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ABSTRACT. This paper investigates the heat transfer from a hot moving steel strip impingedby a laminar water-jet in the viinity of the stagnation point with simulated �lm-boiling regionson either side. A two-dimensional Eulerian-Lagrangian method, in onjuntion with a semi-analytial approah for large temperature gradients, has been shown to suessfully solve theheat ondution equations with both advetive and di�usive omponents. The study showsthat under the impingement of the water jet the strip temperature at the stagnation pointis initially depressed and subsequently rebounds strongly towards a steady state. The heatextrated by the water jet inreases with inreasing onvetive aeleration of the jet.INTRODUCTIONEver-inreasing demand from the automotive and building industries on sheet steel qualityrequire steel strip to be tough, dutile, fatigue resistant, weldable and orrosion resistant [1℄.These properties are ahieved, in addition to other initiatives, by tight ontrol of the �nishingand oiling temperatures [2℄, the latter of whih is ahieved by preise ontrol of the ooling atthe run-out-table (ROT). Design of the ROT is governed by the onsiderations of high oolingeÆieny and ahieving the desired steel properties. Planar jets (water urtains) provide veryhigh ooling eÆieny with minimum splashing [4℄, but they produe non-uniform ooling onthe top and bottom surfae as well as over the length of the ooling zone. Spray ooling has alow spei� ooling performane, and inurs high maintenane osts [1℄. A ompromise betweenhigh spei� ooling performane and uniform strip ooling is provided by an array of roundlaminar jets impinging on the steel sheet. Although limited experimental studies of round jetarrays have been onduted [1℄, the heat transfer harateristis of single laminar jets impingingon a hot moving sheet have not yet been fully investigated.Cooling of the strip, typially in exess of 800oC, leads to boiling heat transfer haraterised byfored onvetion, nuleate boiling, transition boiling and �lm-boiling regimes. In stationarystrip jet-impingement (non-moving sheet), these boiling regimes are present simultaneously atdi�ering distanes as measured from the jet impingement entre-line, see Figure 1(a). Thethermal zones for jet impingement may be delineated into a free-jet region, where the veloityand temperature distributions of the jet are not a�eted by the presene of the strip surfae;a jet-impingement or stagnation region, where single-phase fored onvetion takes plae overseveral jet widths and the ooling e�etiveness is high [1,4℄; and the wall-jet region, separatedinto a small region of transition and nuleate boiling before entering the parallel �lm-boilingregion separating the strip surfae from the jet by a vapour layer whih redues ooling e�e-tiveness onsiderably. This region may span �fty jet widths from the jet entre-line [1℄ withthe veloity beoming distane dependent.
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(a) (b)Figure 1. Thermal zones (a) and (b) omputational domain of the water-jet ooling of a hotmoving strip.Although the strip surfae temperatures in the stagnation region exeed the minimum �lm-boiling temperature it has been shown that the jet momentum and a high degree of water-jet sub-ooling inhibits the formation of a vapour layer, thus allowing wetting of the stripsurfae [4℄. The darkening of the red-hot surfae (steel at 1000oC) in the impingement region,whih only ours below 500oC, on�rms this assumption [3℄. In addition, high measured heattransfer rates [5℄ and high speed photography of jet impat on a hot surfae (Figure 2) showdiret ontat (see Soh and Yuen [2℄) and a suppression of both the thermal and hydrodynamiboundary layers within one jet width of the stagnation region [6℄. Consequently, higher jetimpat veloities are expeted to intensify loal heat transfer [6℄.

(a) (b) ()Figure 2. Photographs showing ontat between a water-jet striking a plate initially heated to900oC: (a) just before the impat, (b) 2 ms and () 5 ms after impat of the jet. No boilingwas observed in this duration.For moving strip impingement boiling, visous fores will elongate the impingement zone inthe diretion of motion thereby enhaning heat transfer downstream of the stagnation point(SP) and reduing it upstream [1℄. Computations have shown that the ross-setional strip



isotherms are also strethed downstream [2℄. If the strip speed exeeds that of the impatinguid, it signi�antly inuenes heat transfer in the �lm-boiling regime even in the ase of highwater sub-ooling [4℄. However, in order to simplify the alulations in this paper, and in linewith previous work [2℄, it will be assumed that the hydrodynami boundary layer around theSP is extremely thin.Due to both uid ow and strip movement, the water-jet impingement ooling of a hot stripinvolves the solution of transport equations under ertain initial and boundary/interfae ondi-tions. Limitations in the analytial solutions of suh equations demand a numerial approah.Traditional Eulerian �nite di�erene methods for the solution of suh advetion equations inursevere Courant number stability restritions and Pelet number indued spurious osillations[8℄ whih are not improved by upwinding methods (e.g. Quy et al. [9℄). Purely Lagrangianmethods whih deal admirably with advetion problems are not so suessful when di�usion ispresent. A ombined hybrid tehnique alled the Eulerian-Lagrangian method (ELM), whih isthe tehnique adopted in this paper, has been shown to be highly e�etive in the solution of thetransport equation even for very large Pelet numbers and Courant numbers in exess of one [8℄.This paper aims to investigate how the unsteady water-jet ooling of a moving plate near theSP e�ets the surfae heat ux and internal temperature struture of the plate, taking intoaount the jet veloity distribution, vapour layers in the �lm-boiling region and heat transferaross the water/plate interfae.THE MATHEMATICAL MODELConsider a water (W) jet (Figure 1(b)) with an initial temperature TW0 , impinging on a hotsteel (S) plate, with an initial temperature T S0 and thikness YS, moving at a onstant velo-ity US in the positive x-diretion in the stationary frame of an xy-oordinate system de�nedby 
 = 
S [ 
W , where 
S = f(x; y); x 2 (0; XS); y 2 (�YS; 0)g and 
W = f(x; y); x 2(0; XW ); y 2 (0; YW )g. The steel plate exits a strip-roller at x = 0 whih is maintained at aonstant temperature T S0 , the underside, y = �YS, is assumed insulated. These two domainsare separated by the water/steel interfae at y = 0 with two insulated vapour layers on eitherside of a stagnation region of width Xstag, see Figure 1(a). Sine the water impat is assumedfritionless, a steady veloity �eld whih depends on the distane from the SP is de�ned by:uW (x; y) = �(x�XW =2) and vW (x; y) = �y, where � is a onstant. The omputational domainextends from the strip entering the jet ooling a�eted zone on the left at x = 0 up to x = XW ,where the RHS temperature boundary ondition (BC) is extrapolated from internal values.The water-jet enters 
W along the line x = XW=2 at a onstant temperature TW0 , with thetemperature at x = 0 and x = XW extrapolated. Thus:DTW=Dt = �Wr2TW DT S=Dt = �Sr2T STW (x; y; 0) = TW0 T S(x; y; 0) = T S0TW (0; y; t); TW(XW ; y; 0) extrapolated T S(0; y; t); T S(XS; y; 0) extrapolatedTW (x; YW ; t) = TW0 �T S(x;�YS; t)=�y = 0 (1)The interfae temperature distribution is alulated from temperature and ux ontinuity ifinside the stagnation region, and insulated onditions if in the �lm-boiling/vapour layer region:( T S(x; 0; t) = TW (x; 0; t)kS�T S(x; 0; t)=�y = kW�TW (x; 0; t)=�y (XS;W �Xstag)=2 � x � (XS;W +Xstag)=2�T S(x; 0; t)=�y = �TW (x; 0; t)=�y = 0 0 � x < (XS;W �Xstag)=2;(XS;W +Xstag)=2 < x � XS;W (2)



Here, the o-moving derivative indiates the time rate of hange is alulated along a hara-teristi line de�ned by the solution of:_x = u(x; y) _y = v(x; y) (3)where D=Dt � �=�t+u(x; y)�=�x+ v(x; y)�=�y; u = uW ; v = vW in 
W and u = uS; v = vS in
S. The onstant di�usion oeÆients are de�ned by �S;W = kS;W=�S;W S;W where kS;W ; �S;Wand S;W are the thermal ondutivity, density and spei� heat respetively.The Eulerian-Lagrangian methodThe solution of equations (1) subjet to (2) above is arried out by the disretisation of thedomain with �xed Eulerian nodes de�ned by xi = i�x; yj = j�y;�x = X=I;�y = Y=J wherei; j = f0; 1; 2; ::I; 0; 1; 2; ::Jg and tn = n�t; n = f0; 1; 2; ::g. Adopting the notation of Casulli[10℄ and sine the interfae onditions are de�ned expliitly, the 2D expliit Eulerian-Lagrangiandisretisation of the transport equation is:T n+1ij = [1� 2(sx + sy)℄T ni�aj�b + sx(T ni�a+1j�b + T ni�a�1j�b) + sy(T ni�aj�b+1 + T ni�aj�b�1) (4)where a = u�t=�x and b = v�t=�y are the Courant numbers, sx;y = ��t=(�x;�y)2 so thatT ni�aj�b = T [(i�a)�x; (j� b)�y; n�t℄ is the temperature bak-traked along the harateristiline passing through the point (i�x; j�y) at time level tn+1 and ending at the bak-trakedpoint [(i � a)�x; (j � b)�y℄ at time level tn. Sine this is not (generally) a grid point aninterpolation formula is used to onstrut the value T ni�aj�b whih remains onstant along (3).A bi-linear interpolation formula is hosen beause it is stable and free from spurious osillationsprovided the stability ondition �t � [2�=(1=�x2+1=�y2)℄�1 is obeyed [9℄. The interpolationformula is given by:Ti�aj�b = (1� p)[(1� q)Ti�nj�m + qTi�nj�m�1℄ + p[(1� q)Ti�n�1j�m + qTi�n�1j�m�1℄where a = n + p and b = m + q, n and m are the integer parts of a and b, with 0 � p; q < 1.Some arti�ial di�usion is present but may be redued by dereasing the sizes of �x and �yand inreasing �t [10℄. An additional restrition needs to be imposed on the time step so thatthe bak-traked points do not fall too far outside the boundaries thereby reduing the needfor extra ghostells. We have hosen to on�ne the bak-traking to within one ell.Interfae onditionIt is known that a stationary (US = uW = vW = 0) 1D version of the problem (1,2), withinsulated sides, without vapour layers along the interfae, and in�nite y boundaries, is equivalentto a one-dimensional analyti solution in y with the same initial onditions in the form givenby: T S;w1D = AS;W +BS;Werf ��y=2q�S;W t� (5)where AS;W = T S;W0 , BS;W = �kS;Wp�W;S(T S0 �TW0 )=(kSp�W+kWp�S), \+00 � y � 0; \�00 �y � 0 The gradient �T=�y is very large at the interfae and any �rst order disretisation ofthe interfae onditions (2) will give rise to large errors in this region. Instead we use a seondorder paraboli approximation for the derivatives in (2) suh that the interfae temperature attime is given by: T S;Wi0 = (kW�yS(4TWi1 � TWi2 ) + kS�yW (4T Si�1 � T Si�2)3(kSp�W + kWp�S) (6)



In addition, we separate the total numerial temperature �eld into a 1D analyti omponent(1D) and a perturbed numerial omponent (p): T S;W (x; y; t) = T S;W1D (y; t) + T S;Wp (x; y; t).The large size of the gradient is now enapsulated in the analyti omponent. The interfaealulation takes plae in three steps, at tn after T nij has been alulated for j = f�JS; ::;�1gand TWij for j = f1; ::; JWg then:� T Spi�1;�2 = T Si�1;�2 � T S1D�1;�2 ; TWpi1;2 = TWi1;2 � TW1D1;2� use (6) to get T S;Wpi0� T Si�1;�2 = T Spi�1;�2 + T S1D�1;�2 ; TWi1;2 = TWpi1;2 + TW1D1;2 ; T S;Wi0 = T S;Wpi0 + T S;W1D0These new interfae values are then used in the next time step.RESULTSThe following parameters were used to study the jet impat ooling proess at the stagna-tion point (NB: due to the high temperature gradients at y = 0 and to maintain resolution�yW � �yS, the grid given below was the minimum required for auray and alulationtime onstraints): Table 1Jet and Plate ParametersObservation window XS;W 0.5 m Total time of alulation 0.1 sstagnation region Xstag 200 mm Speed of Plate US 10 m/sSteel Plate thikness YS 5 mm Initial water temp. TW0 30oCWater Layer thikness YW 1 mm Initial plate temp. T S0 1000oC�xS = �xW = XS;W=IS;W 10 mm �yS = YS=JS; JS = 50 0.1 mmIS;W = 50 �yW = YW=JW ; JW = 50 0.02 mmTable 2Thermophysial PropertiesDensity � Spei� Heat  Thermal Condutivity k(kg=m3) (J=kgK) (W=mK)Water 1000 4200 0.597Steel 7897 473 40Numerial testThe numerial solution of (1) with the same initial onditions and the �rst two interfae ondi-tions of (2) was tested against the 1D analyti solution (5) (no non-stationary analyti solutionsare available) by imposing left and right insulation boundary onditions along with the upperand lower boundary onditions of (1) as YS;W = �1m ' �1 while ensuring US = uW = vW = 0.The absolute and relative perentage errors were alulated over the entire domain 
S [ 
W ,see Figure 3.
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(a) (b) ()Figure 5. Cross-setional temperature ontour plots for � = 100 in the simulated �lm-boilingase at (a) t = 0s, (b) t = 0:02s, () t = 0:1s.
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