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Abstract

We present a deicing simulation for a practical three-dimensional geometry inside which hot air jets impinge upon a

flat inclined glass surface with a layer of ice on the outside. The main goal is to study the unsteady two-phase melting

process over the inclined flat surface, and to identify the traditional control parameters such as jet impingement angles

for minimization of the defrosting time for given ice and glass thicknesses. A correlation for defrosting as functions of

time, heat transfer parameters and impingement angles has been found. Also, in this study, the first Joule heating

defroster using transparent electrodes are proposed and numerically simulated as a viable alternative. A correlation

between the electrical Joule power requirement and the defrosting time is given. It is demonstrated that substantial

improvements (roughly 70% reduction) in defrosting time may be achieved using Joule heating compared to the tradi-

tional jet impingement HVAC technology.
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1. Introduction

The jet impingement heat transfer has many practical

applications including windshield defrosting and defog-

ging for automotive and aircraft applications. Spe-

cifically on a flat surface, several experimental and

numerical studies of impinging air jets have been re-

ported over the past three decades [1–10]. Most of these

computational efforts are focused on modeling the heat

transfer without the phase change. Recently, several

researchers have focused on the deicing patterns over

the windshield [11–13] and aircraft wings [14]. These re-

ports range from a patent on fluidic oscillators for better

flow and heat transfer patterns [11] to the theoretical
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prediction and computation of ice formation [14]. Auto-

motive engineers have applied commercial software such

as fluent, ICEM-CFD and Star-CD to predict the melt-

ing of ice over the windshield and compared results with

thermography and hot bulb type of measurements [12].

However, a correlation for defrosting as functions of

time, flow and heat transfer parameters and impinge-

ment angle is yet to be found.

Deicing is a two-phase fluid thermal process for re-

moval of a thin ice layer on the exterior surface of a

vehicle windshield and is required to be done in the

quickest possible manner for driver visibility in the win-

try conditions. A traditional defroster uses a simple elec-

tric fan to push air that has been heated by the engine

coolant lines into a gap between the top of the blower

ductwork and the top panels of dashboard trim. Into

the trim panel several slots have been cut, separated by

directional vanes. These vanes control the left–right
ed.
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Nomenclature

C coefficients

cp specific heat at constant pressure kJ/kg K

E specific enthalpy, kJ/kg

F light transmittance

H convection heat transfer coefficient, W/m2 K

k thermal conductivity, W/m K

L characteristic length, m

Nu Nusselt number

P power spent in Joule heating, kW
_Q heat transfer rate, W

Re Reynolds number

SJ source term (Joule heat)

SL source term (latent heat)

t time, s

T temperature, K

ui ith component of velocity, m/s

V jet velocity, m/s

xi spatial coordinates, m

Greek symbols

k liquid fraction

K latent heat, kJ

l viscosity, N s/m2

q density, kg/m3

r bulk resistivity, X m

- applied potential, V

Subscripts

A Case A

avg average

B Case B

eff effective

in inlet (at nozzle exit)

i, j direction of spatial derivatives

L liquidus

M mush

ref reference

s slip between ice and water

S solidus

w wall
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angle between the plane of the windshield and the

incoming warm air. The fore-aft placement of the

blower vents in the top of the dashboard (and any bev-

eling of the vent edges) controls the angle of incidence

between the warm air and the windshield. This arrange-

ment relies on both convection and conduction to trans-

fer the heat to the outside of the windshield and the layer

of ice atop it. Recently, Roy and Patel [6] have investi-

gated the effect of Reynolds number (Re) and impinge-

ment angles on local and average Nusselt number

(Nu), turbulence intensity and wall y+. They have deter-

mined a correlation between the geometric angles and

the fluid thermal characteristics on the inner surface of

the windshield. Here the particular interest is to study

defrosting on the outer surface of the glass windshield

for improved vehicle climate control enhancing pas-

senger safety and comfort. Two different defrosting

methods have been considered. First, a traditional wind-

shield arrangement with jet impingement is analyzed.

The intention is to predict a two-phase correlation that

will guide future design of windshield defroster. Hereaf-

ter we call this Case A. Next, an alternative electrother-

mal defrosting mechanism is proposed and analyzed.

Hereafter this is referred to as Case B. As far as we

know, this is the first time such analyses are reported.

Fig. 1 shows the jet, the inclined plane and its associ-

ation with the control volume bounded by five other sur-

faces for Case A. All necessary dimensions are given in

the figure. The temperature Tj of the air jets vary based
on the blower data plotted in Fig. 2. The jets ensue from

two rectangular openings (each 0.019 m · 0.241 m) and

impinge upon the target solid surface of thickness

0.006 m and known material properties with various

streamwise (/) and crosswise (b) angles. A thin sheet of

0.0004 m thickness initially filled with ice is attached to

the outer layer of the target plane. The rectangular open-

ings are centered on the 1.447 m length of the bottom

wall with an edge-to-edge gap of 0.127 m between them.

The target plane is inclined at an angle of 39�. We inves-

tigate the melting patterns of ice at four different time sta-

tions. An optimum jet impingement angle is found for

the most effective melting of ice that conforms to the

defrosting standard [15] for the automotive community.

A Joule heating defroster using transparent electrode

is numerically simulated in case B as a viable alternative.

In this arrangement, a current runs through a highly

resistive electrode, preferably one with a high conductive

heat transfer coefficient k, and dissipates heat propor-

tional to the dot product of the electric field and current.

Fig. 3 shows the schematic arrangement of glass and elec-

trode for Case B. Here 0.0001 m thick indium tin–oxide

(ITO), with high thermal and low electrical conductivity

is used between the two 0.003 m glass layers. It is opti-

cally transparent (95% transmittance), thus does not

interfere with the vision of the driver. The ITO resists

the current dissipating energy as Joule heating. This heat

is conducted through the glass to the ice layer outside and

eventually melts it. The ITO layer is the same dimension



Fig. 1. Schematic of computational domain of the windshield and the associated air volume.
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as the windshield. The predicted performance results are

compared against the current jet impingement HVAC

technology with respect to requirements in both time

and power to melt the ice. It is demonstrated that sub-

stantial improvements in defrosting time (roughly 70%

reduction in clearing time) may be made implementing

the suggested design, which uses joule heating.

Three correlations are established—one between jet

impingement angles and melting characteristics of ice

(case A), the average Nusselt number evolution during

defrosting (case A), and finally predicted electrical

power requirement in the proposed Joule heating defros-

ter as a function of time (case B).
2. Theoretical formulation

The fluid–thermal processes in the computational do-

main are investigated using a finite volume based com-

mercial code Fluent6.1.22�. The details of the flow

code are given earlier [5,6]. Here the deicing simulation

is performed in two stages. First the steady state flow

characteristics of air are analyzed for the impinged jets

with renormalized group (RNG) two-equation k–e tur-

bulence closure model [16] by solving the continuity

and momentum equations as given in Ref. [6]. Then

the unsteady conjugate heat transfer calculations are

done between air, windshield material and ice for the
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time varying jet temperature while maintaining the air

velocity profiles steady. The energy equation solved for

this step is given as

oðqEÞ
ot

þ oðquiEÞ
oxi

¼ o

oxi
k
oT
oxi

� �
þ SJ þ SL ð1Þ
where E is enthalpy, q is the density, ui is the ith compo-

nent air velocity, k is the conductivity, SJ is the energy

density supplied through Joule heating and SL is the

source term defined based on the Carman–Koseny equa-

tion [17]

SL ¼ Cm

ð1� kÞ2

k3 þ e
ðum;i � us;iÞ ð2Þ

In (2), k is the liquid fraction, e is a small number

(� 10�3) used to prevent division by zero, Cm is the

mushy zone constant (� 105), which measures the ampli-

tude of damping. Higher values of these coefficients re-

sult in steeper transition of velocity between solid and

liquid regions. The porous velocity components of the

mush um,i is calculated from the Darcy law. We have

considered negligible slip velocity between solid and

melting zones us,i and thus ignored the relative velocity

between the solid ice and melted mush.

The following two-phase solidification and melting

enthalpy-porosity formulation is used to model the melt-

ing of ice on the outer surface [18].

E ¼ Eref þ
Z T

T ref

cpdT
� �

þ DE ð3Þ

The first term in the right hand side of (3) (the terms in-

side the parentheses) is the sensible heat where the refer-

ence enthalpy Eref = 298 kJ/kg, and DE = kK is the latent

heat content which varies from zero to K determined by

the liquid fraction k given below,

k ¼ T � T s

T L � T s

; 0 6 k 6 1: ð4Þ

The static temperature of ice, windshield and its associ-

ated air volume is calculated by iterating Eqs. (1)–(3)

with liquid fraction k being updated at each step. Table

1 lists all the material properties and reference tempera-

tures used for solving the two-phase conjugate heat

transfer for both cases.
3. Numerical details

3.1. Case A

The mean velocity of the jet V is chosen to be 8 m/s

for which the Reynolds number for air is 20000 based

on the hydraulic diameter of the rectangular opening.

As tabulated in Table 2, the impingement angle / is var-

ied from 21� to 66� in steps of 15� in the xy-plane and

then the sweep angle b is varied from 0� to 10� in steps

of 5� in the outward direction in the yz-plane. The jet

openings are in plane with the bottom floor for all these

experiments making the floor jet injection angle

(180� � / � b) varying between 75� and 120�. The inter-
section of the jet axis and the inclined surface is

(0.09674 + 0.07831/tan/) m away from the crotch. The



Table 1

Material properties

Material Properties

Glass q = 2500 kg/m3, cp = 0.750 kJ/kg K, k = 1.4 W/m K

Ice q = 920 kg/m3, cp = 2.040 kJ/kg K, k = 1.88 W/m K,

K = 334.96 kJ/kg, TS = 271 K, TL = 273 K,

l = 0.00553 N s/m2

ITO q = 7140 kg/m3, k = 8.7 W/m K, F = 95%,

r = 2 · 10�6 X m

Air q = 1.225 kg/m3, cp = 1.00643 kJ/kg K,

k = 0.0242 W/m K, l = 1.789 e�05 N s/m2
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outlet at the back has a hydraulic diameter of 0.625 m

where the backflow turbulence intensity is given as

10% while a backflow temperature of 273 K is assumed.

Hereafter we will refer to inner surface of the windshield

as IN; interface between the layers of ice and the glass as

MID and the outer wall of the ice layer as OUT for clar-

ity. Fluent treats MID and IN as coupled surfaces as

they are two-sided walls appearing between the ice and

glass, and glass and air, respectively. The heat transfer

is calculated directly from the solution in adjacent cell.

It is assumed OUT is close to temperature of ice and

the ambient air velocity ‘‘outside’’ the simulation do-

main is negligible. All other walls are considered adia-

batic. We solved the fluid and heat transfer equations

on a computational mesh of 216319 nodes created using

T-Grid. The windshield and ice layer consist of hexa-

gonal elements/laminates with 18432 nodes in the wind-

shield and 6912 in the ice layer. The Newton iteration is

considered converged when the solution residual for all

variables except temperature is less than 10�4 and for en-

ergy it is less than 10�7.

3.2. Case B

Here the jet impingement is not considered. Only the

glass and the ice layer are simulated. Here again, we
Table 2

Twelve simulation cases tested for various jet angles

a (deg) / (deg) 180 � (a + /) (deg) b (deg) % of

39 66 75 0 87

5 91

10 90

51 90 0 84

5 93.5

10 99

36 105 0 77

5 88.4

10 95

21 120 0 62

5 71

10 68

The best and worst performances of deicing are highlighted in bold a
assume OUT is at the temperature of ice and the ambi-

ent air velocity is negligible. All other walls are consid-

ered adiabatic except for IN surface where H = 5 W/

m2 K is applied. There is no air flowing in this system.

We solved only the energy equations on a computational

mesh created using T-Grid meshing scheme (for details,

refer Gambit manual). Each glass layer in Fig. 3b con-

sists of 69741 nodes, the ITO has 16605 nodes and the

ice layer contains 29889 nodes for computation. The

Newton iteration is considered converged when the solu-

tion residual for energy is less than 10�7. The electrical

circuit is not in the scope of this paper. However, note

that the power dissipated per unit area of the ITO is pro-

portional to -2/r which gives the applied energy density

SJ to the ITO. The glass is assumed as perfect electrical

insulator.

For both cases, the windshield is considered as

‘‘cleared’’ or ‘‘defrosted’’ when the MID surface con-

forms to the standards of SAE J902. Fig. 4 shows the

two important regions A and C on the windshield for

which the acceptable defrosted minima are recom-

mended in the automotive standard [15]. In figure, the

normal distance from P to eye is 0.6 m, the eye E is

0.3 m away from the side of the vehicle and the height

H from the driver seat to E is 0.635 m. The automotive

requirement for defrosting in Table 3, where the details

of regions A and C are also given, shows that while all of

region C needs to be cleared region A may not require

the total removal of ice.
4. Results and discussion

4.1. Case A

Figs. 5–13 describe twelve simulation results for case

A. The best and worst performances of deicing are high-

lighted in bold and in italics, respectively, in Table 2.
A that melted in 1200 s % of C that melted in 1200 s

82

99

93

75

100

100

64

85.7

100

28.5

50

57

nd in italics, respectively.



Fig. 4. SAEJ902 standard for windshield vision [15].

Table 3

SAEJ902 standard for defrosting in 30 min with steady air jet

Zone Minimum

%

Angle

L (deg)

Angle

R (deg)

Angle

U (deg)

Angle

D (deg)

A 80 18 56 10 5

C 100 10 15 5 1
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For jet angles / = 51� and b = 10�, all ice melts in re-

gions A (99%) and C (100%) within 20 min. Hereafter,

this is referred to as the best arrangement. The worst

occurs for / = 21� and b = 0� where only 29% of C

and 62% of A defrosts within 20 min. Hereafter, we refer
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Fig. 5. Time evolution of the liquid fraction
to this case as the worst arrangement. Fig. 5 plots the li-

quid fraction k distribution on the MID windshield sur-

face at four different time stations, namely 400 s, 600 s,

900 s and 1200 s. At 400 s only 2.3% of the ice is melted

at two impingement regions, by the time it reaches 600 s

85.7% of the ice about the impingement regions is

melted. Interestingly, the jets issued from rectangular

slots with high aspect ratios create near circular foot-

prints on the windshield. Ice melts completely in the C

region and nearly 98.8% for the region A within the

mandated 20 min.

In comparison, Fig. 6 shows line contours of k on the

MID surface at 600 s, 700 s, 900 s and 1200 s for the

worst arrangement. While for the best arrangement it

takes about 400 s for the ice to start melting, no signifi-

cant melting starts before 600 s for the worst arrange-

ment. After 20 min only the central region melts,

keeping half of regions A and C frozen. The details of

melting after 20 min along three specific lines a, b and

c (Fig. 1) on the MID surface are shown in Fig. 7 for

two impingement angles (/ = 21� and 36�) and three

sweep angles (b = 0�, 5� and 10�). The computed solid

fraction (1-k) data along these lines are projected on

the x direction for plotting purposes. The location

x = 0 is the intersection between the windshield and

the bottom wall. The impingement angle / has signifi-

cant impact along the selected lines a, b and c. For /
= 36�, the melting increases significantly as compared

to / = 21�. The performance is even better for / = 51�
(not shown). Note that line b is exactly on the impinge-
0.
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ment zone and there is not much effect of b on the melt-

ing characteristics along this line. For line a, which is

closest to the driver�s vision, the melting characteristic

improves as b increases. However, there is an inverse

relation between b and the melting characteristic for line

c, which is the furthest from the driver�s eye. This is

obvious as line c lies between impingement zones. The

flow details for these solutions are given in our previous

work [5,6] showing the regions of minor flow and major

flow separated about the point of impingement.

Fig. 8 summarizes the area average liquid fraction,

kavg = (�AkdA)/A, for 12 test cases given in Table 2.

Fig. 8a plots a quadratic polynomial fit for the data cal-

culated based on the windshield area A. Note that we

avoided the power fit representation of the data as that

will fail to indicate the optimum operating range of /
between 50� and 60�. While b = 10� shows the best per-

formance, the following three correlations are estab-

lished for 0� 6 b 6 10� and 0� 6 / 6 75�.

(1) For b = 0�, kavg = �0.48/2 + 1.22/ + 0.02

(2) For b = 5�, kavg = �0.95/2 + 1.97/ � 0.15

(3) For b = 10�, kavg = �1.4/2 + 2.64/ � 0.31

The kavg calculated based on the mandated regions of

C and A of the windshield is given in Fig. 8b and c,

respectively. For both regions b = 0� gives the worst per-
formance. In the region C in Fig. 8b, the predicted kavg
for the jet sweep b = 5� and 10� follow each other closely
beyond / > 25�. The trend is similar in Fig. 8c for region

A also.

Understanding the heat transfer characteristics is

vital to understand the melting process. Figs. 9 and 10

demonstrate the enthalpy contour evolution on the

MID surface of the windshield for the best and worst

arrangements. The enthalpy increases sharply between

300 and 600 s from 12 kJ/kg to 323 kJ/kg and then

reaches finally to a peak of 415 kJ/kg at 1200 s in Fig.

9. The predicted enthalpy distribution for the worst

arrangement in Fig. 10 also shows the gradual increase

in enthalpy from 10 kJ/kg to 395 kJ/kg. However, the

average enthalpy of the best arrangement is nearly twice

than that of the worst. Figs. 11–13 plot the Nusselt num-

ber distribution on the IN surface of the windshield. IN

is exposed to impinging jets. Fig. 11 shows the time evo-

lution for best arrangement with a Nu ranging from 4 to

12. Clearly, maximum heat transfer happens about jet

impingement points. For the worst arrangement, the

Nu distribution shows fingerlike patterns near the

impingement region in Fig. 12 similar to the liquid frac-

tion (Fig. 6) and enthalpy (Fig. 9) distributions. The

peak Nu after 20 min is only a quarter of that of Fig.

11. It is the fluid–thermal interaction described in Ref.

[6] that may cause these patches and, in effect, poor heat

transfer. For these acute impingement angles of / = 21�
and b = 0�, the jet attaches to the upper lip of the wind-

shield and does not get enough contact with glass to

inject heat carried by the blower air.
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The area averaged non-dimensional heat transfer

coefficient, Nuavg = (�AreaNudA)/A, is plotted in Fig. 13

as a function of time for the best and the worst configu-

rations. Interestingly, the average peaks at about 900 s
for both cases. This is due to fact that beyond this

point the blower temperature becomes reasonably con-

stant damping the growth of MID and OUT surface
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temperatures. Thenceforth, the heat conducted due to

the temperature gradient across glass thickness becomes

dominant as compared to the heat convected outward.

However, at their peak the best jet arrangement with

Navg � 5 is about 2.5 times more effective in transferring

heat as compared to the worst arrangement with

Nuavg � 2. For 200 s 6 t 6 1200 s, the correlations for

these two arrangements are found as follows:

(1) Best configuration, / = 51� and b = 10�, Nuavg =

�8.1 · 10�6t2 + 1.45 · 10�2t �1.32

(2) Worst configuration, / = 21� and b = 0�, Nuavg =

�3 · 10�6t2 + 5.37 · 10�3t � 0.31

Power fit is again avoided for the aforementioned

reason.

4.2. Case B

Fig. 14 plots the time required in case B to clear the

windshield as a function of power applied to the

ITO. The power requirement to defrost in 20 min is

369.5 W. As the power P increases the windshield clears

faster. Eventually beyond 5 kW for which defrosting

takes only 90 seconds, the power increases exponentially

for a small reduction in defrosting time t. This has been

correlated as, P = exp(6.2 � ln t), where t is in seconds,

and P = exp (2 � ln t), for t in minutes. For power

greater than 1.5 kW, further decrease in time spent

defrosting the windshield may not be worth the extra

power expended and the joule heater provides diminish-

ing returns. However, for power levels of about 1.2 kW,

the joule heater shows a clear superiority over the stan-

dard blower, requiring only 30% defrosting time of the

traditional HVAC. While the power supply is not a part

of this study, we note that this power level is acceptable
assuming the engine is running, and the power can be

supplied from the alternator. The reason for this supe-

rior performance of the Joule heater is the active heating

mechanism that directly deposits heat to the ice layer

through the glass, unlike the traditional blower heating

system where air is utilized.

It is envisioned that in an improved version the ITO

layer could be restricted only to the area mandated by

safety standards (for example, region A in SAE J902

[15]), thus reducing the power requirements in efficient

defrosting. The improved electrode design will also need

less electrode material than the design modeled here.
5. Conclusions

The presence of two phases and the complex interac-

tion of fluid thermal processes necessitate an efficient

numerical simulation for its complete understanding

and optimization. We present a deicing simulation for

a practical three-dimensional geometry inside which

hot air jets impinge upon a flat inclined glass surface

with a layer of ice on the other side. Numerical analysis

for varying flow and heat transfer characteristics inside

this geometry was reported earlier. Here the unsteady

process of melting of ice on the windshield is investi-

gated using solidification and melting model. The main

goal of the paper is to study the two-phase melting pro-

cess over the inclined flat surface, and to identify the tra-

ditional control parameters such as jet impingement

angles for minimization of the defrosting time for a

given ice and glass thickness. Two correlations have

been found for defrosting as functions of time, heat

transfer parameters and impingement angles.
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Also, in this study, the first joule heating defroster

analysis using transparent electrodes are proposed and

numerically simulated as a viable alternative. The pre-

dicted performance results are compared against the cur-

rent jet impingement HVAC technology with respect to

requirements in both time and power to melt the ice. A

correlation between electrical power requirement in the

proposed Joule heating defroster and the defrosting time

is archived. It is demonstrated that substantial improve-

ments in defrosting time (roughly 70% reduction in

clearing time) may be made implementing the suggested

design, which uses joule heating.
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