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Diffusion Flames and
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The principal characteristic of the diffusion flame is that the fuel and oxidizer (air) are initially separate and combustion occurs in the zone where the gases mix. The classical diffusion flame can be demonstrated using a simple Bunsen burner (Figure 3.13(a)) with the air inlet port closed. The stream of fuel issuing from the burner chimney mixes with air by entrainment and diffusion and, if ignited, will burn wherever the concentrations of fuel and oxygen are within the appropriate (high tempera​ture) flammability limits (Section 3.1.3). The appearance of the flame will depend on the nature of the fuel and the velocity of the fuel jet with respect to the surrounding air. Thus, hydrogen burns with a flame which is almost invisbie, while all hydrocar​bon gases yield flames which have the characteristic yellow luminosity arising from incandescent carbonaceous particles formed within the flame (Section 2.4.3). Laminar flames are obtained at low flowrates. Careful inspection reveals that just above the burner rim, the flame is blue, similar in appearance to a premixed flame. This zone exists because some premixing can occur close to the rim where flame is quenched (Section 3.3a). At high flowrates, the flame will become turbulent (Section 4.2), eventually lifting off when flame stability near the burner rim is lost due to excess air entrainment at the base of the flame. The momentum of the fuel vapour largely determines the behaviour of these types of flame which are often referred to as 'momentum jet flames'.

In contrast, flames associated with the burning of condensed fuels (i.e. solids and liquids) are dominated by buoyancy, the momentum of the volatiles rising from the surface being relatively unimportant. If the fuel bed is less than 0.05 m in diameter, the flame will be laminar, the degree of turbulence increasing as the diameter of the fuel bed is increased, until for diameters greater than 0.3 m buoyant diffusion flames with fully developed turbulence are observed (Section 5.1.1
).

4.1 Laminar jet flames

When a jet of gas issues into a still atmosphere, air is entrained as a result of shear forces between the jet and the surrounding air (cf. Section 4.3.1). The resulting flame will be laminar provided that the Reynolds number at the origin is less than ~2000. However, the shear forces cause instability in the gas flow which gives rise to flame flicker (Gaydon and Wolfhard, 1979). For hydrocarbon diffusion flames on a Bunsen burner, the flickering has a frequency of 10-15 Hz. This 
can be virtually eliminated if the surrounding air is made to move concurrently with and at the same linear velocity as the gas jet. Burke and Schumann (1928) chose to work with this arrangement in their classic study of laminar diffusion flames. They enclosed the burner tube inside a concentric cylinder carrying the flow of air: by varying the relative diameters of the tubes they were able to establish 'over-ventilated' and 'under-ventilated' flames as shown in Figure 4.1. These studies established that combustion occurred in the fuel/air mixing zone and suggested that the flame structure could be analysed on the assumption that the burning rate was controlled by the rate of mixing rather than by the chemical kinetics.

The rate of diffusion of one gas into another can be described by Fick's law which for one dimension is:
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Figure 4.1 Burke and Schumann's study of the construction of diffusion flames: (a) over-ventilated and (b) under-ventilated flames.
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, and Ci are the mass flux and concentration of species i respectively and Di is the diffusion coefficient for species; in the particular gas mixture. It is analogous to Fourier's law of conductive heat transfer in which the heat flux is proportional to the temperature gradient, 
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= -k(dT/dx); here, mass flux is proportional to the concentration gradient. Transient mass transfer in three dimensions requires solution of the equation
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which can be compared with Equation (2.16). As with heat transfer problems, solution of this basic partial differential equation is made easier if the problem is reduced to a single space dimension. This is possible for the diffusion flames illustrated in Figure 4.1 since the model can be described in cylindrical co-ordinates, i.e.
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where the concentration C(r,y) is a function of radial distance from the axis of symmetry (r) and height above the burner rim (y) (the subscript ‘ i’ has been dropped for convenience). Normally this would be applied to the 'infinite cylinder' in which there would be no diffusion parallel to the axis, but here we have a flowing system in which time can be expressed as a distance travelled vertically (y) at a known velocity (u). Thus, as t = y/u. Equation (3) can be rewritten:
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The solution to this equation will give concentration (e.g. of fuel in air) as a function of height and radial distance from the burner axis (see Figure 4.2). (Axial diffusion will occur but is neglected in this approximate model.) Burke and Schumann (1928) suggested that the flame shape would be defined by the envelope corresponding to C(r,y)=Cstoich, where Cstoich is the stoichiometric concentration of fuel in air, but to obtain a solution to the above equation the following additional assump​tions were necessary:

(i) the reaction zone (i.e. where C(r, y)= Cstoich) is infinitesimally thin;

(ii) rate of diffusion determines the rate of burning; and 
(iii) the diffusion coefficient is constant.

[image: image9.png]



Figure 4.2 Concentration profiles in a jet emerging into an infinite quiescent atmosphere (after Kanury, 1975).

Assumptions (i) and (ii) are effectively equivalent and, com​bined with the basic assumption regarding flame shape, imply that reaction is virtually instantaneous wherever the concentra​tion is stoichiometric. This is a gross oversimplification as reaction will occur wherever the mixture is within the limits, which will be wide at the high temperatures encountered in flames (see Figure 3.4). Moreover, diffusion coefficients vary considerably with both temperature and composition of the gas mixture. Nevertheless, the resulting analytical solution to Equation (4) accounts very satisfactorily for the shapes of both over-ventilated and under-ventilated flames, as illustrated in Figure 4.3, thus establishing the validity of the proposed basic structure.

A much simpler model was developed by Jost (1939) in which the tip of a diffusion flame was defined as the point on the flame axis (r=0) at which air is first found (y = l in Figure 4.4). He used Einstein's diffusion equation, x2 = 2Dt (where x is the average distance traveled by a molecule in time t) to establish the (average) time it would take a molecule from the air to diffuse from the rim of the burner to its axis, i.e. t=R2/2D), where R is the radius of the burner mouth. Considering the concentric burner system of Burke and Schumann in which air and fuel are moving concurrently with a velocity a (and air is in excess. Figure 4.1(a)), in time t the gases will flow through a
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Figure 4.3 Shapes of (a) over-ventilated and (b) under-ventilated diffusion flames according to Equation (4), for C(r, y)=Cstoich. (Reprinted from Burke and Schumann, Ind. Eng. Chem., 20, 998. Published 1928 American Chemical Society).

distance ut. Thus the height of the flame (l), according to the above definition, will be
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Figure 4.4 Jost's model of the diffusion flame (Jost, 1939).

which, if expressed in terms of volumetric flowrate, 
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= (r2u, gives:
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This equation predicts that the flame height will be proportional to the volumetric flowrate and independent of the burner radius, of which the latter is essentially correct. However
, buoyancy influences the height of the laminar flame and the dependence is closer to 
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0.5. The predicted inverse dependence on the diffusion coefficient is not observed strictly, but this is not unexpected as D varies considerably with temperature and with mixture composition. Furthermore, a change in the stoichiometry would be expected to alter the flame height, but this is not incorporated into Jost's model.

The limited success of these simple diffusion models indicates that the underlying assumptions are essentially correct. They can be expressed in a different format by identifying the tip of the flame with the height at which combustion is complete, implying that sufficient air is entrained through the jet bound​ary in the time interval t=l/u to burn all the fuel issuing from the mouth of the burner during the same period. While this is a useful concept, it is an oversimplification, as will be seen below (Section 4.3.2).

Laminar jet flames are unsuitable for studying the detailed structure of the diffusion flame. Wolfhard and Parker de​veloped a method of producing flat diffusion flames using a burner consisting of two contiguous slots, one carrying the fuel gas and the other, the oxidant (Figure 4.5(a)) (Gaydon and Wolfhard, 1979). Provided that there is a concurrent flow of nitrogen surrounding the burner, this arrangement yields a stable, vertical flame sheet on which various types of measure​ment can be made on both sides of the combustion zone. Using this device, valuable information has been obtained on the spatial concentrations of combustion intermediates (including free radicals) which has led to a better understanding of the chemical processes within the flame. This type of work has given an insight into the mechanism of smoke (or 'soot') formation in diffusion flames (Kent etal., 1981). However, like the jet flames, this type of flat flame is affected by the presence of the burner rim. This can be avoided by using a counter-flow diffusion flame burner in which a flat flame is stabilized in the stagnant layer where diametrically opposed flows of fuel and oxidant meet (Figure 4.5(b)) (see Gaydon and Wolfhard, 1979). This system has been widely used to examine the stability and extinction of diffusion flames of gaseous and solid fuels (e.g. Williams, 1981).
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Figure 4.5 (a) The Wolfhard-Parker burner for producing flat diffusion flames, (b) The counterflow diffusion flame apparatus. (Reproduced with permission from Gaydon and Wolfhard, 1979).

4.2 Turbulent jet flames

In the previous section it was pointed out that the height of a jet flame will increase approximately as the square root of the volumetric flowrate of the fuel, but this is true only in the laminar regime. Above a certain jet velocity, turbulence begins, initially at the flame tip, and the flame height decreases with flowrate to a roughly constant value for the fully turbulent flame (Figure 4.6). The transition from a laminar to a turbulent flame is observed to occur at a nozzle Reynolds number significantly greater than 2000 (Hottel and Hawthorne, 1949) as it is the local Reynolds number (Re=ux/v) within the flame which determines the onset of turbulence. Re decreases significantly with rise in temperature as a result of the variation in kinematic viscosity (v). Turbulence first appears at the tip of the flame, extending further down towards the burner nozzle as the jet velocity is increased, although never reaching it (Figure 4.6). The decrease in flame height from the maximum inside the laminar region to a constant value in the fully-turbulent regime can be understood qualitatively in terms of increased entrain-ment of air by eddy mixing which results in more efficient combustion.
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Figure 4.6 Height of momentum jet flames as a function of nozzle velocity, showing transition to turbulence (Hottel and Hawthorne, 1949). ⓒ 1949 Williams and Wilkins Co., Baltimore.

Hawthorne, Weddel and Hottel (1949) derived the following expression theoretically, relating the turbulent flame height lT to the diameter of the burner jet, di, the flame temperature TF (K) (Table 4.1), the initial temperature Ti, (K), and the average molecular weights of air (Mair) and the fuel mixture issuing from the jet (Mf):

[image: image18.png]eT _ ég TF 'nr 12
4G [mTi CRREE )] @)




where m is the ratio of the number of moles of reactants to moles of product for the stoichiometric mixture, and Cf = (1+ri)/(1+r) in which r is the stoichiometric air/fuel ratio, and ri is the initial air/fuel ratio, taking into account situations in which there is air in the initial fuel mixture.
This refers to the fully turbulent momentum jet flame in which buoyancy effects are neglected. It is in good agreement with measurements made on the turbulent flames for a range of gases (Lewis and von Elbe, 1961; Kanury, 1975) and shows that the flame height is linearly dependent on nozzle diameter, but independent of the volumetric flowrate. Because combustion is more efficient in these than in laminar diffusion flames, their emissivity tends to be less as a result of the lower yield of carbonaceous particles.

[image: image19.png]Table 4.1 Flame temperatures (Lewis and von Elbe, 1961)

Fuel Fuel Flame
concentration temperature”
in air (%) (°O)
Hydrogen 31.6 2045
Methane 10.0 1875
Ethane 5.8 1895
Propane 4.2 1925
Butane 3.2 1895
Ethylene 7.0 1975
Propylene 4.5 1935
Acetylene 9.0 2325

¢ Determined by the sodium D-line reversal method (see Gaydon and Wol-
fhard, 1979).




The effect may not be large, but it has been estimated that while 25-30 per cent of the heat of combustion is lost by radiation from a laminar diffusion flame of a hydrocarbon, the figure may be only 20 per cent for a turbulent flame (Markstein, 1975; 1976).

4.3 Flames from natural fires

Unlike the momentum jet, the upward movement of the flame gases in natural fires is created entirely by buoyancy. The flowrate of the fuel vapour into the flame above a condensed fuel is generally too low for the associated momentum to have any measurable effect on flame behaviour. Consequently the structure of the flame is not as highly ordered as a laminar jet flame (e.g. Figure 4.1) although Corlett (1974) has pointed out that a significant fuel-rich core exists above the surface for fuel beds of diameter between 0.03 and 0.3 m: these are identified as 'structured flames' in Figure 4.7. Several studies of these flames have been made using porous bed burners with gaseous fuels (Corlett, 1968, 1970; Chitty and Cox, 1979; McCaffrey, 1979; Zukoski et al., 1981 a,b). This system has the advantage over fires involving combustible solids and liquids in that the fuel
flowrate is an independent variable and the flame can be maintained indefinitely for experimental purposes. McCaffrey (1979) showed that the 'fire plume' above a 30 cm square burner consisted of three distinct regimes (see Figure 4.8), namely:

(i) the near field, above the burner surface, where there is persistent flame and an accelerating flow of burning gases (the flame zone
); 
(ii) a region in which there is intermittent flaming and a near-constant flow velocity (the intermittent zone); and 
(iii) the buoyant plume which is characterized by decreasing velocity and temperature with height.
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Figure 4.7 Classification of natural diffusion flames as 'structured' (b and c) and 'unstructured' (a, d and e) according to Corlett (1974). The shaded areas indicate fuel-rich cores.

While these are inseparable in the fire plume, it is appropriate first to consider the buoyant plume since its properties are relevant to other aspects of fire engineering, including fire detection (Section 4.4.2) and smoke movement and control (Sections 11.2 and 11.3).

4.3.1 The buoyant plume

The concept of buoyancy was introduced in Section 2.3 in relation to natural convection. If a density difference exists between adjacent masses of fluid as a result of a temperature gradient, then the force of buoyancy will cause the less dense fluid to rise with respect to its surroundings. The buoyancy force (per unit volume) which is given by g(((-( ), where g is the gravitational acceleration constant, is resisted by viscous drag within the fluid, the relative magnitude of these opposing forces being expressed as the Grashof number (Equation (2.41)). The term 'buoyant plume' is used to describe the convective column rising above a source of heat. Its structure is determined by its interaction with the surrounding fluid, ln-tuitively, one would expect the temperature within the plume to depend on the source strength (i.e. the rate of heat generation) and the height above the source: this may be confirmed by theoretical analysis.

The mathematical model of the simple buoyant plume is based on a point source as shown in Figure 4.9(a) (Yih, 1952; Morton el al., 1956; Thomas el al., 1963; Heskestad, 1972; Williams, 1982). The ideal plume in an infinite atmosphere would be axisymmetric and extend vertically to a height where the buoyancy force has become too weak to overcome the viscous drag. In reality this can occur at relatively low levels in confined spaces if there is a layer of warm air trapped under the ceiling. (A common example is the stratification of cigarette
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Figure 4.8 (a) Schematic diagram of the fire plume showing McCaffrey's three regimes: (b) Variation of upward velocity (V) with height (z) above the burner surface, plotted as V/Q1/5versus z/Q2/5, (Table 4.2), where Q is the nominal rate of heat release (kW) (McCaffrey, 1979).
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Figure 4.9 The buoyant plume (a) from a point source, and (b) from a 'real source', showing interaction with a ceiling.

smoke in a warm room under quiescent conditions: the same phenomenon can interfere with the successful operation of smoke detectors.) Cooling of the plume occurs as a result of dilution with ambient air which is entrained through the plume boundary. The decrease in temperature with height is accompa​nied by broadening of the plume and a reduction in the upward flow velocity. The structure of the plume may be derived theoretically through the conservation equations for mass, momentum and energy. While detailed solution would develop Gaussian-like distributions of temperature and vertical flow velocity through horizontal sections of the plume as a function of height, a more simple approach is appropriate here. Heskes-tad (1972) has shown how, starting with relationships derived from the conservation equations, a simple dimensional analysis may be applied to obtain the functional relationships between temperature and upward flow velocity on the one hand and source strength and height on the other. For conservation of momentum, the following proportionality may be written for an axisymmetric plume (of radius b at height z above a point source) in an infinite atmosphere (density (() if viscous forces are neglected and temperature differences are small:
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where u0 and (0 are the vertical flow velocity and density on the plume axis at height z. Similarly, for the conservation of mass:
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in which the increase in mass flow with height is due to entrainment of air through the plume boundary. The entrain-ment velocity (v) is assumed to be directly proportional to u0, i.e. v = (´u0, where (´ is the entrainment constant which Morton et al. (1956) estimated to be about 0.09 for still air conditions. Any wind, or other air movement, will deflect the plume and effectively increase the entrainment constant (see also Section 4.3.4).

Finally, the conservation of energy may be represented by the following:
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where (T0 is the temperature excess over ambient on the axis at height z and 
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conv is the convective heat output from the source, i.e. the source strength. Heat losses from the plume (e.g. by radiation) are taken to be negligible.

Heskestad (1972, 1975) assumed that the variables b, u0 and (T0 are directly proportional to simple powers of z, the height, i.e.
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By substituting these three relationships into Equations (8), (9) and (10) and solving for s, m and n, assuming consistency of units, it can be shown that:
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where A = g/cpT( (( and T( is the ambient air temperature. As this derivation refers to a plume arising from a point source, a correction must be made for 'real sources'. This is done by identifying a 'virtual source' (Figure 4.9(b)), the location of which is such that the plume originating at that point will have identical entrainment characteristics to the real plume. Height is then measured from the virtual source which, for a real fire, will lie approximately z0 = 1.5Af 1/2 m below a fuel bed of area Af m2. This is based on the assumption that the plume spreads with an angle of ~15° to the vertical (Figure 4.9(b)) (Morton et al., 1956; Thomas et al, 1963). However, for large fires, a further correction is necessary. Yao (1980) reports that Kung has developed the expression
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where 
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 is the convective heat output per unit fuel area. Thus for 
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 = 433 kW/m2, the virtual source is at the fuel surface. This subject is discussed in greater detail by Heskestad (1983).

The proportionalities indicated in Equations (12)-(14) agree with those obtained in more fundamental treatments (e.g. Morton et al., 1956) and with formulae derived empirically by McCaffrey (1979) from detailed measurements of velocity and temperature distributions in the buoyant plume (region (iii)) above an experimental methane fire (Section 4.3.2) (Figures 4.8(b) and 4.17). They provide the basis for the scaling laws which can be used to correlate data and compare behaviour in situations which are 'similar' (see Section 4.4.4). As a simple example, consider the temperature at a height H1 directly above a source of convective heat output 
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. The same temperature will exist at a height H2 on the centreline of the buoyant plume from a similar source of heat output 
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where H´1 and H´2 refer to the heights above the respective virtual sources (Figure 4.9(b)). In this way, the product 
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. z-5/3 in Equation (14) (2 = H') is constant. Specific examples of the application of this type of analysis are given in Sections 4.3.3 and 4.4.3. In principle, a similar relationship should hold for the concentration of smoke particles. Heskestad (1972) quotes
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where C0 is the centreline concentration of combustion pro​ducts and 
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is the rate of burning, expressed as a mass flow. However, as 
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 for a given fuel. Equation (16) can be rewritten
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showing that the concentration of smoke follows (T (compare Equations (14) and (17)), i.e. if the term 
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 H-5/3 is main​tained constant, the concentration of smoke particles will be the same (for a given fuel bed). This is relevant to the operation of smoke detectors in geometrically similar locations of different heights.

4.3.2 The fire plume

The subdivision of the fire plume into three regions has been discussed briefly (p. 123). Flame exists in the near field and the intermittent zone, although it is persistent only in the former. This is illustrated by results of Chitty and Cox (1979) who mapped out regimes of 'equal combustion intensity' throughout a methane diffusion flame above a 0.3 m square porous burner. Using an electrostatic probe, they determined the fraction of time that flame was present at different locations within the fire plume and found that the most intense combustion (defined as flame being present for more than 50 per cent of the time) occurs in the lower region, particularly near the edge of the burner (Figure 4.10). (The low probability recorded immediate​ly above the centre of the burner is characteristic of Corlett's 'structured flames' (Figure 4.7) (Corlett, 1974).)

Visual estimates of average flame height are 10-15 per cent greater than the vertical distance on the flame axis to the point where flame intermittency is 50 per cent, as determined photographically (Zukoski et al., 1981 a,b).
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Figure 4.10 Intensity of combustion within a buoyant diffusion flame, shown as probability contours and compared with a typical instantaneous photograph of the flame. 0.3 m square porous burner, 
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=47 kW. Visual flame height, 1.0-1.2m (Chitty and Cox, 1979). (Reproduced by permission of The Controller, HMSO. ⓒ Crown copyright.)

The motion of the intermittent (oscillating) flames occupies a considerable propor​tion of the fire plume (Figures 4.11 and 4.12) and is quite regular, exhibiting a frequency which decreases as the area of the burning surface increases. This is shown in Figure 4.13 for alcohol fires (Porscht, 1971), although the observed rela​tionship seems to be more general. Thus, the 0.3 m square gas burner used by McCaffrey (1979) and Chitty and Cox (1979) gave flames with an oscillation frequency of 3 Hz (Figure 4.12), similar to that observed by Rasbash et al. (1956) for a 0.3m diameter petrol fire. The oscillations are generated by instabili​ties at the boundary layer between the fire plume and the surrounding air. These give rise to disturbances, the largest taking the form of axisymmetric vortex-like structures (Figure 4.14). Zukoski et al. (1981 a,b) have suggested that these play a significant part in determining the rate of air entrainment into the flame. The observed oscillations are a result of these structures rising upwards through the fire plume and burning out, thus exposing the upper boundary of the next vortex structure which becomes the new flame tip. This behaviour is quite characteristic of small diffusion flames and produces a 'flicker' which may be used to distinguish infra-red emission from a flame and that from a steady background source (Bryan, 1974).
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Figure 4.11  Intermittency of a buoyant diffusion flame on the axis of a 0.19 m porous burner. (, 
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=84.4 kW, l=l.16 m (Zukoski et al., 1981b).
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Figure 4.12 Intermittency of a buoyant diffusion flame burning on a 0.3m porous burner. The sequence represents 1.3s of cine film, showing 3 Hz oscillation (McCaffrey, 1979).
It is sometimes necessary to know the size of a flame above a burning fuel bed, as this will determine how the flame will interact with its surroundings, in particular whether it will reach the ceiling of a compartment or provide sufficient radiant heat to ignite nearby combustible items. The basic parameters which determine height were first derived by Thomas et al. (1961) who applied dimensional analysis to the problem of the 'natural' fire. They assumed that buoyancy was the driving force and that air for combustion of the fuel volatiles was entrained through the flame envelope. The tip of the flame was defined as the height at which sufficient air had entered the flame to burn the volatiles, and the following functional relationship was derived:
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in which ( is the flame height above the fuel surface, D is the diameter of the fuel bed, m and p are the mass flowrate and density of the fuel vapour, (T is the average excess temperature of the flame and g and p are the acceleration due to gravity and the expansion coefficient of air, respectively. The group g((T is indicative of the importance of buoyancy, which is introduced into the analysis in terms of the Grashof number (Equation (2.41)). Equation (18) contains the elements of Froude modell​ing (Section 4.4.4) in which the rate of burning (or rate of heat release) must scale with D5/2.
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Figure 4.13 Variation of flame flicker (oscillation) frequency with fuel surface area (alcohol flames) (Porscht, 1971).
This is shown clearly by Zukoski et al. (1981a) who compared data from a large number of sources, including results of their own, by plotting log (l/D) versus log (
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/D5/2) (Figure 4.15) where 
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is the rate of heat release (kW). They noted that for large values of l/D (> 6), the slope of this line was 2/5, indicating that the flame height is virtually independent of the diameter of the burner or fuel bed, i.e. giving (from their own data on visible flame heights)
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Figure 4.14 Schematic diagram of the axisymmetric vortex-like structures in the buoyant diffusion flame (after Zukoski elal., 1981a by permission).
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Figure 4.15 Dependence of flame height on heat release parameters (Zukoski,era/. 1981a). Interface height' refers to the vertical distance from the fire source to the lower boundary of the ceiling layer. Additional data of Thomas etal., (1961), Steward (1970). You and Faeth (1979), McCaffrey (1979) and Terai and Nitta (1975). By permission.
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However, this does not hold for l/D < 6. Thomas et al. (1961) obtained an empirical correlation for crib fires (3 < l/D < 10) which they expressed as:
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or
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while for l/D ( 2, the relationship between l/D and (
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/D5/2) is almost linear
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These observations are in essential agreement with the results of McCaffrey (1979), Thomas et al. (1961), and others; Steward (1970) not only obtained a substantial amount of data on turbulent buoyant diffusion flames but also carried out a fundamental analysis of the flame structure based on the conservation equations. One interesting conclusion derived from this study is that within its height the turbulent diffusion flame entrains a much greater quantity of air (400 per cent excess) than is required simply to burn the fuel gases.

Heskestad (1983) has correlated data from a wide variety of sources, including pool fires (Section 5.1) using the equation
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in which the non-dimensional number N is derived from a modified Froude number (Heskestad, 1981) and is given by:
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where Cp is the specific heat of air, (( and T( are the ambient air density and temperature, respectively, (Hc is the heat of combustion, and r is the stoichiometric ratio of air to volatiles. Given that most of the terms in Equation (25) are known (((Hc/r) ≪ 3000 kJ/kg, see Section 1.2.3), Equation (24) can be rewritten:
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The correlation is very satisfactory (Figure 4.16), although it has not been tested outside the range 7<
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Figure 4.16 Correlation of flame height data from measurements by Vienneau (1964). (O, methane; o, methane + nitrogen; ▽, ethylene; ▽, ethylene + nitrogen; □, propane; □, propane + nitrogen; △, butane; △, butane + nitrogen; ◇hydrogen): D'Sousa and McGuire (1977) (-----.natural gas); Blinov and Khudiakov (1957) (0, gasoline); Hagglund and Persson (1976b)(+,JP-4 fuel); and Block (1970) (- - -, Equation (4.24)). (From Heskestad (1983) by permission.)

Zukoski et al. (1981b) comment that for values of l/D < 1, the flame breaks up into a number of small flamelets which are apparently independent. Such behaviour is indicated in very large mass fires (Figure 4.7, D> 100m) (Corlett, 1974).

Average temperatures and gas velocities on the centreline of axisymmetric buoyant diffusion flames have been measured by McCaffrey (1979) for methane burning on a 0.3m square porous burner. The results clearly delineated the three regions of the fire plume, for each of which there were identifiable correlations between temperature (expressed as 2g (T/T(), gas velocity (normalized as u0 /
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), where z is the height above the burner surface. These are summarized in Table 4.2 and Figures 4.8 and 4.17. It can be seen that the average temperature is approximately constant in the upper part of the near field (persistent flaming) ((T = 800°C in these flames), but falls in the region of intermittent flaming to ~320°C at the boundary of the buoyant plume. Thus, one would expect the temperature at the average flame height as defined by Zukoski et al. (1981a,b) to lie in the region of 500 - 600°C. In fact, a temperature of 550°C is sometimes used to define maximum vertical reach, e.g. of flames emerging from the window of a flashed-over compartment (Bullen and Thomas, 1979) (see Section 10.2).
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Figure 4.17 Variation of centre-line temperature rise with height in a buoyant methane diffusion flame. Scales as z/
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(Table 4.2) (McCaffrey, 1979, by permission.)

The average centre line velocity within the near field is independent of fire size (
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) but increases as z1/2 to a maximum velocity which is independent of z in the intermittent region (Table 4.2). McCaffrey (1979) found that this maximum was directly proportional to
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, an observation which is signi​ficant in 'understanding the interaction between sprinklers and fire plumes. If the fire is too large ('strong source'), the downward momentum of the spray or the terminal velocity of the droplets may be insufficient to overcome the updraft and water will not penetrate to the fuel bed. This is discussed further in Section 4.4.3.

[image: image74.png]Table 4.2 Summary of centre line data for a buoyant methane
diffusion flame on 0.3 m square porous burner (McCaffrey, 1979)
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4.3.3 Interaction of the fire plume with compartment boundaries

With the unconfined plume, there are no physical barriers to limit vertical movement or restrict air entrainment across the plume boundary (i.e. the system is axisymmetric). If the source is close to a wall, or in a corner formed by the intersection of two walls, the resulting restriction on free air entrainment will have a significant effect. In a buoyant plume, temperature will decrease less rapidly with height as the rate of mixing with cold ambient air will be significantly less than for the unbounded case. In a fire plume, flame extension at a non-combustible wall will occur for the same reason, as the flame has to increase in size to give a large enough area through which to entrain air to burn the fuel volatiles. There appears to have been no systema​tic study of this effect on visible flame height, although the

effect on temperatures achieved at the ceiling of a compartment has been considered in some detail (see below). It should be noted that if entrainment into a diffusion flame is not axisyrn-metric, the flame will be deflected towards the restricting wall(s) as a result of the net directional flow of air into the fire plume (Figure 4.18). This effect will enhance upward flame spread on sloping (and vertical) combustible surfaces (Section 7.11) as well as encouraging fire spread to vertical surfaces from adjacent burning items (Section 9.2.4).

If the vertical extent of a fire plume is confined by a ceiling, the hot gases will be deflected as a horizontal ceiling jet, thus providing the mechanism by which combustion products are carried to ceiling-mounted fire detectors. 
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Figure4.18 Flame deflection near a vertical surface.
To enable the response of heat detectors to be analysed, the temperature distribution under the ceiling must be known. Alpert (1972) has provided correlations based on a series of large scale tests, carried out at the Factory Mutual Test Centre in which a number of substantial fires were burned below flat ceilings of various heights, H (Table 4.3). Temperatures were measured at different locations under the ceiling (Figure 4.19): it was found that at any radial distance (r) from the plume axis, the vertical temperature distribution exhibited a maximum (Tmax) close to the ceiling, at Y ≯ 0.01H (see Figure 4.19). Below this, the temperature fell rapidly to ambient (T() for Y ≯ 0.125H. These figures are valid only if horizontal travel is unconfined and a static layer of hot gases does not accumulate beneath the ceiling. This will be achieved to a first approximation if the fire is at least 3 H from the nearest vertical obstruction; however, if confinement occurs by virtue of the fire being close to a wall, or in a corner, the horizontal extent of the free ceiling from the point of impingement would presumably have to be much greater for this condition to hold. 

[image: image76.png]Table 4.3 Summary of the fire tests from which Equations (27) and
(28) were derived (Alpert, 1972)

Fuel Fuel array size  Fire intensity Ceiling height
(m) (MW) (m)

Heptane spray 3.7 m diameter 7.0-22.8 46-79
Heptane pan® 0.6 X 0.6 1.0 7.6
Ethanol pan 1.0 x 1.0 0.67 8.5
Wood pallets” 1.2x12x1.5 4.9 6.1
Cardboard boxes 24x2.4x4.6 39 13.7
Polystyrene in

cardboard boxes 2.4%x2.4x4.6 98 13.7
PVC in cardboard

boxes 2.4x2.4%x4.6 35 13.4
Polyethylene

pallets 1.2x1.2%x2.7 42-11.4 15.5

¢ Located in a 90° corner.




Alpert (1972) showed that the maximum gas temperature (Tmax) near the ceiling at a given radial position r could be described by the steady-state equations:
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if r > 0.18 H, while for r ( 0.18 H (i.e. within the area where the plume impinges on the ceiling),
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Figure 4.19 The fire plume and its interaction with a ceiling (after Alpert, 1972).

Where 
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(kW) is the rate of heat release (or 'fire intensity'). If the fire is by a wall, or in a corner, the temperature will be enhanced because the flow under the ceiling is restricted (Figure 4.19). This can be accounted for in Equations (27) and (28) by multiplying 
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by a factor of two or four, respectively. The dependence of Tmax on r and H for a 20 MW fire according to these equations is shown in Figure 4.20. Such information may be used to assess the response of heat detectors to steady burning or slowly developing fires (Section 4.4.2).

If the ceiling is sufficiently low (or the fire sufficiently large) for direct flame impingement, not only will the flame be deflected horizontally (as a ceiling jet), but it will undergo considerable extension because the rate of air entrainment is greatly reduced. This is due principally to the relatively stable configuration that is achieved, i.e. that of a buoyant hot gas flowing over cold air. The density difference acts against the mixing process and, consequently, it takes longer for the fuel vapours to burn out. The extension of flames under ceilings can be an important stage in fire growth in enclosures. This phenomenon was first investigated by Hinkley et al. (1968) who studied the deflection of diffusion flames, produced on a porous bed gas burner, by an inverted channel with its closed end
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Figure 4.20 Gas temperatures near the ceiling according to Equations (27) and (28), for a large-scale fire (
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=20 MW) for different ceiling heights (see Figure 4.19). Note that the formulae are unlikely to apply for the 5 m ceiling because of flame impingement (after Alpert, 1972).

located above the burner (Figure 4.21). The lining of the channel was incombustible. This situation models behaviour of flames under a corridor ceiling and is easier to examine than the unbounded ceiling. The appearance and behaviour of the flames .were found to depend strongly on the height of the ceiling above the burner (h in Figure 4.21) and on the gas flowrate: thus if sufficient air was entrained in the vertical portion of the flame, the horizontal flame was of limited extent and burned close to the ceiling. Alternatively, with high fuel flowrates or a low ceiling (small h), a burning, fuel-rich layer was found to extend towards the end of the channel with flaming occurring at the lower boundary. The difference be​tween these two regimes of burning is illustrated clearly in Figure 4.22, which shows vertical temperature distributions below the ceiling at 2.0 m and 5.2 m from the closed end (Figure 4.21). Hinkley et al. (1968) found that for air-rich town gas flames
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where (h is the horizontal flame length as measured from a 'virtual origin' (Figure 4.21) and 
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is the mass flowrate of gas per unit width of channel―i.e. (h (
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. In these experi​ments, the horizontal distance to the virtual origin (x0) was approximately 2 h, and the burner surface was never more than 1.2 m below the ceiling. The transition to fuel-rich flames was
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Figure 4.21 (a) Deflection of a flame beneath a model of a corridor ceiling (longitudinal section) showing the location of the 'virtual origin'. T1 and T2 identify the locations of the vertical temperature distributions shown in Figure 4.22. (b) Transverse section A-A. Not to scale (after Hinkley etal., 1968). (Reproduced by permission of The Controller, HMSO. ⓒ Crown copyright.)
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Figure 4.22 Vertical temperature distributions below a corridor ceiling for fuel-lean ((,()and fuel-rich ((, () horizontal flame extensions. Closed and open symbols refer to points 2 m and 5 m from the axis of the vertical fire plume respectively (T1 and T2 in Figure 4.21) (Hinkley etal., 1968). (Reproduced by permission of The Controller, HMSO. ⓒ Crown copyright.)

found to occur at a critical value of (
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/(0g1/2.d 3/2) ≈ 0.025 (where d = depth of the layer of hot gas beneath the ceiling), above which greater flame extension is observed.

Babrauskas (1980) has reviewed the available information on the behaviour of flames under non-combustible ceilings and has shown that the horizontal flame extension can be related to the 'cut-off height', hc in Figure 4.23. His analysis, which is very approximate and relies on a large number of assumptions, examines how much air must be entrained in the horizontal flame to burn the fuel gases which flow into the ceiling jet. Some of his conclusions are summarized in Table 4.4 for
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Figure 4.23  Deflection of a flame beneath a ceiling, illustrating Babrauskas' 'cut-off height' hc. A = location of the flame tip in the absence of a ceiling: B = limit of the flame deflected under the ceiling (after Babrauskas, 1980, by permission).

illustrative purposes: these figures refer to 
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= 500 kW and H = 2 m, and are based on flame heights ((f) calculated from McCaffrey's (1979) expression for the height of the boundary between the intermittent region and the buoyant plume (Figure 4.17) (Table 4.1), i.e.
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The effect of such confinement even with a non-combustible ceiling is clear (cf. Figure 4.19). If the lining is combustible, then flame extension will be even greater as volatiles are evolved from the lining material (Hinkley and Wraight, 1969).

[image: image93.png]Table 4.4 Flame extension under ceilings: Qc =05MWandH=2m
(Babrauskas, 1980a,b) (Figure 4.23)

Configuration h.th
Unrestricted plume, 1.5
unbounded ceiling

Full plume, quarter ceiling” 3.0

Quarter plume, quarter ceiling 12

Corridor Dependent on width

% Fire located in a corner but not close enough for flame attachment as in
Figure 4.18.




4.3.4 The effect of wind on the fire plume

In the open, flame will be deflected by any air movement, the extent of which will depend on the wind velocity. Studies on the effect of wind on LNG pool fires led Raj et al. (1979) to propose the relationship (based on earlier work by Thomas (1965))
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and
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where 6 is the angle of deflection (Figure 4.24(a)) and
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in which (( and (f are the densities of ambient air and the fuel vapour respectively and (Hc is the heat of combustion. V is a 
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Figure 4.24 (a) Deflection of a flame by wind. (b) Relationship between ( and v/u according to Equation (31) for LNG (after Quintiere et al., 1981).

dimensionless windspeed, given by v/u* where v is the actual windspeed and u* is a characteristic plume velocity (e.g. Equation (46)). A plot of ( versus V for methane (i.e. LNG) is shown in Figure 4.24(b).

On open sites, as encountered in petrochemical plants, deflection of flames by wind can create hazardous situations. In plant layout, this should be taken into account when the consequences of fire incidents are being considered. A rule of thumb that is commonly used is that a 2 m/s wind will bend the flame by ( = 45°, and for fires near the ground (e.g. bund fires) the flame will tend to hug the ground downwind of the fuel bed, to a distance of ~ 0.5 D, where D is the fire diameter (Robertson, 1976; Lees, 1980). This can significantly increase the fire exposure of items downwind, either by causing direct flame impingement, or by increasing the levels of radiant heat flux (Pipkin and Sliepcevich, 1964).

Air movement tends to enhance the rate of entrainment of air into a fire plume. This is likely to promote combustion within the flame and thus reduce its length, although this has not been quantified. However, an investigation has been carried out on entrainment into flames within compartments during the early stages of fire development to determine the influence of the directional flow of air from the ventilation opening. Quintiere et al. (1981) have shown that the rate may be increased by a factor of two or three, which could have a significant effect on the rate of fire growth.

4.4 Some practical applications

Research in fire dynamics has provided concepts and techniques which may be used by the practicing fire protection engineer to predict and quantify the likely effects of fire. This can be illustrated by drawing together some of the information intro​duced in the previous sections. Three important topics are discussed below, namely radiation from flames, the operation of detectors and the interaction of water sprays with the fire plume. However, it should be remembered that this is a developing subject and that the examples given here cannot cover all possible aspects of practical application. Consequent​ly, the reader is encouraged to be continuously on the lookout for new applications of the available knowledge, either to improve existing techniques or to develop new ones. This chapter finishes with a brief review of modeling techniques that are in current use
.

4.4.1 Radiation from flames

It was shown in Sections 2.4.2-3 that the radiant heat flux received from a flame depends on a number of factors, includ​ing flame temperature and thickness, concentration of emitting species and the geometric relationship between the flame and the 'receiver'. While considerable progress is being made towards developing a reliable method for calculating flame radiation, a high degree of accuracy is seldom required in 'real world' fire engineering problems, such as estimating what level of radiant flux an item of plant might receive from a nearby fire in order that a water spray system might be designed to keep the item cool (e.g. storage tanks in a petrochemical plant).

Two approximate methods are available (Lees, 1980), both of which require a knowledge of the flame height ((), which may be obtained from Equation (26
).
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The rate of heat release (
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) may be calculated from:
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where Af is the surface area of the fuel (m2). If 30 per cent of the heat of combustion is radiated, then the rate of release of radiant energy will be
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In the first method, it is assumed that 
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r , originates from a point source on the flame axis at a height 0.5( above the fuel surface. The heat flux (
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) at a distance R from the point source (P) is then:
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as illustrated in Figure 4.25, where R2 = ((/2)2 + d2, d being the distance from the plume axis to the receiver, as shown. Howev​er, if the surface of the receiver is at an angle ( to the line-of-sight (PT), the flux will be reduced by a factor sin(.
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Consider a fire on a 10m diameter tank of gasoline. Given that this will burn with a regression rate of 5 mm/min (Section 5.1.1, Figure 5.1) corresponding to a mass flowrate of 
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= 0.058 kg/m2.s, then as ( = 45 kJ/g (Table 1.13), the rate of heat release according to Equation (32) will be 206 MW. The heat flux at a distance according to Equation (35) is shown in Figure 4.26. It can be seen that it does not apply at short distances for the geometry specified in Figure 4.25.

In the second method, the flame is approximated by a vertical rectangle, ( × D, straddling the tank in a plane at right angles
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Figure 4.25 Estimating the radiant heat flux received at point Thorn a pool fire, diameter D. Equivalent point source at P.
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Figure 4.26 Variation of incident radiant heat flux (
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.T) with distance from a 10 m diameter tank of gasoline (see Figure 4.25). (a) assuming point source: (b) assuming that the flame behaves as a vertical rectangle, ( × D.
to the line of sight. The net emissive power of one face of this rectangle would then be:
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The radiant flux at a distant point can then be obtained from:

[image: image111.png]q"c1 = OF (37




Values of 
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.T calculated by this method for the above prob​lems are also shown in Figure 4.26. Higher figures are obtained because the emitter is treated as an extended source: provided that d > 2D, values of 
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.T are about double those obtained from Equation (35). For this reason, use of Equations (36) and (37) would tend to err on the side of safety, although certainly overestimating the heat flux as combustion is assumed to be 100 per cent efficient. Moreover, the effects of temperature gra​dients and obscuration of thermal radiation by soot out with the burning regions of the flame are neglected.

The above calculation assumes that the flames are vertical and are not influenced by wind. If the presence of wind has to be assumed, then the appropriate flame configuration can be deduced from information presented in Section 4.3.4.
4.4.2 The response of ceiling-mounted fire detectors

In Section 4.3,3, it was shown that the temperature under a ceiling could be related to the size of the fire (
[image: image114.wmf]Q
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), the height of the ceiling (H) and the distance from the .axis of the fire plume (r) (Figure 4.20) (Alpert, 1972). Equations (27) and (28) may be used to estimate the response time of ceiling-mounted heat detectors, provided that the heat transfer to the sensing ele​ments can be calculated. Of course, it is easy to identify the minimum size of fire (
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) that will activate fixed-temperature heat detectors, as Tmax ( TL, where TL is the temperature rating. Thus, from Equations (27) and (28), for r > 0.18H-,
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and for r ( 0.18^;
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If the detectors are to be spaced at 6 m centres on a flat ceiling in an industrial building, then the maximum distance from the plume axis to any detector head is (0.5 x 62)1/2, or r = 4.24 m. Thus, for the worst case
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showing that for a given sensor, the minimum size of fire that may be detected is proportional to H3/2. Substituting H = 10 m and T, = 20°C, and assuming TL = 60°C, then the minimum size of fire that can be detected in a 10m high enclosure is 2.7 MW.

However, rapid activation of the detector will require a high rate of heat transfer (
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) to the sensing element of area A which, consequently must be exposed to a temperature significantly in excess of TL. The rate will be given by (Equation (2.3))
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where h, the heat transfer coefficient for forced convection, will be a function of the Reynolds and Prandtl numbers (Section 2.3).

The response time (f) of the sensing element can be derived from Equations (2.20) and (2.21), setting Tmax as the steady fire-induced temperature at the head and T (the temperature of the element at time of response) as TL: thus,
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where Mc is the thermal capacity of the element and A is its surface area (through which heat will be transferred) and (TL and (Tmax are TL - T( and Tmax - T(, respectively. The quantity Mc/Ah is sometimes referred to as the time constant of the detector, but while Mc/A is readily calculated, it is very difficult to estimate h from first principles. However, as it refers to forced convection, then assuming quasi-laminar flow (cf. Equation (2.39) and Table 2.2), h ( V1/2 where V is the gas velocity at the detector head, allowing the following equation to be written:
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where t0, V0 and (Tmax.0 refer to the response time of the detector under specific test conditions (
[image: image123.wmf].
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H0 and r0). Alpert (1972) gives the following expressions for gas velocity under the ceiling: within the buoyant plume (r( 0.18H),

[image: image124.png]V = 0.946(Q/H)"* m/s (44)




which refers to the vertical flow beneath the ceiling (Y ( 0.125H) (cf. Table 4.1 (McCaffrey, 1979)), while in the ceiling jet (r > 0.18 H)
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The latter depends strongly on Y (Figure 4.19) and will apply for Y ( 0.01H.

Appropriate expressions for V and V0 (Equations (44) and (45)) and (T( and (T(,0 (Equations (27) and (28)) can then be substituted into Equation (43) to enable the response time to be calculated for the detector in a new location where the potential fire exposure is different. This method may be used to show that no advantage is to be gained by spacing the detectors at intervals closer than 0.25H, although economic factors normal​ly dictate much greater separation, an upper limit to which is recommended in appropriate standards (e.g. British Standards Institution, 1980a).

Alpert's equations refer to steady state, or very slowly developing fires burning under a horizontal ceiling of unlimited extent. They will not apply to ceilings of significantly different geometries. Obstructions on the ceiling should represent no more than I per cent of the height of the compartment. Moreover, higher temperatures and greater velocities would be anticipated if the fire was close to a wall or in a corner (Section 4.3.3).

4.4.3 Interaction between sprinkler sprays and the fire plume

The maximum upward velocity in a fire plume (u (max)) is achieved in the intermittent flame, corresponding to z/
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= 0.08 to 0.2 in Table 4.2 (McCaffrey, 1979): thus, McCaffrey's data give
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where
[image: image128.wmf]c

Q

&

is in kW.

For a sprinkler to function successfully and extinguish a fire, the droplets must be capable of penetrating the plume to reach the burning fuel surface. Rasbash (1962) and Yao (1976) identified two regimes, one in which the total downward momentum of the spray was sufficient to overcome the upward momentum of the plume, while in the other the droplets were falling under gravity. In the gravity regime, the terminal velocity of the water drops will determine whether successful penetration can occur. In Figure 4.27, the terminal velocity for
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Figure 4.27 Terminal velocity of water drops in air at three temperatures (adapted from Yao, 1980). The right-hand ordinate gives the fire size for which u0 (max) (Equation (46)) is equal to the terminal velocity given on the left-hand ordinate.

water drops in air at three different temperatures is shown as a function of drop size. For comparison, values of 
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(MW) (for which u0 (max) correspond to the terminal velocities shown on the left-hand ordinate) are given on the right-hand ordinate, referring to McCaffrey's methane flames. Thus, in the 'gravity regime', drops less than 2 mm in diameter would be unable to penetrate vertically into the fire plume above a 4 MW fire. This can be overcome by generating sufficient momentum at the point of discharge but this will be at the expense of droplet size. Penetration may then be reduced by the evaporative loss of the smallest droplets as they pass through the fire plume. Although this will tend to cool the flame gases, it will contribute little to the control of a fast-growing fire.

It is outwith the scope of the present text to explore this subject further, but the above comments indicate some of the problems that must be considered in sprinkler design. Although development of the sprinkler has been largely empirical, there is now a much sounder theoretical base on which to progress (Rasbash, 1962; Yao, 1980).

4.4.4 Modeling

Many problems in engineering have been resolved satisfactorily by applying modeling procedures which permit full scale behaviour to be predicted from the results of small scale tests. The prerequisite is that the model is 'similar' to the prototype in the sense that there is a direct correlation between the re​sponses of the two systems to equivalent stimuli or events (Hottel, 1961). Scaling the model is achieved by identifying the important parameters of the system and expressing these in the form of relevant dimensionless groups (Table 4.5). For exact similarity, these must have the same values for the prototype and the model, but in fact it is not possible for all the groups to be preserved. Thus, in ship hull design, small scale models are used for which the ratio L/V2 (L=length scale and V=rate of flow of water past the hull) is identical to the full-scale ship, so that the Froude number (V2/gL) is preserved, although the Reynolds number (VL(/u) must vary. Corrections based on separate experiments can be made to enable the drag on the full scale prototype to be calculated from results obtained with the low-Reynolds number model (Friedman, 1971).

There are obvious advantages to be gained if the same approach could be applied to the study of fire. The number of dimensionless groups that should be preserved is quite large as the forces relating to buoyancy, inertia and viscous effects are all involved. However, there are two methods that are avail​able, namely Froude modeling and pressure modeling. Froude
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modeling is possible for situations in which viscous forces are relatively unimportant and only the group u2((/(g (
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need be preserved. This requires that velocities are scaled with the square root of the principal dimension, i.e. u/(1/2 is maintained constant. In a fire situation when turbulent conditions prevail, viscous forces can be neglected, but the velocity is determined by convective flows created by the fire itself. It can be shown theoretically using dimensional analysis that u is proportional to 
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(e.g. de Ris, 1973): this same result was deduced empirically from the data obtained by McCaffrey (1979) on the be​haviour of buoyant methane diffusion flames (Equation (46)). Consequently, for Froude modelling of fires, geometry must be preserved and the heat output of the fire must be scaled with the five-halves power of the principal dimension, i.e. 
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/(5, must also be preserved. This quotient has already been encountered in the correlation of data on flame heights (Thomas et al. 1961; Zukoski et al. 1981a (Figure 4.15); and others) on temperatures and velocities in the fire plume (McCaffrey, 1979, see Table 4.2 and Figures 4,8(b) and 4.17) and on ceiling temperatures exposed to a fire at ground level (Alpert, 1972, Equation (28)). Heskestad (1975) has shown how this method of modelling may also be used successfully for sprinklered fires. However, limitations on Froude modelling are found when viscous effects become important, e.g. in laminar flow situa​tions, and when transient processes such as flame spread are being modelled as the response times associated with transient heating of solids follow different scaling laws (de Ris, 1973).

Pressure modelling has the advantage of being able to cope with both laminar and turbulent flow. The Grashof number may be preserved in a small scale model if the pressure is increased in such a way as to keep the product (2(3 constant. This can be seen by rearranging the Grashof number thus:

[image: image136.png]



where ((the dynamic viscosity), g and (((/() are all indepen​dent of pressure. Thus, an object 1 m high at atmospheric pressure could be modelled by an object 0.1 m high if the pressure was increased to 31.6 atm. In experiments carried out under these conditions, it is also possible to preserve the Reynolds number for any forced flow in the system.
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In designing the experiment, ( has been scaled with (-2/3 so that u (the velocity of any imposed air flow) must be scaled with (-1/3 to maintain a constant Reynolds number. The Froude number is then automatically conserved, as Fr=Re2/Gr. The validity of this modelling technique has been explored by de Ris (1973). It can account most satisfactorily for situations in which radiation from the flame to the fuel is unimportant in compari​son with convection.
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