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3.21 Test 21, Eight Boxes Filled with Crinkle Paper Atop Two Pallets

Eight boxes filled with crinkle paper sit
atop two pallets. The base of the pallet
stack has 1 kg crinkle paper, evenly dis-
tributed and ignited in each quadrant.
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Test 21; 8 Boxes; 2 Pallets

Figure 23: Heat release rate and photographs of Test 21.
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3.22 Test 22, Single Hanging Plastic Tarp

A single plastic tarp, initially hanging
30 cm (1 ft) above the floor, ignited in
two locations. The fire spread slowly
and erratically.
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Test 22; Tarps; Single; rev 1

Figure 24: Heat release rate and photographs of Test 22.
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3.23 Test 23, Single Hanging Plastic Tarp, Replicate 2

A single plastic tarp, with 15 cm (6 in)
dragging on floor, ignited in two loca-
tions. The fire spread slowly and errat-
ically.
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Test 23; Tarps; Single; rev 2

Figure 25: Heat release rate and photographs of Test 23.
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3.24 Test 24, Two Hanging, Overlapping Plastic Tarps

Two overlapping plastic tarps, with
15 cm (6 in) dragging on floor, ignited
in two locations. The fire spread slowly
and erratically.
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Test 24; Tarps; Double

Figure 26: Heat release rate and photographs of Test 24.
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3.25 Test 25, Single Box, Plastic Commodity

Single box filled with polystyrene cups,
ignited at the base of each vertical face.
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Test 25; Plastic Commodity; 1x1x1

Figure 27: Heat release rate and photographs of Test 25.
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3.26 Test 26, Two Boxes, Plastic Commodity

Two boxes filled with polystyrene cups,
ignited at the base of each vertical face.
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Test 26; Plastic Commodity; 2x2x1

Figure 28: Heat release rate and photographs of Test 26.
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3.27 Test 27, Four Boxes, Plastic Commodity

Four boxes filled with polystyrene
cups, ignited at the base of each vertical
face.
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Test 27; Plastic Commodity; 2x2x1

Figure 29: Heat release rate and photographs of Test 27.
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3.28 Test 28, Eight Boxes, Plastic Commodity

Eight boxes filled with polystyrene
cups, ignited at the base of each vertical
face.
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Test 28; Plastic Commodity; 2x2x2

Figure 30: Heat release rate and photographs of Test 28.
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3.29 Test 29, Single Plastic Bin Filled with Rags and Paper

Single plastic bin with the same amount
of crinkle paper as in Test 17, along
with the entire box and rags of Test 10.
Single ignition point on top of paper
and rags.

0 10 20 30 40 50
Time (min)

0

50

100

150

200

250

H
ea

t R
el

ea
se

 R
at

e 
(k

W
)

Test 29; Trash Bins with Rags and Paper; 1x1x1

Figure 31: Heat release rate and photographs of Test 29.
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3.30 Test 30, Two Plastic Bins Filled with Rags and Paper

Two plastic bins with the same amount
of crinkle paper as in Test 17, along
with the entire box and rags of Test 10.
Single ignition points on top of paper
and rags.
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Test 30; Trash Bins with Rags and Paper; 2x1x1

Figure 32: Heat release rate and photographs of Test 30.
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3.31 Test 31, Four Plastic Bins Filled with Rags and Paper

Four plastic bins with the same amount
of crinkle paper as in Test 17, along
with the entire box and rags of Test 10.
Single ignition points on top of paper
and rags.
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Test 31; Trash Bins with Rags and Paper; 2x2x1

Figure 33: Heat release rate and photographs of Test 31.
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3.32 Test 32, Single Box with Crinkle Paper, Single Ignition Point

Single box with crinkle paper, ignited
at the base of one vertical face. The
spike in HRR at 40 min resulted from
stirring the residue.
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Test 32; Boxes with Crinkle Paper; 1x1x1

Figure 34: Heat release rate and photographs of Test 32.
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3.33 Test 33, Two Boxes with Crinkle Paper, Single Ignition Point

Two boxes with crinkle paper, ignited
at the base of one vertical face. The
spike in HRR at 40 min resulted from
stirring the residue.
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Test 33; Boxes with Crinkle Paper; 2x1x1

Figure 35: Heat release rate and photographs of Test 33.
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3.34 Test 34, Four Boxes with Crinkle Paper, Single Ignition Point

Four boxes with crinkle paper, ignited
at the base of one vertical face. The
spike in HRR at 60 min resulted from
stirring the residue.
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Test 34; Boxes with Crinkle Paper; 2x2x1

Figure 36: Heat release rate and photographs of Test 34.
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3.35 Test 35, Eight Boxes of Rags

Eight boxes filled with cotton rags, ig-
nited at eight points. The spike in HRR
at 60 min resulted from stirring the
residue.

0 20 40 60 80
Time (min)

0

50

100

150

200

250

300

H
ea

t R
el

ea
se

 R
at

e 
(k

W
)

Test 35; Boxes of Rags; 2x2x2

Figure 37: Heat release rate and photographs of Test 35.
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3.36 Test 36, Two Plastic Trash Bins Filled with Crinkle Paper, One Inside the Other

Two plastic trash bins stacked together
and filled with crinkle paper. Single ig-
nition point on top of paper in the bin.
The spike in HRR at 32 min and 46 min
resulted from stirring the residue.
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Test 36; 2 Trash Bins and Crinkle Paper

Figure 38: Heat release rate and photographs of Test 36.
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3.37 Test 37, Four Boxes with Crinkle Paper, Separated

Four boxes with crinkle paper, ignited
at the base of each exterior vertical face
(8 ignition points). The boxes are sep-
arated by 0.6 m (2 ft). The residue was
stirred up at approximately 20 min and
28 min.
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Test 37; Boxes with Crinkle Paper; 2x2x1

Figure 39: Heat release rate and photographs of Test 37.
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3.38 Test 38, Four Boxes with Crinkle Paper, Separated

Four boxes with crinkle paper, ignited
at the base of each vertical face (16 ig-
nition points). The boxes were sepa-
rated by 0.6 m (2 ft). The residue was
stirred up at approximately 23 min.
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Test 38; Boxes with Crinkle Paper; 2x2x1

Figure 40: Heat release rate and photographs of Test 38.
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3.39 Test 39, Four Plastic Trash Bins Filled with Crinkle Paper, Separated

Four plastic trash bins, half filled with
crinkle paper, separated by the top di-
ameter, and set within individual steel
pans. Single ignition point on top of pa-
per in each bin. The residue was stirred
up at approximately 30 min and 40 min.
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Test 39; Trash Bins; 2x2x1

Figure 41: Heat release rate and photographs of Test 39.
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3.40 Test 40, Four Boxes, Plastic Commodity

Four boxes filled with polystyrene
cups, ignited at the base of each verti-
cal face (16 ignition points). Similar to
Test 27, but the boxes were separated
by 0.53 m (21 in).

0 5 10 15 20 25 30
Time (min)

0

500

1000

1500

2000

H
ea

t R
el

ea
se

 R
at

e 
(k

W
)

Test 40; Plastic Commodity; 2x2x1

Figure 42: Heat release rate and photographs of Test 40.
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4. Discussion

In general, the peak heat release rate (HRR) of the fires occurred at the same time or shortly
after all of the exposed surface area of the burning item was engulfed in flame. This sug-
gests that the peak HRR is proportional to the exposed surface area. Figure 43 displays the
relationship between the increased peak HRR of multiple items as a function of the relative
increase in surface area. In theory, the relationship should be linear, i.e. double the sur-
face area, double the HRR. In the case of the box fires, two boxes sitting side be side have
8/5 = 1.6 times the exposed surface area of a single box. A 2 by 2 array of four boxes has
12/5 = 2.4 times the area. A 2 by 2 by 2 array of eight boxes has 20/5 = 4 times the area.
For stacked pallets, four pallets have approximately 1.8 times the surface area of two; eight
pallets have approximately 3.4 times the surface area of two. However, for multiple cribs
and bins, the exposed surface area is nearly linearly proportional to the number of items.
There is a small amount of overlap in the exposed surfaces of the wood cribs, but not much.

Of course, there are exceptions to the simple rule, and in the sections to follow, the
various items and test parameters are examined in more detail.
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Figure 43: Increase in peak HRR as a function of increasing surface area.
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4.1 Boxes

Figure 45 displays the HRR of one, two, four, and eight boxes filled with crinkle paper
(top), polystyrene cups (middle), and cotton rags (bottom). The results for the crinkle
paper and polystyrene cups are fairly typical for simply-shaped items whose burning rate is
largely a function of surface area. The results for the boxes of rags, however, do not exhibit
this simple trend, probably because the cotton rags are packed tightly in the boxes and do
not burn readily. When the pile of residue was first stirred up, a considerable amount of the
combustible mass remained buried under the pile of ash.

One complication of the simple assumption that peak HRR is proportional to exposed
surface area is that in many instances, the fire does not or cannot engulf all of the exposed
surface area at the same time. The location and power of the ignition source(s) is impor-
tant. Consider the boxes of crinkle paper burned in Tests 32–34 (Fig. 44) versus Tests 1–3
(Fig. 45, top). In the former, only one igniter was used, whereas in the latter, an igniter was
placed at the base of each exposed vertical surface. The peak HRR in Tests 1, 2, and 3 is
2.5, 1.8, and 3.3 times that of Tests 32, 33, and 34. Tests 32–34 do not exhibit the linear
relationship between peak HRR and exposed surface area.
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Figure 44: HRR of boxes filled with paper and ignited at a single point.
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Figure 45: Heat Release Rate of boxes filled with crinkle paper (top), polystyrene cups
(middle), and cotton rags (bottom). 49



4.2 Wood Pallets and Cribs

Wood pallets and cribs are often used in fire testing because they exhibit reliable and re-
peatable burning behavior. This can be seen in the results shown in Fig. 46. The top plot
shows the HRR for single stacks of pallets consisting of two, four, and eight pallets (a sin-
gle pallet is difficult to burn without a heat source to sustain the fire). The peak HRR is
nearly linear with the number of pallets because the surface area is nearly linear with the
number of pallets. This trend is noted by Babrauskas in the SFPE Handbook [5].
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Figure 46: Heat Release Rate of pallets and cribs.
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4.3 Plastic Trash Bins

The plastic trash bins were either partially filled with crinkle paper or completely filled
with crinkle paper, cardboard, and rags. In the latter case (bottom graph of Fig. 47), the
cellulosic fuels dominate the burning behavior and the simple trend in peak HRR emerges.
In the former case, the trend for the peak HRR is less clear because the burning behavior is
dominated by the melting, dripping, and pooling of plastic, something that is less repeatable
in multiple experiments.
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Figure 47: Heat Release Rate of plastic trash bins.
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4.4 Combinations

There are a few examples where multiple items have been burned together and separately.
For example, Test 20 is a combination of the items included in Tests 5 and 19, where four
plastic bins filled with crinkle paper (Test 19) stand atop two pallets (Test 5). The resulting
peak HRR of the combined items is 50 % greater than the sum of the individual peak HRRs.
However, Test 21 is a combination of Tests 4 and 5 (eight boxes sitting atop two pallets),
but the peak HRR of the combined items is only 92 % of the sum of the individual peak
HRRs. In the first instance, it appears that the increased radiative feedback from the larger
fire enhances the rate of burning of the combined itesm, yet this does not appear to the
be the case in the second instance. For Test 36, two plastic bins are nested one inside the
other, and the peak HRR doubles, even though the surface area changes very little. There
does not appear to be a simple explanation of these cases, which is why the trend shown in
Fig. 43 is fairly rough.
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4.5 Separations

Most of the 40 experiments conducted involved multiple items placed closely together or
stacked. However, in some experiments, the items were separated. By separating the items,
the surface area is increased which ought to increase the peak HRR. However, this was not
always the case. For example, Fig. 48 displays the HRR of four boxes filled with crinkle
paper that were configured and ignited in different ways. In Test 3, the four boxes were
placed side by side and ignited in 8 locations. In Test 35, the four boxes were ignited only
in one location. In Tests 37 and 38, the four boxes were separated by 0.6 m (2 ft) and
ignited with 8 and 16 igniters, respectively. There is a significant difference in the peak
HRR in these cases, owing as much to the number of igniters as to the nominal exposed
surface area. Notice in Tests 3 and 37, the number of igniters is the same, and the initial
peak in the HRR involves roughly the same amount of surface area; however in Test 37,
where the boxes were separated, there is a second peak in the HRR owing to the additional
exposed surface area.
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Figure 48: Heat Release Rate of four boxes filled with crinkle paper.
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5. Conclusion

Forty experiments were conducted in which multiple quantities of transient combustibles
were burned and their heat release rates (HRR) measured, with the objective to determine
the HRR of multiple items based on the HRR of a single item. The peak HRR is roughly
proportional to the exposed surface area, but the configuration of items and the number
of ignition points also play a role. Given the infinite number of potential combustibles,
configurations, and ignition scenarios, it is not possible to develop a simple rule that would
predict the increase in HRR given an increase in the number of combustibles. However,
the assumption that the peak HRR is proportional to the exposed surface area will probably
suffice for most practical applications.
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