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of materials. Therefore, the correlation between the geometric shape of the pipe insulation and the
thermochemical properties of the molecular structure of the pipe insulation should be analyzed with
the combustion efficiency to obtain more accuracy reasons. However, the main purpose of this study
was to predict the fire growth rate index related with the scale factor (Sf), the volume fraction (VF),
and the ignition heat source (Qig). Therefore, Qmax and tmax were analyzed with the effective heat of
combustion assumed to be the averaged value of 37,214 kJ/kg.

Figure 7. The results of the effective heat of combustions with volume fraction 0.024, 0.05, 0.07, and 0.1
for scale factor 1/3, 1/4, and 1/5.

3.3. Analysis of the Maximum Heat Release Rate, Qmax

The values of Qmax and Δmf for Sf = 1/3, 1/4, and 1/5 and VF = 0.024, 0.05, 0.07, and 0.1 in Table 4
are plotted in Figure 8. The line marked in red can be obtain from the boundary condition, which is
Qmax = 0 at Δmf = 0, as shown in the Equation (11).

Qmax = a1 × Δmb1
f (11)

Figure 8. Experiment results of the maximum heat release rate vs. fuel mass loss with scale factors (Sf

= 1/3, 1/4, and 1/5) and volume fraction (VF = 0.024, 0.05, 0.07, and 0.1).
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The Δmf can be assumed that the initial mass of the pipe insulation since all completely burned
during the experiments for each condition in Table 4. The simple expression foam of Qmax can be
curve-fitted with Δmf, regardless of Sf, VF, and Qig in the case of a1 = 302.224 and b1 = 0.721 within
±15%. However, in the overall range of Δmf, the deviations between Equation (11) and the experiments
were higher in accordance with the volume of compartment and the pipe insulation. Thus, the effects
of Sf and VF on Qmax were investigated to obtain more accurate prediction.

Figure 9a shows the correlations between Qmax and VF for Sf = 1/3, 1/4, and 1/5. As shown in the
figure, Qmax intends to increase in proportional to VF as denoted in Equation (12).

Qmax,pre = a2(VF)b2 (12)

where Qmax,pre (kW), a2(kW), and b2 are the predictive value of the maximum heat release rate and the
experimental constants, respectively. The mass loss is approximated in Equation (13).

Δm f = VF×VM × ρ f (13)

when a2 is constant at 1766.78 of Equation (12), b2 decreases with Sf as shown in Figure 9b. Thus,
the experiment constant, b2 can be curve-fitted as,

b2 = 0.18308× S−1.04545
f (14)

Figure 9. (a) Averaged maximum HRR vs. volume fraction for Sf = 0.2, 0.25, and 0.33 and (b) the
curve-fit results of experiment coefficient b1 vs. scale factor for Sf = 0.2, 0.25, and 0.33.

The predictions of Qmax and Δmf for the fixed values of the scale factor (Sf = 1/3, 1/4, and 1/5) and
the volume fraction (VF = 0.024, 0.05, 0.07, and 0.1) were compared with the experiments as shown in
Figure 10. The predictions at Δmf = 0.2 kg and 0.7 kg were higher about 15% than the experiments
for Test #14, #15, and #18 in Table 4 due to the relatively high deviation of the averaged Qmax. On the
other hand, the predictions at Δmf = 0.2 kg were about 15% lower than the experiments for Test#7
and #9 in Table 4. The main reason would be expected to take place from the combustion efficiency
in accordance with the opening area [20]. However, it is confirmed that the total of 27 experiments
and the predicted values were in good agreement within ±5%. Thus, Equation (12) indicates that
the improved accuracy approximately 10% or more compared to Equation (11) since Sf and VF were
considered. The limitation of the prediction should consider the experiment constants. The prediction
of Qmax can be applicable in the case of establishing the database of various types of insulation.
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Figure 10. Comparison of the maximum heat release rate of experiments and predictions with mass loss.

3.4. Analysis of the Time to Reach the Maximum Heat Release Rate, tmax

From the results in Table 2, as the volume of the compartment increased, the heating time of the
surface temperature for the pipe insulation by convection and radiation was proportionally increased
in the case of the fixed values of Qig and VF. In addition, when Qig increased, tmax was decreased
since the surface area of the pipe insulation to reach reference temperature (Tr) rapidly increased.
These relations can be functioned as,

tmax ∼ f (S f /Qig) (15)

Figure 11a shows the relations between Sf/Qig and tmax in the case of VF = 0.024, 0.05, 0.07,
and 0.1. The values of tmax, which was inversely proportional to Qig and proportional to Sf under the
fixed value of VF, can be curve-fitted as,

tmax,pre = c1 + c2 × e(c3×S f /Qig) (16)

where c1, c2, and c3 represent the experimental constants for the polyethylene foam pipe insulation.
The values of c2 and c3 were found to have the constant with 3.283 and 180.102. In addition, the values
of the experimental constant c1 were 74.93, 81.07, 83.35, and 122.64 when VF = 0.024, 0.05, 0.07, and 0.1
respectively, as shown in Figure 11b. Thus, it can be curve fitted as,

c1 = d1 + d2 × e(d3×VF) (17)

where d1, d2, and d3 have a constant value of 75.782, 0.167, and 56.36, respectively.

Figure 11. (a) Maximum time vs. Sf/Qig for 0.024, 0.05, 0.07, and 0.1 of the volume fraction and (b) the
curve-fit results of experiment coefficient c1 vs. volume Fraction.
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The predictions of tmax and Sf/Qig for the fixed values of the scale factor (Sf = 1/3, 1/4, and 1/5) and
the volume fraction (VF = 0.024, 0.05, 0.07, and 0.1) were compared with the experiments as shown in
Figure 12. The predictions at Sf/Qig = 0.01, 0.015, and 0.024 kW−1 were about 20% deviation than the
experiments for Test #5, #6, #11, #12, #13, #15, and #30 in Table 4 due to the heat loss by the leakage from
the connection part in the compartment, the difference humidity or the relatively low surrounding
temperature. The heat loss can cause the experiments of tmax that could be relatively delayed than the
predictions of tmax. However, the total 23 of predictions were in good agreement with the experiments
in the error range of ±5%. Therefore, as mentioned in Section 3.3, tmax can be applicable in the case
of establishing the database of various types of insulation. As denoted in Equations (12) and (16),
the predictions of Qmax and tmax were significantly correlated with Sf, VF, and Qig, which were the test
conditions of fire resistance standard. It is noticeable that the values of FIGRA can be obtained without
experiments for the polyethylene foam pipe insulation if the effects of the thermal properties of the
compartment materials are determined.

Figure 12. Comparison of the maximum time of experiments and predictions with Sf/Qig.

3.5. Estimation of the Fire Growth Rate Index, FIGRA

According to EN13501-1, the fire-retardant grade can be divided as Grade A2 for FIGRA ≤ 0.16
kW/s, Grade B for 0.16 ≤ FIGRA ≤ 0.6 kW/s, Grade C for 0.6 ≤ FIGRA ≤ 1.5 kW/s, the Grade D for
0.6 ≤ FIGRA ≤ 7.5 kW/s, and Grade E for FIGRA ≥ 7.5 kW/s. Therefore, Equations (12) and (16) are
substituted into Equation (5), and the prediction of FIGRA can be arranged as,

FIGRApre =
a2(VF)b2

c1 + c2 × e(c3×S f /Qig)
(18)

where FIGRApre means the prediction value of the fire growth rate index (FIGRA) considering the scale
factor (Sf), the volume ratio (VF), and the ignition heat source (Qig).

Figure 13 shows the results of the comparisons between the predictions by Equation (18) and the
experiments in Table 4. The predictions of Qmax for Test #15, #20, and #30 in Table 4 were about 11%
higher than the experiments, while the predictions of tmax were about 16% lower than the experiments
at FIGRA = 0.975 kW/s, 1.58 kW/s, and 2.40 kW/s. On the other hand, the predictions of Qmax for
Test #7 and #8 in Table 4 were about 19% lower than the experiments, while the predictions of tmax

were about 10% lower than the experiments at FIGRA = 0.63 kW/s and 1.05 kW/s. These results
caused more than a 30% deviation of FIGRApre and FIGRA. It would be necessary to investigate the
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combustion efficiency and the surrounding temperature with environmental conditions to improve
more accurate predictions. However, the final results shows that a total of 22 of the predictions were in
good agreement with the experiments within ±15% since the predicted values of Qmax and tmax were
satisfied with the experiments on the effects of Sf, VF, and Qig within ±5%. Especially, in the case of
application of FIGRA of EN 13501-1, the polyethylene foam pipe insulation could have Grade B, C,
or D in accordance with Sf, VF, and Qig.

Figure 13. The comparison of the predictions and experiment of the fire growth rate index with scale
factors (Sf = 1/3, 1/4, and 1/5), volume fraction (VF = 0.024, 0.05, 0.07, and 0.1), and ignition heat
sources (Qig).

4. Conclusions

In this study, the effects of the scale factor (Sf), the volume fraction (VF), and the ignition heat source
(Qig) on the fire growth rate index (FIGRA) of polyethylene foam pipe insulation were systematically
investigated. From the 33 experiments of the heat release rate of the pipe insulation, the maximum
heat release rate (Qmax), and the time (tmax) to reach the maximum heat release rate were analyzed with
the effective heat of combustion assumed to be the averaged value of 37,214 kJ/kg. The results of this
study can be summarized as follows,

First, the values of Qmax maintained a constant value within the range of ±3.48% average and
±12.26% maximum regardless of Qig when the value of VF was fixed. While tmax decreased, which was
inversely proportional to Qig. These results explain that the heat amount of the pipe insulation should
be conserved regardless of the ignition.

Second, the correlations between the values of Qmax and tmax in accordance with the variation of
the scale factor (Sf = 1/3, 1/4, and 1/5), the volume fraction (VF = 0.024, 0.05. 0.07, and 0.1), and the
ignition heat source (Qig = 10 kW, 15 kW, and 20 kW) were presented. It is possible to quantify that Qmax

intended to increase in proportional to VF and Sf regardless of Qig while tmax increased in proportion to
Sf/Qig and VF. However, the limitation of the predictions was that the experiment coefficients should
be determined with the thermal properties of the wall and the type of the pipe insulation.

Finally, FIGRA as defined in EN 13501-1 was evaluated using the prediction models of the Qmax

and tmax. It was verified that a total of 22 experiments in Table 4 were in good agreement with the
predictive values of FIGRA within ±15%. Especially, the fire-retardant grade for the polyethylene
foam pipe insulation could have a Grade B, C, and D in accordance with the scale factor (Sf = 1/3, 1/4,
and 1/5), volume fraction (VF = 0.024, 0.05, 0.07, and 0.1), and the ignition heat sources (Qig). Therefore,
in case of establishing the database of various types of insulation, it can be expected that the prediction
models could apply to evaluate the fire-retardant performance with dimensionless methods for FIGRA.
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