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CHAPTER 18



SPREADING OF COLD DENSE CLOUDS M. Nielsen Risø National Laboratory, Roskilde, Denmark



18.1



INTRODUCTION Emissions from a pressure-liquefied or refrigerated gas storage often produce a cloud which is both heavier and colder than the ambient air. Horizontal spreading is enhanced by gravity, whereas vertical mixing is reduced by density stratification similar to dispersion of an ordinary dense gas cloud. The objectives of this section are to identify the differences induced by the temperature deficit. First, the cloud density depends on a heat balance, which if the entrained air is moist, must include heat of condensation. Another significant difference is the heat convection from the warm ground to the cold gas mixture that gradually modifies the cloud temperature and thereby the density. Finally, the heat convection is an additional source of turbulence which tends to enhance the mixing. From a risk-analysis point of view, the thermally-induced processes are mitigating factors.



18.2 18.2.1



DENSITY CALCULATIONS Homogeneous Equilibrium



Numerical models of cold dense gas dispersion predict cloud dynamics, temperature, and phase composition in parallel to its dispersion. The documentation often contains a reference to the homogeneous equilibrium assumption (HEA). This means that the aerosol and gas phases are supposed to have the same temperature and that the contaminant partial pressure in the gas phase is equal to the saturation vapor pressure. HEA is a computationally convenient assumption since it allows calculation of the thermodynamic state by a submodel independent of cloud dynamics. The appropriate thermodynamic relations depend on the contaminant properties, e.g., its water solubility, and it is practical to implement these as exchangeable modules in the dispersion code. HEA is not strictly valid during aerosol evaporation, since the exchange of heat and matter between the two phases requires spatial gradients in the boundary layer surrounding each aerosol (Vesala and Kukkonen, 1992). It does, however, predict the mixture density with sufficient accuracy except when aerosols are very large, e.g., greater than 100  for ammonia (Kukkonen et al., 1994). 18.1
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TABLE 18.1 Cloud Composition before and after Aerosol Formation



Vapor



Gas Dry air H2O Total Aerosol Gas H2O Total



18.2.2



Before condensation



At equilibrium



c (1 ⫺ q) 䡠 (1 ⫺ c) q 䡠 (1 ⫺ c) 1 0 0 0



(1 ⫺ ␣) 䡠 c (1 ⫺ q) 䡠 (1 ⫺ c) (1 ⫺ ␣w) 䡠 q 䡠 (1 ⫺ c) 1 ⫺ ␣ 䡠 c ⫺ ␣w 䡠 q 䡠 (1 ⫺ c) ␣䡠c ␣w 䡠 q 䡠 (1 ⫺ c) ␣ 䡠 c ⫹ ␣w 䡠 q 䡠 (1 ⫺ c)



The Mole Budget



The rapid expansion associated with a flash-boiling jet from a pressure-liquefied storage fragmentizes the remaining liquid phase into tiny airborne aerosols, which follow the gas flow. In the following, we assume perfect mixing of contaminant and humid air, although it should be said that part of the liquid might rain out under certain conditions, such as when a two-phase jet hits an obstacle. Two-phase density calculations require some bookkeeping, as shown in Table 18.1. This table describes mixture composition by its overall contaminant concentration, c, the water concentration of the diluting air, q, and the degrees of condensation (␣, ␣w) for contaminant and water vapor, respectively. The mole budget provides useful ratios, e.g., the overall degree of condensation (␣tot ⫽ ␣ 䡠 c ⫹ ␣w 䡠 q 䡠 (1 ⫺ c). When the terms in the right-hand column are normalized by the contents of each phase, we obtain gas-phase concentrations (,  a,  w ) [mole mole⫺1] of contaminant, dry air, and humidity, respectively, and liquid-phase concentrations (X, Xw ) [mole mole⫺1]. These concentrations are related by  ⫹  a ⫹  w ⫽ 1 and X ⫹ Xw ⫽ 1. The gas-phase mixture is considered an ideal gas, and in this case Dalton’s law states that concentrations are equal to partial pressures divided by the overall pressure p (N m⫺2). According to HEA, these partial pressures are equal to the saturation pressures of the liquid aerosols. The appropriate description of such saturation pressures depends on the circumstances (see Table 18.2). A hydrocarbon gas does not readily dissolve in water, and therefore two sets of immiscible aerosols will exist in independent equilibrium with the gas phase. Raoult’s law describes equilibrium over dilute mixtures, whereas equilibrium over nonideal binary solution requires contaminant-specific empirical models. An example of the latter is Wheatley’s model, which states that:



再



冎



A(X ) psat(X, T ) ⫽ p0 exp ⫺ ⫹ B(X ) T



(18.1)



This is almost the same as the often-used exponential approximation, except that A and B here are functions of the liquid composition rather than fixed constants. The model was calibrated by experimental data on aqueous solutions of hydrogen fluoride (Wheatley, 1986) and ammonia (Wheatley, 1987).



TABLE 18.2 Homogeneous Equilibrium Models



Immiscible aerosols Raoult’s law Wheatley’s binary aerosol model



 ⫽ psat(T ) / p  ⫽ X 䡠 psat(T ) / p  ⫽ X 䡠 psat(T, X ) / p
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The Enthalpy Budget



Phase composition depends on mixture temperature T (K), which is found by the enthalpy budget: (T ⫺ Ta) 䡠 [cMcp ⫹ (1 ⫺ c) 䡠 ((1 ⫺ q) 䡠 Mac ap ⫹ q 䡠 Mwc pw)] ⫹ ⌬ Hcon ⫽ ⌬ H (18.2) Here ⌬ H is the mixture enthalpy [J kg⫺1] defined with the air temperature, Ta, and pressure, p, as the reference state, and emission from a liquefied gas storage therefore results in negative mixture enthalpy ⌬ H ⬍ 0. The symbols (M, Ma, Mw) and (cp , c ap , c wp ) refer to molar weights [mole kg⫺1] and heat capacities [J (K kg) ⫺1], and ⌬ Hcon is the enthalpy change by aerosol formation. ⌬ Hcon ⫽ c ␣ ML ⫹ (1 ⫺ c)q␣w MwLw ⫹ ␣tot ⌬ Hmix



(18.3)



Here (L, Lw) are latent heats [J kg⫺1] of contaminant and water, respectively, and ⌬ Hmix is the heat of reaction in nonideal liquid mixtures, e.g., estimated by Wheatley’s model. We neglect the kinetic energy term in Eq. (18.2) since this will be insignificant compared to the heat of evaporation, even in a flash-boiling jet (Nielsen et al., 1997). The specific volume of the two-phase mixture is the sum of the specific volumes of the two phases: ⫺1 ⫺1 ⫽ (1 ⫺ ␣tot) 䡠  ⫺1 gas ⫹ ␣tot 䡠  liq



(18.4)



where ( , gas, liq) are densities [kg m⫺3] of the mixture and its two phases. The liquidphase density may be regarded as constant, whereas the ideal gas law determines the gasphase density: gas ⫽



p ( M ⫹ a Ma ⫹ w Mw ) RT



(18.5)



where R ⫽ 8.314 J (K mole)⫺1 is the universal gas constant. Numerical solution of mixture composition generally involves an iteration, since equilibrium saturation pressure depends on temperature which in turn depends on the degree of condensation. Density calculation of chemically active mixtures relies on mole budgets similar yet slightly more complex than those shown in Table 18.1. The composition will depend on the degree of reaction, which in the ideal case, is determined by the law of mass action. The heat of reaction will contribute to the enthalpy budget in Eq. (18.2).



18.2.4



Dry Adiabatic Mixing



As the cloud is mixed with air, its temperature will rise to the dewpoint where the aerosols evaporate. The enthalpy of condensation will cease to contribute to the heat balance ⌬ Hmix ⫽ 0 when the mixture becomes a homogeneous gas phase and density calculation becomes much simpler. Consider further the idealized case of adiabatic mixing in which the cloud receives heat from no other sources than the diluting air. The mixture enthalpy will then relate to the source enthalpy by ⌬ H ⫽ c 䡠 ⌬ H0, and inserting these simplifying conditions in the above equations, we obtain the following formula: ⌬ ⫽ a



再



Ma ⫹ c 䡠 ⌬ M ⌬M ⌬ H0 ⫺1⬇c䡠 ⫺ c 䡠 Ma⌬ H0 Ma Mac pa Ta Ma ⫹ [(1 ⫺ c) 䡠 Mac ap ⫹ c 䡠 Mcp]



冎



(18.6)
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Here ⌬ is the density difference between mixture and air and ⌬M is the molar weight difference between contaminant and air now including humidity. The linearization is justified for a dilute mixture c ⬍⬍ 1. The density effect of a source enthalpy deficit is seen to be equivalent to excess molar weight and consequently we define an ‘effective’ molar weight by: M* ⫽ M ⫺



⌬ H0 c ap Ta



(18.7)



This may be used for scaling isothermal wind tunnel simulations of two-phase releases, still assuming dry adiabatic mixing.



Wet Adiabatic Mixing



Figure 18.1 is a comparison of the simple M* approximation and more refined phasetransition models. The mixing is assumed to be adiabatic and the release conditions correspond to the most humid case of the FLADIS ammonia field experiments (Nielsen et al., 1997; Nielsen and Ott, 1996). Wheatley’s model (solid line) is the most accurate one since this includes the hygroscopic effect of ammonia. This solution may be divided into three domains: dry mixing, nearly pure-water aerosols, and nearly pure ammonia aerosols. Experimentation with the model input reveals that atmospheric moisture affects the aerosol formation in two ways: the relative humidity determines the limit of transition between the
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M * a p p ro x im atio n H 2 O a ero so ls 1



Im m iscib le a e ro so ls H y g r o sc o p ic a e r o so ls
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M ix tu re C o n cen tra tio n , c [ m o le % ] FIGURE 18.1 Four models of the density difference of a two-phase mixture of ammonia and humid air as a function of concentration.
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dry and wet mixing, while the absolute humidity, depending on air temperature, determines the magnitude of deviation from dry mixing. The immiscible aerosol model (dashed line) is doing surprisingly well, with just a slight overprediction of the density in the domain of almost pure-water aerosols. Most dense gas sources provide substantial initial dilution, which makes the initial domain with almost pure contaminant aerosols irrelevant for the dispersion process. Therefore, the relatively simple pure-water condensation model (thin line) is usually adequate for practical dispersion calculations. It is in fact applied by the publicly available dense-gas dispersion models HEGADAS (Witlox, 1994), DEGADIS (Spicer and Havens, 1986), and SLAM (Ermak, 1990), in contrast to DRIFT (Webber et al., 1992) which offers a wide range of exchangable phase-transition modules. The M* approximation (dotted line) describes the domain of dry mixing quite well but has a deviation of up to 78% in the domain of almost pure-water aerosols. The test scenario is, however, a demanding one, partly because of the high relative humidity and partly because of the large heat of evaporation and low molar weight of ammonia. The M* approximation will be more successful for highmolar-weight compounds released in less humid air.



18.3



BUOYANCY CHANGE BY SURFACE HEAT FLUX In the nonisothermal laboratory experiments of Meroney and Neff (1986), heat transfer from the surface was found to reduce cloud density. These authors even observed a cold and initially heavy methane plume lift off the ground at the downwind distance where heat transfer from the wind tunnel floor had made the plume buoyant. Ruff et al. (1988) measured the heat balance of a cold nitrogen gravity current and identified heat transfer from the wind tunnel floor as the main cause of the volume-integrated buoyancy change. The dynamic effect of this was clearly demonstrated by the experiments of Gro¨ belbauer (1995), who studied a similar gravity current advancing over a surface with controllable temperature, and the front velocity was observed to slow down when the heat transfer was turned on. Britter (1987) reviewed the scaling laws for simultaneous dense-gas dispersion and surface heat transfer and concluded that additional constraints had to be imposed on the thermal diffusivity and heat capacity of the simulant gas in the limit of forced convection. He found that free convection was impossible to model correctly. These scaling-law difficulties were also recognized by Meroney and Neff (1986), who estimated that heat-transfer effects should be weaker though probably still significant in full-scale releases in the atmosphere. Kunsch and Fanneløp (1995) found and experimentally verified an analytical solution for simultaneous heat transfer and gravitational spreading in a calm environment. The significant transfer mechanism in an emission of cryogenic gas (LNG) was identified as free convection. With a well-insulated surface the entrainment was found most intense in the region just behind the advancing front and the ground surface temperature under the cloud decreased substantially.



18.3.1



Diabatic Mixing



The surface heat flux depends on cloud temperature, and therefore it is a function of cloud dilution and time history of the heat flux upstream of the observation point. The effect of surface heat flux has to be considered in the context of dispersion and to this end we shall apply a simplistic box model containing the essential cloud dynamics. The heat flux  [W m⫺2] is parameterized by:  ⫽  [(1 ⫺ c) 䡠 c ap ⫹ c 䡠 cp] 䡠 chu(T ⫺ Ts)



(18.8)



where ch is an exchange coefficient, u is the plume velocity, and T ⫺ Ts is the temperature difference between the cloud and surface. A momentum balance involving the source and
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M ix tu re C o n cen tra tio n , c [ m o le % ] FIGURE 18.2 Predicted heat-flux effect on the density difference of a propane plume as a function of concentration. Release conditions are given in Table 18.3.



entrained air and surface friction determines the plume velocity. Cloud dilution is determined by the entrainment function of Britter (1988) ue 2.85 ⫽ u* 6.95 ⫹ Riu*



(18.9)



where ue is the entrainment rate (m s⫺1) into the cloud and Riu* is the cloud Richardson number, defined by the height of the cloud h (m) and the in-plume friction velocity u* [m s⫺1]. Figure 18.2 presents the predicted plume density as a function of concentration using the release conditions listed in Table 18.3. For simplicity, we restrict ourselves to dry mixtures and chose the initial condition as the thermodynamic state in which all liquid material has evaporated and the temperature is the boiling point Tb. The corresponding initial concentration c0 is given by:



TABLE 18.3 Release Conditions for Calculations Presented in Fig. 18.2



Reference case Comparison cases



m ˙ ⫽ 3 kg s⫺1 C3H8(l) u10 ⫽ 2 m s⫺1 1:  ⫽ 0



z0 ⫽ 0.01 m pa ⫽ 100 kNm⫺2 Ta ⫽ 288 K R.H. ⫽ 0% 2: 3 ⫻ dilution 3: u10 doubled 4: ue doubled
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c0ML ⫽ (Tb ⫺ Ta) 䡠 [(1 ⫺ c0) 䡠 Mac pa ⫹ c0 䡠 Mcp ]



18.7



(18.10)



The model is initiated at this condition and approaches lower concentrations during the dispersion process, i.e., the calculation progess toward the lower-left corner of Fig. 18.2. The density of the reference case (thick solid line) is significantly different from the case of no heat transfer (case 1, thin solid line), and the effect is seen to accumulate. This development is most significant at the beginning of the dispersion process, when the temperature difference is large. In the later stages of the dispersion process, the mixture has lost about half of its initial buoyancy difference. The heat-transfer effect becomes less significant with enhanced source dilution (case 2). The plume from an elevated release will warm up before touching the ground and this moderates the heat-transfer effect. Other moderating factors are increased wind speed (case 3) and enhanced entrainment rate (case 4). The model did not suggest a significant dependence on release rate or initial plume width. 18.3.2



Enthalpy Budgets in the Field



Laboratory experiments indicate a significant effect of the surface heat flux on cloud density. However, in light of the known scaling-law difficulties (Britter, 1987), it is necessary to seek additional evidence from large-scale field experiments. Variable atmospheric wind conditions makes the integral heat balances quite difficult, and as an alternative, Nielsen and Ott (1999) preferred to test whether local cloud enthalpies were in accordance with the assumption of adiabatic mixing. Figure 18.3 illustrates how this local enthalpy was found. The gas concentration c and cloud temperature T were measured at close positions, whereas the ambient temperature Ta was represented by the measurements of an unexposed reference thermometer at the top of the mast. In order to adjust the pretrial enthalpy deficit to zero, the temperature signal was corrected for its pretrial offset relative



FIGURE 18.3 EEC57, 38-m distance, 1 m above terrain: time series of concentration and temperature, ambient temperature, and the derived enthalpy time series.



18.8



CHAPTER EIGHTEEN



to the reference thermometer. The water content of the air q was calculated by upwind measurements of the relative humidity. The reference signal was low-pass filtered, leaving only the general trend of the ambient temperature. The time responses of the other signals were matched by moving average filters. The left-hand side of Eq. (18.2) then calculated the enthalpy time series shown at the bottom of the figure, using Eq. (18.3), the homogeneous equilibrium assumption, and Wheatley’s (1987) model for aerosol formation. The data for this analysis were obtained from the liquefied propane experiments made within Project MTH-BA of the Major Technological Hazards program of the European Commission (Heinrich and Scherwinski, 1990; Nielsen, 1991) and from the Desert Tortoise liquefied ammonia experiments (Goldwire et al., 1985; Koopman et al., 1986). The release conditions are summarized in Table 18.4. The sources in EEC55 and DT3 were downwind horizontal pointing nozzles producing flash-boiling jets with little rainout. In EEC57, liquefied propane expanded inside a cyclone and escaped with no net momentum and some initial rainout. Some of the release parameters in the table are estimates (Nielsen and Ott, 1999). Figure 18.4 shows a scatter plot of 10-second block-average values of enthalpy and concentration. According to a ‘‘null-statement’’ of adiabatic mixing, we would expect ⌬H equal to c 䡠 ⌬ H0, so that the points should lie on a straight line. Indeed, they seem to do so, but the slopes of this lines are inconsistent with adiabatic mixing. Estimates of local ratios are obtained by linear regression of the type c ⫽ ␤ 䡠 ⌬ H, forced through the point (c, ⌬ H ) ⫽ (0, 0). The results of this and similar analyses for the other signal pairs are plotted in Fig. 18.5. Uncertainties are evaluated by the residual variance between observations and regression lines. Dashed horizontal lines indicate the enthalpy-to-concentration ratios corresponding to adiabatic mixing, i.e., the source enthalpy ⌬ H0. The plot for the ammonia experiment also includes the enthalpy to concentration ratio where, according to Eq. (18.7), the effective molar weight M* becomes equal to the molar weight of the ambient air. This is the limit at which an initially dense plume would be changed into a buoyant one. The observations of ⌬H / c lie significantly above the source enthalpy ⌬ H0 and demonstrate that mixing was not adiabatic. The observation height or the presence of obstacles in the



TABLE 18.4 Release Conditions



Trial



EEC55



EEC57



DT3



Gas Release type Nozzle diameter (m) Jet momentum Fjet (kN) Liquid fraction ␣ Rain-out fraction ƒ Source temperature T0 (K) Exit pressure P0 (Bar) Source enthalpy ⌬H0 (kJ mole⫺1) Release rate m ˙ (kg s⫺1) Wind speed u (m s⫺1) Friction velocity u* (m s⫺1) Surface roughness (mm) Monin-Obukhov length (m) Atmospheric stability Cloud cover Air temperature (K) Atmospheric pressure (hPa) Relative humidity



Propane Jet 0.0155 ⬇0.25 100% 0% 287 10.0 ⬇⫺16.3 3.0 3.2 at 6 m ⬇0.19 6 ⬇⫺90 ⬇D 100% 283 1025 99%



Propane Cyclone – – 100% ⬇33% 287 9.3 ⬇⫺13.3 3.9 2.4 at 6 m ⬇0.16 6 ⬇⫺20 ⬇C 75% 287 1025 93%



Ammonia Jet 0.095 ⬇11.4 100% ⬇5% 295 11.2 ⬇⫺21.4 133 7.4 at 2 m 0.45 3 570 D 70% 307 907 13%
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FIGURE 18.4 Local correlation between 10-second block averages of enthalpy and concentration. The regression line is forced through (c, ⌬H) ⫽ (0, 0).



MTH BA experiments did not significantly influence the enthalpy-to-concentration ratio. In the two jet releases, the enthalpy increased with downward distance, probably as a result of accumulated heat transfer to the plume from the ground. The release rates and meteorological conditions were comparable in the two MTH BA experiments, and the cause of the different enthalpy-to-concentration ratios must be the different sources. The near-source entrainment was most efficient with a jet release, and presumably the jet was warmer than the plume when it first touched the ground. In addition, the ground contact area upwind of the measuring positions was smaller for the jet than for the plume. In other words, the heating from the ground depends on the initial mixing and therefore on source parameters such as momentum. Table 18.5 shows the influence on the ‘‘effective’’ molar weight M* as defined by Eq. (18.7) with the release enthalpy substituted by the observed enthalpy-to-concentration ratios. The effect on the density difference between cloud and ambient air ⌬ after aerosol evapa) M T H pr oj ect B A
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FIGURE 18.5 Observed enthalpy-to-concentration ratios.
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TABLE 18.5 The Effective Molar Weight M* at the Source and in the Field and the Corresponding



Reduction in Excess Density



EEC55 EEC57 DT3



⌬ reduction



Source



In-field



110 g mole⫺1 98 g mole⫺1 87 g mole⫺1



78 g mole⫺1(38 m) 57 g mole⫺1(38 m) 77 g mole⫺1(100 m)



68 g mole⫺1(63 m) 58 g mole⫺1(63 m) 61 g mole⫺1(800 m)



40% → 52%



⬇59%



17% → 38%



oration is evaluated by Eq. (18.6). The density difference is the key parameter in dense-gas dispersion and the magnitude of the thermally induced buoyancy reductions is significant. 18.3.3



Surface Temperature Change



A natural question is how long the soil can sustain the heat flux to the gas cloud. Nielsen and Ott (1999) studied the problem of linear heat diffusion in a homogeneous semisolid coupled with forced convection from the surface setting the surface flux proportional to the temperature difference between surface and gas layer. The temperature difference and surface flux after sudden exposure to a gas cloud of constant temperature was found1 to be ˜ ⫽ ˜ (t) ˜ ⫽ exp ˜t 䡠 erfc ˜t 1 / 2 ⌬ T˜ (t)



with erfc (x) ⫽



2 兹



冕



⬁



x



exp(⫺ 2) d (18.11)



using the dimensionless heat flux ˜ (t˜ ) ⫽ (t) / 0, dimensionless temperature difference ⌬ T˜ (t˜) ⫽ ⌬T(t) / ⌬T0, and dimensionless time ˜t ⫽ t20 / ( scs s⌬T 20). The physical parameters are the initial heat flux 0 (Wm⫺2), initial temperature difference between cloud and surface ⌬T0 (K), plus the density s (kg m⫺3), heat capacity cs [J (kgK)⫺1], and thermal conductivity  s



[W (mK)⫺1] of the soil. The solution in Eq. (18.11) is shown in Fig. 18.6. The Desert Tortoise included heat-flux sensors buried just beneath the surface, and Nielsen and Ott (1999) fitted a solution of the sub-surface flux measured at the centerline on 100 m downstream of the source in trial DT3. The best fit indicated that the dimensionless exposure time was ˜t ⬇ 0.24, implying that the local surface flux decreased to 62% of its initial value 0.



18.4



MIXING OF COLD DENSE GAS CLOUDS Vertical mixing of a stratified gas cloud is associated with work against gravity, and this effect damps the turbulent kinetic energy level. The local mixing rate depends on the vertical gradients of the concentration gas, which in turn depend on the diffusion. Three-dimensional numerical models usually describe these phenomena by k ⫺  turbulence closure. Here we restrict ourselves to much simpler models. The prime objective is to illustrate that heat convection from the ground enhances the turbulent mixing.



1 The sign of the exponent in the argument of the complementary error function in Eq. (18.11) was incorrect in the original paper.
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Dimensionless time FIGURE 18.6 The normalized surface heat flux ˜ 0(˜t) according to Eq. (18.11).



18.4.1



Entrainment



In dense gas dispersion box models, the mixing process is simplified to a flux of diluting air across a virtual interface surrounding a well-mixed gas cloud. The mixing rate is referred to as the entrainment velocity ue (m s⫺1). The interface is just a model concept, and the concentration distributions presented to the model user are usually based on similarity profiles superimposed on the box model. Equation (18.9) gave a typical example of an entrainment function, where the Richardson number in the denominator is a measure of cloud stability. Riu* ⬅



⌬gh



(18.12)



u2*



where ⌬ is a characteristic excess density, g is the gravity, and h is a characteristic layer height. Most model developers match the product of the box height and concentration to the depth-integrated gas flux. Britter (1988) set the box model concentration equal to the ground concentration, giving a relatively low layer height, whereas van Ulden (1983) matched the center of gravity, giving a low box model concentration. The friction velocity defined by the turbulent momentum flux u2* ⫽ ⫺u⬘w ⬘ is either that of the atmospheric boundary layer or a local friction velocity typical for the gas layer. It is worth noting that the calibration coefficients of the individual entrainment function depend on such model definitions. Heat convection from the ground to a cold dense gas cloud is an additional source of turbulent kinetic energy. The velocity scale for this process is defined by w 3* ⫽



 䡠 gh cp 䡠 T



(18.13)



where cp [J (kgK)⫺1] is the heat capacity and T (K) is the absolute cloud temperature. Eidsvik (1980) proposed an entrainment model where the combined effect of mechanical and convective turbulence production was expressed by the turbulence kinetic energy parameterized by e ⫽ 1.7u2* ⫹ 0.5w 2* we 2.5 ⫽ 8.7 ⫹ Rie 兹e



with Rie ⫽



⌬h



e



(18.14)
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where u* is the in-plume friction velocity. Without heat convection w* ⫽ 0 this equation takes the same form as Eq. (18.9). The estimate of the in-plume turbulence in the SLAB model (Ermak, 1990) includes the front velocity of the spreading plume uƒ 艑 兹⌬gh and the velocity slip between the plume and the ambient air and ␦u, and the limit of passive dispersion is modeled in a way that accounts for ambient stability.



18.4.2



Calibration of Entrainment Functions



Most entrainment functions contain many adjustable parameters, and unfortunately there is not much turbulence data from large-scale field experiments. Model developers have therefore been forced to look for alternative reference cases. One strategy is to fit the entrainment function to certain limits, e.g., the four scenarios listed in Table 18.6. The first case in the table is the neutrally buoyant surface plume, the growth rate of which is proportional to the turbulent friction velocity u*. The proportionality factor depends on the exact box model height h definition. The value in Table 18.6, 1 ⬇ 0.75, is calculated from Sutton’s (1953) analytical solution using van Ulden’s (1983) interface definition, which fixes the height h to twice the center of gravity. The advantage of this interface definition is that it gives the box model the right potential energy. The more common choice of h equal to the center of gravity leads to 1 ⬇ 0.35. The entrainment rate in the limit of strongly stratified shear flow was determined in the laboratory experiment by Kato and Phillips (1969). The setup was an annular tank with stratified water and constant shear stress induced by a moving screen at the surface. This produced a turbulent well-mixed upper layer, which gradually entrained the quiescent stratified fluid below. The entrainment rate in the limit of weak free convection is Bo Pedersen’s (1980) interpretation of Farmer’s (1975) measurements of the development of a thermal profile in an ice-covered lake in the spring season. The solar heating near the surface produced a wellmixed convective layer, and the ice sheet prevented additional turbulence production by wind shear. The mixing rate was deduced from the vertical variation of the phase of the diurnal component of the temperature signals. The entrainment rate in the limit of strong free penetrative convection was measured in the laboratory experiment of Deardorff et al. (1980), in which initially stratified water was heated from the bottom. The turbulence developed a well-mixed lower layer, which gradually entrained the quiescent fluid above. Jensen (1981) simplified the turbulent kinetic energy equation to:



TABLE 18.6 Empirical Mixing Rates in Special Reference Cases



Situation Passive dispersion of surface plume Stratified shear flow Weak free convection Strong free convection



Rate



Conditions



Parameters



ue ⬇ 1 u*



Riu* → 0 and w* ⫽ 0



1 ⫽ 0.75 (Nielsen, 1998)



 ue ⬇ 2 u* Riu* ue ⬇ 3 w* ue  ⬇ 4 w* Riw*



Riu* ⬎⬎ 0 and w* ⫽ 0



2 ⫽ 2.5 (Kato and Phillips, 1969)



Riw* → 0 and u* ⫽ 0



3 ⫽ 0.37 (Bo Pedersen, 1980)



Riw* ⬎⬎ 0 and u* ⫽ 0



4 ⫽ 0.25 (Deardorff et al., 1980)
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t7



⭸e ⭸uje ⭸ui ⬘uj⬘gj ⭸uj⬘u⬘i u⬘i ⬘u⬘j ⫹ ⫽ u2* ⫹ ⫺ ⫺ ⫺ ⭸t ⭸xj ⭸xj ⭸xj  



(18.15)



where the indices refer to three orthogonal directions. The terms in the equation are the temporal change t1, advection t2, work by friction t3, work by gravity t4, turbulent diffusion t5, work by pressure perturbations t6, and the energy dissipation rate  (m2s⫺3). A crude scale analysis of this equation leads to: t1 ⫹ t2



c1



t3



t5 ⫹ t6



t4



t7



e ⫺ e0 u w ⌬gue e e3/2 ue ⬇ c2 ⫹ c6 ⫺ ⫹ c3 ⫺ c4 h h h  h h 3 *



3 *



3/2



with e ⫽ u2* ⫹ c25w 2* (18.16)



where the vertical gradients are parameterized by the layer height, h, and the entrainment velocity is used to find the temporal change. The buoyancy term t4 is split into two parts: energy production by heat convection and energy consumption by entrainment. The last three terms are all proportional to the cube of a velocity scale divided by a length scale. Rearrangement of Eq. (18.16) leads to the following entrainment function: c2 ue ⫽ 兹e



冉 冊 u* 兹e



3



c1



冉 冊 冉 冊 ⫹ c6



w* 兹e



3



⫹ c3 ⫺ c4



e 1 ⫺ 0 ⫹ Rie e



with Rie based on e ⫽ u2* ⫹ c25 w 2*



(18.17) Jensen (1981) originally set c5 ⫽ 1 and neglected the buoyancy production by convection (c6 ⫽ 0), and in order to avoid a singularity for Jensen and Mikkelsen (1984) found it necessary to set e0 ⫽ 0. At first sight, this may seem a bold assumption of an ever-quiescent ambient fluid, but the motivation was simply to match the function to the passive limit shown in Table 18.6. Such pragmatism is permitted since in the limit of passive dispersion the energy budget degrades to a balance between production and dissipation with insignificant energy feedback by entrainment. In search of a solution including turbulence production by heat convection, we need additional boundary conditions. The first assumption is that energy diffusion and pressure transport cancel each other (c3 ⫽ 0). The second assumption is that the ratio between energy dissipation t7 and turbulence production t3 ⫹ t4a is fixed: c4(u*3 ⫹ c53w *3) ⫽ 1 ⫺ RTƒ c2u3* ⫹ c6w *3



(18.18)



This approach is based on the bulk flux Richardson number RTƒ , which is defined as the ratio of energy recovery due to entrainment and the energy production. It serves as an efficiency factor empirically known to be R T.ƒ ⬇ 0.045 for subcritical flows and RTƒ ⬇ 0.18 for supercritical ones (Bo Pedersen, 1980). Dense gas dispersion usually falls in the latter category. A solution is possible only with a slightly modified velocity scale e ⫽ (u3* ⫹ c35w 3*)2 / 3 and when the empirical constants in Table 18.6 obey the relation: 2 33 ⫽ 4 13



(18.19)



It happens that they almost do, e.g., if the weak convection limit is altered from 3 ⬇ 0.37 to 3 ⬇ 0.34. The general solution (Nielsen, 1998) is:
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(18.20)



2.5 with Rie based on e ⫽ (u3* ⫹ 0.1w 3*)2 / 3 3.3 ⫹ Rie



(18.21)



ue 2  ⫽ with Rie based on e ⫽ u3* ⫹ 4 w 3* 2 / 1 ⫹ Rie 2 兹e
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After insertion of the values in Table 18.6, this becomes ue 兹e



18.4.3



⫽



In-plume Turbulence



The entrainment functions in the previous section require estimates of the in-plume velocity scales u* and w*. Jensen (1981) made an analogy with the atmospheric surface layer in which the velocity and temperature profiles are: u(z) ⫽



再冉冊



冉 冊冎



u* z z ln ⫺ m  z0 L



and T (z) ⫺ Ts ⫽



再 冉 冊 冉 冊冎



T* z z ln ⫺ h  z0 L



(18.22) where T* is a temperature linked to the surface heat flux by  ⫽ cpu*T*, z0 is the surface roughness, m and h are empirical diabatic correction functions (e.g. Paulson, 1970), and L (m) is the Monin-Obukhov length. The Monin-Obukhov length is defined by the turbulent fluxes and this leads to the equation:



冋 冉 冊 冉 冊册 冉冊 冉冊 ln



z ⫽ Ri⌬T L



z z ⫺ m z0 L



z z ln ⫺ h z0 L



2



with Ri⌬T ⫽



T(h) ⫺ T0 gz T u(z)2



(18.23)



where Ri⌬T is a bulk Richardson number for the convection. The equation was solved for the in-plume Monin-Obukhov length, setting the reference height equal to the box-model height z ⫽ h. Two theoretical objections to Eq. (18.23) are that the surface layer profiles in Eq. (18.22) are based on an unfulfilled assumption of constant turbulent fluxes and that the diabatic correction functions, density m and h, only account for the thermal buoyancy effect. As an example, consider a propane cloud from a liquefied gas storage container with ⌬H0 ⫽ ⫺16 kJ / kg released in an atmosphere with temperature Ta ⫽ 290 K and wind speed u ⫽ 2 m / s over a smooth surface with z0 ⫽ 0.01 m. If mixing is adiabatic and the gas layer height and concentration are h ⫽ 1.5 m and c ⫽ 2%, we find ⌬T ⫽ 11 K and Ri⌬T ⫽ 0.145. The in-plume stability that satisfies Eq. (18.23) is h / L ⫽ ⫺0.64, and inserting this value in Eq. (18.22), we obtain (u*, w*) ⫽ (0.195, 0.225) m / s. Repeating the calculation with negligible temperature difference ⌬T ⫽ 0 K would lead to (u*, w*) ⫽ (0.16, 0.0) m / s. The density parameter for the gas layer is ⌬ / a ⫽ 0.05 and Eq. (18.21) predicts the entrainment rates ue ⫽ 0.145 m / s and 0.115 m / s with and without heat convection, i.e., a difference of 28%. The scarcity of field data makes it difficult to validate Jensen’s (1981) method. The only field experiments with in-plume turbulence measurements are the Thorney Island isothermal Freon / NO2 experiments (Mercer and Davies, 1987) and the MTH BA liquefied-propane experiments (Nielsen, 1991). Thorney Island trials 45 and 47 were made with low ambient
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wind speed. The in-plume2 turbulence nearly died out, and much of the mixing in these experiments was probably driven by turbulence produced at the fronts of the plume. The observed turbulence level was higher in the propane experiments, as might have been expected for lower release rate, higher wind speed, and heat convection. The lack of heat-flux measurements makes it difficult to quantify the relative significance of these causes.
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CONCLUSIONS The spreading of a cold dense gas cloud is not much different from the spreading of an isothermal dense gas cloud. The dispersion process is modified indirectly, however, since a cold cloud may lose part of its buoyancy by aerosol condensation or heating from the ground. The condensation effect is temporary, whereas the heat input from the ground is irreversible. The loss of buoyancy has been observed in the laboratory and large-scale field experiments. As the ground temperature decreases, the heat flux to the gas cloud will gradually lose its significance. Heat convection seems to enhance turbulent mixing, although the available field measurements lack important details. Model developers have therefore been forced to calibrate their box model entrainment functions by comparing predicted and observed concentration fields, i.e., taking a global attitude to model calibration. This is not quite satisfactory since errors in one part of the dispersion model could be compensated by totally independent errors.
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