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Abstract—Various technologies which protect a wall from being burned out by an intense localized moving

heat source have been reviewed, and a solution to this problem is proposed in which a phase-change

material (PCM) is placed underneath the wall to absorb the high heat flux. The three-dimensional melting

problem is nondimensionalized and modeled with a new enthalpy transforming scheme. The numerical

results show that the proposed solution reduces the peak wall temperature significantly. The method of

coating the PCM on the wall surface is also employed, which can maintain the surface temperature below
the melting temperature of the PCM.

INTRODUCTION

HEAT TRANSFER in a body resulting from a moving
heat source is a well-known heat transfer probiem and
has broad applications in the fields of welding, laser
and electron beam surface processing, etc. In these
cases, a surface is subjected to a localized heat input,
and the incoming heat flux moves relative to the
surface. The interest in the above applications is how
to heat the surface effectively. However, in some appli-
cations a surface is hit by a moving high intensity heat
source, as shown in Fig. |. The major concern here is
how to protect the surface from being burned out by
the moving heat flux. This is indeed a problem of
concern in laser thermal threats and re-entry situ-
ations and has been one of the motivations of the
present study.

The methods used to protect surfaces from being
burned out by a high heat flux are usually ablation
and heat pipe technologies. Most of the previous stud-
ies on ablation concentrated on a stationary heat input
with a large heating area. The major concern for this
problem is the total energy which must be absorbed
during a given time period. In the ablation technology
which is used in missile re-entry situations, the surface
of the body is coated with a solid material which is

F1G. 1. A wall surface subject to an intense localized moving
heat source.

exposed to the high heat flux and is allowed to melt
and blow away. Thus, a large amount of the incoming
heat is expended in melting the material rather than
being conducted into the interior of the vehicle, so
that the temperature of the vehicle surface is reduced.
The thickness of the coated material must be greater
than the melted thickness during this time period. The
drawback of this technology is that once the coated
material has melted, it is immediately blown away.
The coated surface can be used only once, and for the
next mission one must coat the surface again. For
vehicles which have frequent missions such as
airplanes, this situation may be intolerable. Moreover,
high speed vehicles require a smooth surface to reduce
the flow resistance and to reject the incoming heat ;
coated or ablated surfaces may have difficulties in
reaching this goal. Nevertheless, due to the simplicity
and effectiveness of this method, it still remains an
alternative to protecting the surface and may be
adopted to the case of a moving heat source.

Heat pipe technology is a good means of protecting
a surface from attack by a high heat flux. For the
present moving heat source problem, however. the
heat pipe may only work under melting or free mol-
ecular conditions. Furthermore, a heat pipe is an in-
tegral vessel which cannot allow vapor leakage. which
means that the present manufacturing technology
would not be easily adapted to vehicles that have a
large surface area. For these reasons, the adoption of
heat pipe technology for the present problem is not
economical.

Recently, the study of phase-change materials is
active due to applications to space-based power plants
and the utilization of solar energy. Phase-change
materials (PCMs) have a large melting heat, so it is
an efficient way to absorb the heat energy during the
time period when the materials are subjected to heat
input and to release it afterward at a relatively con-
stant temperature. It is advantageous to incorporate
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NOMENCLATURE
a coefficient x’,y',z" fixed coordinate directions
b source term in the discretization equation x*, y*,z* dimensionless distances, x/R;,
Cc specific heat per unit volume {Jm=3*K "] y/Ry, z/ Ry,
C.  dimensionless number, C,/C, X-X plane indicated in Figs. 4 and 14.
C.. dimensionless number, C,/C,
ific heat [J kg~ ' K~'
¢ specific heat [ _ lg ] Greek symbols
E enthalpy (J kg™'] h 1 diffusivi _y
F flow rate through a controi-volume face ol t ermal cil ustvity .[m )
(kgs ] r coefﬁcnfant in equation (19)
H latent heat [J kg™'] 5* w.all thx.ckness [m] .
. o dimensionless wall thickness, 3/ R,
h total thickness, §,+ 0 5 . lting front denth
h* dimensionless number, A/R, 6: g}ammgmlme ting . ront ep‘t . [mt]'
k thermal conductivity [W m~' K~'] m dlmte;s:;on ;ss maximum melting front
K,, dimensionless number, k//k,, epin, ml R
. . o thickness of the PCM [m]
K., dimensionless number, k,/k,, > . . .
L or dimensionless thickness of the PCM,
n normal outward direction P 5./R
n* dimensionless normal outward direction, ol o
n/R, £ emissivity . ) )
N, dimensionless number, T,/(T,,—T)) n dummy' vanable'm equation (17)
. . 0 tangential coordinate
N, dimensionless number, UC,(T,,— T))/qy . 3
. . P density kg m~°]
Ny  dimensionless number, ¢,R,/(T,, — Tk,
. . 3 o Stefan—Boltzmann constant
N, dimensionless number, R,(T,,— T})’o¢/k, Wm-2K-4
Q heat source power [W] ’
qn heat flux [W m~3]
R, heat source radius [m] Subscripts
R,  radius of the numerical domain [m]) B ‘bottom’ neighbor of grid P
r radial coordinate b control-volume face between P and B
St Stefan number, ¢ (T — T)/H E ‘east’ neighbor of grid P
S coefficient in equation (19) e control-volume face between P and E
T; initial temperature [K] i initial condition
T.  melting temperature [K] l liquid phase
T*  dimensionless temperature, m mushy phase
(T-T)/(T.-T) N ‘north’ neighbor of grid P
T+  “‘Kirchhoff” temperature defined in n control-volume face between P and N or
equation (17) normal outward direction
t time {s] P grid point
At time step S ‘south’ neighbor of grid P
t* dimensionless number, tk,,/(C,R?) s control-volume face between P and S or
U heat source velocity [m s~ '] solid phase
U*  dimensionless velocity, C,UR/k, T ‘top’ neighbor of grid P
Uy normal melting/freezing speed [m s~ '] t control-volume face between Pand T
AV volume of the control volume [m?] w ‘west’ neighbor of grid P
u,v,w velocities [ms™'] w control-volume face between P and W or
x,y,z moving coordinate directions wall.

the merits of the above technologies and propose
another alternative to protect the surface from attack
by a high heat flux for the present problem, as shown
in Fig. 2. There, the incoming heat input moves along
the surface with speed U and the heat is conducted
through the outside wall to the PCM. The PCM
beneath the surface melts and absorbs a large amount
of the incoming heat. Because of the large melting
latent heat of the PCM and the constant melting tem-
perature T, the peak wall temperature will be main-

tained at a temperature moderately higher than 7.
With a low or moderate T, the reduction of the peak
wall temperature is evident. The dividing sheet, the
soft insulating material and the supporting plate may
be used to prevent the separation of the PCM from
the surface wall during the melting process, and to
prevent the incoming heat from being conducted into
the cabin. Because the density of liquid PCM is differ-
ent from that of solid PCM, there is a tendency for
the solid PCM to separate from the outside wall, or
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Fic. 2. Configuration to protect surfaces from attack by high heat fluxes.

to form voids near the wall, which reduces the heat
transfer into the PCM. If the thickness of the PCM is
thin and the density difference is not large, this situ-
ation will not be very severe.

The method proposed above imposes few diffi-
culties on the present manufacturing technology, and
might also be used as a means of cooling the leading
edges of space vehicles in re-entry situations. Since the
re-entry time is short, a moderate thickness of the
PCM will greatly reduce the temperature jump at the
leading edges.

A numerical analysis of the problem mentioned
above is given in this paper and the important pa-
rameters in protecting surfaces from an intense local-
ized moving heat flux using PCM are identified and
discussed.

ANALYSIS OF PHASE CHANGE WITH A
MOVING HEAT SOURCE

The present problem mentioned above is a three-
dimensional phase-change problem with a moving
heat source. Since the focus here is on space appli-
cations and the PCM thickness is comparatively thin,
the natural convection due to gravity will not be con-
sidered. Also, since the layer of the PCM is thin, the
influence of the density change between the solid and
the liquid phases is expected to be small, and will be
ignored.

In a Cartesian coordinate system (x', y’, z') fixed
at the outside wall as shown in Fig. 3, the heat source
moves relative to the plate with speed U on the surface.
The appropriate energy equation is [1]

0E o [ orT é { @&r o ( oT
Pt " ox (k ax’) + &y (k;‘;‘?) tor (k 62’) )
where the relation between E and T is given by the
equation of state, dE/dT = ¢. This equation is appli-
cable to the three different regions, namely, the wall,
the solid PCM, and the liquid PCM with different
relations between the enthalpy E, and temperature T,
and the appropriate physical properties.

An analysis in a fixed coordinate system is difficult
for this problem. It is convenient to study it in a
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FIG. 3. Description of different coordinate systems and their
relationships.

moving coordinate system where the origin is fixed at
the heated spot. Imagine an observer riding along with
the incoming heat beam. The outside wall and the
PCM will travel by at the same speed —U. If we fix a
moving coordinate system (x, y, z) to the center of
the beam, the system will appear in reference to the
fixed coordinate system as shown in Fig. 3.

In the moving coordinate system, the problem
becomes a convective and diffusive heat transfer prob-
lem. The governing equation according to Kays and
Crawford [1] is

DE &/( o1\ a( T\ o éT
L6826

Withu= —~U, v=w =0, we have

DFE JF JE
P =P PUs &)

ox
Equation (2) then becomes

oE 0E ¢ ( 0T o or
o k""“ +‘;“ k—
ox\ Ox éy\ &y

"az_ TPV
8 (, er
+—a;(k€—). “)
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The second term on the left-hand side of the equation
is a convective term, while the terms on the right-hand
side are diffusive terms.

The relations between the variables of the two co-



ordinate svstems are evident ie v= v > = » and
ordinate systems are evident, 1.e. y =y, 2 = z" and
"1
,
X=X —J Udt
0

When U is a constant, x = x"— Uz,
In the case of constant physical properties for the
wall, the solid PCM and the liquid PCM, the phase

change occurs at a clnolp temperature. Equation (4)
v CMper quation (4)

can be written for each region as

C.éT C, 8T &'T &7 T
k—w ; _EU 5.‘(2 + ayz + 37 (wall)
C ?I C, U5T _ 8T  *T
k, ¢t "k, 8x  oxt 3yt
2T
e (solid PCM)
Pall-X ol Vel Y od A2 -2
GoT_G 0T 07T o7
ko ot ko ox  oxt 7 9yl
T .
+ 5 (liquid PCM) (5)
where C, = c.p,., C, = c.,p, and C, = ¢,p,. The initial

and boundary conditions are

t=0:
T=T, 0<z<h —-0<x<00, —-0<y<p0
t>0
oT ) Y
kg =an 7=0, JE&+y) <R,

4 _6__7:;#:7'4 z2=0 [(v2 L v~ R
koo =oel", z=0, J*+y)> R,
qls. =qls,, 2=06, —0<x<00, —W<y<®

oT
=0 z=h —-w0<X<00, —W<<y<o0
-
T=T, 0Kz<h, |x|>00, |y|>®
u=1 w=yp=1_[0 N<z2<h
- o v vy VN e i
~0<x<®©, —0<y<oo. 6)

At the liquid and solid interface within the PCM, we
have

T, =T =T,
oT, a7,
_kl a_ ks = anp (7)
un on
To reduce the number of parameters that have to be
enmacifiad far thae numarical ealutinne tha fallawing
OPMNIIIHU IVI LW MUV IVATL SVIUMIVEIDy Wiw Avuv"uls
dimensionless variables are introduced :
X 4 s 2 T* T-T
X = - _— Z7 = =
R’ TR R, T.—T,
e CuU . kut .
u* Rp, 1*= 3- ®)
T k. C.R;
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Banatinne (Y _ {7\ ara mandimancinmalicad oo
BUuauUiis \(J)—( /) alv nunuiuicinivnaliZcd as
aT* II#aT* azT‘ ! azT‘ i EZT* £ m
e T Vas st T (el
,_’,ﬁéz__cik_wntay‘* - o'r*
Cok, o* C,k =~ ox* " ox*
orre ézT .
+ 53y + 55 (solid PCM)
oy”
C ko 0T* Gk, 0T* §T*
Cw kl al‘* Cw k[ ﬁx"" - 6x*2
T AT
=37 + 755 (iquid PCM) (9)
oy~ oz*~
t*=0:

T*=0, 0<z2*<h*

- <x*<w, ~w<y*<ow
t*>0:
oT™ thh % _ D Py 2
T ST T =0 YL
Tt _R(Tw—T)0e(, Y
o k. \""+57._7)
™ n fo w2 ‘*2\» H
2T =0, JXTTHYT) >0
o
gl =glsy, ¥ =0%=~-
Ky
—w<x*<w, —w<y*<ow
oT* h
____=0, *=h*=—~——
oz* z R,
—w<x*<w, —w<y*<w
T*=0, 0<z*<h*, |x*-x, ¥ -o
=U* v*=w*=0, 0<*<h*

-0 <x*<ow, =—00<y*<oo. (10)

At the interface of the liquid and solid in the PCM
T*=Tt=1

a(Tw—T)( k OT¢ Kk, OTH CR.,_
H k k. n"'r n"‘/

The independent dimensionless parameters in addi-
tion to those in equation (8) above are

& El_ _Ifi _k_l gnRy
Cw’Cw,kw’kw’ (Tm_z)kw
oo g BoTe=T) 0 T aTa=T)
* * kw H Tm"Ti’ H .

Upon combining C, UR\/k,, with gnRy/(Tn— T)ku, we
get a new dimensionless parameter UC,.(T,—T)/qs
which may be used to replace the dimensionless
number C,UR,/k,. Also, since h* =3§*+47, the
independent variable A* may be replaced by 65.
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Thus, we have
T* = f(N,, Ng,St,t*,N,, N,, Cu, Cys,
K Ko 00,83, 3%, 7%,2%) (12)
where
T* = (T-T)/(Tu~T)
N, = UC(Tn—Ti)/qn
No = quRyo/(To ~ Tk,
St=c{(T,—TYH
t* =k, 1/(C.,R})
N, = Ru(Tn—T) oe/k,
N =T/(T,—T)
Cow = GJ/C,
Cw = G/Cu
Ky =k,/k,,
K. = kyik,,
5* = 5/R,
83 = 6,/R,
x* = x/R,

y*=y/R,

z* = Z;Rh.

NUMERICAL MODEL AND SOLUTION
PROCEDURE

The above problem is nonlinear due to the moving
front, so that exact analytical solutions for this type
of non-linear problem are available only for some
simplified and idealized systems. Numerical methods
appear to be the only practical approach for handling
this three-dimensional melting problem with a moving
heat source.

The numerical methods used to solve phase-change
problems might be divided into two main groups.
The first group is called strong numerical solutions;
examples are given by Okada [2), and Ho and Chen
[3]. These methods are only applicable to processes
involving one or two space dimensions. The second
group is called weak numerical solutions [4-7]. These
methods allow us to avoid paying explicit attention
to the nature of the phase-change front. Recently, a
new enthalpy transforming model which starts from
equation (4) and transforms the equation into a non-
linear equation with a single dependent variable £
was proposed {6]. The existing algorithm schemes are
flexible and can handle three-dimensional problems
without difficulty.

In order to simulate the circular heat source, equa-
tion (4) needs to be transformed into the form for the
cylindrical coordinate system. Referring to Fig. 4 and

VALL SN
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FiG. 4. Pictorial description of the computational domain
for the wall-PCM module: (a) side view; (b) top view.

introducing x = r cos 0, y = r sin 8, we get

oE OE OE ar)
k__,_
or

1é
D§+U,P;g;+ﬂt’e@=;5;<f
10 (kar\ &, eT
+:ﬁ(:35)*52("§) (13

with
,=—Ucosh, p,=Usinf, v,=0

Incorporating the continuity equation

1é 1 8(vep)  Op

ra Pt T T =0 (9
we obtain
8pE 1 8(upE) 18(ppEy 18 8T
Tty a trraw cra\tw

1 8 (kéT o f eT
+t-% (*;"é*é”) + ég(k—c;;) (15)
with the state equation dE/dT = ¢(T). Following the
analysis given in ref. [6], the transforming method is
described as follows.

In the case of constant specific heats for each phase
and that the phase change occurs at a single tem-
perature, the relation between temperature and
eathalpy can be expressed as follows:

To+Elc,, E0 {solid phase)
Ts 0 < E < H (mushy phase)
To+(E~H)c, E2H (liquid phase).

(16)

T=
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Here, E = 0 has been selected to correspond to phase-
change materials in their solid state at temperature
Tm’i‘he ‘Kirchhoff’ temperature is introduced as
. k(T-T,), T<T,
T*=J k() dn =<0, T=T,
o k(T=Ty), T> T,

amn

Transforming equation (16) with the definition given
in equation (17) results in

k.E/c,, E<O0
T =40, 0<E<H (18)
k|(E—'H)/C|, E>H.
An enthalpy function is introduced as follows:
T =T(E)E+S(E). (19)

Equation (15) is transformed into a non-linear equa-
tion with a single dependent variable £

2ER) 1 3opB) 1 30wpB) _1 0 ( 40TE)
o Tr o v o0 rar\ o

18 (13TE\ & (oTE)
+Fa—0(7“—”"ao ) a—z(“—‘az )”’ (20)

where
poL2f, 58], 1a1as] o
“yor|"or|Tra0|ra6] T e
v,=—Ucosf, vy=Usinb
ke, E<O0
Fr=rEy=¢0, O<E<H @n
ke, EZ2 H
and
0, E<0
S=S(E) =<0, O0<E<H (22
—Hk\/ce, E > H.

For the wall, no phase change occurs and therefore
E=c¢,T, T=k,jc,, and S=0 (23)

with equation (20) still being applicable.
The initial and boundary conditions for the numeri-
cal domain in Fig. 4 are as follows:

t=0:
E=¢T, 0250, 0<r<owm,
Ei=cs(Ti"'Tm)9

0<r<o, 0<86<360°

0 <60 < 360°

d<z<gh

k, 0E

i—a;=as(E/cw)“, z=0, r>R, 0<6<360°
qls, =qls., z=96, 0<r<ow, 0<0<360°
g=0, z=h 0<r<ow, 0<6<360°
E=E, 0<z<h, r=Ry, -90°<6<90°
0E
—a7=0, 0<z<d, r=R, 90°<0<270°
w=0, d<z<gh
or
r=R, 90°<8 <270°.

The radius R, must be sufficiently large such that
the region r > Ry, —90° < 0 < 90° is unaffected by
the moving heat source. The last two boundary con-
ditions imply that the upwind scheme is used and the
diffusive term is neglected for the outflow boundary.

Equation (20) is discretized with the numerical
scheme proposed in ref. [6], which is based on the
control-volume finite-difference approach described
by Patankar (8]. The general three-dimensional dis-
cretization equation for the phase-change problem
with a fully implicit scheme in the cylindrical coor-
dinate system is

apEP = aEEE +awEw +aNEN +asEs
+arEr+agEg+b (24)

where
ap = Qpg +apw +apn+aps +apg +apr + K;Pg

ag = [¢D +max[—F,,0]
apg = I'pD,+max [—F,, 0]
aw = I'wD, +max [F,, 0]
apw = I'pD,+max [F,, 0]
an = I'yD,+max[—F,,0]
apn = [pD,+max [—F,,0]
as = I'sD,+max [F,, 0]
aps = ['pD,+max [F,, 0}
ar = [yD+max [—F,,0]
apr = I'pD,+ max [—F,, 0]
ag = I'gD, + max {F,,0]
apg = 'pDy+max [F,, 0]

AVpl
b= =2 EQ+D(Se ~ S)=Du(Sp = Sw)
+Dy(Sx = S¢) = D.(Se = S5)+ D(St~ S¢)
~Dy(Se=5)

where AV is the volume of the control volume,
ABAz(r,+r)/2, the greater of a and b is given by
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e e LY B0 e b & YAl B ai
maxia, 0}, £p GENOWES the old value \at time ¢jof Eat

grid point P, and p? denotes the old value of p at grid
point P. The flow rates and conductances are defined
as

Fo= (pr)brdz, D=0l
r<(30).
Fu = (pogudrbz, D=2

r.(60),,

Fu= (po)ir,08, D, = 00
@

F, = {pv)Azr A8, D,= eeidd
(@)

Fi= (andttr, D,="2
Z %

Fo = (puJuAOAr, D, = O0AT

2. *

i (‘sz)b

Because of the nonlinearity of the above equation
and the implicit nature of the scheme, iterations are
needed at each time step. This procedure is the same

as those which solve a normal non.linear Pquannn

104

Since the dimensionless parameters in the last sec-
tion are independent of the coordinate system, equa-
~ tion (12) is still applicable to the problem in the
cylindrical coordinate system of this section.

NUMERICAL RESULTS AND DISCUSSION

ations above are solved with

Araty
CU will

The discretization e Squations adcove arc sGiv
the Gauss—Seidel method. The grid size employed is
32x30x 20 with the grid size near the wall surface
being finer. In order to check the validity of the com-
puter program the calculation has been made with a
moving heat source without phase change, i.e. a pure
wall without PCM, and the steady-state surface tem-
perature along the X-X plane (the X=X plane
corresponds to the plane defined by 8 = §° and 180°
in cylindrical coordinates or y = 0 in Cartesian coor-

Ain raa et smn mad it ka unu‘ut'
ulllaLGal Wuo !.Ulllpal\-u ¥l AMALY L

point source moving on the surface of a semi-infinite
medium, as shown in Fig. 5. The steady-state ana-
Iytical result has the form

T~T, = (Q/2nk,r)e-UBI+n, 25)

The above equation was obtained from a moving
Cartesian coordinate system (x,y,z) with the point
heat source at the origin and r = \/(x*+y*+27).

The discrepancy between the two results near x = Q
is due to the nature of the heat source that was
modeled in gach case. The analytical result has an
infinitesimal heat source at x = 0, while the numerical

ane hac a heat eource of finita radine R Considering
ong nas a neal source of nnile radius K, Lonsidenng

this, the accuracy of the numerical results is very good.
The numerical results with radiation (¢ = 1) into space
for the surface other than the heated spot is also
included in Fig. 5. It is shown that the radiation plays
no significant role in the temperature distribution of
the wall near the heat source, and therefore will not
be included in the next discussion, and the radiation
parameters &, and N, will be dropped.

The general temperature distribution trend on the
surface is shown as a three-dimensional plot in Fig. 6.
The temperature falls off sharply in the portion of
x* > 0, while it falls off gradually for x* < 0. Also,
the symmetry of the temperature distribution to the
X-X plane mdlcated in Fig. 4 is evident. Therefore,
the representation of the temperature distributions

= s

wiil focus on the XX plane for stmpncuy

:!“

{1Y AAnariven l.,.... ons verishon
\1) M OUIRg neai source vvuuuul puua

As a first step, a pure wall without PCM
In this situation, equation (12) reduces to

T* =f(stNQy I’sé*ax)t,y*az’k)'

.
]
o

iss tudled

(26)

Since the problem is now independent of T, (T, — T}
is chosen as unity for convenience. Therefore,
T* = T-—T‘, Ny = g Ry/k.,, N.=UC,/q, in this

pr&ldl £anrc,
Figure 7 shows the variation of the steady-state wall

550
500 1 Q=08.3 (W)
U=0.5 ms)
2 450 . “imggsy‘%‘;o) [ zjfgit :‘\;\lss);
4 ™~ ® ANALYTICAL RESULT {] :
g + HUMERICAL RESULT (ex1) } g".‘; 2-5-43@53')
g 400 -} il
5 )
3
= 350 - 7 |
vl
300 4 ,9' }
250 .
-0.010 -0.005 0.000 0.005 0.010

DISTANCE ALONG THE X=X PLANE AT Z=0, X(m)

Fii. 5. Comparison between analytical and numerical results without phase change.
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FiG. 6. Graph of the surface temperature distribution trend.
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FiG. 7. Steady-state temperature profiles with different N, without PCM.

surface temperature with different values of N,. Ascan
be seen, a larger N, reduces the peak wall temperature
significantly, while a small N, may result in an intol-
erably high peak wall temperature. The dimensionless
number N, has an opposite effect on the wall tem-
perature, as shownin Fig. 8. A ller Ny corresponds
to a lower peak wall temperature, while a larger N,
corresponds to a higher peak wall temperature. The
conclusion can be made that with a certain 6*, when
N, is large enough or N, is small enough, the peak
wall temperature is low and the wall does not need to
be protected. When ¥, is small or N, is large, some-

SlIlda.

thing must be done to protect the wall, otherwise the
wall will be burned out. Also, a larger 5 * has the effect
of relieving the peak wall temperature, but is often

Ing Lic € 4ature 15 O

not practical in space applications.

(2) Moving heat source with PCM underneath the
wall

As mentioned before, one of the alternatives of pro-
tecting the wall is to put the PCM beneath the wall as
shown in Figs. 2 and 4. Figure 9 shows the numeri-
cal isotherms of the dimensionless temperature
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FiG. 8. Steady-state temperature profiles with different Ny without PCM.
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F1G. 9. Isotherms of the solution for ¢ = 0.1 s at the X-X plane.

T* = (T-T))/(T,—T) for t = 0.1 s along the X-X
plane. Other parameters are N,=1.2, N, =60,
St = 0.001, C,, = 0.94, C,, = 1.38, K., = K,,, = 0.65,
é6* = 0.51 and 4* = 1.45. The center of the heat source
is located at x = 0. The solid line labelled 1.0 indicates
the melting front at this time. After about 0.5 s, the
steady-state condition is reached. Figure 10 shows the
corresponding steady-state isotherms of the dimen-
sionless temperature at the same plane. The melting
front is also labelled 1.0.

Figure 11 shows the steady-state wall surface tem-
perature along the X-X plane with different Stefan
numbers, St = ¢,(T,,— T;)/H. Also shown in the figure
is a pure wall (without PCM) having the same weight
per unit surface area as that of the wall-PCM module.
As can be seen, the reduction of the peak wall tem-

perature is significant. In the figure, 6 = 5.,/ R, is the
dimensionless maximum melting front depth, where
O, is the maximum melting front depth from the wall
surface corresponding to the steady state.

The dimensionless wall thickness 6* has a sig-
nificant influence on the temperature distribution.
With a smaller 6* the reduction of the peak wall
temperature is more evident, as shown in Fig. 12.

Like the moving heat source problem without phase
change, when N, is small enough and N, is large
enough the dimensionless temperature will become
high, as shown in Fig. 13. The case with N, = 0.3 and
Ng = 60 has a peak wall temperature almost four
times as high as that with N, = 2.4 and N, =30. In
this situation, perhaps one has to resort to another
alternative.
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Fi1G. 14. Pictorial description of the computational domain
for the PCM-wall module: (a) side view ; (b) top view.

(3) Moving heat source with PCM coated on the
surface

The configuration of this technology of protecting
the surface is illustrated in Fig. 14. The numerical
procedure is similar to that with PCM. beneath the
wall. The calculation is conducted with three different
Stefan numbers and the results are shown in Fig. 15.
The liquid phase in the numerical domain is assumed
not to be blown away in this situation. Also shown in
the figure is the temperature distribution of a pure
plane (without PCM) having the same weight per
unit surface area as that of the PCM~-wall module
indicated in Fig. 14. It is evident that the dimensionless
temperature of the wall surface with PCM coated on
it has no way to exceed one, which means that the
wall surface temperature will be less than T, provided
that the maximum melting front depth is less than the
thickness of the PCM coat on the surface.
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Fi1G. 15. Steady-state temperature variation of wall surface with St.
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CONCLUSIONS AND REMARKS

If a wall surface is subject to an intense moving heat
flux, and with a large N, and a small N, the surface
is prone to be burned out unless some measure is
taken to protect it. The use of PCM proves to be a
good means of protecting the surface in this respect.
One way to protect the surface is to put the PCM
underneath the wall. This method is more efficient
with smaller St and 6*. With N, increasing and N,
decreasing further, the method of coating the PCM
on the surface is needed to protect the surface. In this
situation, the wall surface temperature will be less
than 7, provided that the maximum melting depth is
less than the thickness of the PCM coat on the surface.
It should be pointed out that both methods have
advantages and disadvantages. Even if the method of
putting the PCM underneath the wall is less efficient
when N, and N, are beyond some limits, it is ready
to be used again and puts no restrictions on the wall
surface. In these cases a trade-off will be reached when
selecting the protective technology.
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PROTECTION VIS-A-VIS DE FLUX THERMIQUES LOCALISES, INTENSES ET
MOBILES EN UTILISANT DES MATERIAUX A CHANGEMENT DE PHASE

Résumé—On examine plusieurs technologies pour protéger une paroi de son britlage par une source de

chaleur localisée. intense, mobile et on propose une solution selon laquelie un matériau a changement de

phase (PCM) est placée juste dessous la paroi pour absorber le grand flux de chaleur. Le probléme de

fusion tridimensionnelle est réduit et modélisé par un schéma enthalpique nouveau. Les résultats

numériques montrent que la solution proposée réduit significativement le pic de la température pariétale.

La méthode de dépdt du PCM sur la paroi est aussi employée pour maintenir 12 température de surface
au dessous de la température de fusion du PCM.

THERMISCHER SCHUTZ GEGEN INTENSIVE, ORTLICH BEGRENZTE, WANDERNDE
WARMESTROME DURCH VERWENDUNG VON PHASEN-WECHSEL-MATERIALIEN

Zusammenfassung—Es wurden zahlreiche Methoden zur Vermeidung von *“Burn-Out-Effekten” an Heiz-
wiinden durch intensive, drtlich begrenzte, wandernde Wirmequellen untersucht. Es wird eine Losung
fiir das Problem vorgeschlagen, bei der ein Phasen-Wechsel-Material (PCM) unterhalb der Wandoberfliche
angebracht wird, um den groBen Wirmestrom zu absorbieren. Das dreidimensionale Schmelz-Problem
wird in dimensionsloser Form durch ein neuartiges Enthalpie-Transformations- Verfahren beschrieben. Die
numerischen Ergebnisse zeigen, daB die vorgeschlagene Losung die maximale Wandtemperatur signifikant
reduziert. Mit einer weiteren angewandten Methode, bei der die Wandoberfliche mit dem PCM beschichtet
wird, kann die Oberflichentemperatur unterhalb der Schmelztemperatur des PCM’s gehalten werden.

TEMJO3AIMTA OT UHTEHCHUBHBIX JIOKAJIM30BAHHBIX ABMXKYIIHUXCA
HCTOYHHUKOB TEIUIA C UCIMNOJIB30BAHHEM MATEPHAJIOB C ®A30BbIM
NMEPEXOAOM

Asmotaims—IIposener 0630p pa3fMYHBX TCXHOJNOTHH 3aIMATH CTEHKH OT CTOPaHHS NMpPH BO3ACHACTBHH
HHTEHCHBHOTO JIOKAJTH30BAHHOIO IBHXYILEIrOCS HCTOYHHKA Tel1a, H OPCMAJIOKCHO peClCHHE NaHHOR
33434, B KOTOpOM MaTepnan ¢ $aszoshiM nepexonoM (MPII) nomeinaeTcs Noa CTEHKY ML IOTJOLIE-
HHS TEIUIOBOro MoToKa 6obiuoi semunHnL. TpexmepHas 3a1a4a NIABJICHAS NPHBOAMTCS k 6eapasmep-
HOMY BHMAY H MOJCHHpPYETCA NO HOBOM CXeMC NpPCBPAIICHHS IHTANLUHH. UnCacHHBIC pe3yabTaTH
NOKa3bLIBAIOT, YTO MPEAIOKCHHOC DElICHHE 3HAYHTENBHO YMCHBIIACT MAKCHMAJIBHYIO TEMIEPATYpY
ctenxy. Ucnons3ayerca Taxxke cnoco6 nanecenns MOIT Ha noBepxHOCTb CTCHKH, O3BONAIOIIHA nOMAEP-
KHBaTh TEMIEPATYPY HOBCPXHOCTH HHXE TOYKH ILnaBneHns MPIIL.



