rectangular openings in walls for space heating and ventilation appli-

cations. However, the temperature differentials in his work were limited to

12°C. His results show a flow coefficient of 0.65 ± .05 between temperature

differentials of 4 to 10°C with higher values outside this temperature range.

The present study describes full-scale experiments to measure fire-

induced flows through room openings, and a theory for the attendant flow

coefficients. The experiments represent conditions of developing room fires,

before full involvement, and temperature differentials for the room gases

-3-



ranging from approximately 60 to 270°C. The effects on the coefficients of

opening geometry, fire strength, fire location and ideal-flow model selected

are examined. A discussion of the results of mass flow rate through the

opening and on fire plume entrainment characteristics has been reported else-

where [14].

2 . EXPERIMENTAL PROCEDURE

Steady-state experiments were conducted in the 2.8 x 2.8 x 2.13 m test

room shown in figure 1. The ceiling and walls were covered with a ceramic

fiber insulation board to allow the room to reach quasi-steady test conditions

in approximately 0.5 hr. A door or window opening was located on one wall.

The vertical centerline of the opening either coincided with the centerline of

the wall or was located 6.25 cm to one side.

The test room was located in a small room of a one-story building. This

"outer-room" was maintained at nearly atmospheric conditions through the use

of two roof vents, several windows, and one door opening. No experiments were

conducted for external wind conditions in excess of 5 m/s.

A 0.305 m diameter floor-level diffusion gas burner served as the fire

source. Commercial grade methane was supplied at a low momentum rate typical

of natural fire pyrolysis rates. The burner was positioned in primarily three

locations: the center of the room, the back left corner and the center of the

rear wall relative to the wall with the opening. Other locations, with the

burner face raised 0.3 m above the floor, were also examined. These configu-

rations are illustrated in figure 2.
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Movable bidirectional probes [15] with attached bare-wire thermocouples

were used to determine gas velocities and temperatures at points on a two-

dimensional grid which spanned the entire area of the room opening. The axes

of the bidirectional probe sensing heads were aligned normal to the opening.

The measurement plane was located at the mid-plane of the 102 ram deep jamb.

The horizontal spacing between grid points varied between 65.1 and 111 mm

depending on the width of the opening. With one exception the vertical

spacing was fixed at 114 mm. The exception was the smallest window in which

the spacing was reduced to 51 ram. These spacings produced between 64 and 144

measurement points depending on the area of the opening. The door and window

configurations selected for study are shown in figure 3«

Vertical gas temperature profiles were measured on both sides of the room

wall containing the opening. Aspirated thermocouples similar to those of

Newman and Croce [16] were used in the test room while bare-wire thermocouples

were used in the outer room. In both cases, vertical spacing between thermo-

couples was 114 mm.

All thermocouple junctions used in this study were formed by welding the

overlapping ends of 0.254 mm chromel and 0.254 mm alurael wires. No radiation

corrections were applied to the thermocouple data. Nevertheless, estimates of

the radiation error were used in assigning error bands to the flow coefficient

results.

Experiments were designed to determine the effect of room-opening

geometry, fire strength, and fire location on the opening flows and flow

coefficients. Fire strength, Q, is defined as the product of the fuel flow
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rate and lower heating value of the fuel. The fire strength ranged from 31.6

to 158 kW.

Inflow and outflow coefficients, and C
Q ,

were computed as the ratios

of experimental to idealized mass flow rates (see eqs. (10) and (11) below.

In this context, "idealized flows" are derived using Bernoulli's equation and

principles of hydrosatics. Two expressions will be examined for the idealized

mass flow rates.

2.1 Actual Mass Flow Rates Through Room Openings

Experimental or "actual" mass flow rates and velocities were calculated

from the opening temperature and bidirectional probe data. Actual mass flow

rates were obtained by integrating the local mass velocities, pv, over the

flow area. The local density p was obtained from the measured local tempera-

ture and the ideal gas law. Actual flow into the room, m. , occurs over the° xa

opening width, W-, and over the height between the sill, Z_, and neutral plane
o s

or zero-velocity point within the opening, Zn . Actual flow from the room,

m , occurs over the height between Z„ and the soffit, Z„. Therefore
oa n ’ o

W Z

m. = /
°

/
n

pv dz dy (1)

o Z
s

and

o

m
oa

o

Z

/ pv dz dy
Z
n

( 2 )
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These integrations were carried out numerically using the trapazodial rule in

the vertical direction and the rectangular rule in the horizontal direction.

The gas velocities at the surface interface were taken as zero.

2.2 Idealized Mass Flows Through Room Openings

A static pressure ideal gas flow model was used to establish the

idealized opening flows in terms of the room and/or opening experimental

temperature profiles. Two methods of calculation were employed. The first,

designated Method A, follows the analysis of Quintiere and DenBraven [17].

This method uses the ideal gas law to express the differences between the

static pressure profiles in the rooms connected by the opening, Ap(z), in

terms of the vertical temperature profiles measured in these rooms; T(z) in

the test room and TQr (z) in the outer room. Variables at the opening are

considered to depend only on z. Hence horizontally averaged temperatures in

the opening, TQ(z), will be used in computing the idealized flow. The opening

gas density, p
q
(z), is accordingly computed from TQ(z) since pT is a constant.

The idealized velocity profile at the opening, v^(z), is obtained by applying

Bernoulli's equation along assumed horizontal streamlines which start from

rest at points "far" from the opening and terminate at the opening where

v^z) = /2Ap(z)/p
Q
(z) (3)

The static pressure difference Ap(z) is computed from the temperature distri-

butions on either side of the opening, T(z) and TQr(z), and the neutral plane

height, ZR . One temperature, or pressure, distribution refers to the fluid

in the rest state, the other distribution refers to the fluid surrounding the
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jet as it enters or leaves the room through the opening. For concurrent flow

in a simple orifice, the latter pressure distribution strictly applies just

downstream of the orifice at the vena contracta of the jet. The flow coeffi-

cient, to a large extent, then reflects the difference between the flow area

at the orifice opening and the flow area at the vena contracta. In computing

the idealized flow for the countercurrent case, the flow area at the opening

is used. The mass velocity, P
Q
V ^» is then formed and integrated over the area

of flow within the opening to produce the ideal mass outflow rate

m .

01
= W p T /2g /o a a J

z

(4)

and ideal mass inflow rate

m. .n - w„p>t. fig /
"

z
o a a

(5)

The fact that the velocity profile at the opening differs from v^, or alterna-

tively, that the area of flow at the vena contracta differs from the flow area

within the opening is accounted for in the flow coefficient.

__ The second calculation method was based on a two-layer temperature

profile as defined by Emmons [18]. This is designated as Method B. The

motivation for this approach was to provide some compatiblity between the flow

coefficient and its use in zone modeling wherein the room gas temperature

distribution is represented as constant in the upper and lower regions. This

method requires an interpretation of the experimental data into a two-step

profile. The idealized outflow, defined by this two-layer temperature profile

is

m .

01
W p T
o a a

/2g ( 6 )
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where T represents the temperature of a uniform upper gas layer within the
o

room and T represents the temperature of a uniform single gas layer located
a

outside the room. Equation (6) follows directly from eq. (4) for this two-

step temperature profile.

Effective values for T..,,, T_, and Z„ are obtained from the experimentalgu a n

data taken within the opening by constructing a two-layer approximation to the

opening temperature profile as depicted in figure 4. First T
a

is set equal to

the average of the temperatures measured in the lower opening. Then TgU and

Zn are established subject to the physical condition that the experimental and

idealized opening temperature profiles represent equal masses of gas per unit

horizontal area,

Z

/
° i

Z V z)

s

dz = (z - Z )/T + (Z - Z )/T ,v n s' a v o n' gu*
(7)

and the arbitrary condition that the temperature integrals are equal such that

Z
o

Z
s

T (z) dz = (z - Z ) T + (z - Z ) T
o v n s' a v o n' gu ( 8 )

The integrations in equations (4), (5), (7), and (8) were carried out

numerically.

A corresponding ideal inflow mass flow rate can also be defined in terms

of a two-layer temperature model. It becomes more difficult, however, to

convert the experimental profiles into equivalent two-step temperature

profiles. For a room temperature represented by a step profile (T , T ) , the
a ou

ideal inflow rate follows from eq. (5) as follows:
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f "oVa ^ Jf (f * xM
1 a \ a gu/

2

(

• ( Zn - h
]U2

Z
n

+ / - f Z
s

; when Z
d i Z

s
(9a)

4
ii •

,

I
W
o
P
a
T
a ^ Vf (f - i-)

' f a \ a gu/

• (z - Z )

3/2
;
when Z, < Z (9b)v n s' d — s

where Z^ is the height of the interface between the upper and lower layers

within the room. In this case, the corresponding two-step profile can be

determined from the room temperature data and equations (7) and (8). The

inability of this procedure to provide a good approximation to the temperature

data and its impact on the flow coefficient will be discussed later.

For both methods, the flow coefficients are defined as

C
o

• / •
m /m
oa oi

( 10 )

for outflow, and

C
i

= 4
ia
/4

ii
( 11 )

for inflow.

For both Method A and Method B, the extent to which the assumptions used

to develop the ideal flows deviate from reality will be reflected in differ-

ences between the ideal and actual flows; namely, the flow coefficients.
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3. ORIFICE COEFFICIENT THEORY

The use of orifice models to predict room opening mass flows in zone

models suggests that the underlying physics might be used to calculate the

orifice coefficient itself. The flow in the doorway or window is assumed to

be dominated by the horizontal contraction and acceleration induced by the

hydrostatic pressure drop at a given height across the opening. The effects

of variable density, three dimensionality, turbulence, viscosity, and thermal

conductivity on the motion are omitted. The problem then reduces to the

calculation of a two dimensional irrotational jet. The jet is generated when

a uniform approach flow of speed U in a room or corridor of half width h is

accelerated through an opening of half width b < h (see figure 5a). The

uniform flow originates either outside the room or corridor, or in the buoyant

plume generated by the enclosure fire. In the latter case, the conditions

under which the uniform flow assumption is reasonable are examined by a sepa-

rate analysis.

The flow can be described in terms of a complex potential function W(Z),

defined by the following relations:

W(Z) =
<|> (x,y) + ii|» (x,y)

= ? = u (x,y) - iv (x,y) (12)

Z = x + iy
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Here
<J>

is the velocity potential,
\J^

is the stream function, while u and v are

the velocity components in the x and y coordinate directions respectively.

The boundary conditions are:

G (— ) = U

ip ( x , o) = 0

= Uh along ABCD

2 2 2
u + v = along CD

(13)

Note that neither the location of the curve CD nor the limiting downstream

speed UM are known a priori. Once they are determined as part of the solu-

tion, then the orifice coefficient C is given by:

C
Uh
U b

00

(14)

The solution procedure rests on the fact that the flow boundaries have a

very simple shape in the £ (hodograph) plane (figure 5b). The velocity on

streamline ip = Uh decreases horizontally along the wall from A to B. The

corner B at Z = ih is a stagnation point Z, = 0. The velocity on this

streamline then increases along the wall in the negative y direction until the

unknown speed U^ is reached at the opening point C, where Z = ib. The

streamline then turns at constant speed until the direction parallel to the x-

axis is reached at D. Thus, in the £ plane, the curve CD is the arc of a

circle of radius U^. The velocity on the streamline ip - 0 increases

- 12-



». t izontally from A to D, as the flow is accelerated from velocity U

at x = -«> to UB at x = -H». The restriction to a symmetrical geometry is not

essential, but it greatly simplifies the algebra with little loss in basic

understanding or ability to compare theory and experiment.

The use of the hodograph plane to solve problems of this type dates back

over a century to Kirchhoff, who solved this problem in the limit h -»• ®. This

and subsequent developments are described in Lamb [23]. The sequence of

conformal mappings and "solution by inspection" needed for the present problem

are as follows:

i) b = £
2

2
This maps the domain in the £ plane into a semicircle of radius in

the b plane (figure 5c).

ii) t = -(b + U^/b)

This maps the domain in the b plane into the upper half t-plane

(figure 5d).

iii) The complex potential W(t) must vanish at infinity and satisfy the

following conditions on the real axis in the t plane.

- 13-



Im {w(t)} - Uh; Re(t) > -2 U
2

Im {w( t) }
= 0; - (u

2
+ U*/U

2
) < Re(t) < - 2U

2

Im {w(t)J = Uh; Re (t) < - (u
2
+ U^/U

2
)

The unique non-singular function satisfying these conditions is:

W(t) = ~ {log [t + (u
2

+ ut/U
2
)] - log [t + 2U

2
]
+ i*}

t = -(c
2
+ Ut/C

2
). (15)

The physical coordinate can be recovered by noting that the point Z * ih is a

stagnation point (see figure 5a). Thus

z=lh + /

? «i£
( 16 )

Inserting eq. (15) in eq. (16), the solution can be written in dimensionless

form as

- 14-



f
* i + 7 (U/Uj (| log [(1 + 0/(1 " C)1

- \ (UjU) log [(1 + uj/o/ci - uj/u)]

-
i (u/uj lQg Id + UC/UJ/O - uc/uj]} (17)

^ - 7 {log [(u/uj
2
+ (uju)

2 - (c
2
+ 1/C

2
)]

- log [2 - (c
2
+ l/c

2
)] + iir]

C = (u - iv)^

The final step in the analysis is the calculation of the ratio U/U^,

which determines the orifice coefficient (see eq. 14). This is done by

enforcing the condition (see figure 5a)

Z - ib @ C = iU
ro

. (18)

This is most conveniently done using eqs. (15) and (16) directly and noting

that C is imaginary along the integration path. The result is

£
= 1 + 7 (U/UJ {£ - { (Uju) tan~

1
(U

CB
/U)

- \ (U/UJ tan”
1

(U/UJ]

(19)
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Eqs. (14) and (19) together are a formula for the orifice coefficient C

as a function of b/h, expressed parametrically in terms of the velocity ratio

U/U*, The two limiting cases provide ready checks on the analysis. When

b/h = 1, the problem degenerates to a uniform flow in a channel, i.e.:

b/h = U/U*, = C = 1

When b/h - 0, with Uh = Q fixed, then the classical Kirchhoff result [23] is

recovered.

b = (Q/UJ (1 + 2/w)

C = tt/(tt +2)

Finally, some assessment of the conditions under which the approach flow

in horizontal planes might be reasonably uniform for the case of an outflow

can be made. Let the outflow from the fire plume at a given height be repre-

sented by a point source of strength 2Uh located at the point x
Q , yQ

in the

enclosure (figure 6a). The flow is assumed to be a plane potential flow.

While this is certainly unrealistic, all the neglected effects will tend to

make the actual flow uniform more quickly than in this calculation. Hence,

the distance between the fire plume and the opening needed for the approach

flow to be considered uniform can be estimated from this calculation with

confidence that the estimate is conservative.

The solution is obtained by noting that the transformation defined by

- 16-



( 20 )

C = £ + in = sinh (~)

Z = x + iy

maps the interior of the enclosure in the Z plane into the right half C plane

(figure 6b). The complex potential then is the sum of the original source

plus its image at (-5
Q
,n

o )

W(C) = + i* = y1
l lo8 + log

n =

sinh (S) cos ($

cosh (S) sin (l£)

( 21 )

C = p(x
, y ) = K + in

o v o’ 3 o' o o

C = K - in
o o o

Now suppose that x-x
Q > 2h; i.e. the point under consideration is at least one

room width away from the center of the plume. Then, the complex velocity

field dW/dZ can be approximated to better than one percent by:

u - iv : ! {

<

i— ?
o
/o

—

1

+ u+c
o
/o

-1
} (22 )

However, under these circumstances

r I
<

I -r I

< e
"
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Thus, if the door opening is more than one room (or corridor) width from the

fire plume, the approach velocity should be reasonably uniform in a horizontal

plane. The effects of vertical mixing and density variations of all kinds

remain unaccounted for, however.

4. RESULTS AND DISCUSSION

Before considering the results for the flow coefficients, some character-

istics of the temperature and flow fields will be examined. The room corner

and center fires will be used for illustration since those results tend to

bracket the data for all the conditions. Detailed listings of the tempera-

tures, velocities, and mass flows for all experiments conducted in this study

can be found in ref. [19]. Representative vertical temperature profiles

within a room opening for both center and corner 63 kW fires are displayed in

figure 7. These typical data show a shift from a fairly well defined two-

layer flow to a much more stratified flow as the burner is moved from the

center to corner position. The Zn values shown in these and subsequent

figures represent the experimental zero-velocity heights within the openings.

Attendant velocity profiles presented in figures 8 and 9 show that the

opening flow velocities are lower for the corner fire than for the center

fire. Throughout this study, for a given opening geometry and fire strength,

the opening velocities were lower for the corner fire.

Many of the horizontal velocity profiles mapped in this study exhibit

centerline velocities which are low relative to velocities closer to the jamb

for the same height. The result is the "dished" appearance shown in most of

- 18-



f.ure 9a and to a lesser extent in figure 9b. This concave appearance of the

profiles has an explanation offered by potential flow theory [20], and is a

result of the theory presented herein; however, other variations must be

attributed to the velocity probe or non-uniform ambient conditions.

Figure 10 shows typical test room temperature profiles for both center

and corner 63 kW fires as a function of door width. In contrast to the door-

way temperature profiles of figure 7, these profiles show a uniform tempera-

ture in the upper and lower regions more consistent with the idealized

profiles of the two-layer zone models. Although upper and lower layers might

be defined by these uniform temperature regions, the transition between them

is not sharp and the lower layer temperature is greater than the inlet air

temperature. For either fire location, the temperature and depth of the upper

layer increases as the door width decreases. However, for a given opening

geometry and fire strength, the corner fire produces a hotter and thinner

upper layer. These variations are similar to those reported by McCaffrey and

Rockett [21], and may be a general effect of fire location.

Doorway neutral plane heights, Zn , are also displayed in figure 10. Note

that for the center burner configuration (figure 10a) Zn is either within or

above the transition zone or "interface" between the upper and lower layer.

However, for the corner fire configurations (figure 10b) Zn is below the

interface. The position of Zn relative to the interface is important when one

attempts to compute the idealized mass inflow rate for Method B. Also it has

been shown [21] that the actual temperature in the lower layer, necessarily

greater than the inlet air, must be used to predict more accurately the

pressure difference across the room opening. Since this pressure difference
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controls the flow rate, it is easy to see why an overly constrained step-

profile for Method B can lead to poor results.

Examples of actual mass flow rates are illustrated in figure 11 as a

function of width for the door configuration. Inflow and outflow rates for a

given test fall within ± 3.1% of the average of these two values. Indeed,

with the exception of the smallest window, all configurations examined in this

study yielded deviations between inflow and outflow within this range. The

deviation is ± 7% for the smallest window. In general, the mass flow rates

are smallest for the corner fire location because the fire plume entrains less

gas in this position [14]. It is significant to note that the mass flow rate

in figure 11 is not directly proportional to WQ nor W as is frequently

assumed.

In addition to these experiments, more recent results have been added for

a line-burner fire, positioned at the rear wall on the floor (see figure 2).

A summary of results for all the experimental conditions are listed in table 1

(4 pages). The zero-velocity neutral plane position, relative to the bottom

of the opening, N = Z_ - Z_ , is fairly constant at approximately half of the

opening height. This position was determined from the velocity data. In

contrast, the thermal interface between the upper and lower layers in the room

varies significantly. This height, Z^, was estimated at the mid point of the

transition region between the approximate uniform upper and lower temperature

regions. The extent of the transition zone is also noted, and the average
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£
values of the experimental upper and lower temperatures are tabulated. Thus,

approximate temperature profiles could be constructed from these data in a

form similar to those of figure 10. Finally, the flow coefficients are listed

for Methods A and B. Only the outflow coefficient is shown for Method B

because the results for the inflow coefficient showed a significant dependence

on door width and this computation was not pursued further [22]. The inflow

coefficient decreased nearly linearly from 0.62 to 0.48 from the smallest to

largest door width. Moreover, the two-step temperature profile used in Method

B was a poor approximation to the measured room temperatures.

The results for the flow coefficients will now be examined in more

detail. Also, in the following figures, "error bars" are included which

represent the maximum uncertainty in the results. These uncertainties were

determined by estimating errors in the velocity and temperature measurements

and then computing the maximum deviations of the flow rates and coefficients

about their measured values [19]. The most significant uncertainty is due to

estimates of radiation error in the temperature measurements at near ambient

temperature; however, the error estimate is most conservative in that tempera-

ture range. The flow coefficients were computed by eqs. (10) and (11) using

the average value of the measured in and outflows. Hence, some uncertainty in

the coefficients results from descrepancies between these flow measurements.

Figures 12 and 13 display the flow coefficients computed by both methods

as a function of the fire size. This is shown for three burner locations -

center, wall and corner - for a fixed door opening - 0.74 x 1.83 m high.

Note that these temperatures are arithmetic averages of the experimental data
and not effective values computed by eqs. (7) and (8).
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Method A yields essentially constant values: 0.70-0.75 for C
Q

and 0.65-0.73

for C
i

. The large uncertainty in at small fires is due to the conservative

estimate of radiation error on the thermocouples which in turn causes signifi-

cant variations in the ideal mass flow rate. Indeed, this reflects the sensi-

tivity of the ideal flows to the temperature profile and contributes to the

wider variation of results by Method B: 0.76 <_ C
Q <_ 1.0 as shown in figure

13.

Similar results are shown in figures 14-17 when the effect of door and

window size are examined for a fixed fire strength, Q = 63 kW. The flow

coefficients by Method A appear to remain fairly constant, independent of fire

location and opening size, with the outflow values slightly higher than the

inflow coefficients. Considerably more variation is shown for Method B.

The calculated orifice coefficient is plotted as a function of b/h in

figure 18. The experimentally determined coefficients are also replotted here

in terms of the b/h ratio appropriate to the room of origin of the flow. To

permit the most appropriate comparison between experiment and theory, only

coefficients from experiments involving symmetric geometries consistent with

the uniform-flow assumption are displayed. The slow upward trend predicted by

potential flow theory is clearly observeable, although the calculated results

are about 15 percent low. This result is highly encouraging, considering the

simplicity of the approach. Further support for the theory comes from the

shape of the profiles in figure 9. It is well known [20] that in a potential

flow the speed is greatest at a flow boundary. This requirement, together

with the assumption of flow symmetry with respect to the doorway centerline

leads to the dish shaped speed profiles seen in figure 9.
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In order to gain insight into the sources of the discrepancy shown in

figure 18, it is useful to examine the experiments of Prahl and Emmons [12]

•

Their experiments were performed with opposed uniform kerosene and water

streams, eliminating both variable density and non-uniform flow effects. The

reported orifice coefficients are strongly dependent on Reynolds number, due

to the small scale of the experiments. If one restricts attention to the data

corresponding to Reynolds numbers above 10^, as displayed in figure 9 of ref.

[12], the doorway coefficients converge asymptotically within a band between

0.6 and 0.7, with an average value of about 0.65. Since the corresponding

theoretical value for this configuration is 0.62, the non-uniformity of the

approach flow and density variations in each stream seem to be the principal

sources of error.

Finally all of the circular burner results for the center, wall, corner

and elevated locations are displayed in figures 19 and 20 where the measured

mass flow rates are plotted against the idealized mass flow rates by Method A

for the outflow and inflow respectively. These results follow a linear depen-

dence with the slope representing a nominal flow coefficient. A linear fit to

the data yields an average outflow coefficient of 0.73 and an average inflow

coefficient of 0.68. Additional results, presented in table 1 for the line

burner at the rear wall, show flow coefficients consistent with these average

values. Moreover Method A gives results that differ little from these mean

values.
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5. CONCLUSIONS

For the range of conditions in this study, the flow coefficients derived

by Method A are fairly invariant with fire size, location and opening configu-

ration. The mean value of the inflow coefficient is 0.68 and 0.73 for the

outflow coefficient. The variation of the data about these mean values is

less than ± 0.05. Although the uncertainty in the results is greater than

this deviation in some instances, this is due to the sensitivity of the error

analysis on thermocouple corrections at low temperatures.

The measured coefficients agree reasonably well with predictions based on

two dimensional potential flow. The most important discrepancies between

theory and experiment appear to be due to density variations in three dimen-

sions. The theory predicts a systematic variation of orifice coefficient with

ratio of vent width to room of origin width. However, this variation is small

in the parameter range investigated in most fire experiments to date.

Within the range of the opening configurations and fires studied the

derived flow coefficients could be used together with the idealized equations

given here to calculate door or window flows in fire experiments. Hence

temperature data, without the expenditure of numerous velocity probes, are

sufficient to calculate the flow. This technique could be of significant

value in fire experiments.

The results for flow coefficients also provide improved data for use in

the current zone models to predict room fire growth [1-4]. Although a ques-

tion of consistency between Methods A and B and a two-layer room fire model
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remains, the results presented provide improved insight on the variations of

and CQ under realistic fire conditions. As long as the predictions of

temperature from models are in good agreement with the data, then the flow

calculations for the flow coefficients of Method A will give accurate results.
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Fig. 3. Room opening configurations with dimensions in meters.
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a. Physical plane b. Hodograph plane

lm(t)

c. 77 - plane d. t-plane

Fig. 5. Transformations showing mappings from physical plane (a), to hodograph
plane (b) , to n plane (c)

,

to t plane (d)

.

The point B is at infinity
in the t^plane. The coordinates of points A, D, and C in the t plane
are - (U + U^/U ), - 211^, and 2U

ot
respectively.
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Fig. 13. Outflow coefficients by Method B for a fixed doorway
(0.74 x 1.83 m high) as a function of fire strength.
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Fig. 15. Flow coefficients by Method B for Q = 63 kW as a function of

door width, H = 1.83 m.
o
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