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ABSTRACT
Many modern warships have enclosed main masts that are bulky and very different to the lattice or pole masts of earlier ships. While the newer masts are carefully designed to reduce radar cross section, and provide a weather tight enclosure for sensors and systems, they also significantly affect the air flow over the ship. This paper reports some results from a CFD study of the air flow over a generic ship representative of a modern frigate with an enclosed mast. Specific attention has been paid to the unsteady velocities at locations around the mast where a ship’s anemometer might typically be placed.  The flow is seen to be highly disturbed and both the wind strength and angle are significantly different to those of the free stream, hence making a true wind over deck measurement difficult. In the context of helicopter launch and recovery this makes it difficult to specify the helicopter’s operational limits which can restrict operational capability. The study has also quantified the temperature field due to the ship’s exhaust gas, and shows how vortex shedding from the mast mixes the exhaust gas with the airwake, so quenching the hot gases and reducing temperatures over the flight deck.
INTRODUCTION
Many designs of modern warships have masts that are more solid and bulky than the traditional lattice or tripod masts. Figure 1, for example, shows the mast structures for a US Arleigh-Burke class destroyer and a UK Daring class Type 45 destroyer. The images of the two ships are approximately scaled and it can be seen how the mast of the American ship has a taller and more open structure. The British Type 45 is an enclosed mast which contains a variety of equipment and systems in a watertight enclosure. In this case the outer surface of the mast is constructed from steel, but an enclosed mast could also be made from composite materials which allow antennae to be contained within the mast and to operate effectively as they can ‘see’ through the composite material. A further evolution of the enclosed mast concept is the integrated mast in which many of the antennae and sensors are not so much contained within the mast, but are themselves part of the outer surface of the mast. An example of a ship that operates with an integrated mast is the Dutch Holland class offshore patrol vessel which carries a Thales integrated mast. The geometry of the enclosed masts also lend them to reduced radar cross section, particularly for the integrated mast which does not have external sensors and equipment, such as those seen on the Type 45 in Fig. 1. 
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Figure 1: Mast profiles of a US Arleigh-Burke class (left) and a UK Daring class destroyer (right)

A review of integrated masts and their implications for ship design is given by Savage & Kimber [1]. There are structural design issues related to the need to align the base of the mast with the under-deck structure and bulkheads, and the additional strength required to withstand the whipping and slamming loads. The increased weight and higher centre of gravity of the mast also has an influence on ship stability.  Savage & Kimber also recognise that the bulkier non-aerodynamic profile of the integrated mast has implications for ship airwake and ship engine exhaust gas dispersion, their concern over the latter being related to the heating of surfaces and electronic components.
The purpose of this paper is to consider the aerodynamics of the flow around an enclosed mast with a particular emphasis on how this may affect the positioning of the ship’s anemometers, how it affects the engine exhaust gas dispersion, and the implications of both of these for the operation of the ship’s helicopter. The study has been carried out using unsteady Computational Fluid Dynamics (CFD). The accuracy of the wind velocity measurements recorded by the ship’s anemometers is important because they are used to define the Ship-Helicopter Operating Limits (SHOL) at the outset of the ship’s service, and the Wind-Over-Deck conditions for every sortie thereafter; unreliable anemometers lead directly to unnecessarily restricted SHOLs. As for exhaust gases from the ship’s engines, if the temperature of the airflow in which the helicopter has to operate is increased, this can adversely affect the helicopter’s performance through reduced rotor lift and reduced engine power.
CFD METHODOLOGY
Generic Frigate Model and Meshing
Figure 2 shows the generic ship model that has been created for this study and which has many of the characteristics of a modern frigate, such as a large bulky main mast similar to that seen on the Type 45, a large rectangular funnel with a main gas turbine (GT) exhaust amidships immediately behind the mast, and four Diesel generator (DG) exhausts – two placed amidships adjacent to the GT and two situated on a starboard rear funnel, above the hangar and immediately in front of the flight deck. The superstructure also has sloping smooth sides to minimise radar cross section reduction.
To illustrate the aerodynamic issues for this ship should its anemometers be mounted off the main mast (as they are on the Type 45), the velocities of the air flow at typical port and starboard positions have been studied in detail.  The positions are half-way up the mast and at port and starboard locations equivalent to being at the end of 6m long yardarms attached to the front corners of the mast and angled 60° forward. The positions will be indicated on the relevant figures later in the paper (yardarms can be seen on the mast in Fig. 2, but these are not at mast half-height). 
For the exhausts, both the GT and DG’s uptakes are cylindrical and have exit planes flush to their funnel top surfaces. The GT exhaust has a diameter of 2.8m whilst the DG exhausts have diameters of 0.5m. The length of the generic frigate is 150m with a beam of 20m.
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Figure 2: Generic Frigate Model
The CFD analysis was carried out using the commercial code Ansys Fluent. The ship CAD model was imported into the Ansys ICEM mesh generation software for an initial ‘clean-up’ process to remove any unnecessary clutter and to ensure that the geometry was ‘sealed’ ready for meshing. The removal of clutter was based upon recommendations by Forrest & Owen [2] where objects less than 0.3m in diameter can be neglected as they have little effect on the airwake but will increase cell count and therefore computational time.

Figure 3: Computational domain
The prepared ship geometry was enclosed in a large cylindrical domain, Fig. 3, of radius, r = 4 and depth, d = 0.9, where =ship’s length; this ensures that the boundaries are far enough away from the ship model to negate any blockage effects during the simulation. Using a cylindrical domain allows multiple Wind-Over-Deck (WOD) simulations to be run through 360° from a single mesh by altering the  and  velocity components of the oncoming flow. In this instance, the ship was placed in the domain for the positive -direction to run through the longitudinal axis from bow to stern and positive -direction to run through the lateral axis toward starboard.
Detached Eddy Simulation (DES) was used for turbulence modelling and an unstructured meshing technique was used which suits the turbulence modelling due to the isotropic nature of the tetrahedra away from the walls [2]. An Octree volume mesh was first used to produce a good quality triangular surface mesh from which a Delaunay volume mesh was grown, as seen in Fig. 4. A general rule of minimum cell size = 0.05 x hangar height was adhered to and prism layers were included in order to resolve the viscous boundary layer on the ship and representative ‘sea-surface’. Mesh growth normal to the geometry walls was controlled using a tetra growth ratio of 1.2 to retain a smooth transition between the prism and tetrahedra cells. The refined region over the flight deck is for future work on the effect of the ship airwake on helicopter flight simulation. The total cell count of the domain is approximately 10.5 million cells.
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Figure 4: CFD Mesh
Boundary Conditions
Ansys Fluent requires all of the geometry surfaces to have specified boundary conditions. In the case of the cylindrical domain, the upper surface was set as a symmetry condition where there is no flux across the boundary while specifying a zero shear condition. The outer circumference of the domain was set to a ‘pressure far field’ which allows the freestream conditions to be modelled at infinity. The freestream Mach number must also be specified along with the x, y and z components of the freestream flow velocity for the pressure far field boundary condition.
The ship’s surfaces were set as a series of walls with a zero slip condition to allow boundary layers to develop. The sea-surface plane was set as a wall but with a zero shear stress condition to allow the atmospheric boundary layer profile specified at the inlet to propagate through the domain unchanged.
The atmospheric boundary layer (ABL) profile was included to increase the accuracy of the CFD simulations as there can be a significant velocity change between the sea surface and the ship’s anemometer height. The following power law was used to model the ABL:
 		(1)
Where, , is the velocity at reference height, , and, , is a constant dependent on the surface roughness. The following values were used:  = 50 knots,  = 200m,  = 0.13 (as recommended in [2]). At the ship’s anemometer height, approximately 27 metres above sea level, this equates to an approximate 20 m/s freestream velocity (~38.5 kts). 
For the CFD simulations inclusive of exhaust gas effects, the energy equation within Ansys Fluent was activated, as well as the solution of additional transport equations to account for the buoyancy of the plume. The exhaust efflux has both momentum and buoyancy, however in the near field where this study is concerned the exhaust gases are ejected at high speed (~ 100 m/s) into highly disturbed air therefore the plume is momentum dominated and not buoyancy dominated [3].
The boundaries of both the GT and DG exhausts were specified as mass flow inlets in order to model the exhaust efflux. The GT boundary condition was set with a mass flow rate of 106 kg/s and temperature of 445°C while the DG boundary conditions were set with mass flow rates of 5.6 kg/s and temperatures of 430°C. These values were chosen to be representative of typical engines used in frigates that do not have waste heat recovery systems. In this instance, the exhaust gas species were not modelled with the gas being defined as air for simplicity. The ambient temperature was set to 38°C, which represents a demanding condition for helicopter launch and recovery and is representative of what might be encountered, for example, in the Arabian Gulf.
Computational Modelling
Second-order discretisation was used in time and space, and a blended upwind central-differencing scheme was used for the convective terms. Pressure-velocity coupling was resolved through use of the Pressure-Implicit with Splitting of Operators (PISO) scheme. As DES is a time-accurate CFD method, and having been originally developed to resolve the flow separation from large bluff-bodies at high Reynolds numbers, it is an appropriate model to simulate the flow around the superstructure of a ship. DES was originally a modification to the Spalart-Allmaras turbulence model [4] such that the distance to the wall, , is replaced as shown in equation (2):
		  (2)
In the unmodified Spalart-Allmaras model the length scale  is used to drive the turbulent viscosity. By linking the length scale to the local grid spacing (), the new modified length scale () means that turbulent viscosity production is limited away from the walls, allowing the DES model to fully resolve the medium to large scale turbulence. The constant () has the default value of 0.65 which was retained for this study.
To produce the unsteady CFD solutions, the fluid dynamic equations in the whole domain were first solved iteratively 1000 times to converge onto a steady-state solution. The steady-state flow field was then used as the initial conditions for calculating the unsteady flow field by activating the unsteady solver in DES mode with the simulation carried out at 100Hz. An initial 1500 time steps were computed to allow the transition from steady to unsteady to develop fully; this data was then discarded and a further 3000 time steps were computed to create 30 seconds of unsteady airwake data. Solutions were obtained using 128 processors and a typical run time per wind angle was three days.
The computational methodology outlined above is based on that reported by Forrest & Owen [2], who included validation against experimental ship airwake data from wind tunnel testing and at-sea measurements taken over the deck of a frigate. The CFD was seen to represent well the velocity field and captured the main structures within the flow.
MAST AERODYNAMICS
As can be seen in Fig. 2, the main mast is a tapered structure that has a square cross section with chamfered corners. It has a width at its base of 9m, a height of 14.8m and a width at the top of 3.2m; the surface slope is 11°.  The mast clearly does not have an aerodynamic geometry and as such it will have a large and unsteady wake as can be seen in Figs. 5 to 7. For a bluff body with a square cross section and a uniform cross-flow the wake will shed a Von-Karman vortex sheet at a regular frequency described by the Strouhal number St:
		(3)
Where f is the shedding frequency, D is the characteristic diameter, and V is the incident velocity.
For a square cylinder the values of St at high Reynolds number is 0.13 [5]. However the mast does not have a constant or a square cross section. Tamura & Miyagi [6] showed that the Strouhal number (St) can increase to about 0.17 for a square cylinder with chamfered corners, and that for incident angles between 0 and 30° the value of St reduced to 0.14. The effect of the mast taper will also alter the vortex shedding frequency because, as it narrows, Eq.3 shows that the frequency can be expected to increase. This fact is sometimes used to reduce the wind loading on tall buildings since in a tapered building the change in the natural frequency of shedding up the height of the building prevents coherent vortex shedding and reduces the likelihood of resonant unsteady wind loads. Kim & Kanda [7] have shown that for a tall building with a taper on the side of about 3° the value of St decreases from 0.13 to 0.09 at increased height up the structure, and that the spectrum of the unsteady loads on the building become weaker and broader.
It is clear from the discussion above that the wake being shed from the ship’s mast will be affected by its geometry and it will be further affected by the fact that the approaching air flow is not orthogonal to the mast, neither is it uniform and it is also unsteady. Figure 5 shows the ship’s airwake in a headwind as longitudinal mean velocity contours together with the position of the ship’s anemometer in the ABL (indicated by the red arrow). The air flow approaching the mast is rising as it flows over the forward superstructure, and Fig. 6 shows the general turbulence intensity on the centreline plane of the ship created by the flow separating from the non-aerodynamic mast and other geometric features. Figure 7 shows both velocity vectors and contours of general turbulence intensity in a Green 45 WOD at 20 m/s with a plan view of the velocity field in a horizontal plane at 50% mast height. The wake is clearly visible and within the intensely turbulent regions is the unsteady vortex shedding from the edge of the mast. The vectors on the plot are scaled according to velocity magnitude and show clearly the abrupt change in velocity across the shear layer as well as the flow recirculation occurring in the lee of the mast structure. Also shown in Fig. 7 are the locations where anemometers might be placed, as discussed earlier.
Through examining a Fast Fourier Transform (FFT) of the lateral velocity at the starboard anemometer location when it is positioned directly in the lee of the mast wake (Red 150 WOD), it can be seen in Fig. 8 that there is no single dominant vortex shedding frequency. Returning to the previous discussion about the range of shedding frequencies that can be expected from a modified square cylinder, if the ideal St value of 0.13 is adopted then at this location a shedding frequency of 0.43 Hz is obtained, which is in the middle of the spread of dominant frequencies shown in Fig. 8, indicating that the vortex shedding is highly irregular, but within a range that can be expected for a mast of this size and shape.
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	Figure 5: Atmospheric Boundary Layer profile (a) with reference to a longitudinal view of the ship’s airwake showing contours of normalised longitudinal mean velocity (b)








[image: ]
[image: ]
Figure 6: Contours of turbulence intensity in the longitudinal vertical plane in a 20 m/s headwind
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Figure 7: Contours of turbulence intensity with vectors of mean velocity magnitude in the horizontal plane for a 20 m/s Green 45 WOD
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Figure 8: FFT of the lateral velocities at the starboard anemometer in a Red 150 WOD – representative of the anemometer being in the centre of the wake of the mast
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Figure 9: Contours of turbulence intensity with vectors of mean velocity magnitude in transverse vertical plane ahead of the mast in a 20 m/s Green 45 WOD
A ship’s anemometers usually only take account of the horizontal components of velocity, although modern ultrasonic anemometers are capable of measuring all three components. The vector sum of the two horizontal components yields both the wind strength and direction with the vertical component being seen as less useful, although it is a measure of the local flow distortion. Figure 10 shows the vertical velocity component, w, calculated for the two assumed anemometer locations, and for a 20 m/s wind for all directions; for an undisturbed wind the vertical velocity would be zero, as indicated by the blue line in Fig. 10. It can be seen that there are vertical (upward) velocities of up to 6 m/s, and on average about 3 m/s; the exception is the tailwind where the air flow is coming from the stern and after the main mast the air flows downwards towards the bow. The magnitude of the vertical component should be seen against the oncoming wind speed of 20 m/s, so this is another indication of the distorted air flow in which the anemometers would have to operate.

Figure 10: Variation in mean vertical flow velocity for different wind angles
Figures 11 & 12 show the computed air velocity and direction, respectively, for a 20 m/s oncoming wind, for all wind angles. In Fig. 11 the undisturbed wind speed at approximate anemometer height is 20 m/s, as marked on the graph (blue line). The red and green curves represent the port and starboard positions where the velocities are recorded and they can be seen to be very nearly mirror images of each other, reflecting the relatively symmetrical geometry of the ship and of the assumed anemometer positions. Errors in the velocity readings can be seen in the context of UK military defence standards, DEFSTAN 08-133 Part 2 [8], which require an error in velocity readings no greater than 10% of the true wind speed and an error in angular deviation no greater than 5°. As can be seen in Fig. 11, the computed wind speed at the assumed anemometer positions deviate by more than 2 m/s for the majority of wind angles.  Between approximately 105° and 195° for the port position, and 165° and 255° for the starboard position, the respective anemometers are in the lee of the mast and would be significantly in error and inoperable for those wind directions.
Referring now to Fig. 12, the true wind direction is indicated by the blue straight line, and again it can be seen that when the anemometer positions are immersed in the mast wake the direction of the flow in the horizontal plane is significantly in error.


Figure 11: Variation in mean anemometer flow velocity in the horizontal plane (true wind 20 m/s)

Figure 12: Variation in mean anemometer flow angle in the horizontal plane compared to true wind angle
Finally, on the anemometer positions, Fig. 13 shows the turbulent RMS values in u, v, w in the x, y, z (longitudinal, transverse, vertical) directions respectively. The wind angles that are problematic in Figs, 11 & 12 are also those that have significant unsteadiness, again due to the unsteady and irregular vortex shedding. 
It is not unusual for a ship’s two main (port & starboard) anemometers to have useable and non-useable wind angles.  It is also possible that anemometers which have repeatable errors in wind strength and direction can be calibrated during at-sea trials (or possibly against wind tunnel or CFD data).  However, for the bulky mast considered in this study it can be seen that the wind directions where one or both of the anemometers provide accurate readings is limited, and that the significant range of wind angles when the flow is unsteady and irregular makes anemometer calibration more difficult. 
The data presented above has been for a potential anemometer position that is half way up the mast. Looking at the disturbed flow near the base of the mast in Fig. 9 shows that if the anemometers can be placed higher up the mast, where its cross-section is smaller and the flow distortion from the superstructure is less, then the better it is for the anemometer.
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(c)
Figure 13: RMS of , ,  components of velocity about the mean velocity
EFFECT OF MAST WAKE ON EXHAUST GAS DISPERSION
The large bulky shape of the main mast structure and the relative positioning of the GT exhaust, amidships and directly in the lee of the mast in acute WOD conditions can cause the exhaust gases to be entrained into the mast wake. The unsteadiness of the ship airwake as a result of the vortex shedding from the mast promotes the mixing of the exhaust efflux with the airwake and will enhance its dilution and dispersion.
Figure 14 shows air temperature in a vertical plane through the centre of the GT exhaust for a headwind condition; in this case the wind speed is lower at 14 m/s (~27 kts). As mentioned earlier, the ambient temperature is 38°C. It can be seen how the recirculation zone in the lee of the mast causes the exhaust gases to be entrained into the wake. Adjacent to the mast, air temperatures can reach 26°C above ambient (64°C), shown by the green region against the rear surface of the mast, which may affect sensitive equipment and systems at that location.  Figure 15 shows a plan view of the mean velocity vectors and mean temperatures in a horizontal plane at half-mast height; again the entrainment of the hot exhaust gases into the mast wake can be seen with temperatures of the air surrounding the mast in that plane of approximately 20° above ambient.  In Fig. 16, which shows mean velocity vectors and air temperatures in a transverse vertical plane through the centre of the flight deck, it can be seen that the hot exhaust has been cooled to about 15°C above ambient.  The core of the GT exhaust is high above the deck and is unlikely therefore to interact with the helicopter under normal launch & recovery operations. Also visible in Fig. 16 is an area of raised temperature at around 6°C above ambient at about hangar height which is due to the rear Diesel exhaust.
It is known that elevated air temperatures will reduce the thrust of the main rotor, and the power output of the helicopter engine(s). While these adverse effects are not large, they are sufficient for users of offshore oil/gas platforms to issue guidelines to their helicopter operators that ambient air temperature rises greater than 2°C require some form of action [9].  Somewhat surprisingly there is no similar recommendation for naval operations, a topic that was discussed at some length by Scott et al [10]. Data presented in Fig. 17 shows unsteady temperatures at 200% and 250% hangar height above the landing spot (16m and 20m above the deck respectively). There is an irregular periodicity in the temperature fluctuations that are consistent with the frequencies of the shedding from the mast. In this instance where the WOD condition is a headwind, the higher temperatures in the core of the GT exhaust plume are higher than the standard hover position of a helicopter and therefore may not be of great concern to launch and recovery operations. Acute angle WOD conditions, such as Green/Red 30, do present potential issues as the core of the GT exhaust plume is entrained down into the helicopters operational area on the lee side of the ship, as discussed by Scott et al [10].
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Figure 14: Contours of temperature above ambient along the ship centreline in a 14 m/s headwind (logarithmic scale)
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Figure 15: Contours of mean temperature above ambient with vectors of velocity magnitude at 50% mast height in a 14 m/s headwind (logarithmic scale)
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Figure 16: Contours of mean temperature above ambient with vectors of velocity magnitude across the centre of the flight deck in a 14 m/s headwind

Figure 17: Temperatures above ambient over the landing spot on the flight deck according to hangar height (HH) in a 14 m/s headwind 

CONCLUSIONS
The air flow over and around a generic frigate with a bulky enclosed mast has been investigated using unsteady CFD.
The bluff geometry of the mast significantly distorts the air flow and leads to a large and unsteady wake in the lee of the mast.
Mounting the ship’s anemometers on the main mast, as is traditional, means that the anemometers could well be in serious error in both speed and direction for a considerable range of wind directions.  Furthermore, the unsteady and irregular nature of the mast wake will make it difficult to obtain repeatable readings from the anemometer, which means that corrective calibration would also be problematic. Unsteady anemometers will lead to unnecessarily restricted SHOLs. 
The large and unsteady wake from the mast will also interact with the ship’s engine exhaust gases.  In the case of the generic ship considered in this paper, with a gas turbine exhaust directly behind the main mast, the interaction of the hot exhaust with the unsteady wake appears to be beneficial in that the hot exhaust gases are significantly cooled by the time the pass over the helicopter landing deck.  Notwithstanding the cooling of the ship’s exhaust, there is still a significant uncertainty over what are acceptable air temperatures for safe helicopter operations.
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Mean uv Velocity (m/s)



Starboard	0	15	30	45	60	75	90	105	120	135	150	165	180	195	210	225	240	255	270	285	300	315	330	345	9.9622606763802573	11.516804547675264	34.606853420808243	56.83593628767499	74.625334912690604	89.157792109245364	102.76688862297551	129.05774168536695	126.81786508838329	139.80668374378504	153.19576933347571	167.55749649287341	186.05853979293249	30.407302983671897	80.348166533195752	47.428552692574321	69.968369727998066	258.51412841585852	268.01699915892567	276.46034006930552	285.53020650387788	297.11016232617686	312.07445396917751	330.35601430724603	Port	0	15	30	45	60	75	90	105	120	135	150	165	180	195	210	225	240	255	270	285	300	315	330	345	10.229988604440868	30.43085762352365	48.983948343904466	63.877065689608457	75.836289809110724	85.240532577021895	93.637105790519939	114.34615934434565	218.93228937092383	285.0767287969951	275.61488341813282	345.01624137732642	170.75106589743314	191.9705127278755	205.98656409744933	219.34538933629577	232.79561392191707	245.11550026734994	257.42898521984159	271.47385286156572	285.37215596473709	303.01210837290279	324.85211665200922	348.52954933782024	Ideal Angle	0	15	30	45	60	75	90	105	120	135	150	165	180	195	210	225	240	255	270	285	300	315	330	345	0	15	30	45	60	75	90	105	120	135	150	165	180	195	210	225	240	255	270	285	300	315	330	345	WOD Azimuths (°)

Angle  (°)
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