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Temperature distribution around polar habitation modules buried in ice: numerical modelling Helder Cavaca, Miguel Caldas, Viriato Semiao ˜ ) Mechanical Engineering Department, Instituto Superior Tecnico, AÕ. RoÕisco Pais, 1049-001 Lisboa, Portugal ´ Received 13 May 2000; accepted 13 October 2000



Abstract This work presents a numerical model based on the finite volume approach to predict the ice temperature distribution around buried habitation modules in cold regions, such as Patriot Hills in the Antarctic continent. The model allows for the prediction of the possible melting of the ice surrounding the module, which stems from the heat load generated inside it to ensure the specified comfort conditions. Analytical equations for the atmospheric temperature variation, T`(t), and for the ice temperature distribution without the habitation module, T(x,t), based on monthly averaged experimental data, are obtained and used in the present work to specify the boundary conditions and the initial condition required for the numerical solution of the governing energy equation. Such equations are, respectively, T`(t) s y22.37 q 8.83 cosŽ0.524 t . q 3.92 sinŽ0.524 t . and T(x,t) s y22.37 q ey0.296 x w8.73 cosŽ0.524 t y 0.296 x . q 3.96 sinŽ0.524 t y 0.296 x .x. The convection heat transfer coefficient, h, between the ice surface and the atmosphere is h s 38.6 Wrm2 K. The model is applied to the ice volume surrounding a cylindrical module Ž r s 2 m, H s 2 m., with the walls composed of two layers: a 4-cm thick layer of insulation Žpolyurethane. and 1 cm of a structural reinforcement layer Žglass fibre.. The results show that for the conditions simulated herein, that is, for the heat load required to ensure a comfort temperature of 158C inside the module, the ice temperature everywhere is kept far below its melting point. q 2001 Elsevier Science B.V. All rights reserved. Keywords: Ice melting; Numerical models; Ice temperature distribution; Antarctic buildings



1. Introduction 1.1. Preamble During the last few decades, some countries have marked their presence in the Antarctic continent in order to establish a strategic position. The need for
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such a strategic position is related both to the abundance of natural fossil energy resources and to the development of scientific research in areas like meteorology, glaciology, and geology. As a consequence, some habitation and laboratory stations have recently been constructed in this continent. Scientists from different countries have occupied several regions, one of them being known as Patriot Hills. In the last few years, this region has been used both as a research site for the Instituto Antarctico Chileno and as a tourist resort by the travel agency, Adventure Network International. The particularity of this re-
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gion, which makes it one of the best alternatives to maintain human activities in this continent, is the existence of a blue ice field. This field possesses the appropriate characteristics to be used as a runway for large transport airplanes, such as the C-130 Hercules, without the need to resort to special landing devices such as skis, as pointed out by Swithinbank Ž1987.. Habitation modules can be designed according to different constructive methods. In the present work, sub-superficial modules are studied as they avoid the problems exhibited by traditional constructions. These traditional modules, which are erected directly on the ice surface or over stilts, leads to snow accumulation that requires regular and expensive snow removal operations. The habitation modules under study herein are similar to those adopted for the construction of the new German Neumayer station, where all the structures are below the ice surface. In addition to the reduction of the costly cleaning operations, the impact in the habitat is considerably minimised when habitation modules are buried in ice, which makes this constructive method an attractive alternative. However, for those buried modules, melting of the ice surrounding them may occur, depending both on the heat load required to maintain the comfort conditions and on the construction materials. The present work addresses this possibility, making recourse to numerical modelling.



1.2. Problem description The possible ice melting that may occur with the construction method of sub-superficial habitation modules, hereafter designated as SSHM, may be inferred from Fig. 1. It is also possible to envisage from this figure the minimisation of the snow accumulation in comparison to other constructive methods. In fact, in the interior of the Antarctic continent, there is no precipitation. The only reason for the snow accumulation is the existence of buildings or other obstacles at a level higher than the ice surface, which act as barriers for the snow dragged from the coast by the wind. Although the snow accumulation is clearly minimised with this constructive method, there is a considerable increase of the heat transfer area between the module and the ice, which may constitute a problem. For this reason, and taking into account the mass and energy equilibrium conditions of this region presented by Casassa et al. Ž1998., the possibility of ice melting in the surroundings of the SSHM, which might cause its sinking, has to be analysed prior to the construction of the modules. The present work describes the numerical tool and the calculations performed with it to verify if the heat load generated inside the SSHM Žto ensure the specified comfort conditions. may cause the melting of the ice surrounding the module. Moreover, a study



Fig. 1. Sub-Superficial Habitation Module ŽSSHM..
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of the effect of the wall’s thermal resistance value on the ice temperature distribution is also performed herein.



2. Analysis of the problem influencing parameters The problem under analysis, the melting possibility of the ice surrounding the SSHM, is dependent on a considerable number of parameters. Indeed, atmospheric air temperature, wind velocity, construction materials, inside comfort temperature, ice thermal inertia, SSHM geometry and convection heat transfer coefficient are all variables that exert a determinant influence on the ice temperature value close to the SSHM. Some of those parameters are analysed below. Notice that radiation was not considered in the present study. In fact, long wave radiation, probably
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the most important radiation component at the Antarctic continent, constitutes an energy loss and, therefore, neglecting it makes the present study conservative. Short wave radiation is probably not significant in that region and additionally, the ice surface is generally of high albedo. 2.1. Air temperature and wind Õelocity The meteorological conditions, namely the air temperature and the wind velocity, exhibit variations during the year. As a consequence of the icerair interface and corresponding heat flux, the ice temperature will vary accordingly. Therefore, the analysis of the annual air temperature variation is crucial. The meteorological data for the place where the SSHM is to be constructed, Patriot Hills Žapproximately 808S, 808W., were obtained from different



Fig. 2. Patriot Hills and neighbouring AWS stations location in the Antarctic continent.
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sources. The travel agency, Adventure Network International, which explores a summer camp in Patriot Hills, supplied privately some weather information relative to the period from October of 1997 to March of 1998 ŽAdventure Network International, 1999.. These values, although valuable, refer to single measurements, possibly exhibiting errors and were obtained only for the summer months. Due to the lack of consolidated meteorological data for Patriot Hills, the Antarctic network of automated meteorological stations ŽAWS. ŽWEADACr 3700. was used to collect data from neighbouring stations. The stations were selected in order to form a mesh with Patriot Hills inside of it. Fig. 2 shows the location of Patriot Hills in the Antarctic continent in reference to the location of the AWS stations of Byrd ŽUSA., Siple ŽUSA. and General Belgrano II ŽArgentina.. Assuming that both the temperature and wind velocity depend linearly on the xx and yy coordinates Žsee Fig. 2., it is possible to obtain the atmospheric conditions at Patriot Hills from a linear interpolation, using the known values at the mentioned stations. These interpolated values for the temperature and wind velocity at Patriot Hills are compared against those supplied by the Adventure Network International travel agency in Fig. 3.



As far as the wind velocity values are concerned, this figure shows that there is no standard pattern for their annual variation. Moreover, its value varies in the range from 4.29 to 6.97 mrs. The influence on the ice temperature of this variation proved to be insignificant Žsee Cavaca, 1999. and therefore, herein it is assumed a constant value, Õ s 5.8 mrs. Conversely, the atmospheric temperature exhibits a cyclic behaviour over the year. As the atmospheric temperature constitutes a boundary condition for the problem under study, it is most convenient for the numerical calculations to make recourse to an analytical equation for the temperature variation, rather than using a table with discrete values. The cyclic behaviour of the temperature strongly suggests the following harmonic function to simulate its variation along the year: T`Ž t . s Tm q Tc cos Ž wt . q Ts sin Ž wt .



Ž 1.



In the previous equation T`Ž t . is the outside instantaneous temperature Ž8C., Tm is the outside mean temperature Ž8C. ŽTm s y22.378C., Tc s AcosŽ u . and Ts s AsinŽ u . Ž8C. are auxiliary variables, A is the temperature amplitude Ž8C., w is the frequency Žmonthy1 ., t is the temporal variable Žmonth. and u is the displacement.



Fig. 3. Wind velocity and air temperature: interpolated values against the Adventure Network International travel agency data.
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Eq. Ž1. was fitted to the data obtained by the above-described linear interpolation, making recourse to the least squares method, yielding an equation that represents the typical yearly temperature distribution, with constants referred to experimental monthly averages over the last 25 years.
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ferences observed might be within the uncertainty of the experimental data, and the analytical Eq. Ž2. is therefore used in the present study as a boundary condition. 2.2. ConÕection heat transfer coefficient



T`Ž t . s y22.37 q 8.83 cos Ž 0.524 t . q 3.92 sin Ž 0.524 t .



Ž 2.



Eq. Ž2. constitutes a result that allows for the prediction of the atmospheric temperature at Patriot Hills at any time of the year. Usually, the temperature distribution is a function of a daily frequency. However, in the present study, the frequency in the previous equation is in months. Since experimental data is a monthly average, it is reasonable to assign t s 1 to the middle of January, t s 2 to the middle of February and successively up to t s 13, which re-initiates the cycle for the typical January day of the next year. The authors have chosen to obtain a monthly temperature distribution in order not to excessively burden the numerical calculations. Nevertheless, it is possible to use the present tool, making recourse to a daily temperature distribution, the numerical calculations, however, becoming considerably heavier and lengthy. Fig. 4 compares the fitted curve given by Eq. Ž2. against the interpolated experimental data. The dif-



The value of the convection heat transfer coefficient is an important parameter for the numerical calculations as it appears in the boundary condition for the icerair interface: a fluid in contact with a solid surface. For its calculation, the atmospheric boundary layer and thermal boundary layer theories were used. Although in building technology handbooks, a value of 25 Wrm2 K for the convection heat transfer equation may be found, the specificity of the climatic and morphological characteristics at Patriot Hills required a more fundamental analysis. Heat transfer by convection between the ice surface and the atmospheric air is given by: q s h Ž Tsurface y T` .



Ž 3.



where T` is the value of the outside temperature, Tsurface is the value of the ice surface temperature, and h is the convection heat transfer coefficient. Considering that Nud s (h d ) r k, the convection heat transfer coefficient is obtained from this equa-



Fig. 4. Fitted curve against interpolated experimental data for the outside temperature at Patriot Hills.
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tion together with Eq. Ž4.. The latter relates the Nusselt number based on the atmospheric boundary layer thickness Ž d . with the friction coefficient Ž Cf ., with the Reynolds number based on the atmospheric boundary layer thickness d , Red s ŽrU` d .rm, and with the Prandtl number Žsee e.g. Bejan, 1984.: Nud s



Cf 2



1



Red Pr 3



Ž 4.



The friction coefficient, Cf , appearing in the previous equation is obtained from: U`



s



ut



(



2



Ž 5.



Cf



However, in order to calculate Cf , it is necessary to obtain previously both the values of the wind velocity at the exterior of the atmospheric boundary layer, U` , and of the friction velocity, u t , recurring to Eq. ‘. This equation has often been used in the atmospheric boundary layer theory as a possible wind velocity profile ŽFernholz, 1976; Davenport, 1963., and runs: Uz



1 s



ut



k



ln



z



ž / z0



Ž 6.



In the previous equation, Uz is the wind velocity at a height of z metres, u t is the friction velocity and z 0 is a reference height. The Von-Karman constant, k s 0.4, was used following Garratt Ž1994. and the value of z 0 s 0.03 m was obtained from Gould and Abu-Sitta Ž1980.. With the pair of known values Ž z s 3 m, U3 s 5.8 mrs. the friction velocity may be calculated as u t s kU3rlnŽ3rz 0 .. With this u t value, and assuming that the boundary layer thickness has the value of d s 275 m Žsee e.g. Gould and Abu-Sitta, 1980., the wind velocity outside the atmospheric boundary layer is given by: U` s



ut



k



ž / z0



u )z s



Tz) s



d



ln



tained was h s 38.6 Wrm2 K. When compared to commonly used values of h for building calculations, the value calculated herein is about 50% higher than the standard values Žaround 25 Wrm2 K.. Different factors may contribute to that discrepancy. First, the air at Patriot Hills is at a much lower temperature than at most inhabited locations in earth, this cold air possessing properties such that the h value is increased about 25%. Additionally, the value of z 0 for the ice surface was taken in this work as 0.03 m, which corresponds to an almost smooth surface in opposition to a value rounding 25 m for the surface roughness in cities. The smoothness of the ice surface in Patriot Hills contributes to an increase of h. Finally, due to both turbulence and the absence of high obstacles, the velocity profile of the atmospheric boundary layer at the Antarctic continent exhibits deeper gradient values at the icerair interface, a fact that also contributes to the increase of h. As a consequence of the wind velocity and temperature being measured at a height of 3 m, it was necessary to make a correction to the value of the convection heat transfer coefficient in order to include the effects of the thermal boundary layer. For this calculation, it was assumed that the atmospheric wind flow was turbulent and therefore, the thickness of the thermal boundary may be considered to possess the same value of the thickness of the aerodynamic boundary layer, dt s d ŽIncropera and De Witt, 1996.. Assuming that Tz) s u )z f (Pr), as implied in the relations presented by Incropera and De Witt Ž1996., and considering that dt s d as mentioned before, it is possible to demonstrate that f (Pr) s 1 and, therefore, Tz) s u )z , being u )z and Tz) defined, respectively, by:



Ž 7.



Using the value of U` yielded by Eq. Ž7., and making recourse to Eqs. Ž4. and Ž5., and to the definition equation of the Nusselt number (Nu s h d r k), the convection heat transfer coefficient ob-



Uz U`



Ž Tz y Tsurface . Ž T` y Tsurface .



Ž 8a . Ž 8b .



In these equations, Tsurface is the temperature of the ice surface, T` is the air temperature outside the boundary layer, Uz and Tz are, respectively, the wind velocity and the air temperature measured at a height of z metres and u )z and Tz) are non-dimensional
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values of the wind velocity and air temperature, respectively. Applying Eq. Ž8b. to Eq. Ž3. and after some algebraic manipulation, one obtains: qs



h T3)



Ž Tsurface y T3 .



Ž 9.



In the present study, the previous equation is used as boundary condition at the iceratmosphere interface. The value of u 3) s 0.505 s T3) yields a convection heat transfer coefficient value, h r T3) , of 76.4 Wrm2 K.
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2.3. Geometry and characteristics of the SSHM The geometry and the size of the SSHM determine the heat transfer contact area between the module itself and the surroundings, therefore, being a crucial variable on the ice temperature distribution. In the present work, the SSHM was assumed to possess a cylindrical form with the dimensions shown in Fig. 5Ža.. The use of such geometry allows for the simplification of the study to a two-dimensional case. As a consequence, the computer time and



Fig. 5. The problem geometry and dimensions: Ža. The cylindrical SSHM dimensions, Žb. the physical domain for the numerical calculations.
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Table 1 Overall heat transfer coefficients— U ŽWrm2 K. Surface



U ŽWrm2 K.



Wall Floor Roof



0.57 0.55 0.56



memory required for the numerical calculations are considerably reduced, although all the physical features are preserved. It should be mentioned that the



extension of this study to a three-dimensional geometry constitutes a relatively simple task. All the surfaces of the SSHM, walls, roof and floor, have a thickness of 5 cm; being constituted of a 4-cm thick layer of polyurethane for insulation and a 1-cm thick layer of glass fibre for structural reinforcement, as privately communicated by Taylor Ž1999.. This combination of materials exhibits an average thermal conductivity, k wall s 0.03 Wrm K ŽToulokian et al., 1970.. The comfort temperature inside the SSHM was set to Tcomfort s 158C ŽTaylor,



Fig. 6. The problem boundary and initial conditions: Ža. Boundary conditions, Žb. initial condition-starting time.
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1999.. The walls’ thermal resistance values were obtained from Santos and Paiva Ž1990., yielding the values for the overall heat transfer coefficients displayed in Table 1.
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As described by Carslaw and Jaeger Ž1959., the ice temperature variation with time and depth, may be represented by: `



Ý eyk



T Ž x ,t . s A 0 q



nx



A n cos Ž nwt y k n x .



ns1



3. Mathematical and physical modelling The cylindrical shape of the SSHM determines the problem geometry. In Fig. 5Žb., this geometry is sketched and it is possible to observe both the habitation module and the cylindrical volume of ice surrounding it. As the heat flux from the SSHM conditions the dimensions of the domain, the boundaries must be located at a distance far enough from the module, so that the outgoing flux does not influence the values of the temperature at the extreme locations Ž R s 100 m, X s 100 m.. The chosen geometry, cylindrical, makes the problem a two-dimensional one. Moreover, the annual weather change, namely the atmospheric temperature variation, determines the transient characteristic of the solution. Therefore, the heat transfer problem under study is governed by the following heat transfer equation in axisymmetric cylindrical coordinates: ET



rc
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1 E y r Er



qBn sin Ž nwt y k n x .



where k n s Ž nwr2 a .1r2 , w s 2p r t , a s k r r c, A 0 , A n and Bn are constants and t represents the time period Žherein chosen as 12 months, as previously described.. From Eq. Ž11., the temperature time variation at the ice surface becomes: T Ž 0,t . s A 0 q A1 cos Ž wt . q B1 sin Ž wt . `



q



kr



Er



y ST s 0 Ž 10 .



where r is the density of the ice, c is the specific heat of the ice, k is the thermal conductivity of the ice and ST stands for the energy sources or sinks present in the ice. The boundary conditions for the solution of the problem under analysis can be seen in Fig. 6Ža.: for surfaces 1, 2 and 3 the heat flux is nil; for surfaces 4, 5 and 6 the heat flux is determined by ™ k= T.n s hŽT` y T .. To analytically obtain the formulation of the ice temperature distribution Žwithout the SSHM., which constitutes the initial boundary condition, it was assumed that the ice was a semi-infinite solid Žsee Fig. 6Žb... As a consequence, the analysis is reduced to a one-dimensional heat transfer problem restricted to a boundary condition of a surface in contact with a fluid Žsurface convection.. This fluid is the atmospheric air that exhibits temperature oscillations along the year and induces the transient condition to the problem.



Ý



A n cos Ž nwt . q Bn sin Ž nwt .



ns2



Ž 12 . At this surface, there is a boundary condition restriction Žnotice that radiation is not included in the boundary condition as mentioned earlier. which runs: ET s h Ž T`Ž t . y T Ž 0,t . .



yk Ex



ET



ž /



Ž 11 .



Ž 13 .



xs 0



From Eqs. Ž1., Ž12. and Ž13. the following result is obtained, after some algebraic manipulation: hA 0 q hA1 cos Ž wt . q hB1 sin Ž wt . `



q



Ý



hA n cos Ž nwt . q hBn sin Ž nwt .



ns2



qkk 1 Ž A1 q B1 . cos Ž wt . qkk 1 Ž B1 y A1 . sin Ž wt . `
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Ý



kk n Ž A n q Bn . cos Ž nwt .



ns2



qkk n Ž Bn y A n . sin Ž nwt . s hTm q hTc cos Ž wt . q hTs sin Ž wt .



Ž 14 .



Considering that the second and higher order terms assume a value comparatively small or zero Žnote that this assumption leads to a result that constitutes a possible solution of Eq. Ž11. and simul-
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taneously obeys the boundary condition restriction given by Eq. Ž13.., Eqs. Ž11. and Ž12. reduce to: T Ž x ,t . s A 0 q eyk 1 x A1 cos Ž wt y k 1 x . qB1 sin Ž wt y k 1 x .



Ž 15 .



T Ž 0,t . s A 0 q A1 cos Ž wt . q B1 sin Ž wt .



Ž 16 .



To close this initial boundary condition problem, it is necessary to calculate the values of the constants A 0 , A1 and B1 , by solving the following set of equations obtained by comparing both sides of Eq. Ž14.: h Ž A 0 y Tm . s 0



Ž 17a.



h Ž A1 y Tc . s ykk 1 Ž A1 q B1 .



Ž 17b.



viding the physical domain into a number of finite volumes or cells, by generating a suitable grid fitting the physical domain in such a way that faces of the control volumes are located midway from the neighbour grid lines Žsee Fig. 7Ža... This procedure ensures that the physical boundary surfaces coincide with the faces of the boundary control volumes Žsee Patankar, 1980 for details.. The transient calculations were performed with recourse to a pure implicit method. Integration of the differential Eq. Ž10. over the control volumes generated by the grid leads to the following algebraic equation: new q SU Ž A P y SP . TPnew s Ý Anew C TC



Ž 19 .



C



h Ž B1 y Ts . s ykk 1 Ž B1 y A1 .



Ž 17c.



In the above set of equations, all the parameters are known except A 0 , A1 and B1. From the solution of the previous set of equations and applying the ice properties at a temperature of y22.378C to Eq. Ž11., the following result for the ice temperature field is obtained:



where:



SU s CP q DP TPold



Ž 20b.



T Ž x ,t .



S P s BP y D P



Ž 20c.



y0 .296 x



s y22.37 q e



8.73 cos Ž 0.524 t y 0.296 x .



q3.96 sin Ž 0.524 t y 0.296 x .



Ž 18 .



The month of January was chosen to be used as the initial condition. However, due to the large thermal inertia of the ice mass surrounding the SSHM, the 3rd year after the module construction, was selected as the starting time. This choice was based on the results of a study performed regarding the influence of the chosen year for the starting point ŽCavaca, 1999.. The study revealed that changes from one year to the next in the surrounding ice temperature profiles, were only significant during the first two years due to its thermal inertia Žsee Cavaca, 1999..



4. Numerical modelling The numerical method used for the solution of the heat transfer Eq. Ž10. is the control volume formulation of Patankar Ž1980.. This method entails subdi-



A P s A N q AS q A E q AW s Ý AC



Ž 20a.



C



In the above equations, A N , A S , A W and A E are the thermal conductances for the heat fluxes between adjacent cells, and CP and BP are the linearisedsource coefficients used to introduce the boundary conditions of the problem. Eq. Ž19. may be written for each cell or control volume, yielding a set of simultaneous algebraic equations, whose number equals that of the unknown temperatures at the grid nodes. The solution of the algebraic equation set was obtained with a line-byline iterative procedure. This method results from the combination of the Gauss–Seidel method and TDMA algorithm, also known as Thomas algorithm Žsee, e.g. Patankar, 1980, for details.. A non-uniform grid of 68 = 68 nodes, respectively, in the axial and radial directions, was generated to obtain the solution of the governing energy equation. This grid, which is partially sketched in Fig. 7Žb., was chosen after a grid independence study. In fact, other grids comprising 51 = 51, 85 = 85 and 102 = 102 nodes, respectively, in the axial and radial directions, were also tested and the results showed that the 68 = 68
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Fig. 7. The grid: Ža. Generic control volume in the adopted grid system, Žb. detail of the grid in the SSHM vicinity.



nodes grid was fine enough. It should be stressed that, in order to minimise the numerical errors, the



grid was made much denser in the SSHM vicinity Žsee Fig. 7Žb.. as that corresponds to the region
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where the ice temperature gradients are more pronounced.



5. Presentation and discussion of results The numerical model described above is applied to the study of the temperature distribution of the ice surrounding a cylindrical buried habitation module, SSHM Ž r s 2 m, H s 2 m., located at Patriot Hills, Antarctica. At this location, the annual variation of the air temperature is defined by the harmonic Eq. Ž2. and the temperature of the ice, in the absence of the SSHM, is given by Eq. Ž18.. In order to better quantify the problem under study and to test the robustness of the numerical tool described herein, two parametric studies are performed and the results are presented. The first one envisages the analysis of the effect of the SSHM walls thermal resistance, l r k Ž l—wall thickness, k—wall thermal conductivity., on the ice temperature distribution. The second parametric study intends to quantify the effect of the comfort temperature inside the SSHM on the ice temperature distribution. 5.1. Temperature fields of the ice The numerical simulation allows for the determination of the ice temperature distribution for all the months of the year. Among the entire set of results, those referring to January, March and July are presented in this work, as they are the months representative of the different seasons and heat flux phenomena. The month of January is the one which establishes the pattern of the summer season. In this month, the atmospheric air temperature at a height of 3 m attains its maximum value Žy12.88C. and the ice temperature at a depth of 15 m is y22.48C. This temperature difference originates a heat flux from the atmosphere to the ice—in the summer the ice is being heated up. Fig. 8 displays the ice temperature distribution around the SSHM for the month of January. In this figure, it is possible to observe the influence of the SSHM on the initial ice temperature field. Indeed, from Fig. 8Ža., which shows the isothermal lines distribution, it is clear that the non-parallel isother-



mals’ arrangement is a consequence of the heat flux from the SSHM. On the other hand, away from the SSHM, the temperature decreases with the ice depth up to 5 m, as can be observed at a radial distance of 20 m from the SSHM. This parallel distribution of the isothermals represents the temperature distribution of the ice in the absence of the SSHM. The heat load from the SSHM acts as a heat source to the ice mass surrounding the buried module, and if its value is intense enough, it may lead to the ice melting and to the consequent module sinking. However, in January, the intensity of such heat flux is not sufficient to melt the surrounding ice as its maximum registered temperature is y8.58C Žsee Fig. 8Žb... The effect of the heat flux from the module is felt until an ice depth of 12 m Žsee Fig. 8Ža., close to the symmetry axis.. In the radial direction, the effect of the heat flux from the SSHM is less pronounced. Due to the counter-influence of the heat flux from the atmosphere to the ice, the direction of the heat flux originated in the SSHM penetrates obliquely into the ice mass. The month of March is selected as it is during this month that the ice temperature reaches its maximum value, y7.98C, for the studied conditions. Fig. 9 depicts the ice temperature distribution for the above-mentioned month. As can be observed from this figure Žand relative to January., in March, the influence of the heat flux from the SSHM in the radial direction is more pronounced, as the hotter isothermals exhibit a deeper penetration into the ice mass in that direction. The location of the ice’s highest temperature value is the symmetry axis close to the floor of the SSHM Žsee Fig. 9Žb.., as this is the most distant point from the surface in contact with the SSHM and therefore, it is less affected by the atmospheric conditions. Considering that the warmer month, in terms of atmospheric temperature, is January, this should be the month for which the ice temperature was at a maximum. However, this maximum value occurs later on, in March, due to the thermal inertia of the ice that appears to delay the ice response to the atmospheric temperature changes by two months. July is chosen as the typical month to establish the winter pattern of the ice temperature distribution, the atmospheric temperature being at its minimum value Žy328C.. As for this month, the air is at a
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Fig. 8. Ice temperature distribution around the SSHM in the month of January: Ža. Entire domain distribution, Žb. magnification of the SSHM surroundings.
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Fig. 9. Ice temperature distribution around the SSHM in the month of March: Ža. Entire domain distribution, Žb. magnification of the SSHM surroundings.
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Fig. 10. Ice temperature distribution around the SSHM in the month of July: Ža. Entire domain distribution, Žb. magnification of the SSHM surroundings.
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Fig. 11. Annual variation of the maximum temperature of the ice.



lower temperature than the ice, the latter is being cooled down, in opposition to what happens in January. Heat is, therefore, being transferred from the ice to the atmosphere. As a consequence, the ice temperature exhibits the distribution depicted in Fig. 10. As observed for the summer situation, the isothermals away from the SSHM Ž r s 20 m. are parallel to the ice surface. This pattern represents, as previously mentioned, the temperature distribution of the ice when the habitation module is absent Žsee Fig. 10Ža... As far as the penetration of the heat flux from the SSHM into the surrounding ice is concerned, this month represents the most critical situation of the three cases presented. In fact, the heat flux from the habitation module changes the isothermal lines be-



low it up to a depth of 15 m. However, as can be seen from Fig. 10Žb., the maximum ice temperature is around y118C. The variation of the maximum temperature value of the ice during the year is shown in Fig. 11. Again, and in spite of the fact that July is the coldest month in terms of atmospheric temperature, the minimum value of the highest ice temperature is reached with a two-month delay, in September, as shown in that figure. 5.2. Influence of the SSHM thermal resistance on the ice’s maximum temperature The parameter l r k, which is a measure of the module walls’ thermal resistance, is very significant,



Fig. 12. Maximum ice temperature as a function of the wall’s thermal resistance. B—Standard conditions. l—Parametric study values.
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as it determines the ice’s maximum temperature at the SSHM surroundings and therefore, its value is varied in this work. This parametric study is performed in order to determine its minimum value that induces the maximum ice temperature close to the melting point, for the month of March and for a comfort temperature of 158C. Fig. 12 shows the results obtained. As expected, the maximum temperature of the ice in the surroundings of the SSHM is inversely proportional to the thermal resistance l r k and exhibits a limit value Žapproximately 0.6 m2 KrW., below which the ice starts to melt. As can be seen from Fig. 12, the thermal resistance value used in this work Ž1.67 m2 KrW. is rather conservative and leads to a value of y7.98C for the maximum ice temperature, therefore, ice melting does not occur. With this reference value for the thermal resistance of the walls, the total heat flux from the SSHM varies in the interval range from 700 to 1000 W along the year. The highest value occurs during the winter, in July, while the lowest value is attained during the summer, in January. This annual variation is a consequence of the variation of the atmospheric temperature during the year. As far as the required heating power is concerned, and considering that 25% of the air inside the module is renewed hourly, the total heat power required to keep the temperature at the comfort value inside the SSHM Ž158C. varies from 825 to 1200 W. 5.3. Influence of the SSHM comfort temperature on the ice maximum temperature The maximum value of the ice temperature at the surroundings of the SSHM is also dependent on the comfort temperature, established as 158C in the preTable 2 Effect of the comfort temperature inside the SSHM on the maximum ice temperature Comfort temperature Ž8C.



Maximum ice temperature Ž8C.



13 15 17 19 21



y8.6 y7.9 y7.2 y6.5 y5.8
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sent work. In order to evaluate its effect on the ice temperature, keeping the walls’ thermal resistance at 1.67 m2 KrW, the model was applied to comfort conditions of 178C, 198C and 218C for the most favourable weather conditions for the ice melting: the month of March. The results are shown in Table 2. As can be observed, the comfort temperature inside the SSHM can go up to 218C without melting the surrounding ice. 6. Conclusions Ice melting in the surroundings of sub-superficial habitation modules ŽSSHM. in cold regions, such as those in the Antarctic continent, is a possibility that requires a study prior to the module’s construction. This possible ice melting stems from the heat load generation inside habitation modules required to maintain the comfort temperature. A numerical tool to predict the ice temperature distribution, based on the finite volume approach, was presented in this work. This model was applied to the ice volume surrounding a cylindrical SSHM Ž r s 2 m, H s 2 m. in Patriot Hills, Antarctica, with 5-cm thick walls of insulation and structural reinforcement possessing a thermal resistance of 1.67 m2 KrW, and with a comfort temperature of 158C. An analytical equation for the annual variation of the atmospheric air temperature, characterised by a monthly frequency, was obtained from data of the three selected neighbouring AWS, yielding T`(t) s y22.37 q8.83 cosŽ0.524 t . q3.92 sinŽ0.524 t .. The analytical equation for the ice temperature distribution in the absence of a SSHM T(x,t) s y22.37 q e y 0 .2 9 6 x w 8.73 cos Ž 0.524 t y 0.296 x . q 3.96 senŽ0.524 t y 0.296 x .x, was used as initial condition. The convection heat transfer value h s 38.6 Wrm2 K for the iceratmosphere interface was calculated. The results have shown that, for the above conditions, the maximum ice temperature reached Žy7.98C. was far below the ice melting point. A parametric study for the walls’ thermal resistance, l r k, yielded the minimum value of 0.6 m2 KrW required to avoid the melting of the ice surrounding the cylindrical SSHM. This value is considerably below the suggested value Ž1.67 m2 KrW., for which the comfort temperature can go up to 218C without risking ice melting.
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Nomenclature A temperature amplitude Ž8C. A n , Bn constants Ž8C. friction coefficient Cf h convection heat transfer coefficient ŽWrm2 K. k thermal conductivity ŽWrmK. Nusselt number based on the atmospheric Nud boundary layer Pr Prandtl number convection heat flux ŽWrm2 . q Reynolds number based on the atmospheric Red boundary layer temperature at a height of z metres Ž8C. Tz T3 temperature at a height of 3 m Ž8C. non-dimensional temperature at a height of Tz) z metres non-dimensional temperature at a height of T3) 3m outside instantaneous temperature Ž8C. T`(t) T(x,t) ice temperature Tm outside mean temperature Ž8C. Tsurface ice temperature at the surface Ž8C. ut friction velocity Žmrs. non-dimensional velocity at a height of z u )z metres Uz wind velocity at a height of z metres Žmrs. U3 wind velocity at a height of 3 m Žmrs. wind velocity at the exterior of the atmoU` spheric boundary layer Žmrs. frequency Žmonthy1 . w z height Žm. z0 reference height Žm. k Von-Karman constant d atmospheric boundary layer thickness Žm. u displacement
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large transport airplanes, such as the C-130 Hercules, without the need to resort to special landing devices. Å½ . such as skis, as pointed out by Swithinbank 1987 . Habitation modules can be designed according to different constructive methods. In the present work, sub-superficial modules are studied as they avoid the. 
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