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ABSTRACT 

The temperature in the lower chord of steel trusses subjected to localized fires is difficult to 

estimate as most thermal exposure correlation formulas presented in the literature focus on 

heating along the ceiling where the temperature is very different from that of the lower chord 

[1], [2]. At the same time as the upper chord is engulfed in a ceiling jet from a localized fire, the 

lower chord may be surrounded by air at ambient temperature. 

Two existing methods by Zhang and Usmani [3] and Guowei et al. [4], [5] along with one new 

approach for calculating the thermal exposure of the lower chord are presented in this paper and 

compared to the results from experiments conducted in Trondheim 2015 [6]. 

A new approach presented in this paper is evaluated based on two separate assumptions of the 

thermal exposure. Outside the plume, the radiative contribution is assumed originating from the 

plume in the form of a cylinder and inside the plume, the temperature is assumed decreasing 

according to a Gaussian shape from the central axis temperature to the temperature down to the 

temperature from the first part of the model at the transition between inside and outside the 

plume. 

All models provide good correlation to the experimental data outside the plume perimeter. Inside 

the plume perimeter, the thermal impact depends to a high degree to the relation between the 

flame height and the height of the horizontal surface of interest.  

KEYWORDS: Performance based design, heat transfer, CFD, localized fires 
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NOMENCLATURE

Latin lower case 

ℎ Heat transfer coefficient [𝑊 𝑚2𝐾⁄ ] 

𝑞 Heat [𝐽] 

𝑟 Radius [𝑚] 

𝑡 Time [𝑠] 

𝑧 Distance along central 

plume axis 
[𝑚] 

Latin upper case 

𝐴 Area [𝑚2] 

𝐻 Vertical distance from 
fuel surface 

[𝑚] 

𝐿 Length [𝑚] 

   

𝑄 Heat  [𝐽 𝑜𝑟 𝑊𝑠] 

𝑇 Temperature [𝐾] 

𝑉 Volume [𝑚3] 

Greek lower case 

𝜀 Emissivity [−] 

𝜎 Stefan-Boltzmann 

constant 
[𝑊 (𝑚2𝐾4)⁄ ] 

𝜅 Extinction coefficient for 
the plume 

[𝑚−1] 

   

 

 

 

 

 

 

Greek upper case 

𝛷 View factor [−] 

Subscript 

𝑡𝑜𝑡 Total (heat flux) [−] 

𝑟𝑎𝑑 Radiation (heat flux) [−] 

𝑐𝑜𝑛 Convection (heat flux) [−] 

𝑖𝑛𝑐 Incident radiation (heat 

flux) 
[−] 

𝑖𝑛 Incoming heat (heat flux) [−] 

𝑏 Beam (length) [−] 

𝑐 Convective [−] 

𝑓𝑙 Flame [−] 

𝑔 Gas (temperature) [𝐾] 

𝑟 Radiation (temperature) [𝐾] 

𝑠 Surface [−] 

𝐴𝑆𝑇 Adiabatic Surface 
Temperature 

[−] 

0 Virtual origin [−] 

∞ Ambient conditions 
(temperature) 

[𝐾] 

Superscript 
′′ Per unit area  [𝑚−2] 

̇  Per unit time  [𝑠−1] 
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1 INTRODUCTION 

When designing steel trusses exposed to localized fires in large open spaces, there is a lack of 

analytical methods for calculating the thermal exposure to the lower chord. The thermal 

exposure is often over-estimated by assuming standard fire temperature according to ISO 834 or 

EN 1363-1 or the ceiling temperature according to EN 1991-1-2 Annex C. To present a 

complete design tool for thermal exposure calculation to trusses, a complimentary method needs 

to be established. 

This paper evaluates two previous methods along with a new method. The latter includes 

radiation from a fire plume to the lower chord.  the plume is modelled assuming a Gaussian 

temperature distribution according to Heskestad [7]. 

The previous methods apply different approaches. Zhang and Usmani [3] calculate radiation 

from segments of the flame facing upwards, while Guowei et al. (2014), refined (2016), calculate 

radiation to the truss assuming it originates from the flame in the form of a point source [4], [5]. 

The methods are compared with experiments performed in Trondheim 2015 [6] as described 

below. 
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2 TRONDHEIM EXPERIMENTS 

In 2015, experiments were conducted at SP Fire Research AS in Trondheim, Norway, burning 

Heptane fuel below a steel truss. They were documented in an experimental report [6] and 

therefore only briefly commentated on here.  

The experiments were performed in a steel frame skeleton with dimensions 10 m by 10 m and 

5 m high with no walls. A fuel pan was placed at the mid span of the steel truss at a center 

position, see Fig. 1. The roof was of corrugated steel sheets with insulation on top as is common 

in Swedish single-story steel frame buildings. 

 

Fig. 1 Set up in the Trondheim experiments [6]. Ceiling height was 5.0 m 

Both the thermal action on the lower chord of the central truss and its thermal response was 

measured. The thermal action was measured with plate thermometers, PT, mounted below the 

lower chord with a spacing of one meter, see Fig. 2. The lower chord was located at a height of 

4.06 m from the fuel surface. 

 
 

 

Fig. 2 Plate thermometers located 100 mm below the lower chord of the steel truss with a 1 m spacing from 

the plume central axis [6]. 
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The PTs reached steady state temperatures during the experiments indicating a heat flux to the 

surface close to zero. Zero heat flux occurs when the surface temperature is equal to the adiabatic 

surface temperature, 𝑇𝐴𝑆𝑇, see section 1. The loss of heat through conduction to the back of the 

plate thermometer is neglected. 

Two different setups were used from the experiment, both of which used Heptane as fuel, see 

Table 1. 

Table 1. Fuel pan diameter and heat release rate from Sandström et al. [6]. 

Experiment Pan diameter  Heat release rate Duration 

1 0.8 m 4.50 MW 17 min 

2 1 m 7.55 MW 10 min 
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3 HEAT TRANSFER 

The heat flux �̇�𝑡𝑜𝑡
′′  from a fire to a surface is the sum of the radiative �̇�𝑟𝑎𝑑

′′  and convective �̇�𝑐𝑜𝑛
′′  

contributions [8], see equation (1). These can be either positive or negative depending on the 

exposure and the surface temperature. 

�̇�𝑡𝑜𝑡
′′ = �̇�𝑟𝑎𝑑

′′ + �̇�𝑐𝑜𝑛
′′  (1) 

The radiative exposure level can be expressed in terms of incident radiation or as the radiation 

temperature 𝑇𝑟 as defined in equation (2).  

𝑇𝑟 ≡ √
�̇�𝑖𝑛𝑐

′′

𝜎

4

 
(2) 

The convective exposure level is the gas temperature 𝑇𝑔. Thus, the total heat flux can be 

expressed as in equation (3) 

�̇�𝑡𝑜𝑡
′′ = 𝜀𝑠𝜎[𝑇𝑟

4 − 𝑇𝑠
4]+ℎ𝑐(𝑇𝑔 − 𝑇𝑠) (3) 

where ℎ𝑐 = 4 W/m²K, is the convective heat transfer coefficient for surfaces with natural 

convection according to EN 1991-1-2 and 𝜀𝑠 = 0.7 as suggested by EN 1993-1-2 for steel 

surfaces. 

For practical purposes, thermal exposure can in many cases be presented as an adiabatic surface 

temperature, 𝑇𝐴𝑆𝑇, see e.g. [8]. 𝑇𝐴𝑆𝑇 is a fictitious surface temperature between 𝑇𝑟 and 𝑇𝑔 defined 

by equation (4).  

�̇�𝑡𝑜𝑡
′′ = 𝜀𝑠𝜎[𝑇𝑟

4 − 𝑇𝐴𝑆𝑇
4]+ℎ𝑐(𝑇𝑔 − 𝑇𝐴𝑆𝑇) = 0 (4) 

As no heat flux is present at the adiabatic surface in equation (4), it can be subtracted from 

equation (3) making it possible to replace 𝑇𝑟 and 𝑇𝑔 with 𝑇𝐴𝑆𝑇 by solving equation (4) for instance 

by using the method presented by Malendowski [9]. This largely simplifies calculations of the 

heat flux to a surface which now can written 

�̇�𝑡𝑜𝑡
′′ = 𝜀𝑠𝜎[𝑇𝐴𝑆𝑇

4 − 𝑇𝑠
4]+ℎ𝑐(𝑇𝐴𝑆𝑇 − 𝑇𝑠) (5) 
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This facilitates comparisons between calculations and test results as the plate thermometer 

measurements approximately yields AST. 
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4 PLUME CENTRAL AXIS TEMPERATURE 

There are several methods for calculation of the plume central axis temperature [10]–[12]. None 

of these presents a comprehensive method for temperatures outside the central axis even though 

rough estimations are made. Zukoski [10] assumes a uniform temperature over the cross section 

and Heskestad [11] a Gaussian distribution of the temperature reaching half the temperature of 

the central axis at the edge of the plume width. In this paper the Heskestad approach is assumed 

for the calculation of plume central axis, see Fig. 3. 

 

Fig. 3 Key concepts in the Heskestad plume correlation used in this paper. 

The calculation according to Heskestad is presented in a simplified form in Eurocode reprinted 

here in equation (6). 

𝑇(𝑧) = 20 + 0.25𝑄𝑐
2/3(𝑧 − 𝑧0)−5/3 ≤ 900°𝐶 (6) 

 The fictitious base height, 𝑧0, of the plume is calculated as 

𝑧0 = −1.02𝐷 + 0.00524𝑄
2/5

 (7) 

The temperatures calculated according to (6) are used in all calculations throughout this paper 

for assessing the plume temperatures at different heights, z. The convective part, 𝑄𝑐 𝑄⁄ , of the 

total heat release rate is assumed to be 0.8 as stipulated as a generic design value in the Eurocodes 

[2]. 

 

D

z

z0
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5 ANALYTICAL CALCULATIONS OF THERMAL 

EXPOSURE TO THE LOWER CHORD 

In this section, three different methods, A, B and C, for calculation of thermal action to 

horizontal surfaces above the fire plume are presented. Each method is presented to work by its 

own. The Gaussian assumption for thermal action inside the plume perimeter for method A can 

however be used in combination with temperatures outside the plume using methods B and C.  

The proposed model assumes mixed boundary conditions when expressing the thermal impact 

on the exposed steel elements. In the experiments, no accumulation of hot gases was observed 

and the gas/air temperatures outside the plume perimeter in this paper is therefore assumed to 

be ambient, 𝑇∞. This assumption implies cooling of the member by convection. 

The following sections will describe different methods for calculating the radiation temperature, 

𝑇𝑟, and/or 𝑇𝐴𝑆𝑇 directly. 

5.1 Method A – Gauss and cylindrical perimeter assumption 

This method is presented as a combination of two methods as each of the methods are insufficient 

in describing the thermal action for the entire horizontal plane in- and outside the fire plume 

radius. 

5.1.1 Thermal exposure to horizontal surfaces outside the plume radius 

By assuming the fire plume in the form of a cylinder, view factors to an annual ring, 𝛷, can be 

calculated as proposed by Brockmann [13] and Siegel and Howell [14] with adjustments by 

Antwerpen and Greyvenstein [15]. To compensate for different flame temperatures along the 

height, the fire plume cylinder is divided into segments, each of which radiates to concentric 

rings at the height of the lower chord, see Fig. 4. Each segment radiates as a surface with a 

uniform temperature equal to the plume central axis temperature at the corresponding height. 
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Fig. 4 Radiation from cylindrical surface of a segment of the fire plume to a concentric ring at the height of 

a presumed lower chord surface. 

The view factor to the annual ring, 𝛷𝑖, radiating area, 𝐴1,𝑖, and flame temperature, 𝑇𝑓𝑙,𝑖 are 

calculated for each flame segments along the plume height. The incident radiation is then 

adjusted to the receiving area, 𝐴2, and translated to 𝑇𝑟 according to equation (8).  

𝑇𝑟 = √
1

𝐴2
∑ 𝐴1,𝑖𝛷𝑖𝜀𝑓𝑙𝑇𝑓𝑙,𝑖

4

𝑖=1

4
 

(8) 

The flame emissivity, 𝜀𝑓𝑙 is calculated with equation (9) [8], [16], [17] and assumed equal over 

the entire flame height. 

𝜀𝑓𝑙 = 1 − 𝑒−𝜅𝐿𝑏 (9) 

𝜅 is assumed 0.45 m-¹. As no data was found for n-heptane which was used in the Trondheim 

experiment, the 𝜅-value is an approximation for heavy hydrocarbons based on Yuen and Tien 

[18], Rew [19] and Drysdale [20]. 𝐿𝑏 is the mean beam length of the fire cylinder as proposed in 

equation (10) by Tien et al. [17] for an arbitrary grey gas volume, 𝑉, with surface area, 𝐴 

𝐿𝑏 = 3.6
𝑉

𝐴
 

(10) 

5.1.2 Thermal exposure to horizontal surfaces inside the plume radius 

The definition of plume radius, 𝑏∆𝑇, by Heskestad is that 𝑏∆𝑇 is equal to the horizontal distance 

from the plume central axis to a position where the temperature is equal to (𝑇(𝑧) + 𝑇∞) 2⁄ . 

Inside the plume radius, thermal exposure is derived using a Gaussian distribution from the plume 

central axis temperature to the temperature at 𝑏∆𝑇. The temperature at 𝑏∆𝑇 is adjusted to the 

temperature calculated according to section 5.1.1 for a smooth transition between models, see 

Fig. 5.  

A2

A1,i  (cylindrical perimeter of plume)



 

9 

 

Fig. 5 Key concepts in method A. 

5.2 Method B – radiating segments assumption 

In the paper by Zhang and Usmani [3], a method for calculation of thermal exposure is presented 

using radiation from segments of the plume with varying temperatures, see Fig. 6. Each segment 

radiates as a surface with a uniform temperature equal to the plume central axis temperature at 

the corresponding height. The view factors to the receiving surface is calculated as annual rings 

and the results are converted to 𝑇𝑟 using equation (2), see Fig. 4. 

 

Fig. 6 Radiating segments as presented by Zhang and Usmani [3]. 

 

This model is assumed both inside and outside the plume perimeter. 

5.3 Method C – point-source assumption 

As presented in the paper by Beyler [21] and refined for practical applications by Guowei et al. 

[4], the radiation from a plume can be calculated as radiation originating from a point source at 

half the flame height, see Fig. 7. 

Plume central axis temperature

Temperature calculated
according to section 5.1.1

Width of plume, b T

Temperature calculated
according to section 5.1.2

2

A1,i  (disc segment of plume)
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Fig. 7 Radiation from the flame originating from a point source [5], [21]. 

This model is applied both inside and outside the plume perimeter. 

5.4 Summary of methods 

The different methods for calculation of the thermal exposure to horizontal surfaces in localized 

fires are described in Table 2.  

Table 2 Description of input from the different methods for calculation of 𝑇𝐴𝑆𝑇. 

 Inside plume perimeter Outside plume perimeter 

 𝑇𝑟 𝑇𝑔 𝑇𝑟/�̇�𝑖𝑛𝑐
′′  𝑇𝑔 

Method A Heskestad/Gauss 

 

𝑇∞ 

Method B 

  

𝑇∞ 

Method C 

  

𝑇∞ 

 

 

P (point source in flame)

L
f
/2

A2
r

A2

A1,i

2

A1,i  (disc segment of plume)

2

A1,i  (disc segment of plume)

P (point source in flame)

L
f
/2

A2
r

P (point source in flame)

L
f
/2

A2
r
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6 RESULTS 

Calculated adiabatic surface temperatures according to Equation (4) are compared to the 

measured plate thermometer temperatures [6]. In the Trondheim experiment 1, a small pan 

yielding a total heat release rate, �̇�, of 4.50 MW was used, and in experiment 2 a larger pan 

yielding a heat release rate of 7.55 MW, see Table 1.  

In the analytical calculations, except for the point source assumption, method C, all plume central 

axis temperatures were derived from Heskestad’s plume correlation. Comparisons between 

calculated and the measured temperatures from the Trondheim experiment are shown in Fig. 8. 

  
Fig. 8 Adiabatic surface temperatures derived from PT measurements at the lower chord compared to 

analytical solutions. 

All calculations show accurate results outside the plume perimeter. However, method B, the 

radiating disc assumption, lack precision inside the plume perimeter. The point source, and the 

Heskestad/Gauss assumption show reasonable correlation to the experimental data. However, 

the Heskestad/Gauss assumption is more consistent inside the plume with regards to predicting 

temperatures on the safe/unsafe side. 

6.1 Sensitivity analysis 

To evaluate the importance of different parameters, two different comparisons are being made. 

The first, varies the heat transfer conditions at the surface, and the second varies the convective 

fraction of the total HRR. The surface properties are shown as the relation between ℎ𝑐 and 𝜀𝑠 

as used by Wickström [8], see Table 3. For a surface with natural convection, as assumed for 

these calculations, ℎ𝑐 𝜀𝑠⁄  is assumed equal to 5.71 (shown as 6 in the figures). 
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Table 3 ℎ𝑐 𝜀𝑠⁄  for different values of the heat transfer coefficient parameters. 

ℎ𝑐 𝜀𝑠⁄  ℎ𝑐 𝜀𝑠 

0 0 0.7 

5.71 4 0.7 

12.86 9 0.7 

35.71 25 0.7 

50 35 0.7 

 

The second parameter is the convective fraction of the total HRR, 𝜒𝑐 = �̇�𝑐 �̇�⁄ , in EN 1991-1-2 

assumed 𝜒𝑐 = 0.8 as a default value. 

The effect of changing ℎ𝑐/𝜀𝑠 is shown in Fig. 9 for all methods.  

  
Fig. 9 Variation of calculated results for different assumptions regarding ℎ𝑐/𝜀𝑠. Experiment with 4.50 MW 

to the left and 7.55 MW to the right. 

The results show a variation of results with changing ℎ𝑐/𝜀𝑠. This difference is bigger outside the 

plume radius as the difference between 𝑇𝑟 and 𝑇𝑔 is larger there. 

Changing the convective part of the total heat released from the fire, 𝜒𝑐 = 𝑄𝑐 𝑄⁄ , have a larger 

impact on the results, see Fig. 10. 

  
Fig. 10 Variation of calculated results for different assumptions regarding 𝜒𝑐. Experiment with 4.50 MW 

to the left and 7.55 MW to the right. 
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Change in 𝜒𝑐 does not affect method B and at the plume central axis for method A. However, 

the impact on the results in method C is significant. Both methods A and B are independent of 

the flame height as the calculations are performed in discrete steps over the plume height with a 

plume temperature being consistent over the height between calculations. 
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7 DISCUSSION 

All the three methods predict the thermal exposure outside the plume with reasonable accuracy. 

Inside the plume, however, the Heskestad/Gauss approach is recommended as it yields accurate 

predictions on the safe side, higher temperatures than measured making it more suitable for 

design purposes. 

For calculation of thermal exposure of surfaces inside the fire plume, 𝑇𝑟 and 𝑇𝑔 are assumed 

equal. This was shown feasible by Sjöström et al. [7] and can be observed in the experimental 

data from the Trondheim experiments as well [6]. The use of a Gaussian temperature distribution 

appears, in this paper to be a good but rough estimation of temperature decrease with increasing 

distance from the plume central axis. This statement must, however, be examined further for 

other fuels and geometrical configurations. 

Expressing thermal exposure in terms of 𝑇𝐴𝑆𝑇 is convenient and facilitates subsequent calculations 

of thermal response in the structural elements. 𝑇𝐴𝑆𝑇 has also the benefit of being measurable to 

an acceptable accuracy in fire tests with plate thermometers as well as assessed numerically in 

design calculations. This provides means for easy comparison between experimental and 

calculated data of the thermal exposure. 
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8 CONCLUSION 

The proposed method A for calculating thermal exposure of lower chords yield good agreements 

with measured values both inside, and outside the plume perimeter. The proposed method B 

presents good agreement outside the plume perimeter but not inside the plume where it under-

predicts the thermal exposures. Method C yields good results outside the plume, but it has 

difficulties inside the plume perimeter. 

More investigations are needed with other geometries and fuel configurations than investigated 

here to further develop models of thermal exposures from localized fires for design purposes. 

This study represents a way forward for the development of a rational simple design method for 

steel trusses. 
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