
Journal of Scientific Research and Development 2 (13): 83-89, 2015Available online at www.jsrad.orgISSN 1115-7569© 2015 JSRAD

83

Numerical study on the effect of the nozzle diameter on the swirl anti-icing
temperature uniformity for a nacelle lip-skinM.A. Ismail 1, *, M.K. Abdullah 2

1Advanced Packaging and SMT group, School of Mechanical Engineering, University Sains Malaysia, Penang, Malaysia
2School of Materials and Mineral Engineering, University Sains Malaysia, Penang, Malaysia

Abstract: The paper demonstrates the effect of the nozzle diameter on the uniformity of swirl anti-icingtemperature distribution in a nacelle lip-skin. The nacelle lip-skin has been modelled using a GAMBIT pre-processor, and a FLUENT 6.0 computational fluid dynamic code is employed to obtain numerical results of thepresent study.  The discussion covers the swirl anti-icing temperature uniformity at the hot air mass flow rate andthe total temperature of 0.02531kg/m3 and 533K, respectively.  Statistical quality control and a statistical methodare used to calculate the temperature deviation coefficient, as a measurement of the temperature uniformity of theswirl anti-icing system.  These results show that the temperature deviation coefficient increases by 13.15%;indicating swirl anti-icing temperature uniformity quality deteriorating, as the nozzle diameter increases from9.14mm to 25.4mm.  In addition, the nacelle lip-skin average temperature also dropped by 7.5K as the average airvelocity inside nacelle lip decreased from 62.7m/s to 22.0m/s.
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1. Introduction

* Ice accumulation is one of the key problemsinvolving aircraft surfaces, such as the leading edgesof the wings, the nacelles, the tails, etc.  It affects theaerodynamic performance, contributes to high fuelconsumption (Habashi, 2009), and in the worst-casescenario, leads to aircraft accidents. It has beenreported that between 1982 and 2008, at least 24aircraft accidents have been recorded due to icing,with most of them occurring during take-off andlanding. Therefore, ice protection systems need to beinstalled on crucial aircraft surfaces, in order toprevent future aircraft crashes (Zamora, 2007).Ice protection system is classified into twosystems: De-icing {DI} and Anti-icing {AI}. A DIsystem is an ice protection form, in which the ice isperiodically removed from the surfaces.  Meanwhile,an AI system is the type of ice protection system thatprevents ice accumulation at all times (Rolls-Royce,1996).  Currently, hot-air anti-icing is employed inwing and nacelle ice protection systems incommercial aircraft (Wright, 2004).  Piccolo tubeanti-icing {PTAI} is the most popular and efficienthot air anti-icing mechanism (Raghunathan, Benard,Watterson, Cooper, Curran, Price, Yao, Devine,Crawford, Riordan, Linton, Richardson and Tweedle,2006). However, it causes severe temperature non-uniformity, resulting in runback ice accretion on thedownstream of the outer skin (Rosenthal andNevepovitz, 1985).  Also, PTAI requires complexplumbing, and a high-density material to
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manufacture it, resulting in high costs and weightpenalties (Ismail and Abdullah, 2015).  In addition,the hotspot phenomenon may destroy the biasacoustic liner {BAL} (Elangovan, Olsen, andReynolds, 2008).The high temperature of the hotspots along theinner skin of the nacelle lip may cause problems andeven destroy the BAL.  Swirl anti-icing {SAI}, analternative hot air anti-icing mechanism, has thepotential to overcome hotspot problems.  The SAI isan effective anti-icing mechanism (Herman, 1987),capable of providing uniform temperaturedistributions along the nacelle lip.  As a result, lessrunback ice develops on the downstream area(Rosenthal and Nevepovitz, 1985).The present work investigates the effect of theSAI nozzle diameter on temperature uniformity in anacelle lip-skin. It is believed that a large nozzlediameter generates low jet velocity at a given hot airmass flow rate. As a consequence, the large nozzleproduces low velocity gradient on the impingementsurface, resulting in low hotspot temperature and ahigh degree of SAI temperature uniformity on thenacelle lip-skin. A numerical method, FLUENT 6.0Computational Fluid Dynamic {CFD} code, is used topredict the temperature along a nacelle lip-skin.Then, Statistical Quality Control {SQC} and StatisticalMethod (Ismail, S.H. Mohd Firdaus, M.I. Ramdan andH. Yusoff, 2015), (Curwin and Slater, 1991), and(Kalpakjian and Schmid, 2001), are employed tomeasure the uniformity of temperature on a nacellelip-skin.
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2. MethodologyA GAMBIT pre-processor is utilized to generate a3D-model of, and the meshing of, the nacelle lip-skin,nozzle, and air domains.  A small nacelle lip, which isused for small aircraft, has a diameter of 0.6731m;hence, a D-chamber cross-sectional-area of 6.066 x10-3m2 is studied. In the present SAI study, thematerials of the nacelle lip-skin and the nozzle arealuminium and steel, respectively.  The simulation isrun on a level ground, and operating conditions areshown in Table 1.
Table 1: Summary of operating conditionsCondition MagnitudeFree stream air temperature (T∞) 266.5KHot air temperature (Tn) 533.15KOperation pressure (P∞) 96497 PaFree stream velocity (v∞) 48.75 m/sA hexahedron with a structured grid is used inthe ambient, the nacelle lip-skin, and the nozzle, inorder to obtain reliable results.  However, ahexahedron with hybrid grids is used in the hot airinside the nacelle lip due to the complexity ofmodelling and number of meshes required.

2.1. Numerical methodA three-dimensional CFD code is used to analyzethe temperature distribution on a nacelle lip.  Theeffect of six different nozzle diameters on thetemperature of the nacelle lip-skin is investigated inthe present work.  FLUENT CFD has excellentcapability to solve heat transfer problems, either inincompressible or compressible fluids, for bothlaminar and turbulent flows (FLUENT 6.3 UserGuide, 2007).  This CFD code solves equations ofmass, momentum, and energy using the finitevolume method.  These equations rely on thefollowing conservations:Conservation of mass:∂ρ∂t + δρuδx + δρvδy + δρwδz = 0, (1)Conservation of momentum:ρ + u + v + w = − +μ + +ρ + u + v + w = − +μ + +ρ + u + v + w = − +μ + + , (2)Conservation of energy:ρ + u + v + w = ++ , )3(where is the density, is the time, u, v and w arethe velocity of the flow, and x, y and z are thedistance, P is the static pressure, T is the

temperature, Cp is the specific heat, and k is thethermal conductivity.The effect of body force is neglected, since theworking fluid in the present study is air.  Thissimulation assumes that the flow is compressibleand fully turbulent, as the Mach number and theaverage Reynolds number are higher than 0.3 and10,000 respectively.  The following assumption hasbeen made: (1) the turbulent intensity was assumedto be constant for all test conditions (turbulentintensity free stream velocity=5%, hot air inlet =7%), and (2) the angle of attack {α} was constant forall cases (α = 0⁰).  The turbulence model K-ω SST isselected in present study since it offers betterprediction results under a severe pressure gradient,compared to the k-ε and the Spalart-Allmarasmodels (Bell, 2003).  It was also utilized by Wong,Papadakis and Zamora (2009), and Domingos,Papadakis, and Zamora (2010) for the turbulentmodel in a hot-air ice protection study.
2.2. Boundary conditionsAs far as the boundary conditions, shown in Fig.1, are concerned, a pressure outlet is used on therear surface ambient domain in order to release thefree stream flow inside the ambient domain.Pressure far field (the pink-coloured cylindersurface) is utilized as the controller of the freestream velocity. The small yellow-coloured disc inthe figure represents the nacelle lip and the D-chamber in the simulation. Inside the nacelle lip, asshown in Fig. 2, ten pressure outlets are used torelease the exhausted hot air from the D-chamber tothe ambient. These outlet surfaces are extended toprevent the backflow phenomenon inside the D-chamber.  The mass-flow-rate boundary condition isutilized on the nozzle (small yellow disc in Fig. 2)inlet in order to control the total temperature andthe mass-flow-rate of the hot air entering the SAIsystem.
3. Results and discussionThe investigation starts with a grid dependencytest for obtaining reliable results, in order todetermine the optimum number of meshes that  willbe applied.  Three different numbers of meshes aretested in the present study, namely coarse mesh(3x106), fine mesh (4.75x106), and very fine mesh(7x106) in plane 0⁰ at the hot air mass flow rate andthe total temperature of 0.01176 kg/s and 533.15K,respectively.  Fig. 3 shows the point position on thenacelle lip, where the negative sign (-) represents theouter side and the positive sign (+) indicates theinner side of nacelle lip. Fig. 4 illustrates the positionof the plane on the nacelle lip in the front viewdirection.
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Fig. 1: Boundary condition of swirl anti-icing

Fig. 2: Boundary condition inside nacelle lip

Fig. 3: Point position on the nacelle lip

Fig. 4: Plane position on the nacelle lipFig. 5 reveals that the temperature distributionon the nacelle lip using very fine meshing is similarto the temperature distribution of fine meshing.However, the local temperatures of fine and very finemeshes are significantly higher than localtemperatures of coarse meshing. The highesttemperature deviation between fine and very finemeshing is 0.3K, which is 0.9% of the fine mesh localtemperature, and it occurs at the location in thenacelle lip-skin of -0.1066m.  Therefore, the finemesh is chosen for the present study because thefine mesh only takes 14 days to converge for onecase.  However, the very fine mesh take 1 weeklonger than the fine mesh to converge for one case,while the coarse mesh is ruled out as a choice.

Fig. 5: Local temperature distribution (K) for various meshdensity in plane 0⁰Afterwards, the non-dimensional wall distance{y+} of the fine mesh is examined.  As shown in Fig.6, the maximum y+ is 3.5, indicating that the firstmesh spacing falls within the sub-laminar boundarylayer (y+<5). As shown in Figs. 5 and 6, the finemesh results were reliable, as the highest y+ lowerthan 5, as recommended by the FLUENT 6.3 UserGuide (2007), and has nearly the same temperatureprofile as the very fine mesh.
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Fig. 6: Non-dimensional wall distance (y+) contour innacelle lip-skinFig. 7 illustrates the comparison of temperaturecontours for the SAI system given two differentnozzle diameters, 9.14mm and 25.4mm.  The massflow rate and the total temperature for both nozzlediameters are 0.02531kg/m3 and 533.15K,respectively.  As shown in the figure, the nozzlediameter of 9.14mm produces a more uniformtemperature than the nozzle diameter of 25.4mm.The hotspot temperature of the 9.14-mm nozzlediameter is 352.3K, which is 9K lower than that ofthe nozzle diameter of 25.4mm. Moreover, the nozzlediameter of 25.4mm has a cold spot temperature8.5K lower than that of the 9.14-mm nozzlediameter. The disadvantage of using the temperaturecontour is that it is extremely difficult to describe SAItemperature uniformity for the entire nacelle lip-skin.The tabulation of the percentage area withregards to temperature in the nacelle lip, which isextracted from Fig. 7, is shown in Fig. 8.  Theobjectives of the figure are to view the percentagearea of the nacelle lip at a specified temperature, andto determine the temperature deviation coefficient(Ctem dev) in the nacelle lip-skin.  As shown in thefigure, for the nozzle diameter of 9.14mm, thetemperatures ranging between 290K and 300Kdominate 51.4% of nacelle lip-skin area.  Thetemperature of 293K occupied 30.1% of nacelle lip-skin area, which is the largest nacelle lip-skin areacoverage.  For the nozzle diameter of 25.4mm, thetemperature between 280K and 300K takes up over67% of nacelle lip-skin area, where the temperatureof 283K takes up the largest temperature area of thenacelle lip.  The figure also shows that less than 10%of the nacelle lip-skin area is occupied by hightemperatures ranging between 330K and 360K forboth nozzle diameters.  This phenomenon revealsthat nacelle lip-skin experienced extremely non-uniform temperature distribution, especially for thenozzle diameter of 25.4mm, which has largetemperature variation along the nacelle lip-skin.

Fig. 7: Temperature contour (K) of the nacelle lip-skin fortwo different nozzle diameters
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Fig. 8: Percentage of distinct lip-skin area against thetemperature of a distinct lip-skin area for the entirenacelle lip-skin
The present study employs statistical qualitycontrol {SQC} and statistical method to determineCtem dev, hence examining SAI temperature uniformity(Ismail, Mohd Firdaus, Ramdan and Yusoff, 2015),(Curwin and Slater, 1991), and (Kalpakjian andSchmid, 2001).  Three sequence equations to
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determine Ctem dev are defined in Equations 4, 5, and6. Tave is the average temperature on the nacellelip-skin surface:= ∑∑ , (4)where Alip-skin is a distinct lip skin area, or thearea of a plot, Tlip-skin is the temperature of adistinct lip-skin area (Alip-skin), and Atotal lip-skinis the total lip-skin surface area.σ is the standard temperature deviation:σ = ∑ A T − T∑ A (5)Ctem dev is the temperature deviation coefficient:C = σ(T − T ) (100) (6)The indicator used to describe SAI temperatureuniformity in a nacelle lip-skin is the Ctem dev. Alow Ctem dev stands for high SAI temperatureuniformity in a nacelle lip-skin, and vice versa. Thehighest SAI temperature uniformity {Ctem dev is0%} occurs when the temperature in the nacelle lipis constant for the entire surface.Fig. 9 illustrates effect of the nozzle diameter onCtem dev at the hot air mass flow rate and the totaltemperature of 0.02531kg/m3 and 522K,respectively.  As shown in the figure, Ctem devincreases exponentially with the nozzle diameter,indicating that SAI temperature uniformity degradeswith the nozzle diameter. According to the figure,Ctem dev increases by 13.15% as the nozzlediameter increases from 9.14mm to 25.4mm, whichshows that a smaller nozzle fares better in terms ofSAI temperature uniformity than a larger nozzle.
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Fig. 9: Effect of nozzle diameter on coefficient oftemperature deviationAt the given mass flow rate, a larger nozzleproduces a lower jet velocity than a smaller nozzle.Thus, a larger nozzle should produce a lessimpinging effect on the surface than a smaller nozzle.As a result, a larger nozzle is supposed to produce alower hotspot temperature and a lower Ctem dev thansmaller nozzle.  However, according to Figs. 7 and 9,

a smaller nozzle produces lower hotspot, a lowerCtem dev, and a higher cold spot temperature than alarger nozzle. This phenomenon happens due to twomajor reasons.The first reason is the ratio of the distancebetween the nozzles and the impinging spot {Z} tothe nozzle diameter {d} of small nozzle, being largerthan that of large nozzle. In fact, the hotspot planeand the nozzle length for all nozzle diameters aresimilar; plane 180⁰ and 38.1mm, respectively.Moreover, the Z for all nozzle diameters is the same,at 221mm.  Thus, the Z/d of small nozzle is higherthan that of a large nozzle.  Table 1 shows the Z/d forall nozzle diameters.
Table 2: Z/d for nozzle diameter between 9.14mm and25.4mmDiameter (mm) Z/d9.14 24.212.7 17.415.88 13.919.05 11.122.23 9.925.4 8.7The highest local heat transfer rate on theimpingement surface occurs at Z/d between 5 and 7(Raghunathan, Benard, Watterson, Cooper, Curran,Price, Yao, Devine, Crawford, Riordan, Linton,Richardson and Tweedle, 2006), then local heattransfer rate decreases as Z/d higher than 8 (Lee,Chung, and Kim, 1999).  According to Table 2, thenozzle diameter of 25.4mm has a Z/d of 8.7, which isnear the Z/d for the optimum local heat transfer rate.As a consequence, the nozzle with a 25.4-diametermm has the highest local heat transfer rate andhotspot temperature on the nacelle lip surface. Bycontrast, the nozzle diameter of 9.14mm has thelowest hotspot temperature, since it has the largestZ/d, as illustrated in Fig. 7.The second reason is that the jet of a smallernozzle transfers higher momentum to the stagnationair inside the nacelle lip.  Thus, a smaller nozzleproduces a higher average air velocity than a largernozzle.  It is well known that a higher air velocitycontributes a higher heat transfer coefficient on thesurface. As a result, a smaller nozzle produces higheraverage temperature than a larger nozzle, whichcontributes to a lower Ctem dev of the nacelle lip-skin(see Equation 3).  This phenomenon is clearly shownin Fig. 9, where the nozzle with a 12.7-mm diametergenerates a higher air velocity in the entire spaceinside the nacelle lip than a nozzle diameter of22.23mm.  The simulation results reveal that theaverage air velocity inside the nacelle lip is 46.7m/sfor the nozzle diameter of 12.7mm, which is 23.9m/shigher than that of the nozzle diameter of 22.23mm.



M.A. Ismail, M.K. Abdullah / Journal of Scientific Research and Development, 2 (13) 2015, Pages: 83-89

88

Fig. 10: The comparison of air velocity contours (m/s)between nozzle diameters of 12.7mm and 22.23mm
Table 3: The average air velocity inside the nacelle lip andthe average temperature of the nacelle lip-skinDiameter (mm) Average airvelocity insidenacelle lip (m/s) Average lip-skintemperature (K)9.14 62.7 303.612.7 46.7 301.815.88 37.7 300.319.05 30.8 298.922.23 25.8 297.325.4 22 296.2Table 3 indicates that the average air velocityinside the nacelle lip and the average temperature ofthe nacelle lip-skin, was produced by SAI nozzlediameters between 9.14mm and 25.4mm.  Asexpected, the smallest nozzle produces the highestaverage air velocity, and the highest average nacellelip-skin temperature.  After that, both the average airvelocity and the average nacelle lip-skin temperaturedecrease with increasing nozzle diameter.  Accordingto the table, the nozzle diameter of 25.4mm has thelowest air velocity, and the lowest average nacellelip-skin temperature.  As all numerical data andfigures show, a smaller nozzle diameter performs

better in terms of SAI temperature uniformity than alarger nozzle diameter.
4. ConclusionThe purpose of this study is to investigate theeffect of the nozzle diameter on the uniformity oftemperature distribution on the nacelle lip-skin. Wehypothesized that a large nozzle would a low hotspottemperature and Ctem dev. Simulation results,however, showed that a small nozzle produced alower hotspot temperature and Ctem dev than a largenozzle.  According to the results, Ctem dev increased by13.25% as the nozzle diameter increased from9.14mm to 25.4mm.  In other words, a small nozzlegenerates better uniformity of temperaturedistribution than a large nozzle.  That happens fortwo main reasons (1) a small nozzle has a larger Z/dthan a large nozzle and (2) the jet from a smallnozzle transfers higher momentum to the stagnationair inside nacelle lip than the jet of a large nozzle.  Inaddition, a small nozzle provides higher average airvelocity inside the nacelle lip, and a higher averagenacelle lip-skin temperature than a large nozzle.  Atthe hot air mass flow rate and the total temperatureof 0.02531kg/m3 and 522K, respectively, the averageair velocity inside the nacelle lip decreases by40.7m/s and the average temperature of nacelle lip-skin is reduced by 7.5K as the nozzle diameterincreases 9.14mm to 25.4mm.
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