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In this paper, a runback water and ice prediction model is extended to anti-icing and thermal de-icing situations.

The resulting coupled equations that govern thin-film flow, ice accretion, and heat conduction in the multilayered
system substrate—ice—water are solved using an explicit finite volume approach. The procedure is implemented in the
three-dimensional icing code ICECREMO2, and both structured and unstructured grids can be considered.
Numerical results are presented to compare the present code simulations to some data provided by other ice
prediction codes and to show the capabilities of the present numerical tool.

Nomenclature

shear stress at the surface of water film

cell boundary

boundary of substrate and ice, respectively,
where heat flux is prescribed

ice thickness

specific heat of substrate, ice, and water,
respectively

convective derivative following the motion of
water—air interface

convective derivative following the motion of
water—ice interface

unit vector in the rectangular coordinate
system

components of gravity

water film thickness

heat transfer coefficient between substrate and
de-icing (or anti-icing) system

mass flux of impinging water droplets

heat conductivity of substrate, ice, and water,
respectively

latent heat of evaporation

latent heat of freezing

rate of mass supply by impinging droplets
number of interfaces in a multilayered
substrate

outward unit normal to the boundary of the
substrate finite volume

outward unit normal to water—air interface
outward unit normal to water—ice interface
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water pressure

heat flux due to conduction in the substrate
heat loss due to convection

heat loss due to cooling by supercooled
droplets

evaporative heat flux

power of de-icing heater

kinetic heat supply

latent heat supply by impinging droplets
energy required to melt the ice

heat flux in the substrate, ice, and water,
respectively

heat flux at the face centroid in substrate, ice,
and water, respectively

heat loss due to ice sublimation

water flux

heat supply from de-icing (or anti-icing)
system

heat flux at the surface of substrate
Reynolds number

components of stress tensor in the water film,
ihj=1,....3

temperature in the substrate, ice, and water,
respectively

temperature at the cell centroid in substrate,
ice, and water, respectively

air temperature in the de-icing (or anti-icing)
system

temperature at the surface of substrate

time

unit tangents on water—air interface

unit tangents on water—ice interface
components of the velocity field in the water
film

ith component of the velocity field in the
water film, i =1,...,3

normal velocity of water—air interface
normal velocity of water—ice interface
freestream velocity

rectangular coordinates

ith rectangular coordinate, i = 1,...,3
coordinate vector of the face centroid

z coordinate of interface / in a multilayered
substrate

collection efficiency

constant in surface tension relationship to
temperature
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AAS, AA = boundary of cell volume in the substrate and
ice, respectively

At = time step

AV = cell volume

AVS, AV = cell volume in the substrate and ice,
respectively

8 = Kronecker symbol, i,j =1,...,3

K = mean curvature of water film surface

Mo = water viscosity

Pa = atmospheric pressure

Do = vapor mass density

Pws Pi> Pa = mass density of water, ice, and water droplets
in the air, respectively

o = surface tension

0y = maximum surface tension

Y = nonmaterial surface coinciding with water—air
interface

Y™ = nonmaterial surface coinciding with water—ice
interface

v = gradient operator

I. Introduction

IRCRAFT icing is a well-known phenomenon that usually

occurs in-flight when supercooled droplets that may exist in
clouds are intercepted by aircraft wings, engine inlets, and other
aircraft components. At combinations of lower temperatures and
low-liquid-water content, the impinging supercooled water droplets
tend to freeze very rapidly upon impact on the metal surface. This ice
is known as rime. At milder temperatures and higher liquid water
contents, only one part of the impinging droplets freezes immediately
upon contact. The other part remains liquid and may flow and freeze
in downstream regions, due to the combined action of air shear and
gravity. In this situation, the surface temperature is influenced by the
release of latent heat from the freezing of the impinging droplets and
glaze ice appears.

Ice accretion is known to cause both weight and drag increase,
while reducing the lift, and globally results in a degradation of the
aircraft aerodynamic performance and handling. Ice protection
systems are therefore required.

De-icing equipment is used to periodically remove accreted ice
which has built up to moderate thickness. This is achieved with
electrothermal ice protection systems by activating heaters that are
embedded in the substrate composite skin, which cause the ice to
shed under the combined action of the thermal weakening of
adhesive forces, possible melting, and aerodynamic forces. Anti-
icing systems are more suitable for aircraft components upstream of
aircraft components that might be subject to damage under the effect
of ice shedding. This is, for instance, the case of engine inlets, where
ice shedding can cause damage of fan blades. It is therefore required
to continuously activate an anti-icing system to maintain the surface
temperature above freezing and keep the surface free of ice.

The first anti-icing calculations, introduced by Hardy [1], were
based on a simplified model that treats the water layer and the metal
substrate as a single medium for which a heat balance is performed.
Heat loss by convection, evaporation, and sensible and kinetic heat
contributions from impinging water droplets are all considered in this
heat balance. A more accurate model has been proposed by Al-Khalil
etal. [2], which considers separately the water film and the substrate.
An energy balance is performed for each medium and a mass balance
is performed for the water film. A simple phase-change prediction is
also used to identify the region where water starts to freeze. More
recently, Al-Khalil et al. [3] have proposed an anti-icing model that
takes into account the formation of rivulets. This was particularly
motivated by the need to consider the fraction of the surface that is
wetted by the runback water, which is referred to as the wetness
factor. Indeed, studies by Hansman et al. [4,5] have shown that,
during glaze ice accretion, distinct zones of surface water behavior
are observed: a zone with a uniform water film in the stagnation
region, where the wetness factor has a value of unity, and a rough
zone, where the water film breaks into beads and rivulets and where

the wetness factor drops to values on the order of 0.3. A detailed
literature review on aircraft anti-icing and de-icing techniques and
modeling can be found in [6].

The main purpose of the present paper is to extend the model
proposed by Myers et al. [7,8] for runback water flow/ice accretion to
consider anti-icing and de-icing situations. The model has been
implemented in the 3-D ice prediction code ICECREMO?2, which
performs explicit transient ice calculations using both structured and
unstructured grids. The present work has been mainly motivated by
the need to extend ICECREMO capabilities to model both anti-icing
and de-icing equipment. The governing equations for the modeling
of runback water flow/ice accretion in the presence of heating sources
are presented in Sec. II. Water film flow, ice accretion, and heat
conduction problems are presented. These problems are coupled and
the resulting system of equations, which involves governing
equations, boundary and interface conditions, needs to be solved
simultaneously. However, the procedure is much simpler when an
explicit approach is used, as this allows one to deal separately with
film flow/ice accretion and heat conduction problems. The present
work adopts an explicit solution procedure for both anti-icing and de-
icing problems. In the anti-icing case, ice accretion is ignored and
both water flow and evaporation are considered. For the sake of
simplicity, rivulets are not explicitly considered in the present model.
In the de-icing model, runback water flow and evaporation together
with ice accretion and phase change within the ice layer are
considered. Section III presents the explicit numerical approach used
to solve the heat problem, and both homogeneous and multilayered
composite substrates are considered. Details about the numerical
integration of the runback water flow, ice accretion equations can be
found in [9] and are omitted in this paper for the sake of conciseness.
Various test results are presented in Sec. IV, where some
comparisons with existing codes have also been provided as a
validation exercise.

II. Governing Equations of the Runback Water Flow,
Ice Accretion Model with Heating Sources

A. Flow Problem with Phase Change

Figure 1 shows a typical configuration of the runback water flow,
ice accretion problem. Let u, v, w be the components of the velocity
field in the water filmin the (x, y, z) directions. Whenever indices are
used, these are also denoted u;, u,, us in the (x;, x,, x3) directions,
respectively. The water film is assumed to behave as an
incompressible Newtonian fluid with stress components

ou, Ju;
TIZ_PSI‘F/M”(_["'_]) (1)
/ ! dx;  Ox

where p is the water pressure and §;; the Kronecker symbol. The
second term on the right-hand side is the viscous stress, and [,
denotes the water viscosity. The incompressibility constraint is
expressed by

du Jdv  dw
Vu=—+—4+—=0 2
R e S @
The ICECREMO model developed in [7] is derived from Navier—
Stokes equations by using the fact that the aspect ratio of the flow

incoming droplets

Fig. 1 Runback water flow/ice accretion model: problem geometry.
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(depth scale over length scale) is small, and this allows major
simplifications in the governing differential system. Indeed, within
the frame of such an assumption, also known as the lubrication
approximation, Navier—Stokes equations simplify to

3214 ,
3 s — Pw8x + O(S & Re) (3)
97> 8
v _ dp 2 2
Huga= 9y Pu8y + O(?.e’Re) 4)
ap
0= 5. Pws: T O(e%, e*Re) 5)
Z

At the water—ice interface, the velocity field in the water film must
satisfy the no-slip condition:

u=v=0 atz=1>0 6)

The nonmaterial surfaces which coincide with the water—air interface
and the water—ice interface are described by the functions ¥** and
Y™, respectively:

Yy, 2, 0) = 72— b(x,y,2,1) — h(x,y,0) =0 @)

UMy, 2 ) =z —b(x.y,z.1) =0 8)

where b and & are the ice and water heights, respectively. These
geometric surfaces have the following properties:
Unit normal

wa wai\
vy
x {1 +[0(b + h)/oxP

= (=3(b + h)/dx,—d(b + h)/dy, 1)
+[3(b + h)/oyP} ©)
nwi B Vl//Wi

A
= (—=9b/dx, —b/dy, D[1 + (3b/3x)* + (3b/y)*]*  (10)

Unit tangents (with main components in the x and y directions,
respectively)

¥ = (1,0,(b + h)/ax){1 + [0(b + h) /0Py (11)

=(0,1,3(b + h)/I){1 +[9(b + h)/ayPy = (12)

t¥ = (1,0,9b/9x)[1 + (3b/9x)] 2 (13)

= (0,1,9b/3y)[1 + (3b/dy)?]* (14)

The two surfaces move with the normal velocities u** and u" such
that

Dwa.(//wa awWﬂ
Dr
Dwi ,l//Wi 3wwi
Dt
where D¥¢/Dt and DY /Dt denote the convective derivatives
following the motion of water—air and water—ice interface surfaces,

respectively. The normal velocities can be obtained by combining
the preceding equation with Egs. (7-10), which yield

+ uwanwa . vwwa — 0
(15)

+ uwinwi . wai =0

» a(b + h)
u

“E T 4 [0 + h)oxP + [0(b + h) /Oy E (16)

M = %—Ij[l + (3b/3x)? + (3b/dy)*] a7

The mass balance at the water—ice interface (z = b) reads
uwi) I PiMWi

Using Egs. (6), (10), and (17), the preceding equation leads to
w:(l—ﬂ)a—b at (z=b) (18)

w/ 0t

,Ow(ll v —

Let i’ = p,(—BWe. - n™ — u™) be the rate of mass supply by
impinging droplets, where p, denotes the mass density of water
droplets in the air, § is the collection efficiency, and W is the
freestream velocity. Note that the impingement direction of water
droplets is assumed vertical, so that their velocity has the opposite
direction of the unit vector e, which has same orientation as the z
axis. We denote 1ii* to be the rate of mass loss due to evaporation. The
mass balance at the water—air interface (z = b + h) reads

pw(u nVe — uwa) — n’,ll + mE or

19
pw(uwa —u- nwa) = Pa (uwa + ﬂwez : nwa) - mE

Development of Eq. (19), using Eqgs. (9) and (16) and assuming
pa/Pw <K 1,leads to
(b + h) 8(b + h) a(b + h)
+v
at ox dy

Ly REL 10 + 0 [0 + )P

w

(at z=b+h) (20)

where J, = p,BW is the mass flux of impinging water droplets.
The rate of mass evaporation mF is related to the evaporative heat
flux Q, by

mt === 21)
where L, is the latent heat of evaporation.

The continuity of stress at the water—air interface reads (assuming
summation over repeated indices)

e v ou; Ou; o
Tyny* = —pni™ + | 5 + 52 |n}*

8x ax;
do mf)?
— a4 o (8 =m0 g, P
77 0x; X
(22)
where o is the surface tension, k = —V - n"* is the mean curvature,

and A is the shear stress due to constant air shear. The term (725)?/ p,
represents the recoil pressure of evaporation, and p, is the vapor mass
density. To the leading order of the lubrication approximation, the
preceding stress condition leads to

()

v

n¥T,n% = —p = —p, + ok + + O(?) (23)

i’

du
(00) Ty = e + OE) =00 +41 24)

v
(t;“) Tymy* =5+ OE) =6 -Vo+4,  (29)



HARIRECHE ET AL. 1927

The contribution of surface tension gradient to shear stresses in
Egs. (24) and (25) is often referred to as Marangoni effect. Here,
surface tension gradient is due to the dependence of surface tension
on temperature, which is assumed linear

o =0y— y(T;; - T;j“) (26)

where T} (x,y,t) = T, (x,y,z =D + h, 1) is the temperature at the
surface of the water film, and T3 is the saturation temperature (below
which surface tension does not increase anymore and remains equal
to 0y). The constant y is positive. The stress condition at the water—air
interface (z = b + h) becomes

» E\2
p— pa=—ox— T 27
Mo g_l; =ty Vo + A, (28)
9
[ a—z =t Vo + A, (29)

The integration procedure for the field Eqgs. (2-5) is similar to that in
Myers et al. [7]. Integrating Eq. (5) subject to Eq. (27) yields

(m*)?

P—DPua= Pu8.(2—h) — oK — (30)

v

Integrating Eq. (3) with respect to z, taking into account Eqs. (6) and
(28), yields

o= (a—” - png)[zz =0 =2z = b)(b + W] + A; (2~ b)
2\ ox
3L

In the same way, integrating Eq. (4) with respect to z, taking into
account Egs. (6) and (29), yields

1(a
v =3 (3=, )l = 52 = 2= D)o + )+ A= )
62
where
A=A+ Vo=A —pty*-VO|._,,, (33)
Ay = Ay + 0 Vo = Ay — pt¥ V0| _, .,

Integrating the incompressibility constraint (2) across the film, and
using Leibniz theorem and the mass conservations (18) and (20),
yields

ah : wo__ L _ a_b _ E 2
o + divQ¥ = o (Jw Pivs =it {1 +[0(b + h)/0x]
L+ h)/ay]Z}%) (34)

where Q¥ = (QF QF) is the water flux,

h
Q'l”=/ udz

0

h
Qg’:/ vdz

0

_ 00y | 99y
T ox + dy

and

div Qv

Inserting Eqs. (31) and (32) into the definitions of O} and QY

yields
o LR (p W
Q| - _gﬁ (E - png) + Z,uwAl (35)
ov LI (0p L
2 3 o ay pwgy zuw 2

Equations (30-32) and (34) give, respectively, the water pressure,
water velocities, and water height. However, these unknowns are
coupled to the temperature fields in the substrate, ice layer, and water
film through the rate of ice growth 0b/dr, the rate of mass
evaporation m¥, and the dependence of surface tension on
temperature. Therefore, we need to consider the heat problem to
obtain all the unknowns.

B. Heat Problem

Temperatures in the substrate, ice layer, and water film are denoted
Ty, T;, and T, respectively. Heat conduction is governed by the
following equations:

T
pscxa_;+V'Qs=0 (fOT _[A'SZSO) (36)
o,
pici 5l +V-Q=0 (for0<z=b) G37)

oT
pwcwa_;u+v'(Qw+pruvau):0 (fOl’b §Z§b+h)
(38)

where Q, = —k,VT,, Q; = —k;VT;, and Q,, = —k, VT, are heat
fluxes in the substrate, ice, and water, respectively, and k, k;, and k,,
are the respective heat conductivities. The specific heat is denoted as
¢y, ¢;, and ¢, for the substrate, ice, and water, respectively.

The following boundary and interface conditions must be
satisfied.

At the inner surface of the substrate

Q, ' n=0, (atz=—1) (39

where Q) is a heat supply from a de-icing (or anti-icing) system. If
convection with hot air is prescribed, Q, will have the form
Qo = h(T, — T,), where h, is aknown heat transfer coefficient and
T, is the air temperature.

At the substrate—ice interface, both temperature and heat flux must
remain continuous (obviously, the temperature gradient will be
discontinuous because of the difference in heat conductivities in the
substrate and ice):

T,=T; and Q;-n=Q;-n (atz=0) (40)

At the ice—water interface (glaze ice), the temperature is continuous
and equal to the freezing temperature, whereas the heat flux
undergoes a discontinuity according to the Stefan condition (see
Appendix A):

T,=T,=T, and Q-n—Q,-n=—pL 2 [atz=h)
@

where L is the latent heat of freezing. At the free surface of the water
film (glaze ice or wet surface), the heat flux must satisfy the condition

Qun=(Q + Qi+ Q) —(Qx+ Q. [atz=>b()+h(1)]
42)
where Q.., Q. and Q, correspond to the heat loss due to convection,

cooling by supercooled droplets and evaporation, respectively. The
terms Q, and Q, represent energy supply due to kinetic energy of
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impinging droplets and aerodynamic heating, respectively (see
Appendix B for the expressions of these energy terms).

In the case of rime ice, the evaporative heat loss Q, must be
replaced by heat loss due to ice sublimation Q,;:

Q;'n= (0, +0;+ OQup) — (O + 0, + Q) [at z=b(1)]
43)

Note that there is an additional heating source due to the latent heat
Q, released by the impinging droplets that freeze instantaneously.

In regions where the substrate surface is dry and not affected by
droplet impingement, the following condition applies:

Qs ‘n = Qc - Qa (at = 0) (44)

In general, the substrate consists of a multilayered composite with
different properties for each layer and embedded heaters at interfaces
between layers. In this case, conditions to be prescribed at interfaces
between substrate layers are specified as follows.

Continuity of temperature and heat flux

Ty =T (forz=2z.1=1,....NI) (45)

0, =0 (forz=z,1=1,...,NI) (46)

where z; is the position of the interface /, and N/ is the total number
of interfaces. In the case where a heater of power 2Q}, is present at the
interface,

Q: = Q:r = Qcond + QH 47

where Q,,nq 18 the heat flux due to conduction.

C. Semi-Analytical Expression of the Temperature in the Water Film

A semi-analytical expression can be obtained for the temperature
in the water film if we neglect both transient and convection terms in
Eq. (38). Furthermore, due to the small thickness of the water film,
we also neglect the lateral heat flux. Hence, Eq. (38) reduces to the
one-dimensional pseudosteady-state equation

0°T,,

T =0 (48)

In other words, conduction dominates the heat transfer in the water
film, whereas convective effects are negligible. Temperature 7, in
the water film has the expression

e O R

Dependence of water temperature on time is only due to the
dependence on time of the temperature 7*(x,y,#) and flux
Q*(x,y,1) at the surface of substrate/ice. It is easy to check that
expression (49) of the temperature 7, in the water film satisfies the
continuity of both temperature and heat flux at the water—substrate/
ice interface. Therefore, the boundary condition (42) applies directly
to the surface of the medium underneath the water film (substrate or
ice) and reads

Q" =(Q:+0,+0Q)—(Q+Q,) [atz=b(®)]  (50)

III. Numerical Integration

In the following, we assume that temperature values in the
substrate—ice—water system are used explicitly in the flow-ice
accretion calculation procedure. Hence, the two solution procedures
for the problems of heat conduction and film flow-ice accretion are
uncoupled. Temperatures can be updated regularly atintervals of one
or more time steps of the flow-ice accretion calculation. The existing
numerical integration procedure implemented in [CECREMO?2 can
be found in [9], and the following sections will only consider the
numerical approach for the thermal history.

Heat conduction in the substrate—ice—water is governed by
Eqs. (36-38) and (49). Boundary conditions are expressed
by Eqgs. (39), (42), and (43), the substrate-ice interface condition
by Eq. (40), and the Stefan condition by Eq. (41). In the case of a
multilayered substrate with embedded heaters, the interface
conditions (45-47) must be considered. We denote Ay, and AiQ as
the boundaries of substrate and ice where heat flux is prescribed.

Time is discretized into time steps At, and the volumes occupied
by the substrate and the ice layer are discretized into control volumes
(or cells) AV* and AV‘, respectively. The substrate cells are
generated once for all before starting the time stepping procedure.
The number of cells over the substrate thickness should be known. In
the case of a multilayered substrate, the number of cells over the
thickness of each layer needs to be specified. The ice mesh is updated
at regular intervals of time and cells are added as the thickness of ice
increases. In the following, we give a brief presentation of the explicit
integration procedure.

Integrating Eq. (36) over the time step and the substrate control
volume yields

Tn+ d Ty
/ '/ —(pscSTS)dth—F/ ‘/ V.Q,dVdr=0 (51)
ty AV at 1 AVS

where 1, = nAtand t,,; =1t, + At.

Hence, integrating the first term on the left-hand side of Eq. (31)
with respect to time and applying the divergence theorem to the
second term yields

Tyt
/ (mcST;f+l - pxchg) dv + / Q,-dAdr=0 (52)
Ave 1, AAS

where AA* is the boundary of AV*, dA = dAn, and n denotes the
outward unit normal to the boundary. We use the approximation

| perav=peray (53)
AVS

where T is the temperature at the cell centroid. The second term on
the left-hand side of Eq. (52) is calculated as follows:

Int Tt
/ / deA-dt:/ [Z/ QS'dA}dt
t, AAS t, I3 AAS,
Tyt
~3 / " Q- AALd1 (54)
F ty

where Qg is the flux value at the face centroid and the summation in
Eq. (54) extends over all faces that belong to the boundary AA* of the
cell. Equation (52) becomes

Tnt1
n+1 n s s —
PsCs (Tstr - TSC)AV + EF [; Q- AARdr=0 (55)

We assume that the flux Qg can be interpolated between values QJ
and Q! attimes ¢, and 1, | =, + At as

Qr=eQi' +(1-0)Qp: 0<e<l  (56)
Selecting values of ¢ such as ¢ =1 and ¢ = % leads to well-known
schemes: Euler, fully implicit, and Crank—Nicolson. In the
following, we will adopt a fully explicit time integration scheme and
will select ¢ = 0, so that Qg = QJ fort, <t < t,,,, where Q is
the value of the flux at time ¢,. Equation (55) becomes

p.Cs (ngl - Tgc)AVS +A Q- AAL =0 (5T)
F

To include boundary conditions in the preceding equation, we use the
following notations: 1, denotes the set collecting all face indices for
faces of the current cell that belong to the boundaries Ap.
Equation (57) is rewritten in the more explicit form, which shows
boundary conditions
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pscs(T;'c*‘ - T;’C)AVS + Ay Q- AAL
Feng

+ A1y Q- AAL =0 (58)

Fen,

The integration scheme being explicit, temperature at time ¢, is
readily obtained using Eq. (58)

T =T — AVY [ZQ AA;+ZQ2F-AA;] (59)
PsCs Fén, Feny

The same integration procedure is used to obtain the temperature
in the ice layer. We obtain

T =Ty - [ Qi - AAL + Q?F-AA"F] (60)
,o,cAV Z FXH}:

A similar approach can be used to discretize the water film so that
both transient and convective terms can be included (with an upwind
treatment of the convective term). Temperature in the water film will
be given by

At
il = _7[ (Q& + puC ,T”,u”).AAw
¢ PN F; £ Pwtw e !

+ Y (Que+ pwch:,gu").AAl;] 61)

Feny

where 1, is the set collecting all face indices for cell faces where heat
flux is prescribed. However, numerical tests have shown that
discretization of the water film is too time consuming, and both
transient and convective terms have little effect on the solution. It is
therefore preferable to use the semi-analytical expression for
temperature in the water given by Eq. (49) rather than the preceding
expression.

Equations (59-61) involve the calculation of heat flux at cell
centroid. The calculation procedure is detailed for the substrate mesh,
the same approach being used for ice and water meshes. For faces that
belong to the boundary where heat flux is prescribed (F € 7,), the
calculation is straightforward and gives

D Qi AAL =) 0o(xp.1,) AA}, (62)

Feny Feny

where X is the coordinate vector of the face centroid. For faces
where heat flux is unknown, the following procedure is used:

& =~k (VT (63)
where the temperature gradient (VT )} at face centroid, at time 7, is

approximated as the mean value of the gradients at the left and right
cell centroids (VT,)} and (VT,)%, that is,

(VI)} =3[ (VI + (VT))3] (64)

The gradient at cell centroid is computed as follows. Using the
gradient theorem, we have

/ VT,dV = / T,dA ~ AV(VT,). (65)
AV A

where AV denotes the cell volume, A the boundary of the cell, and
(VT,). the temperature gradient at cell centroid. Hence,

1 1
VT,).=-— | T,dA = T,dAp ~ — T,)rA
( s)c AVA sd XF:[:\F sd F AVXF:( x)F F
(66)

Taking into account the boundary conditions on faces where heat
flux is prescribed, Eq. (66) leads to the following expression of the

temperature gradient at cell centroid:

1. =55 (s + Y ar) @

Féng Feng

where (T,)p is the temperature at the face centroid and is
approximated as

(T.Y)F = %(T\‘L + T,vR) for F ¢ s (68)

(TS)F = TKL for F' € N (69)

This procedure is no longer valid for faces that belong to interfaces
between substrate layers of different material properties or between
substrate and ice, or ice and water, as the temperature gradients are no
longer continuous across these interfaces. In this case, the following
approach is used to obtain the heat flux at the face centroid: Let L,
and L, represent the domains occupied by two layers that belong to
two different materials in the system substrate—ice—water (Fig. 2).

We denote T, and Q; as the temperature and heat flux at the
interface and V=T, V~T, the normal temperature gradients on the
interface sides in layer L, and layer L,, respectively
[VT, = (VT,) - n], so that we have

(T)a=T; + V¥, + O@5,)* (Ty)p=Tr— Vb5 + O(8p)*

(70)
The jump in the temperature gradient satisfies the flux continuity:
QO = —K\(V*T)) = —K,(V'T) (71)

Equations (70) and (71) yield

K
ViT,=——2%  _(T,-T
K KBSA +KA53( B)
K (72)
VT,=—2  (T,—T
K KB(SA +KA83( B)
and
K, Kp
=———2 > (T,—T 73
Oy K35A+KA53( A ) (73)

which is the expression of the heat flux to be used when a given face
of the cell boundary belongs to the interface between two different
materials.

In the case where the two layers belong to a composite substrate,
and if a heater of power 20, is present at the interface, the total flux at
the cell face is given by

OF'=0;+Qn (74)

Equation (60) for heat update in the ice layer is used only for
temperature increments that do not involve phase change. Phase
change occurs for each cell as a whole. The cell melts/freezes, at the
melting/freezing temperature 7, when the amount of gained/
released latent heat is equal to the amount of latent heat needed for the
phase change to take place. During the process of gaining/losing
latent heat, the cell temperature is constant and equal to the melting/
freezing temperature 7, (Fig. 3). Temperature update with phase
change is performed as follows: Assume that there is enough heat to
transform an ice cell from the state of ice at temperature 7y < T, to

5, <A
% .B L

~—— Interface

Fig. 2 Interfaces between layers with different material properties.
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Heat amount
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Fig. 3 Cell temperature in the ice layer as a function of heat supply/
release.

the state of water at temperature T, > T, during the heat update time
step. The total heat supply to the cell is given by

AQ=Ary Qp-Ap;  (AQ<0) (75)
F

The energy required to rise the cell temperature to T is
Omerc = _(Tf —T)pic;V (76)

The energy absorbed as latent heat for the cell to melt is

0;=—p,L;V a7
T(°C)
A B C D E
15
X = ICECREMO
10 End of sequence 1 » ONERA
; . DRA
* NASA
0
s
-10 4 ; } + X(m),
0 0.05 0.1 0.15 02
a)
T(C)
20 A B C D E
15 P = |ICECREMO

T End of sequence 3
104 A ONERA
¥

* NASA

54
0
S 4 .
. X(m)
-10 l N N , )
0 0.05 0.1 0.15 02
©)
T(°C)
20 A 8 c 5 .
15
End of sequence 5 = |ICECREMO
p : e
ime = .
0 ¥ ; ] . -
-5 o .
X(m)
-10 4 . . , (m]
0 0.05 0.1 0.15 02
e)

HARIRECHE ET AL.

K=2.24 WK,
pe=1.93 106 J/m*K

:l Ice:

1.9rm

- Titanium: K=17.03 W/mK,

08rm pe=2.35 10° J/m*K
0.3ram .

0.1rm - Neoprene: K=0.293 W/mK,
0.2ram pe=5.15 10° J/m’K

0.5ram
- Fiberglass: K=0.313 W/mK,

25mm pe=3.88 10° J/m*K

40rmm [ Insulator:  K=0.25 W/mK,
pe=1.717 10° Jm’K

Fig. 4 Multilayered substrate for validation test case.

The new cell temperature is given by

T, =T;+ (Q = Omer — Q)/(PwCwV) (78)

IV. Test Results
A. Validation Test Cases

Results from a dry-air and a 2-D de-icing test case have been
compared with data obtained with three different codes from the
Defence Research Agency (DRA), NASA, and ONERA [10]. The
problem geometry and main properties are shown on Fig. 4.

1. Dry-Air Test Case

In this test case, the ice layer is ignored and the top surface is
subject to a convective heat exchange with ambient air at temperature

T(°C)
207 A B c D E
15+ = ICECREMO
104 End of sequence 2 4 ONERA

e DRA
* NASA

& X(m)

-S4
-10 f } - - {
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20 A C D E
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‘ " b
5 * NASA
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B C D E
15 ICECREMO
10 End of sequence 6 N %’&“
s ¢ NASA
0 e
-5
L X(m)
-10 4 5 - . +
0 0.05 0.1 0.15 0.2
f)

Fig. 5 Dry-air test case: temperature at the top surface of substrate. Comparisons with data provided by DRA, NASA, and ONERA.
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—10°C and a constant heat transfer coefficient of 300 W/m?°C. Both
lateral and bottom boundaries are assumed to be insulated. The heater
elements have a power of 32 kW/m? each and are activated
successively, in the sequence DECBA, each for a period of 10 s. The
initial temperature of the substrate is assumed uniform and equal to
—7°C.

Figure 5 shows surface temperature of the substrate at the end of
each time interval during which a single heater is activated and at
time 60 s where all heaters are switched off. The results are in good
agreement with those of the three codes, which are shown on the
same figure.

2. De-Icing Test Case

The geometry, layer properties, and boundary conditions are
similar for this case to those of the dry-air test case. In the present
case, an ice layer of 1.9 mm thickness is considered at the top surface
of the substrate. The heat transfer coefficient at that surface is
increased to 450 W/m?°C to take into account ice roughness. The
heater elements have the same power as in the previous case and are
activated in the same sequence, DECBA.

Figure 6 shows temperature distribution at the ice—titanium
interface at the end of each time interval, during which a single heater
is activated and at time 60 s, when all heaters are switched off. A
small difference in the maximum temperature is observed, but a
discrepancy in the results provided by the three codes can also be
noticed above the heated elements. This is probably due to the
approach used in modeling phase change in the ice layer, which is not
the same for all codes. ICECREMO2 considers melting at the level of
each cell in the ice mesh. A cell is considered either completely
frozen or completely melted.

Figure 7 shows the height of melted ice, which is in good
agreement with the three codes. It is interesting to observe that above

4. TCO)

2

[ S ittt ———————-a——--

-2 End of sequence 1 . DRA

4 —x——NASA
ICECREMO

g X (m)

the element D, for example, between 10 and 20 s elapsed time, the
temperature decreases while the height of melted ice continues to
increase. This is attributed to the significant amount of latent heat
involved in the phase change, which causes the variation of the
melted ice height to be much smaller than the variation in
temperature. This phenomenon has been reproduced by all of the
four codes. During the last 10 s, the melted ice begins to refreeze,
which is caused by convective cooling at the surface, and this is also
described by all of the four codes.

Figure 8 shows time history of the temperature at the ice—titanium
interface in front of the center of each heater. Apart from the small
difference in the maximum temperature, as explained earlier, all
codes are in good agreement concerning the temperature history.

B. One-Dimensional Simulations of Anti-Icing
1. One-Dimensional Anti-Icing Simulation

A one-dimensional simulation of anti-icing has been performed on
a horizontal flat plate of 0.5 m length. One row of 500 x5
parallelepiped cells of 1 mm length, 1 mm thickness, and a time step
of 0.001 s have been used. Droplets impinge perpendicularly to the
plate. The collection efficiency and main data are shown in Fig. 9.
The substrate inner surface is subject to a uniform heat supply from
an anti-icing source.

Figure 10 shows the steady water height as a function of position
on the surface for both unheated and heated cases with different
values of the heat supply. At moderate heat supply amounts, the film
has a linear shape outside the impingement region. For more
significant heating and in the vicinity of the zone where full
evaporation takes place, the film slope increases. These features,
inherent to the water film evaporation, have also been observed in
similar simulations by Al-Khalil et al. [3].
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Fig. 6 De-icing test case: temperature at the ice—titanium interface. Comparisons with data provided by DRA, NASA, and ONERA.
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Fig. 7 De-icing test case: melted ice height. Comparisons with data provided by DRA, NASA, and ONERA.

Figure 11 shows the surface temperature once the steady state is
established. Temperature on the left side, which is not affected by the
droplet impingement, nor by the water film flow, is much higher than
the temperature on the right side, where significant cooling due to
water evaporation takes place.

Figures 12 and 13 show the temperature history at the locations
M1 and M2, which are, respectively, within the impingement region
and, at the right end, outside the impingement region. It can be
observed that the rate of evaporation is much higher outside the
impingement region and that full evaporation in that region would
need a very high amount of heat. Therefore, anti-icing protection
must extend sufficiently far from zones directly affected by droplet
impingement to prevent runback water from freezing.

2. One-Dimensional Anti-Icing Simulation Taking into Account Ice
Accretion

The same data as in the previous simulation are used here. In the
present simulation, ice accretion and melting of ice are considered.
The ice layer is discretized using cells of 0.05 mm thickness.
A uniform heat flux Q = 10 kW/m? is prescribed to the region of
the substrate between x = 0.05 and 0.25 m. Figure 14 shows the
ice shape in the unheated case (blue discontinuous line) after 2 min
time.

The behavior under heating, after 2 min time, is shown on the same
figure. Surface temperature (scale in Celsius on the right), freezing
and melting fronts are also represented. It can be observed that the ice
height obtained in the anti-icing case is well below the ice height
obtained without heating the surface. Within the heated region and a
close region outside, the freezing front coincides with the melting
front, which means that the entire ice layer is melted. Melting outside
of the heated zone occurs as a result of lateral conduction. Further on

the right, for x > 0.3 m, the ice heights are very close for both the
unheated case and the anti-icing case. The melting front separates
from the freezing front around x = 0.32 m. Beyond that position to
the right, ice still forms, despite the heat supply. The melted ice
height decreases gradually and disappears around x = 0.32 m.

Under the effect of the shear stress, which acts from left to right,
the water film flows toward the right end and freezes over the region
x > 0.3 m. The ice thickness in that region is comparable to that of
the unheated case, and the amount of melted ice decreases as x
increases and vanishes in the region where the temperature drops
below zero.

C. Three-Dimensional Simulations of Anti-Icing and De-Icing
1. Three-Dimensional Anti-Icing Simulation

A three-dimensional simulation of anti-icing has been performed
on a horizontal flat plate of 1 m length and 0.5 m width. A regular
mesh of 100 x 50 x 5 parallelepiped cells of 10 mm length and 1 mm
thickness is used. The collection efficiency and main data are shown
in Fig. 15.

Figure 16 shows the water film as it expands over the substrate
surface and reaches the boundary under the effect of the shear stress,
which acts in the x direction towards the right-hand side. In this case,
there is no heat supply and the film shape shown at time r =30 s
corresponds to the steady flow.

Figure 17 shows a similar case with a uniform heat flux Q, =
20 kW/m? prescribed at the inner surface of the substrate.
Comparing Figs. 16 and 17 at time ¢ = 30 s, for example, clearly
shows the effect of water evaporation on the film shape. The overall
volume and shape of the water film are both affected by evaporation.
The high amount of heat at the vicinity of the advancing front causes
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the water film to become sharper as it evaporates. Surface
temperature on the same figure shows the trace of the water film as a
result of the coupling between heat conduction and water flow.
Indeed, the zone affected by the water flow has a lower temperature,
as the heat supply is uniform and the evaporative cooling adds to the
cooling by convection in that region.
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Fig. 8 De-icing test case: history of temperature at the ice/titanium
interface, in front of the center of each resistance. Data provided by
a) DRA, b) NASA and ONERA, and ¢) ICECREMO2.
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Fig. 9 One-dimensional simulation of anti-icing: collection efficiency
and main data.
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Fig. 10 One-dimensional simulation of anti-icing: steady water height.
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Fig. 14 One-dimensional simulation of anti-icing taking into account
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2. Three-Dimensional De-Icing Simulation

A three-dimensional simulation of de-icing has been performed on
aflat square plate of 0.5 mside length. A regular mesh of 50 x 50 x 5
parallelepiped cells of 10 mm length and 1 mm thickness is used.
Collection efficiency and main data are shown in Fig. 18.
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Fig. 15 Three-dimensional simulation of anti-icing: collection effi-
ciency and main data.
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Fig. 16 Three-dimensional simulation of anti-icing: film flow on an
unheated substrate.
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Fig. 17 Three-dimensional simulation of anti-icing: film flow and
evaporation. Uniform heat flux Q) =20 kW/m?.

A uniform heat flux Q = G(1)Q,, where G(¢) is a time function
shown in Fig. 19 and Q, has a constant value of 5 kW /m?.

Figure 20 shows the surface temperature during the icing process
at times ¢ = 120 and 180 s. As in the case of the three-dimensional
anti-icing simulation, Fig. 20 clearly shows the coupling between the
three phenomena of film flow, ice accretion, and heat conduction.
Indeed, the trace of the ice layer can be seen on the temperature
pattern and slightly higher temperatures are observed within the zone
affected by ice accretion. This phenomenon is observed when the
heat supply is inactive, and the increase of temperature within the
iced zone is due to the latent heat of freezing. However, in reality, due
to the ice roughness, a higher heat transfer coefficient might be
adequate at the ice surface and the larger convective cooling will
influence the temperature distribution.

Figure 21 shows the surface temperature during de-icing at times
t =210 and 300 s. Now, it can be observed that temperature is much
higher outside the zone affected by ice accretion. This is obviously
due to the loss of energy in the form of latent heat that serves the
phase change within the iced region.

Figure 22 shows the decrease in temperature after de-icing is
switched off. Attime r = 480 s, it can be observed that temperature is
again higher inside the iced region, where refreezing at the surface of
the melted ice might also take place.

Figures 23 and 24 show both ice and melted ice shapes during the
de-icing process at times ¢ = 210 and 300 s. It can be observed that,
during the de-icing process, both ice accretion and melting of ice take



HARIRECHE ET AL. 1935

Ceaich
0.000 0,125 0.250) 0.375 : 0,500

0.500
Tt
HH
Y 0.250 H H HH
Hoyet
0.000
0.00000 0.250 0.500
z X

Freestream velocity W=100m/s

Liquid water content LWC= lg/m

Ambient temperature Ty, = -10 °C

Heat transfer coefficient HTC = 150 W/(m? K)

Shear stress 7, = 0.5 P

De-icing heat flux Qu-SkW/m (3. 22W/m2)

Az(ice)=0.05mm

Time step At=0.001s
Fig. 18 Three-dimensional simulation of de-icing: surface mesh and
collection efficiency.

place as long as temperature at the ice surface remains below
freezing. However, in reality, a thin layer of melted ice will allow the
ice to separate.

V. Conclusions

The runback water flow-ice accretion model developed by Myers
et al. [7] and implemented in the 3-D icing code ICECREMO?2 has
been extended to consider anti-icing and de-icing situations. The new
numerical tool uses an explicit finite volume approach that allows the
film flow, ice accretion problem to be uncoupled from the heat
conduction problem. This has resulted in producing an efficient
numerical integration procedure that could be easily implemented in
the transient icing code ICECREMO2. The numerical approach has
been developed in such a way that it can handle both unstructured and
structured grids and effectively extends the capabilities of
ICECREMO?2 to deal with anti-icing and de-icing calculations.
Numerical experiments were first performed and compared with data
provided by other icing codes to assess the validity of the present
numerical procedure. Some simulations have also been performed in
both one-dimensional and three-dimensional situations and were
shown to capture the main features of anti-icing and de-icing
processes.
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Fig. 20 Three-dimensional simulation of de-icing: substrate temper-
ature during icing at # = 120 and 180 s.
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Fig. 21 Three-dimensional simulation of de-icing: substrate temper-
ature during de-icing at t = 210 and 300 s.
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Fig. 22 Three-dimensional simulation of de-icing: substrate temper-
ature during de-icing at # = 360 and 480 s.

Appendix A: Stefan Condition

At the water-ice interface, we have a phase-change condition
which is governed by the so-called Stefan energy balance equation or
Stefan condition. As the freezing front moves a distance db during
time d¢, a quantity of heat p; L db is released from the water (liquid
phase). Hence, during the time dz, we have k,,(9T,,/9z)(b(2), r)dt

= o 1
60 120 180 240

D—» ¢,
= — = 5
300 360 420 180

Fig. 19 Three-dimensional simulation of de-icing: time function for heat flux time variation.
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Fig. 23 Three-dimensional simulation of de-icing: ice and melted ice
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Fig. 24 Three-dimensional simulation of de-icing: ice and melted ice
heights (mm) at time ¢ = 300 s.
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Fig. A1 Phase change at the freezing front.

units of heat flowing into the phase-change region from the water, as
shown in Fig. Al, and k;(07/dz)(b(z), £)dt units of heat flowing out
of the phase-change region into the ice. The difference must be equal
to the released latent heat and we obtain

oT T, b
i —ky, 2= p,L (A1)
0z

k waz_iFE

where L denotes the latent heat of freezing (in general, the latent
heat of a given phase change is the quantity of heat released or
absorbed when a unit of mass undergoes that phase change
completely and isothermally). Equation (A1) shows that the freezing
front moves in such a way that its velocity is proportional to the jump
in the heat flux across the front (Fig. Al).

Appendix B: Expressions of Energy Terms Involved
in Surface Heat Exchange

In the case of glaze ice, heat balance at the surface of the water film
reads

Qw'nz(Qc+Qd+Qc)_(Qk+Qa)

where Q.., Q,4, and Q, correspond to the heat loss due to convection,
cooling by supercooled droplets, and evaporation, respectively. The

terms Q, and Q, represent energy supply due to kinetic energy of
impinging droplets and aerodynamic heating, respectively. These
terms have the expressions (see, for instance, [11])

Qc = I:I(Tw - Ta)’ Qd = IOAﬂWCw(Tw - Ta)?

0 _ 0.622HL, T\ (P.\ V7 ® P;
<= e p 7\, )\P, "e\p.)]" ®D

=—— W2
Q=5

1

O = 7 (pABW?),
where H is the heat transfer coefficient, T, is the air temperature and
is assumed to be the same as the droplets temperature, c, is the
specific heat of air, and r is the recovery factor. In the expression of
the evaporative heat loss Q,, L, represents the latent heat of
vaporization, P is the static pressure, Py is total pressure, R), is the
humidity factor, 7' is the total temperature in Kelvin, T, is the water
temperature, e is the water vapor pressure, and L, is the Lewis
number. The subscripts oo and L indicate freestream and local,

respectively, and w indicates the water surface.

Heat balance at the surface of rime ice reads

Qi ‘n= (Qc + Qd + qubl) - (Qk + sz + Ql) [at = b([)]
(B2)

where Qg denotes heat loss due to ice sublimation and has an
expression similar to that of Q,, with the ice temperature 7; instead of
the water temperature 7, and ice vapor pressure instead of water
vapor pressure.
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