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Fig. 4 Photograph of an n-pentane fire
impinging on an unconfined ceiling.
H = 214 mm, D =91 mm (square),
Q = 7.54 kW.
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Fig. 5 Shadowgraph of a Turbulent

Propanol Fire Plume Impinging
on an Unconfined Ceiling. H = 165 rom,

D = 18 rom, Q = 0.2 kW.
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Structures with greater regularity are observed with laminar plumes.

Figure 6 is an illustration of shadowgraphs for this case. The experi­

mental conditions are H = 75 mm, D = 51 mm and Q = 0.8 kW. The order of

the figures is the same as Fig. 5. In this case, an array of vortices pro­

pagates along the ceiling, which is more similar to the large scale

structures observed in Ref. 39 for shear layers.

4.2 Flame Height

Figure 7 is an" illustration of the correlation of flame

height data with no ceiling present. The results are correlated

according to Eq. (2), following Steward (29). Other data shown on the

plot are due to Thomas, et al (26) for wood cribs, Kosdon, et al (28)

for vertical cylinders, and Steward (29) for gas jets.

Using the method of least squares regression the following correla­

tion of the present data was obtained:

(38)

The power of NCO in Eq. (38) is quite close to the predicted power given

by Eq. (2). The present flame height measurements yielded generally

lower values than the other investigators. Experimental technique

contributes to these discrepancies, since photographic height determina­

tions tend to be biased toward the maximum height of the flame. The

degree of flame luminosity is also a factor, e.g. methanol, which forms

little soot, generally exhibits the lowest values of Hf/D at a given value

of NCO' The characteristics of the source are also a factor, particularly

for the low values of Hf/D encountered during the present tests.

4.3 Flame Length Along Ceiling

The experimental results indicated that the free flame height

and the length of an impinging flame along a ceiling were related. This
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IOOmm

Fig. 6 Shadowgraph of a Laminar

Propanol Fire Impinging on

an Unconfined Ceiling.
H = 75 rom, D = 51 rom,

Q = 0.8 kW.
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correlation is illustrated in Fig. 8. The results consider both confined

and unconfined ceilings. In order to facilitate observations, the

floor plate of the apparatus, Fig. 1, was removed for these tests.

The uppermost line on Fig. 8, represents the condition where the total

length of the flame, when it impinges on the ceiling, is equal to its

free flame height, Hf = H + ~, or

(39)

In general, the measured radial spread is smaller than the value given

by Eq. (39). Correlation of the data for an unconfined ceiling yields

while the correlation for a confined ceiling is

~/D = 0.692[(Hf _ H)/D]0.S87

(40)

(41)

The radial flame spread is larger for the confined ceilings due

to the reduced oxygen concentrations in the stratified ceiling layer.

The radial spread tends to increase as the length of the wall is increased

with the increase in the range 20-40% for the present tests. Since the

floor of the apparatus was removed, burning could still be sustained

when the ceiling and wall heights were the same, since combustion air

could still be entrained from below the fire source position. If the floor

were present, lack of ventilation would undoubtedly modify the results

although this was not examined during the present experiments.

4.4 Ceiling Heat Flux

Figure 9 is an illustration of the heat flux at the stagnation
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point as a function of fuel type, Hf/H, and Ra. The measurements are

compared with the theoretical correlation given by Eq. (13). The

results can be correlated reasonably well in this manner, even for flames

that are just impinging on the ceiling, Hf/H = 1. Variation of fuel

type exerts little influence on the results, over the present test

range.

The theoretical expression, Eq. (13), can be fitted to this data by

choosing a = 0.25 and F(H/D) = 1 (the two factors cannot be separated

without an independent measurement of dv /dr so that Eq. (6) can bee

evaluated). This yields the following expression for the heat flux

for Hf/H ~ 1 (results from Fig. 8 indicate the correlation is adequate

for somewhat larger values of free flame height, e.g., Hf/H < 1.5) and

109 < Ra < 1014:

q"H2/Q = 31.21 Pr-3/5Ra-l/6

It is of interest to compare the present heat fluxes for impinging

plumes with results for impinging jets. Donaldson, et al (30) begin

their analysis with a laminar heat flux expression slightly different

than that of Sibulkin

." =
qlam

(31), as

dv e
dr

follows:

]1/2(T _ T )) e w
r=O

(43)

Substituting Eqs. (6) and (7) into Eq. (8) yields the following expression

for the stagnation point heat flux of a turbulent jet:

(44)

Equation (44) is very similar to Eq. (8) which was derived for plumes.

The differences involve a slightly different power for the Prandtl
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number and a relatively small change in the constant. Since plume

velocities are controlled by their buoyancy content, wand (T - T )c e w

are related for plumes, cf Eqs. (14)-(16). This is not the case for

jets; therefore, we can directly compare the heat transfer characteristics

of impinging plumes and jets by considering each to have the same wc'

(Te - Tw) and rl/2• Taking the ratio of Eq. (44) to Eq. (8) in this case

yields:

q". /q" = (al/2F(R/D)). /(al/2F(R/D))
Jet plume Jet plume

(45)

The measurements for the impinging jets and plumes are compared in

Table 3. A startling feature of this result is that for comparable

conditions, the heat flux of the impinging jet is 2-4 times greater

Table 3 Comparison of Turbulent Impinging
Jets and Plumes at the Stagnation Point

Source

F(R/D)

R/D

(wl/w) e

rl/2/H

'" /'"
q jet q plume

Jet

Donaldson, et al (30)

1.13

1.4-2.2

6-30

0.12-0.22

0.091

2.6 - 4.2

Plume

Present Study

2.3 - 21.2

b
0.24-0.28

b c
.112 , 0.085

a
Determined by assuming F(R/D) = 1

b
Measured by George, et al (38), 8 ~ x/D ~ 16

c
Measured by Rouse, et al (32)
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than that of the impinging plume. In most other respects, the flows

are rather similar, e.g. width with respect to distance from the source,

turbulence intensity, etc. Several factors could contribute to this

.
behavior. In the present experiments, Q was evaluated from the total

combustion energy of the fuel, neglecting radiation. Therefore, the

.
actual Q in the plume may be somewhat lower than the present estimation,

and use of the correct value would tend to increase the heat flux

parameter for plume impingement (results considered later, however,

indicate plume characteristics are represented reasonably well by the

present approach)._ We also assume that the heat of combustion is

released at the source, when Eqs. (9)-(11) are employed to evaluate wc

and (T - T). Actually, the heat is released over a significante w

fraction of the ceiling height in the present experiments, tending to

reduce plume velocities since the complete buoyant force only acts over

a portion of the ceiling height. This would also tend to reduce the

stagnation point heat flux, cf Eq. (8).

There is also the possibility of fundamental differences in the

impingement processes of plumes and jets. Until velocity measurements are

available for the impinging plume it is impossible to determine whether

the reduced heat flux is due to lower values of a, i.e. lower rates of

acceleration of the flow near the stagnation point, or a smaller effect

of the turbulence level on thermal boundary layer near the wall. The

influence of flow stratification through the Richardson number, could be

a factor in both effects. Clearly, further work will be required in

order to more fully understand the impingement process of plumes and

their relation to jet flows.

The theoretical expression for stagnation point heat flux for a
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laminar plume, Eq. (17), is also illustrated on Fig. 9. For lack of

other information, the turbulent value of a has been used to plot the

correlation. The predicted heat flux for a laminar plume is much

higher than the turbulent plume, since laminar plumes mix more slowly

with the ambient fluid. This results in higher values of temperature

and velocity in laminar plumes which increases the heat transfer rate at

the stagnation point. The present fire sources were turbulent for Ra

as low as 2 x 109, which is somewhat lower than the transition criteria

given by Yih (33) of 9 x 109, for weaker sources. Therefore, the

potentially interesting jump in the heat flux in the transition region

was not observed during the present investigation.

Figure 10 is an illustration of the effect of flame height on the

stagnation point heat flux for unconfined ceilings. For values of

Hf/H in the range 0 - 1.5, the stagnation point heat flux is independent

of Hf/H. From the results of Fig. 8, or Eq. (40), this corresponds to

o ~ HR/H ~ 0.25, which includes conditions where the flame has spread

a significant distance along the ceiling. For larger values of Hf/H

or HR/H, the stagnation point heat flux decreases. This is due to

the fact that the cool, unburned core of the plume reaches the ceiling,

reducing the temperature levels of the gas stream that contacts the

stagnation point.

Figure 11 is an illustration of the variation of ceiling heat flux

with radial distance from the stagnation point. These results are for

unconfirmed ceilings. In addition to the present data, measurements are

also included from the work of Alpert (23) and Zukoski, et al (19).

Two sets of theoretical curves are shown on the figure. The first set,



I
IJ.J
U1I

10

'V

a
L::l

'V

100

r 0
'V

V
L::l

~v

Er-

0 'V8;70
'VL::l

aI ·0
to'::::: 10
ca::(\JI= I

o METHANOL.0"
a ETHANOL

L::l PROPANOL'V PENTANE- STAGNATION POINT THEORY
a= .25II

II
.1

I

Hf/H

Fig. 10 Effect of Flame Impingement on Stagnation Point
Heat Transfer Rates on an Unconfined Ceiling.



-36-

for the region of the stagnation point, is obtained from Eq. (42),

using two values of Ra that span the range of the data shown on the figure.

The second set of curves, for r/H > 0.2, employs Alpert's (23, 24)

numerical solution for values of f=0.02 and 0.04. The other parameters

used in this computation are summarized in Table 1.

The scatter of the data on Fig. 11 is appreciable. Clearly all

relevant factors are not considered by these simple correlation schemes.

In the stagnation region, the use of Eq. (42) directly illustrated in

Fig. 8, reduces the scatter since the effect of Rayleigh number is

included. Employing the Rayleigh number correction for r/H > 0.2,

however, increases the scatter in that region. The best current estima-

tion for the heat flux involves employing Eq. (42) for the stagnation

region, r/H < 0.2; and fitting the data for r/H > 0.2, viz. The use of Eq.

/ -2/3
= 0.353Pr-2 3{1 + l8.87[(r/H)2 _ 0.0287]}-(1 + .059Pr ) (46)

(36) tends to overestimate the reduction of heat flux with radial distance.

The effect of flame impingement on the ceiling is illustrated in

Fig. 12. Similar to Fig. 11, the theoretical expressions are also shown

on the figures. In the region of the stagnation point, flames which

spr.ead a significant distance along the ceiling, exhibit reduced heat

transfer rates. This finding was illustrated explicitly in Fig. 10.

For values of r/H > 0.2, however, significant differences from the

results for non-impinging flames are not observed. This was the case for

HR/H up to 0.6, the largest value considered. For this range of conditions,

Eq. (46) is still adequate for estimating the heat flux resulting from

impinging flames.

Figure 13 is an illustration of heat flux measurements with confined
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ceilings. Two degrees of confinement were considered, comprising

L = 152 and 305 mm. The heat fluxes are higher for confined ceilings,

and tend to increase as the degree of confinement increases. The

correlations provided by Eqs. (42) and (46) underestimate this data

somewhat, but at least provide a reasonable first estimation of the

results. Additional study will be required to fully resolve the effect

of confinement on the ceiling heat flux.

4.5 Mean Temperature Distributions

Mean temperature distributions for both unconfined and confined

ceilings are illustrated in Figs. 14 and 15. For these tests, D = 20

mm, H = 695 mm, Q = 246-250 kW, Hf = 89-102 mm and methanol was used as

the test fuel. The curtain wall, Fig. 15, was 610 mm in diameter and

had a length of 241 mm.

During these tests, flow instabilities near the source would

occasionally cause the center of the temperature profile to shift from

the geometrical center of the wick; however, shift distances were no

greater than 10 mm. Even though the ceiling was insulated, and allowed

to reach a steady condition, there was still some heat loss from the

ceiling; therefore, temperature profiles in the ceiling jet show a

slight reduction near the surface of the ceiling. Since the flame height

was relatively low, maximum temperatures are less than 66C above the

ambient temperature; therefore, the measurements are in the weakly

buoyant region of the flow.

For the unconfined ceiling, Fig. 14, temperatures within the plume

and the ceiling jet decline continuously with increasing distance from the

source. For the confined ceiling, Fig. 15, temperatures within the ceiling
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layer are relatively uniform and the temperature disturbance due to the

ceiling jet is less well-defined than for the unconfined ceiling. The

lower edge of the ceiling layer slants downward when passing from the

plume position toward the curtain wall, reaching a depth approximately

40 mm below the lower edge of the curtain wall for this test condition.

This effect is due to the passage of relatively cool air near the edge

of the plume into the ceiling layer.

With this data available, it is of interest to compare the results

with various theoretical predictions for the plume, ceiling jet, ceiling

layer, etc. These comparisons are described in the following.

Plume. Plume profiles can be correlated in the following form:

-1/3 2
wzRa Iv = c exp[-(r/~ z) ]

w p
(47)

(48)

where the Rayleigh number in these equations is the same as Eq. (11),

except that the height,z, above the source of the plume replaces the

ceiling height H. The constants appearing in Eqs. (47) and (48) have

been measured by Rouse, et al (32), George, et al (38) and Yokoi (34).

Their values are summarized in Table 4. Due to the difficulties in

accurately measuring velocities and temperatures in plumes, the constants

from the three investigations differ and additional study will be required

to resolve these differences.

The temperature correlation given by Eq. (48) is compared with the

present measurements in Table 5. The present measurements agree

reasonably well with the earlier studies, particularly those of Rouse,
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Table 4

PLUME PROFILE CONSTANTS

c
w

8'

Rouse, et a1 (32)

George, et a1 (38)

Yokoi (34)

4.7

3.4

3.8

11.0

9.0

9.1

.102

.135

.125

1.17

.92

1.15

.154

.195

.187
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Table 5

SUMMARY OF PLUME CHARACTERISTICSa

z

(mm)

Q

(W)

tJ.T
c

(K)

Ra

X 10-11

r/ z
-1

(tJ.T/tJ.T= e )
rom

Unconfined Ceiling

356

24361.9

483

24543.5

610

24628.2

Confined Ceiling356

24565.7

483b

245
37.2

610b

242
32.0

Rouse, et al (32)George, et al (38)Yokoi (34) 2.38

4.42

7.07

2.40

4.42

6.96

10.1

11.0

11.2

10.8

10.2

13.0

11.0

9.0

9.1

.113

.133

.127

.113

.119

.124

.143

a . 3 -6 2
Propert~es taken as follows: p = 1.18 kg/m , V = 15.3 X 10 m /s

-3 -1 2
C = 1005 J/kgK, 8 = 3.36 X 10 K , g = 9.806 m/s

p

bThis portion of plume is in ceiling layer.
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et al (32). This implies that the constants, and the estimation of plume

properties, used to develop Eqs. (13) and (42) are reasonable. During

the confined plume measurements, the two highest positions for plume

measurements are within the ceiling layer and Eq. (48) does not apply.

Nevertheless, we see that values of the maximum temperature parameter

are comparable to the other cases.

Ceiling Jet. The results for the unconfined ceiling can be

compared with Alpert's model (23, 24). Similar to the heat transfer

results, we assume f = .03 will provide the best fit of the data.

Substituting parameter values from Table 1 into Eqs. (21)-(35) yields

the following expressions for ceiling jet quantities:

~/H = 5.38 x 10-3 ~/(r/H)

-1/3 -.529 / 2vHRa /v = 5.14 ~ exp[-(y ~) ]

(49)

(50)

-2/3

= 9.18 ~-(.471 + .059 Pr . )exp[_(y/~)2] (51)

where

~ = 1 + l8.87[(r/H)2 - 0.0287] (52)

Since y = 1, from Table 1, ~ = ~T for this correlation.

Ceiling jet characteristics obtained from Eqs. (49)-(51) are compared

with the present measurements, illustrated in Fig. 14, in Table 6.

Similar measurements by Zukoski, et al (25) are also summarized in the

table.

The two sets of measurements are in reasonably good agreement with

each other, at comparable values of r/H. The theory generally underestimates
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Table 6

SU~~Y OF CEILING JET CHARACTERISTICSa
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the maximum temperature in the ceiling jet by about 20%. The theory

also tends to underestimate the width of the ceiling layer. The general

trends of the theory, however, conform with the measurements.

Applying the same approach to the ceiling layer for a confined

plume should also be possible, if the characteristics of the impinging

plume can be defined. Work is currently in progress in order to allow

this extension.

Ceiling Layer. If we exclude heat losses from the ceiling layer,

the average temperature in this region should be the same as the average

temperature of the plume when it strikes the lower edge of the layer.

Expressions for the mass flow rate and average temperature of the plume

are as follows:

Ii1 = FO pw2Trrdro
(53)

.
Q m C LlT

p
(54)

Substituting Eq. (47) into Eq. (53), completing the integration, and

then substituting the result into Eq. (54), yields the following expres-

sions for the mass flow rate and average plume temperature:

... 1/3 2
m/pvzRa = TrC ~

W P
(55)

(56)

The right hand side of these equations varies, depending upon the source

of the measurements, as shown in Table 4.

The present measurements can be compared with Eq. (56), if we also
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ignore heat loss from the ceiling layer. Examination of Figure 15

indicates that the lower edge of the layer is not precisely defined, but

is in the range 230-260 rom from the ceiling in the central region near

the plume. The appropriate average temperature of the layer is obtained

from the region outside the plume, the ceiling jet, and the lower edge of

the ceiling layer. Predictions and the measurement are compared in

Table 7. The measured temperature defect is 15-30% lower than all the

predictions, probably due to heat losses.
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Table 7

PREDICTED AND MEASURED CEILING LAYER TEMPERATURESa

Ceiling Layer Height (rom)

Rayleigh Numberb

Predicted 6T (C)

435 465

3.60 X lOll 4.11 X lOll

Rouse, et al (32)

George, et al (38)

Yokoi (34)

26

20

21

29

23

24

Measured 6T(C) 18-19

a·
Q = 246 W, H = 695 mm, L = 241 mm, D = 610 mm

properties the same as Table 5 c

bOf plume at the point where it reaches the ceiling layer.
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Table A-I. FREE FLAME HEIGHT DATA

D
Q

Hf (nun)

(mm)

(W)
min.

max.

n-Pentane
35

778229 280

35

1489432 508

51

1620330 381

51

2510559 660

76

4190610 737

107

6610762 889

107

7890610 762

Methanol
35

357127 152

35

373130 180

51

640178 230

51

725178 229

76

1340279 381

76

1380330 381

107

2260330 368

107

2340381 457
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Table A-I. FREE FLAME HEIGHT DATA

(continued)

D
Q

Hf (mm)

(mm)

(W)
min.

max.

Ethanol
35

408140 165

35

491229 254

51

707203 254

51

896254 305

76

1730356 432

107

2770406 483

107

3000483 559

1-Pro£ano1

35

393178 203

35

557203 241

51

786230 280

51

1050305 356

76

1640356 432

76

1900457 533

107

3290533 635

107

3310559 635
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Table A-2. FLAME LENGTH ALONG CEILING (NO CURTAIN WALL)

D QHl1t (mm)Hf (avg)l1t (avg)

(mm)

(w)(mm)min.max, (mm)(mm)

Methanol

35

366763238 138 35

51

620764457 204 51

51

6201272551 204 38

76

11907676114 304 95

76

11901276370 304 66

76

1190260052 304 26

107

226076108133 350120

107

226020651127 35089

Ethanol

35

410764052 152 46

51

707765170 229 60

76

15407689114 356101

76

154012763102 356 82

76

15402602532 356 28

76

1540336013 356 6

107

277076133178 444155

107

2770206127165 444146
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Table A-2. FLAME LENGTH ALONG CEILING (NO CURTAIN WALL)
(continued)

D QH
~ (mm)Hf (avg)~ (avg)

(mm)

(101)(mm)min.max. (mm)(mm)

I-Propanol

35

360765163 170 57

35

3601272557 170 41

51

786766376 254 70

51

7861275170 254 60

76

164012789108 394101

76

16402602579 394 52

76

16403361351 394 32

107

329076152229 521190

107

3290206127178 521152

n-Pentane

35

7787651112 25481

35

7781276392 254 77

51

16207676108 35692

76

346076152229 508190

76

3460127165209 508187

76

3460260102146 508124

76

346033676121 50898

107

789076305406 686356

107

7890206254330 686292
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Table A-3. FLAME LENGTH ALONG CEILING (CURTAIN WALL)

D

(rom)

Q

(W)

H

(rom)

\ (rom)

min. maxI
Hf (avg) \ (avg)

Dc = 610 mm, L = 152 mm

Methanol
76

13801527695 355 85

107

23403305164 419 57

Ethanol

76

182015295102 406 98

76

18203304451 406 47

107

292033089108 483 95

I-Propanol

51

1200330026 350 13

76

180033076102 431 89

107

3310330140203 585171

107

33104606489 585 76

n-Pentane

51

2370330114159 521136

51

23704602564 521 44

76

4790330191254 685222

76

4790460102140 685121

Dc = 610 mm, L = 305 mm Ethanol
107

3060362127152 521140

I-Propanol
76

2060362114146 507130

107

3540362178267 598222

107

317050851102 598 76
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Table A-3. FLAME LENGTH ALONG CEILING (CURTAIN WALL)
(continued)

D

(mm)

Q

(w)

H

(mm)

\ (mm)

min. max.

Hf (avg)

(mm)

\ (avg)

(rmn)

n-Pentane

51

51

76

2710

2190

5250

362

508

508

127

13

102

229

76

241

610

610

736

178

44

171



Table A-4. STAGNATION POINT HEAT TRANSFER RATES FOR PLUME
IMPINGEMENT ON AN UNCONFINED CEILING

Hf
.
qll(w/m2)

q"H2 1/6 ·"H2
D(mm)

H(mm)-Q(W) RaRa (~)
H Q

Q

Methanol

10

610.21 59200001.271.73 X 107
44.00

14

580.52124266000.733.36 X 109
28.25

18

1270.4216553800.532.11 X 1010
27.65

18

3810.171263650.421.45 X lOll
30.51

25

582.40165400000.904.48 X 109
36.50

25

38.10.372506530.392.89 X 1011
31.47

35

6160.253015490.581.08 X 1012
59.05

76

7750.3311807040.365.62 X 1012
47.73

8.33 X 1012

I
76

9400.2711904600.34 48.40'"NI
Ethanol

10

610.21 54163701.111.61 X 109
38.00

14

580.52108311800.983.20 X 109
37.62

18

1270.4417762700.572.20 X 1010
30.30

25

582.50272472000.597.38 X 109
26.03

51

6290.367075420.302.20 X 1012
34.55

76

7750.46160312300.467.65 X 1012
64.57

76

9400.3815435800.331.08 X 1013
49.06

I-Propanol
2.26 X lOll

.
18

3810.301966110.45 35.28

25

3810.433559190.384.10 X lOll
32.58

51

6290.407866620.332.47 X 1012
38.72

76

7750.5218509340.308.83 X 1012
43.13

76

9400.4318147000.341. 27 X 1013
52.00



Table A-4.STAGNATION POINT HEAT TRANSFER RATES FOR PLUME

IMPINGEMENT ON AN UNCONFINED CEILING (continued)

Hf

.
q" (w/m2)<1"H2 ~/6 ·"H2

D(mm)

H(mm)-Q(W) RaRa (~)
H

.
Q

Q

n-Pentane

18

3810.524719440.295.44 X lOll
26.20

25

3810.5875017900.358.66 X lOll
33.78

35

6160.6696810840.432.90 X 1012
50.75

76

7750.52345914790.261.65 X 1013
41.00

76

9400.4630809820.282.16 X 1013
46.89

I0­
WI



Table A-5.EFFECT OF FLAME IMPINGEMENT ON STAGNATION POINT

HEAT TRANSFER RATES ON AN UNCONFINED CEILING

Hf

.
q" (w/m2)q"H2 1/6 '''H2

D(mm)
H(mm)-Q(W) RaRa (~)

H Q
Q

Methanol

18

3810.171263650.421.45 X lOll
30.51

25

3810.372506530.392.89 X lOll
31.47

35

6160.243015490.581.08 X 1012
59.05

76

1272.401198247100.331.54 X lOll
24.37

76

2541.20115676600.435.93 X lOll
39.10

Ethanol
18

3810.271775380.442.04 X lOll
33.76

35

6220.324083520.241.26 X 1012
33.28

629

0.36707542.0.302.20 X 1012
34.55

I
51

'"
.p...

9.19 X 10-2
7.03 X 1010

I
76

764.33152324100 5.90

76

1272.601740225700.212.23 X lOll
16.35

76

2541.30152386800.377.82 X lOll
35.32

I-Propanol
18

3810.301966110.452.26 X lOll
35.28

25

3810.433559190.384.10 X lOll
32.58

51

6290.407866620.332.47 X 1012
38.72

51

1272.00863171390.321.11 X lOll
22.18

76

765.171726234307.88 X 10-2
7.97 X 1010 5.17

76

1273.101726358400.242.21 X lOll
18.74.
8.86 X lOll76

2541.651726129100.48 47.60



Table A-5.EFFECT OF FLAME IMPINGEMENT ON STAGNATION POINT

HEAT TRANSFER RATES ON AN UNCONFINED CEILING (continued)

Hf

.
q" (w/m2)

q"H2 1/6 ·"H2
D(mm)

H(mm)-Q(W) RaRa (~)
H Q

Q

n-Pentane

18

3810.504719440.295.44 X 1011
26.20

25

3810.5875017900.358.66 X lOll
33.78

35

6160.6696810840.422.90 X 1012
50.75

51

6290.53140017220.494.40 X 1012
62.21

51

1272.801578254000.262.02 X lOll
19.85

76

7(>6.673416223800.0381.58 X lOll
2.80

76

1274.003078271700.124.32 X lOll
10.50

I

0\\J1I



Table A-6 •CEILING HEAT FLUXES FOR PLUME IMPINGEMENTON AN UNCONFINED CEILING.

q" (w/m2)

•" H2
H (nun)

r
D (nun)Q(W)

qRa
-

QH

Methanol 220

0.233535720800.291.37 x lOll

220

0.343535113900.191.35 x lOll

220

0.9135351221
-2

1.35 x lOll3.10 x 10

381

0.13181263650.421.45 x lOll

381

0.13252506530.392.89 x lOll

381

0.8025238108
-2

2.75 x lOll6.42 x 10

616

0.08353575490.581.08 x 1012 I~
1.10 x 1012

~
616

0.13353663530.38
I

616

0.33353661530.161.10 x 1012

58

0 14124266000.73
9

3.36 x 10

127

0 1816553800.53
9

2.11 x 10

715

0 7611777040.365.62 x 1012

940

0 7611864600.348.33 x 1012





Table A-6.CONTINUED

r

.
q" (w/m2)

'11 H2

H (nun)

-D(nun)Q(W) q
RaH Q

I-propanol 220

0.233548523200.241.87 x lOll

220

0.343549422300.221. 90 x lOll

220

0.9135494330
-2

1. 90 x lOll3.30 x 10

381

0.13181966110.452.26 x lOll

381

0.47181752100.172.02 x lOll

381

0.801817582
-2

2.02 x lOll6.77 x 10

381

0.13253559190.374.10 x lOll

I4.10 x lOll

0\
381

0.20253557360.30 00I
381

0.47253556020.254.10 x lOll

381

0.53253553520.154.10 x lOll

381

0.8025355223
-2

4.10 x lOll8.03 x 10

622

0.08353893920.391. 20 x 1012

622

0.12353893360.331. 20 x 1012

622

0.29353892510.251. 20 x 1012

775

0 7618509340.308.83 x 1012
.940

0 7618147000.341. 27 x 1013



Table A-6.CONTINUED

r

.
cl" (w/m2)

·11 H2

H(mm)

-D (mm)Q(W)
q

RaH Q

n-pentane
220

0.3425.64225400.202.50 x 1011

642

400
-2

2.50 x 1011220
0.9125 3.03 x 10

381

0.13184719440.295.44 x 1011

381

0.47185094120.125.88 x 1011

0,.80

18509168
' -2

5.88 x 1011381
4.78 x 10

381

0.132575017900.358.66 x 1011

381

0.202575012300.248.66 x 1011 I~
8.72 x 1011

\.0

381
0.47257559370.18 I

381

0.53257507740.158.66 x 1011

381

0.8025755416
-2

8.72 x 10118.03 x 10

616

0.083596810840.422.90 x 1012

616

0.33359283600.152.80 x 1012

775

0 76345914790.261.65 x 1013

940

0 7630809820.282.16 x 1013







Table A-7.CONTINUED

r

.
q" (w/m2)

• It H2

H(mm)

-D(mm)Q(W) q
RaH Q

I-Propanol 127

0 51863171390.321.11 x lOll

51

8631284
-2

1.11 x lOll127
1 2.40 x 10

51

8633682
-2

1.11 x lOll127
1 6.88 x 10

2

51801556
-2

1.03 x lOll127
1.12 x 10

801

528 -211
127

2 51 1.06 x 101.03 x 10

127

0 761726258400.242.21 x lOll

127

7617265590
-2

2.21 x lOll1
5.22 x 10

I-2 2.21 x lOll
-.J

127
1 7617263600

N
3.36 x 10 I

127

2 7617881510
-2

2.30 x lOll1.36 x 10

254

0 761726129100.488.86 x lOll

254

0.5 76180834600.129.28 x lOll

254

1 761726 810
-2

8.86 x lOll3.03 x 10



Table A-7.CONTINUED

r

.
q" (w/m2)

·".H2

H(mm)

-D (mm)Q(W) q .
RaH Q. n-Pentane

220

0.2351149094200.315.74 x lOll

220

0.3451149087800.295.74 x lOll

220

0.8051149022560.085.74 x lOll

220

0.9151149013100.045.74 x lOll

220

1.3751149012490.045.74 x lOll

220

0.23763660186800.251.41 x 1012

220

0.34763850154000.201. 48 x 1012

1.47 x 1012

I
220

0.8076381053300.07 ...•..•

wI
220

0.9176385023600.031.48 x 1012

220

1.3776381018700.021.47 x 1012

127

0 511578254000.262.02 x lOll

127

1 51 2386
-2

2.02 x lOll1578
2.44 x 10

127

1 5115788760
-2

2.02 x lOll8.95 x 10

127

0 351224229300.301.57 x lOll

127

1 3512242720
-2

1. 57 x lOll3.58 x 10

127

1 3512242190
-2

1.57 'x lOll2.88 x 10

127

2 351051837
-2

1. 35 x lOll1.28 x 10

127

2 351051906
-2

1.35 x lOll1.39 x 10

Continued, next page



q" (w/m2)
.••H2

H(mm)

r
D (mm)Q(W) qRa-

H Q

3328

2670
-2

4.27 x lOll127
2 76 1.29 x 10

254

0 763415157600.301. 73 x 1012

76

34151910
-2

1. 73 x 1012254
1 3.60 x 10

254

0.576356463000.111.83 x 1012

254

0.57635645240
-2

1.83 x 10129.48 x 10

I
..•..•

-10­I



Table A-8 .CEILING HEATFLUXESFORPLUMEIMPINGEMENTONA CONFINEDCEILING (L = 152 nun)

r

(I"(w/m2)
• II HZ

H (nun)
D(nun)Q(W) qRaH Q

Methanol 457

0 76109418980.361.82 x 1012

457

0.2876109411240.211. 82 x 1012

457

0.2876109411390.221. 82 x 1012

457

0.567610946840.131.82 x 1012

457

0 5158711630.419.76 x 1011

457

0.28515875840.219.76 x 1011

457

0.28515876680.249.76 x 1011
I1.02 x 1012

-....r

457
0.56516154160.14 \J1I



Table A-8.CONTINUED

r

.
lIf' (w/m2)
.••H2

H(mm)

-D (mm)Q(W) qRaH Q.
Ethanol

457

0 76152325890.362.53 x 1012

457

0.2876152315320.212.53 x 1012

457

0.2876152316140.222.53 x 1012

457

0.567615406160.082.56 x 1012

457

0 5182415200.391.37 x 1012

457

0.28518248450.211.37 x 1012

457

0.28518248500.221.37 x 1012
I'-l

1.30 x 1012

0'\

457
0.56517803840.10 I



Table A-8.CONTINUED

r

.
<1" (w/m2)

·11 H2

H(mm)

-D (mm)Q(W) q
RaH

Q.
I-Propanol

457

0 76175733300.402.92 x 1012

457

0.2876175717530.212.92 x 1012

457

0.2876175717650.212.92 x 1012

457

0.567617637820.092.93 x 1012

457

0 5193419840.441.55 x 1012

457

0.285193412000.271.55 x 1012

457

0.285193412350.281.55 x 1012
I1.55 x 1012

-..

457
0.56519345200.12

-..
I



Table A-9.CEILING HEAT FLUXES FOR PLUME IMPINGEMENT ON A r. ,1.(./
CONFINED CEILING (L = 305 rom)

H(nnn)

r
D(nnn)Q (W)q" (w/m2)." H2-

q .
RaH Q

Methanol 457

0 5164718230.591.08 x 1012

457

0.285164711340.371.08 x 1012

457

0.285164711290.371.08 x 1012

457

0.56517025180.151.17 x 1012

457

0 5174619100.531.24 x 1012

457

0.285174615000.421.24 x 1012

457

0.285174614800.411.24 x 1012
I1.02 x 1012

..•..•

457
0.56516145770.22 00

I

Ethanol
457

0 5192529460.671.54 x 1012

457

0.285192517790.401.54 x 1012

457

0.285192517300.391.54 x 1012

457

0.56519827000.151.63 x 1012

457

0 5191027100.621.51 x 1012

457

0.285191017000.391.51 x 101?

457

0.56519688370.181.61 x 1012



Table A-9.CONTINUED

r

.
q" (w/m2)
•••H2

H(mm)

-D(mm)Q(W) q .
RaH Q

I-Propanol
457

0 51104830200.601. 74 x 1012

0.28

104819160.38
12

457
51 1. 74 x 10

457

0.2851104816580.331. 74 x 1012

457

0.56519997510.161.66 x 1012

457

0 5199921260.451.66 x 1012

I
-....
~I
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Table A-IO. CEILING PLUME TEMPERATURES (NO CURTAIN WALL)

H = 695 mm Hf = 89 mm

H = 356 mm Q = 243 W
P

T = 26.4 C
co

Methanol

r(mm) T - T (C)r(mm)T - T (C)co

co

0

61.9 .g.1.021.4

3.0

61.7 44.518.6

6.0

57.9 47.517.6

9.5

57.6 51.012.3

16.0

55.0 54.09.6

19.0

50.3 57.09.2

22.0

47.1 60.07.0

25.5

41.9 63.56.2

28.5

39.2 66.55.8

32.0

38.0 70.05.6

35.0

32.9 76.02.1

38.0

28.1
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Table A-10. CONTINUED

H = 695 mm

H = 483 mm
p

Hf = 89 mm

Q = 245 W

T = 27.64 C
00

Methanol

r(mm) T - T (C)
(Xl

r (nun) T - T (C)00

0 43.5 41.026.2

3.0

42.0 44.524.4

6.5

38.1 47.524.0

.9.5

37.7 54.019.3

12.5

37.2 60.018.2

16.0

36.1 66.514.7

19.0

34.1 70.013 .2

22.0

33.9 76.09.6

25.5

31.7 82.57.0

28.5

29.9 89.05.0

32.0

28.6 95.03.9

35.0

28.3101.52.5

38.0

26.8108.01.1
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Table A-lO. CONTINUED

H = 695 mm

H = 584 mm
p

Hf = 89 mm.
Q = 246 W

T = 27.78 C00

Methanol

r(mm) T - T (C)00 r (nun) T - T (C)00

0 28.2 38.023.7

3.0

27.5 44.521.6

6.5

27.7 51.017.9

9.5

28.3 57.516.7

12.5

27.763.514.5

16.0

28.070.013 .8

19.0

27.776.011.0

22.0

27.082.58.5

25.5

25.989.06.8

28.5

26.3 95.05.6

32.0

24.4101.52.9

35.0

24.2108.01.8
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Table A-II. CEILING JET TEMPERATURES (NO CURTAIN WALL)

H = 695 mm

r= Omm

Hf = 89 mm

Q = 257 W

T = 30.5 C00

Methanol

y (mm) T-T (C) y (mm)T-T (C)
00

00

2.5

25.9 40.525.4

5.0

25.2 43.026.2

7.5

25.6 46.025.8

10.0

25.8 48.026.8

12.5

25.1 51.025.9

15.0

26.0 53.027.1

18.0

25.8 56.026.8

20.0

24.4 58.527.2

23.0

25.0 61.026.5

25.5

25.2 66.026.6

28.0

25.3 71.027.5

30.5

24.3 76.027.7

33.0

24.4 102.030.3

35.5

25.9 127.030.2

38.0

25.9
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Table A-II. CEILING JET TEMPERATURES (NO CURTAIN WALL)

(continued)

H = 695 rom

r = 76.2 nun Q = 257 tv

T = 30.5 C
00

Methanol

y (rom) T-T (C)Y (rom)T-T (C)
00

00

2.5

22.5 40.512.1

5.0

23.1 43.012.1

7.5

22.6 45.512.0

10.0

22.4 48.010.8

12.5

20.5 51.010.3

15.0

19.5 56.010.1

18.0

18.7 61.09.1

20.0

18.2 66.09.9

23.0

17.1 71.010.0

25.5

15.5 76.09.6

28.0

15.0 81.09.1

30.5

13.9 86.59.1

33.0

13.6 91.58.8

35.5

13.3 96.59.4

38.0

13.1 101.58.7

127.0

9.1
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Table A-II. CEILING JET TEMPERATURES (NO CURTAIN WALL)

(continued)

H = 695 IIIlIl

r = 127 IIIlIl

Hf = 89 mm.
Q = 253 W

T = 29.4 C
00

Methanol

y (mm) T-T (C) Y (mm)T-T (C)00

00

2.5

18.3 33.08.2

5.0

19.4 35.57.8

7.5

18.7 38.06.5

10.0

18.0 40.56.0
- 12.5

16.7 43.05.2

15.0

15.3 45.54.6

18.0

14.2 48.04.5

20.0

13.4 53.04.2

23.0

12.5 58.53.1

25.5

11.4 63.52.3

28.0

11.1 68.52.0

30.5

9.4
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Table A-11. CEILING JET TEMPERATURES (NO CURTAIN WALL)
(cont inued)

H = 695 mm

r = 203 rmn

Hf = 89 rmn

Q = 248 W

T = 30.8 C
00

Methanol

y (mm) _ T-T (C) Y (mm)T-T (C)00

00

2.5

12.3 30.57.2

5.0

14.3 33.06.0

7.5

14.2 35.56.1

10.0

13 .2 38.05.0

12.5

12.9 40.54.5

15.0

12.6 43.03.5

18.0

11.4 45.53.0

20.5

10.7 48.02.7

23.0

9.8 53.01.8

25.5

8.7 58.51.6

28.0

8.0
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Table A-II. CEILING JET TEMPERATURES (NO CURTAIN WALL)

(continued)

H = 695 nun

r = 254 mm

Hf = 89 nun

Q = 255 tv

T = 31.1 C00

Methanol

y (nun) T-T (C)Y (nun)T-T (C)00

00

2.5

11.2 33.07.6

5.0

12.2 35.57.1

7.5

12.2 38.06.2

10.0

12.0 40.55.2

12.5

11.5 43.05.1

15.0

11.0 45.54.4

18.0

10.7 48.03.3

20.0

10.5 51.03.1

23.0

9.7 56.02.2

25.5

9.5 61.01.4

28.0

8.8 66.01.3

30.5

8.5 71.01.1
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Table A-l2. CEILING PLUME TEMPERATURES

(Curtain Wall L=24l mm, D =610 mm)c

H = 695 mm Hf = 89 mm Too = 25.56 C.
H = 356 mm Q = 245 W Methanol

p

r(mm) T - T (C)00 r(mm) T - T (C)00

0 65.7 41.322.2

3.0

64.4 44.521.4

6.5

65.0 47.517.3

9.5

62.7 51.015.2

12.5

62.154.011.8

16.0

60.057.09.7

19.0

58.360.06.1

22.0

54.063.55.2

25.5

48.9 66.53.3

28.5

46.0 73.03.0

32.0

41.6 79.51.1

35.0

36.485.50.7

38.0

28.192.00.5
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Table A-12. CONTINUED

H = 695 mm Hf = 89 mm Too = 23.3 C

H = 483 rom Q = 245 W Methanol
p

r(mm) T - T (C)00 r (nun) T - T (C)00

0 37.241.025.4

3.0

35.644.524.3

6.5

36.647.522.3

9.5

36.151.021.5

12.5

36.654.019.3

16.0

35.057.019.0

19.0

33.360.018.2

22.0

31.866.516.8

25.5

31.473.015.7

28.5

30.179.515.4

32.0

29.285.514.9

35.0

27.692.014.4

38.0

27.798.514.4
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Table A-12. CONTINUED

H = 695 rom Hf = 89 rom Too = 25.0 C

H = 610 rom Q = 242 W Methanol
p

r(mm) T - T (C)00 r (nun) T - T (C)00

0 32.038.026.3

3.0

32.041.025.3

6.5

32.044.524.8

9.5

31.551.024.1

12.5

31.257.022.7

16.0

30.563.521.9

19.0

29.370.021.2

22.0

28.376.021.0

25.5

28.282.519.8

28.5

27.389.019.7

31.5

27.295.019.5

35.0

26.9101.519.6
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Table A-13. CEILING JET TEMPERATURES .
(CURTAIN WALL, L = 241 rnm, D = 610 rnm)c

H = 695 nun

r = 0 nun

Hf = 89 nun

Q = 242 W

T = 25.7 C
00

Methanol

y (mm) T-T (C) y (nun)T-T (C)
<Xl

<Xl-
4.0

29.5 29.529.2

6.5

29.3 32.029.6

9.0

29.5 34.529.9

11.5

29.3 37.030.2

14.0

29.4 39.530.0

17.0

29.5 42.029.8

19.0

29.2 45.030.3

22.0

29.3 47.029.9

24.5

29.3 50.031.2

27.0

29.4 52.031.0

55.0

30.0 106.033.5

57.0

30.6 116.033.3

60.0

31.0 126.034.6

62.5

30.5 136.035.5

65.0

31.4 149.036.0

70.0

31.4 161. 537.3

75.Q

31.2 174.036.5

80.0

30.8 199.539.7

85.0

31.7 225.044.1

90.5

32.7 250.545.3

95.5

32.5 276.048.6

100.5

32.6 301.053.4
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Table A-13. CEILING JET TEMPERATURES ,

(Curtain Wall, L = 241 mm, D = 610 mm)

(continued) c

H = 695 mm

r = 76 mm

Hf = 89 mm

Q = 254 W

T = 28.1 C
co

Methanol

y (mm) T-T (C)Y (rom)T-T (C)00

00

2.5

29.3 86.521.1

5.0

29.6 91.521.3

7.5

29.7 96.521.3

10.0

28.9 101.521.3

12.5

28.8 114.021.0

15.0

28.3 127.020.7

18.0

27.7 139.519.8

20.0

27.3 152.520.1

23.0

26.8 165.019.4

25.5

26.3 178.018.2

28.0

25.9 190.517.4

30.5

25.1 203.017.5

33.0

24.4 216.016.0

35.5

24.6 228.515.1

38.0

24.2 231.514.2

40.5

24.2 233.512.5

43.0

23.5 236.012.9

45.5

23.3 241.011.6

48.5

23.2 243.510.2

51.0

22.8 246.510.0

56.0

22.6 249.09.2

61.0

22.7 251.57.0

66.0

22.7 254.06.1

71.0

22.6 256.57.1

76.0

22.3 266.54.6

81. 5

22.1 279.55.5

292.0

3.8

304.5

5.7

312.5

3.6
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Table A-13. CEILING JET TEMPERATURES .
(CURTAIN WALL, L = 241 mm, D = 610 mm)

(continued) c

H = 695 nun

r = 127 mm

Hf = 89 mm.
Q = 247 W

T = 25.28 C
00

Methanol

y (mm) T-T (C) y (mm)T-T (C)00

00--3.0
23.4 102.017.6

5.5

23.8 115.017.4

8.0

24.0 127.517.4

10.5

23.4 140.017.4

13.0

23.4 153.017.7

15.5

22.6 165.517.1

18.5

22.7 178.016.8

21.0

22.4 191. 016.2

23.5

21.7 203.515.0

26.0

20.9 216.513 .5

28.5

20.7 229.010.4

31.0

20.5 231.59.7

36.0

19.5 236.57.7

41.0

19.1 242.06.9

46.0

18.8 247.04.1

51.5

18.3 252.03.2

56.5

18.5 244.04.9

61.5

18.3 257.02.3

66.5

17.8 262.03.6

71.5

17.9 267.02.2

76.5

18.0 280.01.9

89.5

17.9 293.01.9
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Table A-13. CEILING JET TEMPERATURES

(CURTAIN WALL, L = 241 rnm, D = 610 rnm)c '
(continued)

H = 695 rnm

r = 203 rnm

Hf = 89 rnm

Q = 246 W

T = 25.83 C
00

Methanol

y (mm) T-T (C) Y (rnm)T-T (C)00

00

3.0

18.5 176.018.6

5.5

20.2 188.518.8

8.0

20.7 201.018.5

10.5

21.2 214.017.7

13.0

21.0 226.516.5

15~5

20.9 229.016.1

18,0

20.9 231.S-15.7

21.0

21.1 234.016.9

23.5

20.6 236.514.1

28.5

19.8 239.014.0

33.5

19.5 242.012.6

38.5

18.8 244.011.3

43.5

18.6 247.010.6

49.0

18.0 249.59.8

54.0

18.1 252.08.0

59.0

18.1 254.56.9

64.0

17.7 257.08.0

69.0

17.8 259.56.4

74.0

17.6 262.04.6

87.0

17.7 264.53.2

99.5

17.7 267.02.2

125.0

18.0 272.02.5

137.5

17.6 275.01.4

150.5

18.3 287.51.3

163.0

18.4 300.01.3
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Table A-13. CEILING JET TEMPERATURES .
(CURTAIN WALL, L = 241 rom, D = 610 rom). c
(cant~nued)

H = 695 rom

r = 254 rom

Hf = 89 mm.
Q = 244 W

T = 26.25 C
00

Methanol

y (nun) T-T (C) Y (nun)T-T (C)
00

00

3.0

13.3 168.018.7

5.5

16.2 181.019.1

8.0

18.3 193.519.0

10.5

19.2 206.019.1

13.0

19.8 219.018.7

15~5

19.9 229.018.5

18.0

20.3 .231.518.4

21.0

20.4 234.018.1

23.5

20.3 236.518.4

26.0

20.5 239.018.3

28.5

20.5 242.018.3

31.0

20.9 244.018.0

33.5

20.8 247.017.8

36.0

20.5 249.517.3

38.5

20.6 252.016.5

43.5

20.6 254.516.3

48.8

20.2 257.014.7

54.0

20.1 259.514.9

59.0

19.9 262.013.5

64.0

19.5 264.513.0

69.0

19.4 267.010.6

74.0

18.5 269.59.4

79.6

18.9 272.07.4

92.0

19.0 275.04.9

104.5

18.7 277 .55.0

117.0

18.5 280.02.5

130.0

19.4 282.53.1

142.5

19.2 287.51.7

155.5

18.8 292.51.6

305.0

1.7
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