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Abstract

:

This study examines the heat flux and convective heat transfer generated when a vertical take-off and landing (VTOL) aircraft takes off and lands on the flight deck of a naval vessel. A procedure for analyzing the convective heat transfer imposed on the deck by the high-temperature and high-velocity impingement of a VTOL jet is described. For the analysis, the jet velocity and the deck arrival temperature were calculated by applying computational fluid dynamics (CFD), assuming that the heat flow is an impingement jet. The relationships between the diameter of the jet, the speed of impingement, and the exhaust temperature of VTOL are introduced to assess the inlet condition. Heat flow was analyzed using CFD techniques, and Reynolds-averaged Navier–Stokes (RANS) and k-ε models were applied to model the turbulent motion. A procedure for evaluating the convection coefficient and convective heat flux from the calculated local velocity and temperature is presented. Simultaneously, a method for compensating the convection coefficient considering the singular velocity at the stagnation point is proposed. Furthermore, the accuracy was verified by comparing the convective heat flux and deck temperature predicted using CFD with the existing experimental studies. Finally, by applying finite element analysis (FEA) based on the thermal-structural interaction, the magnitude of thermal deformation due to conductive temperature and heat flux was presented as a design application of the flight deck.
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1. Introduction


Flame jets from vertical take-off and landing (VTOL) aircraft harm the flight decks of naval vessels, generating excessive thermal deformation and thermal stress. The purpose of this study is to predict the magnitude of the convective heat transfer of jet flames that generate thermal stresses on the flight deck. For predicting the distribution of local convective heat transfer, it is necessary to analyze the thermal flow and convective heat flux simultaneously. The turbulent thermal fluid flow of the VTOL represents an impinging jet. For predicting convective heat transfer, several variables such as the velocity and temperature of the flow and the temperature-dependent material properties must be considered. The complexity of the jet impingement makes it challenging to predict the convective heat transfer to surfaces that receive these violent flows.



Various studies have been conducted on the heat transfer of jet impingement for the Reynolds number, the shape and array of the nozzle, and the standoff distance of the nozzle and impingement wall. Most of them use both experimental measurement and numerical analysis to predict convective heat transfer. Jambunathan et al. [1] reviewed experimental data on heat transfer rates for circular jets impinging on a flat surface. The effects of the Reynolds number, jet-to-surface distance, nozzle geometry, and jet orientation and shape have been most widely studied. Katti and Prabhu [2] experimentally investigated the effect of the nozzle-to-plate spacing and Reynolds number on the heat transfer distribution to normally impinging circular air-jet on a flat surface. VTOL heat flow can be expressed as a turbulent thermal flow of exhaust gas on the thermal deck. Crosser [3] and Naval Surface Warfare Center (NSWC) research [4] performed real-scale experimental results for a VTOL. Crosser [3] experimentally presented the convective heat transfer coefficient and temperature distribution of VTOL exhaust gas. NSWC [4] measured the heat effect of a land-based experiment of a VTOL for the flight deck. This experiment presented the history of maximum temperature on the thermal deck according to the operating conditions of the VTOL



Zuckerman and Lior [5] presented a series of different turbulence models used to examine their performance in simulating jet impingement cooling of a flat target under a round jet. Pattamatta et al. [6] focused on the theoretical treatment of the problem by numerical model or experiments with laboratory-controlled systems using axisymmetric jets impinging on flat plates. Barata [7] performed laser doppler anemometry (LDA) measurements and numerical simulations for impinging jets and studied the effect of flow on the impinging jets below a VTOL aircraft in the ground. Matsumoto et al. [8] examined the heat transfer and the flow pattern from an impinging jet. However, the Reynolds number and scale frame jet VTOL are distinct problems from those in the investigated studies. Furthermore, several studies use a Nusselt number or convection coefficient with interest in heat convection at the stagnation point. Gauntner et al. [9] suggest that the local radial velocity gradient parameter at the stagnation influences stagnation point heat transfer coefficients. Because the horizontal velocity (parallel to the impingement wall) is zero in the stagnation region, Martin and Boyd [10] considered the vertical velocity of the arrival stream. Although several studies on jet impingement have proposed convection coefficient equations for various Reynolds numbers and nozzle sizes, it is difficult to use the proposed convection coefficient equations because the Reynolds number and nozzle size of VTOL jets are very large compared to the studies investigated.



Considering relatively little has been published about the computational model where the thermal deck is heated by hot impingement, this study aims to examine the heat transfer characteristics of a VTOL jet impinging onto the deck of a naval vessel. The primary goal of the present study is to numerically predict the distribution of convective heat flux delivered to the flight deck by the nozzle flame. The literature to date agrees on the use of computational fluid dynamics (CFD) using Reynolds-averaged Navier-Stokes (RANS) equations in a turbulence model to study the effect of the heat transfer rate between the jet gas and the heated surface. CFD enables simulating convective heat flux and heat energy transfer on the impingement wall. This study analyzes the heat flow behavior using a three-dimensional (3D) finite volume method and a k-ε turbulence model based on the RANS equation. Transient heat conduction and thermal-structural analysis are then introduced.




2. Problem Description of VTOL with an Impinging Jet


2.1. Characteristic of Heat Transfer by VTOL


VTOL aircrafts operate on small-to-medium aircraft carrier naval vessels. VTOL can hover, take off, and land vertically on the flight deck. This study is concerned with the exhaust flame of the MV-22 Osprey, a tilt-rotor type VTOL aircraft designed to operate on naval vessels. The Osprey is unique because it uses two engines positioned on fixed wingtips housed in nacelles that rotate to enable the MV-22 to land and take off vertically. For take-off and landing, it typically hovers using vertical nacelles and horizontal propeller. Exhaust heat from the turboprop engines can potentially damage the flight decks of a ship [11]. A schematic view of an impinging jet issuing from a nozzle of the VTOL on a flat deck is depicted in Figure 1, which was adapted from Annaswamy (2003) [12] and Choi (2005) [13]. The exhaust gas of VTOL is vertically sprayed from two turboprops to the flight deck during landing and take-off operation. A ground effect occurs because there are two adjacent jets, and each impinging downward jet creates an upward reingestion of exhaust gases.



Considering that the impingement of each jet onto a surface leads to a highly localized heat flow rate at the centroid, the modeling of one jet can lead to a more conservative prediction of the amount of heat flow. Therefore, the present study focuses on the flow of a single jet rather than the wake of the two jets. Two assumptions are made to adopt the one impingement in the analysis: (1) The distance between the two jets is far enough so that the thermal flow of the jet is not amplified. (2) The distance between the jet nozzle and the deck was assumed to be that of the landing status. Therefore, the distance between the jet flame and the deck when the VTOL landed, was reflected in the analysis. This is because the impinging flame transfers the largest heat to the deck at the moment of landing. The distance between the nozzle and the deck is fixed for the computational model. The gas flow rate, nozzle diameter and shape, standoff distance from the nozzle to the deck, and operation condition of VTOL should be considered in the CFD model. In all cases, the temperature and velocity distribution of the jet stream over the surface are required to approximate the magnitude of the heat flow. This heat flow has two consequences: (1) the high-temperature gradient generated by the heat flux and (2) the development of thermal stress and deformation of the flight deck.



Beltaos [14,15] and Rajaratnam [16] also divided the flow region into three regions (Figure 2): free jet, impingement, and wall jet. Figure 2 was modified from Beltaos [14,15] and Rajaratnam [16]. Katti and Prabhu [6] also divided the three regions of the impingement wall that extend to a distance from the center by the spread of the fluid; three regions can be listed, shown in Table 1 as suggested by Katti and Prabhu [2]. The hydrodynamic pattern of an impinging jet is crucial in studying the thermal effects of exhaust gas acting orthogonally on the target surface. The potential core can be observed until H/D = 4–6 (H: standoff distance from nozzle to deck, D: diameter of nozzle) and exists within the free jet region where the jet exit velocity is conserved and the turbulence intensity level is relatively low. A shear layer exists between the potential core and the ambient fluid where the turbulence is relatively high, and the mean velocity is lower than the jet exit velocity. The potential core diminishes in width as the shear layer around the jet grows. After the jet is fully developed, the axial velocity profile can be represented by a Gaussian distribution. The shear layer entrains ambient fluid and causes the jet to spread radially. Beyond the potential core, the shear layer spreads to the point where it penetrates the centerline of the jet. At this stage, the centerline velocity decreases, and the turbulence intensity increases. The stagnation region spans approximately 1.00 times the nozzle diameter for a laminar flow and varies in size for a turbulent flow [17,18,19,20]. The stagnation region includes the stagnation point where the mean velocity is zero. Within this region, the free jet is deflected into the wall jet flow and the flow is affected by the presence of the impingement surface.



The flow accelerates as it advances through the stagnation region due to the difference in static pressure between stagnation and an outer region. The flow velocity becomes higher than the velocity at the nozzle exit to maintain continuity of the flow. This region is called the acceleration region. The viscosity effects and loss of momentum cause the flow velocity to decrease gradually as the fluid progresses through the acceleration region parallel to the surface. The behavior of the wall jet region is characterized by a flow in the outward radial or spanwise direction. The wall jet region has a lower velocity than the acceleration region due to the loss of momentum. In this study, the characteristic of heat transfer developed in the stagnant region was analyzed in Section 4.4.




2.2. Schematic Formulation of Convective Heat Transfer by the Impinging Jet


Jet impingement heat transfer and flow features depend on parameters such as the jet’s Reynolds number, Prandtl number, nozzle geometry, spacing between nozzle exit and impingement plate, and distance from the stagnation point. The heat flow rate of impingement can be expressed as the convective heat transfer of a turbulent flow, where the convective heat transfer applies to heat transfer through a fluid to a solid. This mode propagates heat via the mixing of fluid regions on both molecular and large scales. The heat flux from the jet fluid to the target surface can be described by Newton’s law as:


  q ” = h    (   T s  −  T  j e t    )  ,  



(1)




where   q ”   is the convective heat flux and  h ,    T s   , and    T  j e t     are the convection coefficient, the temperature on the target surface exposed to the jet flow, and the temperature of a jet fluid, respectively. The convection coefficient is derived from the Nusselt number (  N u  ), as defined by Equation (2).


  h = N u  k   Characteristic   lengh    = N u  k D  ,  



(2)




where  k  represents the thermal conductivity. The Nusselt number (  N u  ) on the impinging wall is represented by the functions of the jet Reynolds number (  R e )  , Prandtl number (  P r  ), and   H / D  , where  H  is the stand-off distance from the jet nozzle to the wall, respectively [2,17,21]. Because  D  is constant in this study, the Nusselt number can be expressed by the function of both the Reynolds number and the Prandtl number. Therefore, the numerical result of the jet flow is used to find both the Reynolds number and the Prandtl number.



The next section presents the results of the Nusselt number predicted based on the resultant motion of the jet flow. For the Nusselt number, the Reynolds number (  R e  ) is determined according to the nozzle diameter ( D ) and jet velocity ( V ) as    ρ f  V · D /  μ f   , where    μ f    is the viscosity of the jet fluid. In this study,   R e   is adjusted by a calibrated velocity at the stagnation point, as explained in Section 4.4 because ν is a temperature-dependent variable used in calculating the Reynolds number. The Prandtl number (  P r  ) means the ratio of fluid thermal diffusivity to viscosity and is obtained by ν/α, where ν and α means the kinematic viscosity and thermal diffusivity of the jet fluid, respectively. Based on the definition of thermal diffusivity, the value of α can be calculated by   k / ρ c  , where  ρ  and  c  denote the density of exhaust gas and the specific heat, respectively. The value of the Prandtl number is approximately 0.7~0.8 in the gas state [22]. Therefore, the Nusselt number is expressed by a function of   R e   and   P r   in Equation (3).


  N u = f  (  R e ,   P r ,    with   constant    H / D  )  .  



(3)







Finite element analysis (FEA) modeling of heat conduction and thermal deformation inside the impinging wall can then be implemented based on the heat flux models, heating and cooling boundary conditions, and temperature-dependent material properties. Based on the above equations, this paper divides the heat transfer behavior of exhaust gas into three steps, as depicted in Figure 3.



First, the heat convection coefficient is calculated from the thermal flow behavior predicted by the analysis. The temperature distribution and velocity and pressure of the jet flow on the surface are then used to predict the Nusselt number and calculate the convection coefficient. Furthermore, the Reynolds number and Prandtl number are predicted. Second, the convective heat transfer coefficient is compensated by considering the vertical velocity and the dynamic pressure in the centroid stagnation zone. Third, the convective heat transfer coefficient predicted in the second step is applied to the coupled thermal-structural FEA. The coupled thermal-structural FEA is used to calculate the temperature distribution, thermal deformation, and thermal stress field inside the flight deck. The exhaust gas temperature distribution and dynamic pressure of impacting flow on the deck were applied as the load conditions.




2.3. Governing Equation


Many studies [5,23,24] have shown that CFD can be used to solve the convective heat transfer of impinging jets. In this study, a numerical procedure that simulates the thermal flow of VTOL impingement was performed using ANSYS™ CFX Solver® under Workbench™ version 2021R1 (ANSYS Inc., Canonsburg, PA, USA). The equations describing the thermal flow of the impinging jet are represented by transport equations of momentum (Navier-Stokes equations) and energy (heat diffusion equation for the flow), developed from the mass conservation law (the continuity equation), momentum, and energy conservation (Olsson et al. [23]). The thermal flow is governed by the incompressible form of the RANS equations and by the equations describing the transport of energy, momentum, and energy [23].


      ∂  U j    ∂  x j    = 0 ,  



(4)






   ρ   ∂  U i    ∂ t   + ρ   ∂  (   U i   U j   )    ∂  x j    = −   ∂ P   ∂  x i    +  ∂  ∂  x j     (   τ  i j   +  τ  i j   t u r b    )  ,    



(5)






   ρ  c p    ∂ T   ∂ t   + ρ  c p    ∂  (   U j  T  )    ∂  x j    =  ∂  ∂  x j     (   q j  +  q j  t u r b    )  ,    



(6)




where    U i    is the velocity of the fluid,  ρ  is the density of the fluid,    τ  ij     is the Reynolds shear stress,    c p    is the specific heat,  T  is the temperature, and    q i    is the heat flux.  P  is the pressure, and superscript   t u r b   is the turbulence. Those variables are defined by:    τ  i j   = μ  (    ∂  U i    ∂  x j    +   ∂  U j    ∂  x i     )   ,    τ  i j   t u r b   = − ρ   u  ′ i   ¯    u  ′ j   ¯   ,    q j  =   μ  c p    P r     ∂ T   ∂  x j     ,    q j  t u r b   = − ρ  c p    u  ′ j   ¯    T ′  ¯   , where  μ  is the dynamic viscosity of fluid,   u  ′ i    and   T ′   are the fluctuating velocity and temperature, and   P r   is the Prandtl number. It would be impossible to solve these equations analytically because of non-linearity and the stochastic nature of turbulence. The additional terms that appear due to averaging the velocity and temperature are the Reynolds stresses and the turbulent heat flux. These models are the closure problem of turbulence.



Angioletti et al. [24,25] extensively investigated the flow field behavior in the vicinity of the stagnation region. They found that the k-w SST(Shear Stress Transport) model produces suitable results for a lower Re, while k-ε performed better for a high Re. Furthermore, in the study by Achari and Das [26] and in the studies by Coussirat [27,28], the standard k-ε model was adopted. The standard k-ε model is widely used and has relatively high accuracy for fluid flow analysis. With the standard two-equation k-ε model, the turbulent viscosity is evaluated from    μ t  = ρ  C μ     k 2   ε   . where    μ t    is the turbulent viscosity,  k  is the turbulent kinetic energy,  ε  is the dissipation rate of the turbulent kinetic energy,    C μ    is a turbulence constant, and  ρ  is the density of the fluid. The turbulent kinetic energy,  k , and the dissipation rate of turbulent kinetic energy,  ε , are obtained by solving a conservation equation for each of these two quantities. Those equations are defined by Equations (7) and (8).


    ∂ ρ k   ∂ t   +   ∂  (   U j  T  )    ∂  x j    =  ∂  ∂  x j     [   (  μ +    μ t     σ k     )    ∂ k   ∂  x i     ]  +  P k  − ρ ε +  P  k b   ,  



(7)






     ∂ ρ ε   ∂ t   +   ∂  (  ρ  U j  ε  )    ∂  x i    =  ∂  ∂  x i     [   (  μ +    μ t     σ ε     )    ∂ ε   ∂  x i     ]  +  ε k   (   C  ε 1   P −  C  ε 2   ρ ε  )  ,    



(8)




where    P k    is the production rate of the turbulent kinetic energy defined as    P k  = −   ρ  u i   u j   ¯    ∂  U j    ∂  x j     .    C μ   ,    σ ε   ,    σ k   ,    C  ε 1    , and    C  ε 2     are empirical constants as shown in Table 2. These default values are defined from experiments with air or water for fundamental turbulent shear flows including homogeneous shear flows and decaying isotropic grid turbulence. [29,30,31].





3. VTOL Simulation Model


3.1. Estimation of Nozzle Velocity


In this study, it is assumed that the VTOL engine is a turboprop type, and the schematic view of that engine’s propulsion is illustrated in Figure 4. The turboprop simplifies the VTOL thrust power so that the exhaust velocity can be estimated based on the two types of thrust with the propeller (   T  p r o p   )   and turbojet (   T  j e t   )  .



Bolkcom [32] suggests that the maximum weight of the take-off ( W ) was about 25 tons (55,000 lbs). The sum of thrust must be equal or greater than the weight of the VTOL to hover or take off. Benson [33] expressed the thrust force of turboprop as in Equation (9). Rotaru and Todorov [34] expressed the propeller thrust as (10) for the VTOL to maintain the hovering state.


  W =   ∑     Trust = 2  T  p r o p   + 2  T  j e t   = 2  (     m 0   ˙   (   V 0  −  V 1   )  +    m e   ˙   (   V e  −  V 1   )   )  = 244.8  [  k N  ]  ,  



(9)






    T  p r o p   =    m 0   ˙   (   V 0  −  V 1   )  = 2  ρ a   A p   V 1 2  ,    



(10)






    T  j e t   =    m e   ˙   (   V e  −  V 1   )  =  ρ e   A e   V e   (   V e  −  V 1   )  ,    



(11)




where    T  p o r p     is the thrust of a propeller,    ρ a    is the density of air,    A p    is the area of a propeller,    V 1    is the induced velocity,    T  j e t     is the thrust of a jet,    ρ e    is the density of exhaust gas,    A e    is the area of a nozzle, and    V e    is the exhaust gas velocity. The predicted VTOL velocity is 21.2 m/s [35]. Assuming that the motion of the VTOL is hovering, and the turboprop thrust force is the same as the weight of the VOTL, the exhaust gas velocity is assumed to be approximately 105 m/s.




3.2. Description of Simulation Model Set Up


The steady-state analysis in three dimensions of the heat transfer associated with the local Nusselt numbers from an exhaust jet impinging on a solid were performed in CFX. The Nusselt number describes the dimensionless heat transfer represented by convective heat flux, while the Reynolds number is based on the jet velocity and the width of the jet. This study was assumed to be completely turbulent when exiting the nozzle and adiabatic at the solid wall. The simulation model was defined by simplifying the geometry and the domain (Figure 5).



The length of an impingement wall (L) is defined as r/D = 11(L = 10,000 mm) from the center. The jet nozzle and propeller diameters are 900 mm and 11,580 mm, and their heights from the impingement wall are 1320 mm and 6100 mm. The geometry specifications of the analysis model are summarized in Table 3, and the simulation model is depicted in Figure 6.



The parameters for the computational domain and the boundary conditions for the simulations are summarized in Table 4 and Figure 7. CFD methods based on unstructured grids have the advantage of efficiently handling complex geometries and can improve solution accuracy by refining cells locally as required. In this study, unstructured volume meshes were created using ANSYS 2021 R1 Meshing tool (ANSYS Inc., Canonsburg, PA, USA). Although an unstructured mesh consisting of tetrahedral elements was generated, the finer mesh was generated in the nozzle and impinging wall to compute the local velocity and temperature in the region.



For analysis efficiency, a half-model with a symmetrical condition applied at the center was used. The k-ε model was adopted for the turbulence model, and the analysis domain is defined as air and exhaust gas. The inlet condition of the propeller is air at 21.2 m/s and 25 °C; the inlet condition of a jet nozzle is exhaust gas at 100 m/s and 260 °C. An outlet with opening condition (Zero relative pressure) was given to the side walls of domain where the exhaust gas exits. The inlet and outlet boundary conditions used in the analysis are described in Figure 7. The values of the initial conditions and boundary conditions are also described in Table 4.



In order to check the grid dependence on the convergency of temperature and velocity, the results at the stagnation region according to the grid sizes are summarized in Table 5. Our values of interest are the velocity and temperature of flow, we make sure that these have converged to a steady value when the grid size is less than 80 mm. Ensuring that these values have reached an almost steady solution, the grid density of 21,791,040 elements for 50 mm was chosen for the CFD simulation.





4. Numerical Results and Discussion


4.1. Velocity and Streamline of the Exhaust Gas


The fully developed turbulent 3D, steady, incompressible, single confined impinging jet flow is numerically simulated. The radial-velocity profiles of exhaust gas in the impingement wall are also depicted in Figure 8, revealing that the velocity in the stagnation region is much lower than in the other locations. Furthermore, the velocity vector and streamline distributions are depicted in Figure 9. The stagnation region is characterized by the dramatic curvature caused by the flow obstructing the impingement wall. The local radial velocity gradient is a parameter influencing the heat transfer coefficients.




4.2. Volume Fraction of the Exhaust Gas


Volume fraction represents the ratio of exhaust gas to air. CFX calculates the convection coefficient based on momentum without considering the volume fraction of exhaust [36]. That is, despite the low volume fraction of exhaust gas, CFX yields an excessive convective heat transfer coefficient. As shown in Figure 10, a large convective heat transfer coefficient is calculated despite the very low volume fraction of the exhaust gas on the upper surface. Therefore, it is necessary to correct the convection coefficient by multiplying the volume fraction of the injection gas. The distribution of the volume fraction of exhaust gases at the impact wall is shown in Figure 11.




4.3. Temperature and Pressure Distribution of Exhaust Gas


This section analyzes the temperature and dynamic pressure distribution as factors considered for thermal-structural analysis of the deck and temperature. The dynamic pressure distribution as r/D is depicted in Figure 12. The temperature distribution and the contour of the impingement gas are depicted in Figure 13. The maximum temperature reaches 545 K (276.6 °C), and the average temperature is 542.7 K (271.8 °C) in the stagnation region. As the radial distance increases, the temperature decreases on the wall jet region. Not only the temperature and the convection coefficient but also the dynamic pressure of exhaust gas is acting on the deck. The maximum pressure of exhaust gas is 3.8 kPa; the pressure profile is depicted in Figure 14.




4.4. Calibration of Convection Coefficient at the Stagnation Point


The convection coefficient is the major parameter of thermal load to evaluate the thermal effect on the deck. Although similar experiments [3,4] showed that the convection coefficient at the stagnant point was higher than that in the transition region, the convective coefficient predicted by CFX yields a maximum value in the transition region and a lower value in the stagnant region as shown in Figure 15. This discrepancy comes from the calculation procedure of CFX to compute the convection coefficient. CFX uses the difference between the temperature of the exhaust gas and the temperature of the impinging wall in steady state to calculate the convection coefficient as it calculates the convection coefficient through the equation   h = h e a t   f l u x / (  T s  −  T ∞   ), where    T s    and    T ∞    represent the temperature of the impinging wall and the gas, respectively [36]. The higher the temperature of the impinging walls, the lower the convection coefficient, whereas the opposite is observed in the experiment. Hannat and Morency [37], Park et al. [38], and Heyrichs et al. [39] also observed the heat flux profile falling at the stagnation point in the CFD analysis of the jet. The unreasonable profile of heat flux at the stagnation point is also due to the zero velocity at the stagnation point above the heat conduction media. Several numerical studies suggested methods to correct the convection coefficient and the Nusselt number at the stagnation point. In particular, they suggested that it is reasonable to consider the vertical velocity just before the jet impacts the impinging wall in order to calculate a reasonable convection coefficient at the stagnation point. Katti and Prabhu [2] and Vlachopoulos and Tomich [22] successfully presented an interpolation method for the Nusselt number at stagnation using the velocity field of fluid above the impinging wall. Therefore, it is reasonable to obtain the convection coefficient directly from the flow velocity and temperature at the moment of reaching the wall. That is, the Prandtl number, Reynolds number, Nusselt number, and convection coefficient should be assessed from the flow field of exhaust gas just above the wall. Therefore, in this study, the convection coefficient at the stagnation point was assessed based on the temperature and velocity above the impinging wall.



According to Gauntner et al. [9], the local radial velocity gradient at stagnation affects the stagnation point heat transfer coefficient. The local radial velocity gradient at the stagnation point is also considered as the static pressure distribution at the stagnation point, assuming incompressible flow. Therefore, in this study, the local convective heat transfer coefficient of the stagnation point was corrected by reflecting the flow pressure and velocity immediately before the impinging at the stagnation point, as defined by Equation (12).


   V  e q    ( r )  =   2  (    P  ( r )    ρ  ( r )    +    V 2   ( r )   2   )    ,  



(12)




where    V  e q    ( r )   ,    P 1   ( r )   , and   ρ  ( r )    are the equivalent velocity, pressure, and density of the exhaust gas at local point r, respectively. Furthermore, the Reynolds number in Equation (3) was calculated using the equivalent velocity with the dynamic viscosity and the diameter of a nozzle as Equation (13) in the impingement jet problem [1,2,5,6,22]. The maximum value is approximately 2.2 million at the stagnation point. The Prandtl number is the ratio of dynamic viscosity and thermal diffusion, as defined by Equation (14). In this study, Pr(r) is obtained at the local point r and its range is calculated as 0.7–0.71.



The local Nusselt number (  N u  ( r )   ) can be estimated with the local Prandtl (  P r  ( r )   ) and local Reynolds (  R e  ( r )   ) numbers defined by Equation (15) [40]. The distribution of the local Nusselt and Reynolds numbers is depicted in Figure 16. The convection coefficient was then calculated from the equivalent velocity, and an appropriate thermal load distribution was presented.


  R e  ( r )  =    ρ f   ( r )     V  e q    ( r )  ·  D  n o z z l e      μ f   ( r )    ,  



(13)






   P r  ( r )  =    c f   ( r )  ·  μ f   ( r )     k f   ( r )    ,    



(14)






   N u  ( r )  = 0.0308   R e    ( r )    0.8     P r    ( r )     1 3    .    



(15)







The heat flux by convection of exhaust gas analysis neglects the effect of a volume fraction of exhaust gas in the heat transfer. The efficiency of heat transfer where the VF is 1 and close to 0 are considered the same. Therefore, considering the heat transfer effect by the volume fraction, the convection coefficient was multiplied by the volume fraction. The maximum value of the convection coefficient is approximately 144 W/m2K at the stagnation point.



To validate the accuracy of the convection coefficient and temperature results, their distributions are compared with the experimental data presented by Crosser [3]. The local convective heat transfer coefficient acting on the plate was calculated using the local Nusselt number relational Equation (16), with the distribution of the convection coefficient depicted in Figure 17. The distribution of the convection coefficient and the temperature were estimated from the contour obtained through experiments on VTOL. Compared with the results of Crosser’s study, these results by distance (r) illustrate that the temperature decreases slowly, and the convection coefficient decreases rapidly, as shown in Figure 18.


   h  e x    ( r )  =   N u  ( r )  ·  k f   ( r )   L  ∗ V F  ( r )  .  



(16)







The result of the convection coefficient was approximately 15% higher in the stagnation point than the experimental result, but the experimental result was higher after the stagnation region. Furthermore, both the numerical and the experimental temperature results are approximately 250 °C at the stagnation point. However, as r increases, the numerical results are larger than the experimental data. The heat flux was calculated to analyze the thermal load of convection heat transfer; the heat flux results are depicted in Figure 19. As shown in Figure 19, the convective heat transfer coefficient and temperature distribution are different from the experimental values. The maximum value at the stagnation point has a difference of about 10%, but the further away from the stagnation point, the smaller the difference between the experimental value and the numerical result. Nonetheless, the heat flux distribution showed an acceptable level of difference.




4.5. Heat Transfer Analysis


The temperature history and distribution were calculated using heat transfer analysis to estimate the thermal stress and deformation of a deck by the flame jet. The results of thermal flow analysis were applied as the thermal load conditions, and the maximum temperature history of a deck was compared with the results of a real-scale experiment [4]. The size of a deck is 15 × 15 m and it is considered a dangerous area for propeller downwash, as defined by the Naval Air System Command [41]. The geometry of the deck is as depicted in Figure 20, and the spacing and shape of the longitudinal frame and transverse web frame were defined from the study by Wadley et al. [42]. For efficiency of time cost, a symmetric condition was applied to define a quarter model. The deck was modeled by the shell element. Information on boundary conditions and material properties are summarized in Table 6 and Table 7. Forced convection by jet was applied on the upper side of the deck, and natural convection was applied to the others. The deck material was defined as HY100 steel, which is commonly used in a naval ship, and the effects of coating, painting, and insulation were not considered.



The distribution of temperature and history of maximum temperature at the deck and frame are depicted in Figure 21. The maximum temperature is approximately 231 °C on the center of a deck after 1800 s. The temperature increased to 203 °C at the longitudinal frame and 150 °C at the transverse web frame by conduction. The history of the maximum temperature on the deck is compared with the experimental results [4] from the real-scale structure, as depicted in Figure 22. These results are reasonable considering natural convection conditions and paint insulation under real-scale experimental conditions.




4.6. Transient Thermal-Structural Analysis


The thermal-structural analysis was performed with transient analysis, and a safe operation time was suggested based on the results. The thermal-structural analysis model is depicted in Figure 23 (left); the fixed condition was applied at the side edge. The temperature gradient was imported from heat transfer analysis to thermal-structural analysis. The distribution and history of deck temperature (Figure 23, right) are applied to the thermal-structural analysis. The material properties of a deck used to calculate the thermal stress are summarized in Table 8.



In this study, only the elastic properties were considered because the yield stress of the material was defined as a safety criterion. The contour and history of thermal stress and deformation results of the deck are depicted in Figure 24 and Figure 25. The yield stress was reached in approximately 450 s (7 min 30 s) at the center of a deck and the longitudinal frame in Table 9. As mentioned in the second section, the present study assumed that the exhaust gas was sprayed onto the deck while the VTOL was fixed in the landing state. Although this assumption overestimates the thermal stress of the deck, it is a conservative design condition to ensure the structural safety of the deck. In an actual VTOL operation, the time to reach the yield stress is expected to be more than 450 s because the height changes dynamically during take-off and landing. Therefore, it is necessary to estimate the exact time to reach the yield stress by considering the dynamically changing VTOL height through future study.





5. Conclusions


In this study, thermal flow analysis was performed to calculate the thermal load on the deck structure from the high-speed and high-temperature exhaust gas during landing and take-off. However, it was a physically unreasonable steady-state result because the coefficient of convection has a low value in the stagnation region. A reasonable convection coefficient was calculated using equivalent velocity based on the law of energy conservation considering the velocity and pressure. The heat transfer analysis was applied based on the thermal load conditions obtained from thermal flow analysis, and the temperature distribution and history were calculated. The temperature and convection coefficient distribution of exhaust gas were compared and verified with a real-scale experiment. Subsequently, the history of maximum temperature on the deck was verified again with the result. The results of thermal load were reasonable. Therefore, the distribution and history of temperature on the deck were applied to the thermal-structural analysis. Finally, this study suggested the time to reach the yield of the deck by the thermal stress and deformation from the thermal-structural analysis.
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Figure 1. Schematic view of VTOL operation on naval vessel deck. 
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Figure 2. Schematic diagram of the flow region of a circular impinging jet. 
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Figure 3. Analysis procedure of VTOL on a naval vessel deck. 
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Figure 4. Schematic turboprop engine operation. 
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Figure 5. Schematic diagram of VTOL on the deck. 
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Figure 6. Simulation model geometry in the computational domain. (left) Top view (right) Side view. 
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Figure 7. The computational domain Summary. (left) Boundary condition (right) Mesh. 
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Figure 8. Velocity section contour (left) and distribution (right) of the exhaust gas. 
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Figure 9. Velocity vector (left) and streamline (right) of the exhaust gas. 
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Figure 10. Convection coefficient location (left) and distribution (right) on the upper surface. 
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Figure 11. Volume fraction contour (left) and distribution (right) of exhaust gas. 
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Figure 12. Temperature (left) and pressure (right) distribution by radius. 
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Figure 13. Temperature contour distribution of the exhaust gas. Top view (left) and section view (right). 
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Figure 14. Pressure contour distribution of the exhaust gas. Top view (left) and section view (right). 






Figure 14. Pressure contour distribution of the exhaust gas. Top view (left) and section view (right).



[image: Jmse 10 00260 g014]







[image: Jmse 10 00260 g015 550] 





Figure 15. Convection coefficient contour (left) and distribution (right) on the impinging wall. 
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Figure 16. Local Reynolds number (left) and Nusselt number (right) distribution. 
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Figure 17. Calibrated convection coefficient distribution by radius (deck). 
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Figure 18. Comparison of experimental and numerical convection coefficient (left) and temperature (right). 
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Figure 19. Comparison of experimental and numerical heat flux. 
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Figure 20. Simulation model of the heat transfer and thermal structure (deck). 
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Figure 21. Distribution (left) and history (right) of temperature on the deck. 
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Figure 22. Comparison of experimental and numerical maximum temperature history on the deck. 
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Figure 23. Boundary conditions of thermal-structural analysis (left) and temperature distribution and history (right). 
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Figure 24. Stress distribution (left) and history (right) of the deck structure. 
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Figure 25. Deformation distribution (left) and history (right) of the deck structure. 
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Table 1. Regions of the impingement wall.
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	Region
	Stagnation Region
	Transition Region
	Wall Jet Region





	Section
	   0 < r / D ≤ 1   
	   1 < r / D ≤ 2.5   
	   2.5 < r / D   
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Table 2. Empirical constants for the standard k-ε model.
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	Parameter
	Value





	    C μ    
	0.09



	    σ k    
	1.0



	    σ ε    
	1.3



	    C  ε 1     
	1.44



	    C  ε 2     
	1.92
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Table 3. Simulation model geometry.
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	Specification
	Value





	Weight
	24,950 (kg)



	  Nozzle   Diameter   (  D  nozzle    )
	0.9 (m)



	  Nozzle - to - Plate   (  H  nozzle    )
	1.32 (m)



	  Propeller   Diameter   (  D  rortor    )
	11.6 (m)



	  Propeller - to - Plate   (  H  rortor    )
	6.1 (m)



	Length of simulation mode
	10 (m)
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Table 4. Simulation model summary.
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Analysis Model

	
Description






	
Analysis Type

	
Steady state




	
Domain

	
Exhaust gas and air




	
Multiphase Model

	
Homogeneous model




	
Turbulence Model

	
Standard k-ε




	
Initial Condition

	
Temperature: 25 (℃)




	
VF (volume fraction): Air (1.0), exhaust gas (0.0)




	
Boundary Condition

(Inlet and Outlet)

	
Inlet condition: Exhaust nozzle

- Velocity: 105 (m/s)

- Temperature: 260 (℃)

- VF (Volume fraction): Exhaust gas (1.0), Air (0.0)




	
Inlet condition: Propeller

- Velocity: 21.2 (m/s)

- Temperature: 25 (℃)

- VF (volume fraction): Exhaust gas (0.0), Air (1.0)




	
Outlet: Opening condition
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Table 5. Convergence of temperature and velocity using grid refinement.
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Grid Size (mm)

	
T [K]

	
V (m/s)




	
Value

	
Difference

	
Value

	
Difference






	
200

	
537.796

	
-

	
81.451

	




	
180

	
538.585

	
0.15%

	
86.207

	
5.84%




	
150

	
538.892

	
0.06%

	
88.707

	
2.90%




	
120

	
539.643

	
0.14%

	
92.717

	
4.52%




	
100

	
539.874

	
0.04%

	
94.259

	
1.66%




	
80

	
539.974

	
0.02%

	
95.166

	
0.96%




	
50

	
540.007

	
0.01%

	
95.504

	
0.36%
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Table 6. Summary of heat transfer analysis.
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	Specification
	Value





	Thickness of deck
	0.013 (m)



	Initial Temperature
	25 (°C)



	Forced convection by Impinging Jet
	   h  e x    ( r )     ,    T  e x    ( r )    depicted in Figure 15



	  Natural   convection   by   Ambient   (  h a   )
	  5   ( W /  m 2  K  )



	   Ambient   Temperature   (  T ∞  )   
	22 (°C)



	Analysis time
	1800 (s)
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Table 7. Material properties of HY 100.
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	Material Property
	Value





	Density
	  7744   ( kg /  m 3   )



	Specific Heat
	407 (J/kg∙K)



	Thermal Conductivity
	34 (W/m∙K)
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Table 8. Deck material properties.






Table 8. Deck material properties.





	Material Property
	Value





	Elastic Modulus
	207 (GPa)



	Poisson’s Ratio
	0.3



	Yield Stress
	690 (MPa)



	Thermal Expansion Coefficient
	1.4 × 10−5 (1/K)
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Table 9. Thermal-structural analysis results.






Table 9. Thermal-structural analysis results.





	Structural Member
	Arrival Time at Yield Stress





	Deck
	450 (s)



	Web frame
	810 (s)



	Longitudinal
	450 (s)
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