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Abstract

:

The population density of cities has been increasing with time and the development of industry. Building fires in large cities with high population density cause extensive human and property damage. To prevent such damage, the characteristics of flames such as the thermal radiation and intensity of the fire source must be considered when designing building structures. However, the consideration of these factors is practically inadequate. Accordingly, in this study, when a mattress was ignited in an open environment at a different installation height (0–515 mm), the measurements from a heat flux meter and the calculated thermal radiation were compared, and a comparative analysis was conducted using the existing prediction formulas by researchers described in ISO 24678-7. We examined the fire risk of mattresses according to the mattress installation height. As a result, the fire risk of the mattress was confirmed according to the mattress installation height; upon comparing the experimental and calculated values for radiant heat, it was found to be necessary to estimate the radiant heat using a calculation method that applies the configuration factor differently depending on the change in the flame shape. In addition, as a result of substituting the experimental value into the calculation method of ISO 24678-7 (a method for estimating the radiant heat of liquid combustibles), the experimental value and the calculated value were found to be significantly different. Therefore, similar to ISO 24678-7 for the radiation heat estimation method for “liquid combustibles”, an international standard for establishing the radiation heat estimation method for “solid combustible materials” as a standard was also required for a reasonable analysis of the fire safety phenomenon of solid materials, such as bed mattresses.
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1. Introduction


In current times, industries are developing, building materials are becoming more diversified and customized, and the population density of cities is increasing, leading to more frequent accidents. Particularly, building fires in large cities with high population density can cause extensive damage in a single accident. Moreover, when designing buildings, the thermal radiation generated in a fire and the intensity of the fire source are not estimated in advance, and design measures to reduce the impact of flames on the surroundings are not considered. As such, governments and organizations related to fire protection and safety are dedicating efforts and steadily developing technologies to prevent accidents and minimize damage from fires, but their implementation is inadequate in practice.



The thermal radiation emitted by a flame is an important parameter that determines the flame’s future conditions, and the thermal radiation loss can lead to fire extinguishment [1]. In a fire, thermal radiation is generated from flames; moreover, research on heated architectural members, the smoke layer, and thermal radiation is underway. For example, when measuring the amount of radiation generated by a fire source in a compartment, Harada estimated thermal radiation by considering not only the thermal radiation of the flame itself but also the thermal radiation feedback generated from the ceiling, walls, and the smoke layer [2]. Additionally, to estimate the constant of the radiative fraction in turbulent fires, McCaffrey and Cox obtained the radiative fraction constant from methane burning [3], Koseki estimated the radiative fraction constant from liquid fuel through experiments [4], and Tewarson obtained the flame radiative fraction constant from burning solid materials [5]. Furthermore, Modan [6] calculated thermal radiation using the flame height equation of Thomas [7] in a windless environment, and Shokri [8] estimated thermal radiation using the flame height equation of Heskestad [9]. Based on these prior research results, in ISO 24678-7, the existing thermal radiation estimation models are applied based on constituent factors for estimating thermal radiation (the combustion area and the heat release rate) to establish the thermal radiation estimation algorithm as an international standard [10].



Meanwhile, the Korean market for bed mattresses (hereinafter referred to as mattresses) that are widely used in residential spaces has grown at an annual average of 17.17%, from KRW 211.5 billion in 2014 to 398.6 billion in 2018, and is projected to reach KRW 589.8 billion in 2023 [11]. The frequency of mattress-related fires increases with the growth of the mattress market. Mattress-based fires in South Korea were responsible for an annual average of 312 deaths over the past five years (2015–2019), with bedrooms being the most common place of death, with an average of 70 people (22.4%) [12]. In the United States, it was reported that half of the deaths and injuries caused by bedroom fires were due to mattresses and bedding, and one-third of bedroom fires were related to mattresses and bedding [13,14,15]. Hence, the fire risk of mattresses increases as the mattress market grows, but there is low public awareness of the risk, and sufficient preventive measures based on scientific findings have not been established yet.



Accordingly, this study confirmed thermal radiation measurements through a real-scale model experiment on mattresses at different installation heights and compared the experimental results and the predicted calculation results. Specifically, when a mattress was ignited in an open environment at different installation heights (0–515 mm), the measurements from a heat flux meter and the calculated thermal radiation were compared, and a comparative analysis was conducted using the existing prediction formulas described in ISO 24678-7.




2. Full-Scale Fire Test


In this study, a mattress experiment was conducted following the procedure of Park et al. [16], and their experiment was reproduced first to increase the accuracy of the data.



2.1. Test Specimen and Experimental Location


The mattresses used in this experiment were Japanese pocket coil mattresses made of cotton, polyester fabric, urethane foam, and coil (970 mm wide, 1960 mm long, and 230 mm high). The surface is made of cotton, and the inside is made of polyester, urethane foam, and coil. The total weight of the mattresses is 25.81 kg.



The experiment was performed in an open space (5 m width × 5 m depth × 2.7 m height) under a hood of a furniture calorimeter. To accurately measure the heat release rate (HRR), fireproof curtains were installed at the bottom of the hood to approximately 1.5 m from the floor (Figure 1).




2.2. Ignition Method


The burner for ignition was manufactured and used via the same method as in ISO 12949 [17]; it consists of an upper burner (12.9 L/min, 18 kW, burning for 70 s) and a lower burner (6.6 L/min, 9 kW, burning for 50 s), and it was moved immediately after the completion of combustion.




2.3. Mattress Installation Height


The specimen was installed, such that the heights of the bottom of mattresses (HB (mm)) were 0 mm, 115 mm, 215 mm, 315 mm, and 515 mm. For HB = 0, a calcium silicate board was placed on the floor, onto which the mattress was placed. For HB = 115, a calcium silicate board, steel frame (height of 115 mm), and mattress were installed in that order, and the space between the bottom of the mattress and the calcium silicate board was 115 mm. For HB = 215, 315, and 515 mm, the height was adjusted using 100 mm thick concrete blocks at the four corners of the frame. The combustion tests of the mattress were conducted as a single test for each condition of HB.




2.4. Measurement Item


The experimental measurements of the HRR, the flame height, and the heat flux in the mattresses of different heights were compared and analyzed.



The oxygen concentration, flow rate, and temperature of exhaust gas in the duct were measured using a furniture calorimeter, and the heat release rate was calculated using Equation (1), based on the oxygen-consumption method [18].


   Q ˙  =    E 1    m    ˙     M   O 2       M  a i r        (  1 −  X   H 2  O  0   )      α − 1    X   O 2   0    +   1 −    X   O 2      1 −  X  C  O 2         X   O 2   0  −    X   O 2     (  1 −  X  C  O 2   0   )    1 −  X  C  O 2           



(1)




where   Q ˙   is heat release rate (kW), E1 is the amount of energy developed per consumed kilogram of oxygen (kJ/kg);   m ˙   is the mass flow in the exhaust duct (kg/s);    M   O 2      is the molecular weight of oxygen (g/mol);    M  a i r     is the molecular weight of air (actually the molar weight of the gas flow in the duct) (g/mol);  α  is the ratio between the number of moles of combustion products including nitrogen and the number of moles of reactants including nitrogen (expansion factor);    X   O 2   0    is the mole fraction of O2 in ambient air, measured on dry gases (−);    X  C  O 2   0    is the mole fraction of CO2 in ambient air, measured on dry gases (−);    X   H 2  O  0    is the mole fraction of H2O in ambient air;    X   O 2      is the mole fraction of O2 in flue gases, measured on dry gases (−); and    X  C  O 2      is the mole fraction of CO2 in flue gases, measured on dry gases (−).



The flame height was measured from the recordings of a video camera installed at the cross-section of the mattress. To measure the height before the experiment, a reference was set using a 5 m long rod, and continuous flames and intermittent flames were extracted from the video footage to obtain the average flame (Figure 2).



A heat flux meter was set at the same height as the upper surface of the mattress, the measurement direction was upward, and the meter was installed at a horizontal distance of 0.2 m and 1 m from the side of the mattress (opposite to the burner), for the measurement of thermal radiation (Figure 3).





3. Results


3.1. Heat Release Rate


Figure 4 shows the HRR data when the mattress burns with the ignited burner. According to the different installation heights from the floor to the bottom of the mattress, as the mattress installation height increased, the HRR increased, and the fire growth rate (from about 100 s to max HRR) also increased. In addition, according to the mattress installation height (HB = 0–515 mm), the time for the HRR to reach 1 MW was 275 s, 221 s, 204 s, 177 s, and 178 s; as the mattress installation height increased, the heat was released more strongly and rapidly, and the fire growth rates were higher at HB = 315 mm and 515 mm than at other installation heights. However, HB = 315 mm and 515 mm showed similar HRR and fire growth rate trends.




3.2. Flame Height


Figure 5 shows the measurements of average flame height (height from the floor) every 20 s after ignition (not measured for HB 115 mm and 315 mm). The flame height varied with the mattress installation height after 100 s. At HB 0 mm, the flame height gradually increased after 100 s and reached the maximum (2.30 m) at 260 s. At HB 215 mm, it rapidly increased by approximately 1.98 m at 120 s and reached the maximum (2.62 m) at 240 s. At HB 515 mm, it increased exponentially after 100 s and reached the maximum (2.99 m) at 180 s. Thus, as the mattress installation height increased, the flame showed a higher maximum height and reached the maximum height more rapidly.




3.3. Radiation from Flames


As described in Section 2.4, the heat flux meter was installed at 0.2 m and 1.0 m away from the side of the mattress, and the measurement results are shown in Figure 6. When the heat flux meter was installed at 0.2 m, for HB 0 mm, the maximum value was 66 kW/m2 at 298 s, and at other installation heights (HB 115–515 mm), the maximum values were approximately the same: 20–30 kw/m2 during the elapsed time between 200 and 300 s. For HB 0 mm, the mattress was installed on the floor, and the video footage showed that the flame was directed to the heat flux meter over time. This is because for HB 115–515 mm, when the mattress burns, the flame is directed upward by the air flowing under the mattress, while for HB 0 mm, the flame faces the direction of burning. When the installation location was 1.0 m, the peak value between 200 and 300 s was less than 5 kW/m2 and showed a similar trend overall.





4. Calculation of Radiation from Flames


In this section, the thermal radiation was calculated using the flame area and flame height measured from the video footage, and the results were compared with the experimental values. Moreover, we applied our experimental values to the thermal radiation estimation methods (the Mudan–Croce method and Shokri–Beyler method) described in ISO 24678-7 and conducted a comparison and analysis with vertical and horizontal targets at the same height as the flame base.



4.1. General


Thermal radiation is emitted by flames, and the released heat is transferred to arbitrary object surfaces. This thermal radiation is calculated by the atmospheric absorption rate, emissive power of a flame, and configuration factor. The general expression of thermal radiation is expressed as Equation (2). However, although the atmospheric absorption of thermal radiation is assumed to be homogeneous for τ (transmissivity), it is occasionally necessary to calculate the atmospheric absorption rate considering the absorption rate of water vapor and carbon dioxide. This study did not consider the effect of atmospheric absorption under the assumption that it was homogeneous.


    q ˙  ″  =  τ E   F  12   =  τ ε σ   T 4   F  12   = τ  (  1 −  e  − k l    )  σ  T 4   F  12   ,  



(2)




where     q ˙  ″    is the radiation heat flux to a target (kW/m2),  τ  is atmospheric transmissivity (−), E is the emissive power of a flame (kW/m2),    F  12     is the configuration factor of a flame to a target (−),  ε  is emissivity,  σ  is the Stefan–Boltzmann constant given as 5.67 × 10−11 (kW/m2·K4), T is the temperature (K),    k   is the radiation absorption coefficient of a flame considering the diameter as the characteristic length (m−1), and l is the equivalent diameter of a flame (m) [19]. For calculating thermal radiation, various models have been developed to determine the configuration factor based on the flame heat source shape. The formula for calculating this configuration factor is slightly different for each scholar. In this study, we calculated the incident thermal radiation from the flame on the measuring surface of the heat flux meter, assuming the flame shapes formed on the upper part of the mattress (Figure 7a,b) through two methods, as described in the SFPE Handbook [5]. In addition, assuming the flame shape shown in Figure 7c according to the method of ISO 24678-7, two calculation methods in which the direction of the heat flux meter was horizontal and vertical, as well as the Mudan–Croce formula and the Shokri formula, were used to compare the results with experimental values. Finally, a relevant analysis was performed.




4.2. Calculation of Thermal Radiation Using Experimental Values


We measured the burning area and the flame height using video footage and obtained the configuration factors from the methods shown in Figure 7a–c. Then, those three individual values and experimental values were compared. The calculation process in Figure 7a is as follows:


  X = a / b ,  



(3)






  Y = c / b ,  



(4)




where a is the height of the flame (m), b is the diameter of the combustion area (m), and c is the distance from the flame center to the thermometer (m).


  Z = 1 /    X 2  +  Y 2     



(5)






   F  12   =  1  2 π    [  t a  n  − 1    (  1 / Y  )  − Z Y t a  n  − 1   Z  ]   



(6)







The calculation process illustrated in Figure 7b is as follows:


  R =  r 1  /  r 2  ,  



(7)




where r1 is the radius of the combustion area (m), and r2 is the distance between the center of the flame (combustion area) and the target.


  L = h /  r 2  ,  



(8)




where h is the height of flame (m).


  X =      (  1 +  L 2  +  R 2   )   2  − 4  R 2     



(9)






   F  12   =  1  2 π   c o  s  − 1   R +  1 π   [  t a  n  − 1    (   R    1 −  R 2       )  −   1 +  L 2  −  R 2   X  t a  n  − 1    (    X t a n  (  0.5 c o  s  − 1   R  )    1 +  L 2  +  R 2  − 2 R    )   ]   



(10)







The calculation process in the vertical target of Figure 7c is as follows:


  l = L /  R 1  ,  



(11)




where  L  is the height of the flame, and    R 1    is the radius of the combustion area (m).


  x = X /  R 1  ,  



(12)




where  X  is the distance between the center of the flame (combustion area) and the target.


   F  v 12   =  1 π   [  −  1 x  t a  n  − 1    (      x − 1   x + 1      )  +  1 x  t a  n  − 1    (   l     x 2  − 1      )   1 x     l 2  +  x 2  + 1      l 2  +    (  x + 1  )   2       l 2  +    (  x − 1  )   2      t a  n  − 1    (      x − 1   x + 1          l 2  +    (  x + 1  )   2     l 2  +    (  x − 1  )   2       )   ]   



(13)







The calculation process in the horizontal target of Figure 7c is as follows:


   F  h 12   =  1 π   [  t a  n  − 1       x + 1   x − 1     −    l 2  +  x 2  − 1      l 2  +    (  x + 1  )   2       l 2  +    (  x − 1  )   2      t a  n  − 1    (      x − 1   x + 1          l 2  +    (  x + 1  )   2     l 2  +    (  x − 1  )   2       )   ]   



(14)







Figure 8 shows a comparison of the incident heat flux calculated based on the methods shown in Figure 7a–c and the experimental values (measured with the heat flux meter).



For HB 0 mm, Figure 7a shows a similar trend to Figure 7b,c for the horizontal target till 180 s but starts to show a difference at 200 s. Figure 7b,c show almost similar trends for the horizontal target, while Figure 7c shows a larger value for the vertical target than the other two methods. The maximum values were 15.69 kW/m2, 22.55 kW/m2, 29.48 kW/m2, and 22.55 kW/m2 at 260 s in the order of the legend from Figure 7a. Overall, the calculated value was larger than the experimental value, but the horizontal target in Figure 7b,c showed a similar pattern to the experimental value from 200 s.



For HB 215 mm, Figure 7a shows slightly larger values than the other calculated values up to 140 s, but from 200 s, it was relatively lower than other calculated values. Figure 7b,c show a similar trend horizontal target from 200 s, and Figure 7c shows that the trend for the vertical target steeply increased from 160 s to the maximum value, compared with other calculated values. Compared with the experimental values, the vertical targets in Figure 7b,c showed similar trends from 100 s to the maximum value.



For HB 515 mm, the vertical target in Figure 7a–c showed a similar trend from 100 s to 160 s, but from 180 s, Figure 7c shows a difference from Figure 7a–c, according to which the horizontal target value was relatively low up to 160 s, compared with the other calculated values, but it started to rise from 180 s and became similar to that observed in Figure 7b from 200 s. The maximum values were 15.98 kW/m2 (220 s), 23.03 kW/m2 (220 s), 29.45 kW/m2 (260 s), and 22.60 kW/m2 (240 s) in the order of the calculated values of the legend. Overall, compared with the experimental values, the horizontal target in Figure 7c showed a similar trend until 180 s, but from 220 s onward, the average values observed in Figure 7a–c became similar to the experimental values.



As a result, at HB 0 mm and 215 mm, the resulting values shown in Figure 7b,c, in which the shape of the flame is shaped into a cylinder, were similar to the experimental values. However, in HB 515 mm, the largest flame size, the calculated values were partially consistent with this experimental value.




4.3. Thermal Radiation Estimation Applied to ISO 24678-7


Two thermal radiation estimation methods described in ISO 24678-7 (the Mudan–Croce formula and the Shokri formula) were applied to the model equation using the combustion area and the heat emission data obtained by the experiment. The equation is as follows:


  D =     4  A s   π    ,  



(15)




where As is the area of a pool fire source (m2), and D is the equivalent diameter of the flame (m).


    Q ˙   = Δ  H c     m ˙   ″   A s  ,  



(16)




where   Q ˙   is heat release rate (kW),   Δ  H c    is the heat of combustion of fuel (J/g), and     m ˙  ″    is the mass burning rate per unit area (kg/m2·s).


    m ˙  ″  =   m ˙  ∞ ″   (  1 −  e  − k D    )  ,  



(17)




where     m ˙  ∞ ″    is the mass burning rate per unit area of a sufficiently large pool (kg/m2·s), and k is the radiation absorption coefficient of a flame from various fuels (m−1).



	(1)

	
Mudan–Croce formula







This model was proposed to estimate the thermal radiation generated from liquid fuel. For the flame height, the flame height data obtained in Thomas’ wood experiment was used; it can be applied within a pool fire diameter of 1–60 m. The emissive power equation is presented below, and the experimental results and calculated values are shown in Figure 9. Regarding the calculated values at an early stage of the flame, for 100 s, the emissive power is 0.9 kW/m2 at HB 0 mm, 2.7 kW/m2 at HB 215 mm, and 4.6 kW/m2 at HB 515 mm, indicating that as the mattress installation height increased, the thermal radiation tended to increase. The maximum values were 11.5 kW/m2 (240 s), 12.0 kW/m2 (220 s), and 12.4 kW/m2 (200 s) for HB 0 mm, 215 mm, and 515 mm, respectively, showing that it reached the maximum value earlier as the installation height increased. However, this confirmed a substantial difference between the calculated values and the experimental values.


  E =  E  m a x    e  − β D   +  E s   (  1 −  e  − β D    )   



(18)




where Emax is the emissive power of the luminous region of the flame (=140 kW/m2),    E s    is the emissive power of smoke (=20 kW/m2), and  β  is the radiation absorption coefficient of the flame, considering the diameter as the characteristic length (=0.12 m−1).



	(2)

	
Shokri’s Formula







The method based on Shokri’s formula is based on Heskestad’s flame height experiment and assumes that the flame has a cylindrical shape with a surface close to a blackbody and a homogeneous radiator on average. This method is effective when the heat flux is greater than 5 kW/m2 and is mainly used for LNG and JP-5 fuel and a combustion diameter of 1–50 m. Figure 10 shows the comparison of the experimental results. At the early stage of the flame, for 100 s, the emissive power is 0.9 kW/m2 at HB 0 mm, 2.5 kW/m2 at HB 215 mm, and 4.2 kW/m2 at HB 515 mm, indicating that as the mattress installation height increased, the thermal radiation tended to increase. Moreover, the calculated values became more gradual as the mattress installation height increased, and a large difference was observed between the calculated values and the experimental values.


  E = 58  (    10   − 0.00823 D    )   



(19)









5. Discussion


We confirmed the thermal radiation measurement results through an experiment under conditions of different mattress installation heights and subsequently compared them with the estimated thermal radiation values of ISO 24678-7.



As shown in Figure 8, near the maximum thermal radiation values, at HB 0 and 215 mm, the calculated values shown in Figure 7b,c, which were assumed by forming the shape of the flame into a cylinder, were closer to the experimental values. HB 515 mm confirmed the necessity of different calculation methods according to the growth of the fire. In addition, as mentioned in the method described in the SFPE Handbook, an experimental design was performed with the direction of the heat flux meter in the horizontal direction, but as shown in Figure 7c, in terms of thermal radiation values, the calculated result assuming the vertical direction was higher than the horizontally assumed calculation result. Therefore, when designing an experiment for fire risk evaluation, setting the heat flux meter’s direction to the flame direction and conducting an experiment is considered to be an appropriate method for fire risk assessment.



In addition, as shown in Figure 4, compared with HB 0 mm and 215 mm, the HRR for HB 515 mm rapidly increased, and the maximum value became large. Due to the nature of mattress fires, if there is a space under the mattress, melted material and some burning parts fall to the floor and burn. The higher the mattress installation height, the larger the flame due to the air flowing under the mattress, and these materials (that accompany the flame) promote the spread of flame in the mattress [20]. Consequently, the HRR and thermal radiation rapidly increase after a certain period of time. Therefore, a suitable method of predicting the flame shape is necessary. For example, if the flame spreads rapidly among solid combustibles, as in HB 515 mm, then the cross-application of the configuration factors according to changes in the flame shape can be used, where thermal radiation is calculated by assuming the flame shape of Figure 7a until a certain time, and subsequently, the configuration factor is determined as in Figure 7b, or the average value of Figure 7a–c Hor. can be applied.



Furthermore, the prediction formulas described in ISO 24678-7 output values were significantly different from the experimental values. Since the ISO 24678-7 formulas are for estimating thermal radiation from liquid combustibles, to apply them to solid combustibles, the international standard for solid combustibles must be established by calculating and applying the mass loss late, the effective heat of combustion, the heat release rate, and the combustion area through various experiments on solid combustibles.




6. Conclusions


In this study, we confirmed thermal radiation measurements through a real-scale model experiment on mattresses at different installation heights and compared the experimental and predicted calculation results. The results are as follows:




	①

	
When a fire occurs, if there is space under the mattress, the HRR, flame height, and thermal radiation may increase due to the fallen material accompanying the flame. Therefore, the results of this experiment based on different mattress installation heights provide information on the fire risk of mattresses.




	②

	
When calculating the thermal radiation of solid combustibles, when the HRR is high and the flame forms rapidly, an international standard for estimating the thermal radiation of a calculation method that applies different configuration factors according to changes in flame shape is also necessary.




	③

	
Although there are several techniques for estimating the thermal radiation risk, to apply them in practice, the type of combustible, the mass loss rate, the effective heat of combustion, the heat release rate, the combustion area, and the configuration factor must be suitably calculated.




	④

	
In the direction of the heat flux meter, as in the analysis result of this study, when designing an experiment for fire risk evaluation, it is considered to be an appropriate method for fire risk assessment to design the direction of the heat flux meter to face the flame.









This study examined the thermal radiation estimation methods for fires in an open space. The prediction of heat radiation for solid combustibles enables the estimation of the extent of flame spread, and the loss of heat radiation can lead to the extinction of flames. Therefore, it is absolutely necessary to establish an international standard for solid combustibles, as shown in the results of this study. Furthermore, as humans live in one space, if a fire occurs within a compartment, the risk is expected to increase due to thermal radiation from the smoke layer, the reflected emissivity from walls, and convective heat, in addition to direct radiation from the flames. As such, further research on estimating thermal radiation within a compartment is necessary.
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Figure 1. Experimental setup of open space test: (a) arrangement of the test body (unit: mm); (b) photo in mattress test (HB = 515 mm). 
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Figure 2. Measurement method of flame height (HB = 515 mm). 
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Figure 3. Installation position of heat flux meter (HB = 115 mm). 
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Figure 4. HRRs of the mattresses under different installation conditions. 
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Figure 5. Experimental results of the average flame height. 
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Figure 6. Heat flux measured by the heat flux meters installed at the same height as the top surface of mattress with the measuring surface turn-up at the position of (a) 0.2 m and (b) 1.0 m away from the side of mattress. 
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Figure 7. Configuration factor geometry: (a) vertical rectangular flame shape; (b) cylindrical flame shape; (c) cylindrical flame shape indicated in ISO 24678-7. 
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Figure 8. Comparison of calculated values obtained using the methods illustrated in Figure 7a,b as the configuration factor with experimental values: (a) HB = 0 mm; (b) HB = 215 mm; (c) HB = 515 mm. 
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Figure 9. Comparison of calculated values by Mudan–Croce formula with the experimental values: (a) HB = 0 mm; (b) HB = 215 mm; (c) HB = 515 mm. 
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Figure 10. Comparison of calculated values by Shokri’s formula with experimental values: (a) HB = 0 mm; (b) HB = 215 mm; (c) HB = 515 mm. 
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