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Introduction

T HE � ow of an impinging air jet on an inclined surface addresses
a number of practical applications including defogging and dei-

cing of a vehicle’s windshield, vertical/standard takeoff and landing
engineering, and � lm cooling of turbine blades. The speci� c ap-
plication of interest is air issuing from the defroster’s nozzles of a
vehicle and impinging on the glass windshield. Various factors can
be examined for optimizing the � ow performance for defrosting ice
on the outside surface or clearing fog on the inside surface. The noz-
zle outlet must be capable of generating an air� ow that disperses
over the entire inner surface of the windshield.

The interaction of multiple cool air jets with hot inclined wall gen-
erates complex � ow� elds that have been extensively investigated in
the literature.1¡4 A number of investigators have tackled the speci� c
problem of air issuing from the defroster’s nozzles and impinging
on the inclined surface of a vehicle’s windshield.4¡7 The purpose
of such investigations is to enhance the defroster’s performance in
providing clear areas free of frost or fog. A recent survey of rele-
vant investigations8 points to the heat transfer coef� cient being the
primary controlling parameter in� uencing heat transfer between the
� uid and the solid surface.

In this Note the � uid-thermal characteristics of a pair of imping-
ing rectangular jets on a windshield are identi� ed. Experimental
measurements of local surface temperatures are used to yield local
heat-transfer coef� cient for an imposed heat � ux. Corresponding
three-dimensional numerical simulation is performed using a com-
mercial � nite volume code for obtaining detailed temperature and
� ow distributions. The solution is validated with experimental data,
and the predicted local and average heat transfer coef� cients on the
internal surface of an inclined windshield are compared.
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Experimental Setup
An experimental apparatus consisting of the HVAC module of a

car and a windshield was assembled. A thin heating pad, 0.3048 m
wide and 0.4572 m long, was attached centrally to the outer sur-
face of the windshield providing constant surface heat � ux in that
region. Air is forced onto the inclined windshield, via the blower of
the HVAC module, impinges and hugs the large surface of the wind-
shield, and disperses into the laboratory environment. The main base
of the test stand is intentionally kept open for unrestricted placement,
adjustment, and accessibility of the HVAC module components. To
allow for the possible adjustment of the windshield’s angle between
the windshield and dashpad, two pillars, made of 3.81-cm perforated
steel angle, were af� xed to the stand.

A representative windshield angle of a passenger vehicle was
chosen as 39 deg, which is the angle used for the experiments. A
pair of 12.7-cm bolts was placed in the appropriate pillar holes to
support the windshield at the desired angle. To power the blower
of the HVAC module, a 12V ac-dc power converter was chosen,
wired into the blower unit and tested. In the actual application the
air is heated via a heater core and impinges on the windshield. In
the current experiment unheated room air impinges on a heated
windshield. The windshield is heated partially on its outer surface
via a thermal heating pad, asmentioned earlier. The heater is capable
of producing approximately 540 W. The back surface of the heating
pad is insulated via a polystyrene insulation layer of known R value.

A variable resistor potentiometer was used in conjunction with
two digital multimeters (DMM) for the purpose of controlling the
heat � ux. One DMM was used tomeasure the voltage while the other
yielded the current. Of course, the heating pad wattage (input) is the
product of volts and amps. The convected heat by the � owing air
is computed by Qconv D Q input ¡Q loss ¡Qrad , where Q loss D 1TA=R
is the rate of heat transfer, in watts, off the back surface of the
heater. This heat loss was quanti� ed based on the temperature dif-
ference 1T of the back surface of the heater and the outer surface
of the insulation pad. Qrad is the radiative heat transfer exchanged
between the inner surface of the windshield and the surroundings,
Qrad D "¾A.T 4

s ¡ T 4
surr/.

Numerical Model
Figure 1 is a schematic of the vehicle windshield and its associated

air volume. The air jet, at temperature T j , issues at an angleÁ through
two rectangular openings and impinges upon the glass windshield
of thickness t . The windshield is inclined at an angle ® and has a
heating pad that is centrally placed on the external surface of the
windshield. The heating pad introduces a constant heat � ux into
the heated area. All necessary dimensions are given in the � gure.
The mean plug � ow velocity in the injection pipe is V .

The system of equations for steady, turbulent, buoyancy-driven,
incompressible jet � ows, including the k–" model, has been
studied in detail in the literature.9 For state variable q D
[1 u v w k " T ]T , the transformed equations for the intrinsic
coordinate system »i can be written as10
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where source term S includes the Boussinesque approximation for
the momentum equation, f »i is the convective � ux vector, and f »i

À

and Of »i
À are the diffusive � ux vectors.
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Fig. 1 Schematic of the simulation domain.

In this work we utilized the renormalization group based k–"
model.11 This model introduces two equations, one for the turbu-
lent kinetic energy k and the other for its dissipation rate ". These
equations are included in the set of the transformed Eq. (1). The
effect of this model is to introduce an additional viscosity, called
turbulent viscosity. The turbulent viscosity is not a � uid property,
but rather a property of the � ow� eld. Its value is added to the molec-
ular viscosity and yields an effective viscosity, which is used in the
computational model. The k and " at the inlet are calculated from
the following expressions: kin D 1:5.Tuu/2 and "in D k1:5

in =L" , where
Tu is the turbulence level and L " is a characteristic length of the
domain.

Equations (1) and (2) constitute a system of nonlinear algebraic
equations. The system is linearized by relaxation. A streamline
upwinding technique12 is employed for stabilizing numerical iter-
ations. The pressure corrections are used to correct the pressure
and the velocities.13 This predictor–corrector procedure constitutes
one iteration. The solution is declared convergent when the maxi-
mum residual for each of the state variable becomes smaller than a
convergence criterion of 10¡4.

Results and Discussion
Experimental Results

The experiment was performed at a � xed blower setting and
a heating pad power value of Q input D 67:5 W. For this power
input the heat � ux Q input=A D 484:4 W/m2 . The heat � ux loss
through the polystyrene insulation pad was calculated to be
Q loss=A D 29:43 W/m2, and the net radiative � ux off the inner sur-
face of the windshield was computed to be Qrad=A D 87 W/m2.

Fig. 2 Experimentally based temperature contours on the heated area
of the windshield.

Therefore, the convective � ux to the � owing air was found to be
Qconv=A D 368 W/m2 . Newton’s law of cooling was employed to
evaluate the local heat transfer coef� cients:

h D
Qconv

A.TS ¡ Tin/
(2)

The incoming air temperature was recorded as Tin D 25:5±C by
placing a type T thermocouple at the outlet of the blower ductwork,
that is, at the defroster nozzle’s exit plane. The local surface temper-
ature of the windshield was measured by mapping the heated area
of the windshield with 100 strips of temperature-sensitive liquid
crystals.

A grid was formed on the windshield under the entire surface
of the heating pad by drawing horizontal and vertical lines with
a 2.54-cm spacing. This grid was used to record the location of
the point at which the inner surface temperatures were detected.
Embedded in the plastic were pieces of liquid crystal temperature
sensing strips. As a result, a map of local surface temperatures was
generated. Figure 2 displays an Excel-generated map (contours)
of temperature values. The local surface temperature gives a local
heat-transfer coef� cient via Eq. (2). A grid is constructed of 12 cells
laterally and 18 cells longitudinally on the inner side of windshield
as shown in Fig. 2.

Errors in computing the value of the heat transfer coef� cient could
result from the measurement of the voltage, the current, the heat
losses, the surface area, the surface temperature, and the incom-
ing jet air temperature. Performing uncertainty analysis using the
root-sum-square method14 and computing individual relative uncer-
tainties yielded a 5.1% relative uncertainty in the value for the heat-
transfer coef� cient. The average heat transfer coef� cient over the
heated area of the windshield was then computed as Nh D 1=A

R
h dA

and found to be 29.4 W/m2 K. The numerical simulation discussed
in the next section compares local temperatures as well as experi-
mental and numerical heat transfer coef� cients.

Numerical Predictions

The schematic of the simulation volume is shown in Fig 1. A verti-
cal (Á D 0 deg)air jet at uniform temperature T j D 25:5±C D 298.5 K
is impinging upon the windshield of thickness t D 0:006 m inclined
an angle ® D 39 deg. The injection ducts are rectangular slots with
n D 0:241 m and h D 0:019 m. The distance between the slot cen-
ters s D 0:127 m. The geometric dimensions of the windshield and
its layout match exactly those set up experimentally. In Fig. 1 for
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Fig. 3 Particle tracks showing full three dimensionality of the � ow-
� eld.

Fig. 4 Velocity vector distribution on the plane cutting through the
defrosters shows bound vortices.

Fig. 5 Temperature distribution on the inside surfaceof thewindshield
across the heating pad.

Fig. 6 Validation of CFD results with experimental data at different locations on the heating pad.

the bottom, side, and top surfaces of the control volume and on the
inside of the windshield, typical wall boundary conditions are used,
that is, the no-slip condition for the velocities and wall functions for
k and ". The axial velocity pro� les Vd and Vp are prescribed over the
openings; k D kin and " D "in are prescribed at the inlets by choosing
an appropriate Tu . Finally, a constant heat � ux is applied through
the heating pad. The downstream conditions are zero gradients for
all state variables.

The average velocity at the inlet and the imposed heat-� ux val-
ues were determined experimentally and used for the numerical
investigation. The mean � ow velocity in the injection pipes are
speci� ed as uniform for both driver side Vd and passenger side
Vp , and Vd D Vp D 8 m/s. The heating pad for the numerical sim-
ulation is bounded by l D 0:457 m in the longitudinal direction
and w D 0:305 m in the lateral direction. A uniform heat � ux of
368 W/m2 is applied on this area of the windshield. The inlet sec-
tion is located at r D 0:134 m and the exit at D D 0:896 m. The
other dimensions as shown in Fig. 2 are L D 1:447 m, H D 0:719 m,
u D 0:569 m, and m D 0:131 m. Despite the symmetry of the geo-
metric con� guration, the entire domain is considered for analysis.
The density, speci� c heat, and thermal conductivity of windshield
glass are 2500 kg/m3 , 750 J/kg-K, and 1.4 W/m-K, respectively.

A computational mesh of 127,156 tetrahedral � nite volumes was
created using commercial mesh generation software. The maximum
distance between the wall and the � rst grid point varies between yC

of 2.5 for the windshield to yC of 15 for the coarsest mesh. The
turbulence level was chosen equal to 10% (i.e., Tu D 0:1). Factors
such as mesh density, cell geometry, turbulence model including
the choice of turbulence level, degree of approximation of the de-
scribing equations, error criterion for convergence, and numerical
control parameters, can severely impact the speed and accuracy of
the numerical solution.10

The three-dimensional Navier–Stokes Eqs. (1) are solved for this
� uid-thermal system using a � nite volume commercial code. The
computational � uid dynamics (CFD) solutions are documented in
Figs. 3–6. Figure 3 is a three-dimensional view of the air� ow char-
acteristics inside the computational domain showing outlines of the
inclined windshield, the heating pad, the inlets (defroster’s nozzles),
and the side walls. Tracking 12 particles released from each inlet
shows complex three-dimensional pathlines of � uid � ow.

Velocity vectors plotted on two-dimensional cross section of the
simulation volume on a vertical plane passing through the center of
both the jets captures the vortical � ow patterns in Fig. 4, exhibiting
recirculation and � ow issuing regions. The impinging � uid forms
a bound vortex structure on this plane between the jets bending
the � uid downward. The jets coming out of the defroster openings
appear to the � ow de� ected by the windshield as solid. A sharp
velocity and temperature gradient is formed upstream of the jet
while a wake region develops downstream of the jet. In the latter,
a pair of bound vortices per jet is formed, which bends the jet both
downward and upward, producing the well-known kidney shape in
streamline contours.

The jet impingement process tremendously affects the tem-
perature distribution on the windshield. The air attached to the



J. THERMOPHYSICS, VOL. 16, NO. 1: TECHNICAL NOTES 157

windshield is coming off the plane at the top of the plot. This
complex three-dimensional nature of the � uid � ow has signi� cant
in� uence on the heat transfer process between the jet and the inclined
surface as well as inside the simulation volume. Higher velocity near
the wall causes a local cooling effect as a result of higher convective
heat transfer. The temperature contours on the inside surface of the
windshield under the heated area in Fig. 5 show an overall compar-
ison between the experimental data (Fig. 2) and CFD prediction of
thermal patterns.

The predicted temperature distribution on the inside of the heat-
ing pad should also be compared with the experimental data on a
point-by-point basis. A detail comparison of predicted and exper-
imental temperature distribution done on 17 points at each of the
two constant z lines along the inside of the windshield under the
heating pad (Fig. 6). The line z D 0:7233 m identi� es the central lo-
cation between the issuing jets, while z D 0:6076 m passes through
the passenger side jet. Documented results validate the numerical
prediction within 1–3±C of the measured temperature values. Cor-
responding heat transfer coef� cients h, computed via Eq. (2), are
also plotted in the same � gure. The average heat transfer coef� cient
from the predicted numerical results is Nh D 25:68 W/m2 K.

Conclusions
This Note addressed numerical and experimental studies of a pair

of rectangular air jets impinging on an inclined surface. Experi-
mental measurements of surface temperatures, using liquid crys-
tals, yielded a map of local heat transfer coef� cients between the
surface and the incoming jet for an imposed heat � ux.Corresponding
three-dimensional numerical simulation has been performed using a
� nite volume algorithm for obtaining detailed temperature and � ow
distributions. The numerical simulation correlated reasonably well
with the experimental results and further explained the � ow charac-
teristics and thermal patterns. A detail comparison of 34 locations
under the heating pad validated the numerical predictions within
1–3±C of the measured temperature values. Further investigation
should aim for the defogging=defrosting analysis in the � ow.
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Introduction

T HE electrothermal-chemical (ETC) gun propulsion concept is
currently being investigated by the military services. In the

ETC gun, energy, which is stored either in batteries or a rotating de-
vice, is converted on demand into an electrically generated plasma
(resulting from the ablation of polyethylene material in a capillary)
that is injected into the chamber of a cannon or gun. This plasma
energy is used to ignite the chemical propulsion charge (i.e., solid
propellant) as well as to enhance gun performance by taking ad-
vantage of a number of unique plasma characteristics. For exam-
ple, a low-density plasma jet can 1) ef� ciently ignite charges of
high loading density; 2) control propellant mass generation rates1;
3) reduce propellant charge temperature sensitivity, that is, the vari-
ation of gun performance with changing ambient temperature2; and
4) shorten ignition delay, that is, the time interval between � ring of
the igniter and ignition of the propellant.3 Because a plasma has a
much lower density than the gases generated by a chemical igniter, it
has been suggested that energy transport by convection might be as
important as radiation transport in plasma-propellant interactions.4

The plasma is at a temperature that is considerably higher than con-
ventional chemical igniters; thus, radiation effects are nearly 100
times greater than that of chemical igniters (i.e., a T 4 effect). All of
these effects can lead to useful improvements in gun performance.

A goal of ETC gun research is to elucidate the relevant physical,
mechanical, and chemical mechanisms that underlie the observed
ballistic effects. The � rst phase of the modeling effort involves a
time-accurate computational � uid dynamics (CFD) code, which in-
cludes high-temperature thermodynamics, variable speci� c heats
and transport properties (viscosity and thermal conductivity), and
� nite rate (nonequilibrium) chemical kinetics (the chemical mecha-
nism is described in Ref. 5). A separate ETC capillary (i.e., igniter)
model,6 which includes a simulation of electrical currents in the
ionized plasma, supplies boundary conditions for the CFD code in
terms of the physical and chemical properties of the capillary ef-
� ux (plasma). Validation of the capillary model has been reported
separately.6 Validation of the CFD code, including coupled chem-
istry, is conducted by simulating a series of experiments wherein
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