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V’ ABSTRACT 

The behavior of water droplet trajectories in 
the two-dimensional subsonic wind tunnel at the 
University of Illinois was studied numerically. A 
finitedifference two-dimensional potential flow 
solver and a three-dimensional particle trajectory 
code have been written and validated for solving the 
flowfield inside of a subsonic incompressible flow 
wind tunnel and computing particle trajectories. 
Seven droplet sizes ranging from 6.31 to 45.19 
microns were used in this study based on the 
Langmuir-D distribution for a mean volumetric 
diameter of 20.36 microns. The droplets were 
released upstream of the contraction in the inlet of 
the wind tunnel. The results of this computational 
study showed that the trajectory of the larger water 
droplets were affected by the droplet inertia and 
gravity more dramatically than that for the smaller 
particles. The calculated liquid water contents at a 
perpendicular plane in the center of the test section 
indicated a high concentration of large droplets near 
the tunnel centerline, whereareas the smaller 
droplets can be expected to span the entire test 
section width. The analysis further revealed that the 
computed effective droplet distribution was skewed 
toward the larger droplets in comparison with the 
Langmuir-D distribution. 
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NOMENCLATURE 

@ description 
CD droplet drag coefficient 
CR tunnel contraction ratio 
Fr Froude number 
g gravitational acceleration constant 
n tunnel height 
K droplet inertia parameter 
KO modified inertial parameter 
LWC liquid water content 
MVD mean volumetric diameter 
N dummydependent variable for 
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Poisson system inversion 
droplet Reynolds number 
stream function 
time 
tunnel velocity 
local velocity in xdirection 
local velocity in ydirection 
global x-coordinate 
global y-coordinate 
tunnel inlet height 

F droplet diameter 
11 droplet nondimensional position 
P air density 
0 droplet density 

Ut 
z nondimensional time=- 

yi 
vector quantity 

first derivative with respect to 7 

second derivative with respect to 7 
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INTRODUCTION 

During flight in adverse weather conditions, 
an aircraft’s flight components are subjected to water 
droplet impingement. Given the proper conditions, 
the impinging water may freeze on the flight surface 
and render that component partially or totally 
ineffective. De-icing is one of the techniques that is 
currently used to battle the problem. In order to 
determine the extent of the flight surface which is to 
be protected by the de-icing equipment, it is 
necessary to develop a technique which predicts the 
impingement limits on that flight component. 

Computational methods have been 
developed to determine impingement limits and 
impingement efficiency on airfoils and wings’”. 
Wind tunnel tests have been conducted in icing 
tunnels to measure impingement characteristics for 
code validation6*. While the existing codes 
calculate the impingement efficiency in free air, the 
validation studies are performed in wind tunnels 
where the tunnel walls can affect the droplet 
trajectories. The wall effects have been found to be 
small and within the limits of exoerimental error for 
most two-dimensional airfoil testing for a typical 
subsonic tunnel test section without accounting for 
the upstgream inlet contraction cffects on the water 
droplets . Effects of the wind tunnel walls on the 
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rectangular wing are currently under investigation . 

The present technique includes the 
contraction effects upstream of the test section. This 
study is a part of the initial phase of a multi-phase 
program whose ultimate goal is to provide data for 
code validfition. A computer code has recently been 
developed which provides the capability to predict 
impingement characteristics for three-dimensional 
rotating bodies. 

Since the validation experiments are to take 
place inside of a wind tunnel, it is desirable lo know 
the effect of the tunnel walls on the cloud 
distribution in the test section. The spray is assumed 
to he generated upstream of the tunnel contraction 
through a pressurized spray rig system. This study 
will he beneficial in determining appropriate spray 
nozzle locations, which would provide a uniform 
cloud distribution in the test section. The results of 
the computation can also he used in correcting the 
LWC and droplet size distribution effects due to the 
tunnel walls. 

NUMERICAL FORMULATION 

Flowfield 
The flowfield solution techniaue emuloved 

here was used by Coirier”’” to study-the effea of 
Screens on two-dimensional inlets using a finite- 
difference method for subsonic inviscid 
incompressible flow. The stream function S 
satisfying the continuity equation is defined such 
that the velocity field is given hy 

(1) 
6s 
3 

u = -  

Substitution in the X and Y momentum equations 
leads to the following Poisson equation: 

mS 
sxx + Syy = 

where vaq is defined as the source term P(S) 

(3) 

, - -  
Introducing a Laplace equation of a different 
variable N as 

and inverting the Poisson system yields the following 
elliptic partial differential equations which are 
solved in the rectangular computational domain: 

(6)  AYsS - 2BYsn + CYnn = -J 2 (PY,) 

B = XsXn + YsYn (8 )  

c = xs 2 2  +Ys 

J = XsYn - XnYs 

(9) 

These equations determine the X and Y 
locations of the constant S (streamlines) and 
constant N on the physical domain. The 
transformation yields the flow streamlines, thus the 
generation of the grid directly yields the velocity 
field. Figure 1 shows the computational grid in the 
physical domain with the inilow and outflow planes 
set one inlet length upstream and downstream of the 
inlet and exit planes respectively. This boundary 
placement will allow the flow angle distribution to 
smoothly approach zero at the inilow and outflow 
planes. 

Equations 5 and 6 were solved using 
second-order central and one-sided finite differences 
in a successive line-relaxation method. The value of 
the stream function S on the upper and lower 
boundaries and the flow angle at the inflow and 

the rectangular computational domain. The value of 
head loss or P(S) was set to zero for this study. 

Particle Traiectory 
Assuming a low concentration of spherical 

droplets of constant mass, Newton‘s %?yd law of 
motion in non-dimensional form yields 

outflow planes served as the boundary conditions on ‘- 

where the droplet inertia parameter is given by 
, 

and the Froude number, Fr is given hy 

Fr=- U 
f i  

and the droplet Reynolds number & is given by 

(5) AXss-2BXsn+CXnn=-J 2 (PX,) 
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and and at the outtlow plane by 

.--, 
- 

The velocity d in Eqs. 11 and 15 above are 
determined by interpolation of velocities obtained 
from the finitedifference solution of the flowfield. 

The particle drag is $culated by the 
method of Langmuir and Blodgett which yields the 
following form in the trajectory equation above: 

(16) 

Given the droplet initial conditions in addition to the 
free stream and droplet size data, the trajectory 
equation is numerically sqfved by a predictor- 
corrector scheme due to Gear . 

Through the principle of mass conservation 
in a droplet stream tube, 

C R  4 138 -Q-= 1.0+0.197R063 ~ 2 . 6 ~ 1 0  R 
24 

LWC, Ut A, = LWC, U, A, (17) 

or 

(18) UI A, LWC, = LWC, -- 
u2 A, 

w 
where the subscripts (1) and (2) denote conditions 
upstream of the contraction and in the test section, 
respectively. The area ratio A,/A, is determined 
from the trajectory calculations. If the droplet 
velocities are assumed to equal to the tunnel velocity 
at locations (1) and (2), then the velocity ratio U,N, 
is the tunnel contraction ratio The LWC in the test 
section, LWC,, is calculated using Eq 18 with 
respect LWC, at the droplet release plane, which is 
assumed to be unity 

CODE VALIDATION 

The validation of the code was carried out 
in two steps. First, the flowfield calculations were 
validated, and in the second step, trajectory 
computations were authenticated. The flowfield was 
validated by comparing the computer solution to the 
analytical solution for a known inlet geometry. For 
an arbitrary two-dimensional contraction with 
constant vorticity everywhere in the flowfield, the 
analytical solution for the u-velocity profile may be 
obtained at the inflow plane by', 

(191 
v lvYL 1 u, = -wY, +-+- 

2 CR 

u2 =-0y,+*+1 
2CR 

The subscripts (1) and (2) denote conditions 
at the inflow and the outflow planes respectively, Yi 
denotes the inlet height, and CR is the tunnel 
contraction ratio. The v-velocity is set to zero by 
imposing the Neumann boundary condition at the 
inflow and outflow planes. Figures 2 and 3 show the 
comparison of the inflow and outflow u-velocity 
profiles for two values of vorticity o = -.l and -.3 . 
Examination of the profiles shows that the computed 
and predicted profiles compare quite well. The 
computed and the predicted profiles agreed to within 
3 decimal places. Figure 4 shows the resulting 
streamlines for a=-.3 case. Here the correspondence 
between the linear inflow u-velocity profile and the 
streamline distribution is clearly shown. By 
definition of the stream function, mass must be 
conserved between the streamlines. Near the tunnel 
wall at the inflow plane the streamlines are closely 
spaced due to increased velocity. On the lower 
portion of the inflow plane, the streamlines are 
placed further apart due to lower velocity in this 
region of the inflow plane velocity profile. 

The trajectory computations are validated 
by comparing the computed trajectories by the 
present method to those computed by Wells in a 
rectangular duct with no contraction effects. Figure 
5 shows the comparison of the calculated trajectories 
for a 20.36 micron water droplet at a tunnel velocity 
of 100 mph. The water droplet was released at the 
beginning of the duct with the Same streamwise 
velocity as the flow. An additional cross-flow 
velocity of 40 mph was imposed on the droplet in 
order to compare the trajectories both in the x- and 
ydirections. In the method used by Wells and 
Bragg, the droplet inertia term, in addition to the 
Froude number and the nondimensional time 7 are 
made nondimensional using the chord length of an 
airfoil mounted in the test section. Since no airfoil is 
included in the present analysis, the length scale for 
the empty test section is chosen to be the tunnel inlet 
height. Both methods of computation show the 
20.36 micron droplet looses the cross-flow velocity 
component rapidly and maintains only a streamwise 
flow component after 0.01 seconds after injection in 
the tunnel. The computed trajectories using the 
different length and time scales appear to agree quite 
well, thus providing confidence in the trajectory 
computations using the present method. Note that 
the inset graph in Fig. 5 shows the computed 
trajectory of Wells deviates from the trajectory 
computed by the present method as x/Yi =2.0 is 
approached. Since the vortex panel method of Wells 
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contraction region. The droplets' inertia carry them 
near the tunnel centerline downstream of the 
contraction. This difference in behavior is further 
illustrated in Fig. 10 where the computed trajectories 
for both droplet sizes are compared at two different 
y-locations. At both release locations yN,  = 0.1 and 
0.3, the larger droplet overshoots the smaller droplet 
and approaches closer to the tunnel wall before 
overshooting again due to the contraction at the 
beginning of the test section. The larger droplets 
carry more mass and therefore inertia, and as a 
result, their ability to conform to the flowfield in 
regions of high flow gradient is reduced in 
comparison with smaller droplets. 

Since the droplets have size and mass, it is 
anticipated that their motion will be af€ected by 
gravity in addition to the flowfield itself Droplet 
fallout for the 10.58 micron droplet is shown in Fig. 
11. The droplet is released at the same x-z plane at 
different y-locations. The droplet released at yNi 
4 . 4 9  has the furthest distance to travel before 
reaching the test section while the droplet released at 
yN, =0.05 has the shortest travel distance. 
Consequently, the fallout for the furthest location 
from the test section is the largest and vice versa. 
The fallout rate is the slope of the droplet fallout 
trajectory. Note that due to variation of the tunnel 
flowiield across the tunnel prior to test section, the 
fallout rates are different for the droplets released at 
different y-locations. Once past the tunnel 
contraction where flow uniformity has been 
achieved, the fallout rates appear to be same. 

The same conditions are shown for the 
45.19 micron droplet in Fig. 12. The overall 
behavior here is the same as that for the smaller 
droplet shown in Fig. 11. Due to the larger droplet 
size, the maximum fallout is computed to be 0.18 
inches over a distance of 8 feet. The maximum 
fallout for the smaller droplet is computed to be 
0.018 inches over a distance of 8 feet. This 
difference in the fallout and their rates is illustrated 
in Fig. 13 where the computed fallout trajectorics for 
the 10.58 and 45.19 micron droplets are compared 
for two y-locations across the tunnel. The main 
parameter affecting the fallout is the Froude number 
of the flow which is independent of the droplet size 
and mass. Froude number appears in the second 
term on the right-hand side of the droplet motion 
equation. In the absence of other body forces, it acts 
only in the direction of gravity. 

In order to investigate the mass distribution 
across the test section, the liquid water content 
(LWC) in the test section must be estimated. The 
trajectories for seven droplet sizes based on the 
Langmuir-D distribution were computed across the 
tunnel from xNi q . 8 ,  which is the location of the 

test section. 
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spray nozzles, to x/yi =2.5 which is the center of the 4 

The computed LWC's in the test section for 
4 

places an airfoil in the test section, the computed 
incoming trajectories in that code anticipate the 
presence of the airfoil by adjusting to the flowfield of 
that airfoil. 

RESULTS AND DISCUSSION 

The flowikld solution is shown in Fig. 6. 
The computational domain, along with velocity and 
pressure coefficient profiles are shown in this figure. 
The u-component of velocity is seen to start at 116th 
the final value in the test section. This is consistent 
with the conservation of mass principle whereby the 
increased velocity in the test section is proportional 
to the area ratio in subsonic incompressible flow. 
The v-component of the velocity conforms to the 
Neumann boundary condition of no cross-flow 
velocity placed at the inflow and outflow planes. 
Near the contraction region of the tunnel, it takes on 
negative values with a maximum at x/y, =1.5 and 
then recovers to zero rapidly downstream of the 
contraction. The pressure coefficient is calculated 
from the classical relation 

u2 +v2 c, = 1-- 
UZ 

The pressure coefficient is at it's highest value of 
nearly one at the beginning of the inflow plane. As 
the test section is approached the velocity increases 
and causes a drop in the pressure coefficient to a 
value of zero downstream of the contraction at xN, 
= 2. 

This study is intended to provide clues to 
the droplet behavior and distribution in the test 
section of the UIUC subsonic wind tunnel. The 
tunnel contraction takes place in the xy-plane, with 
gravity acting in the (-z)direction, which is into the 
page in Fig, 1. The tunnel has a contraction ratio of 
six and a test section height and length of 10 and 60 
inches, respectively. The characteristics of the spray 
nozzles which are mounted in the tunnel were used 
to determine a suitable range of droplet sizes for this 
analysis. Operating at a pressure ratio of 0.65, the 
nozzles, produce droplets with a MVD of 20.36 
micron . Assuming a Langmuir-D distribution, Fig. 
7', seven droplet sizes ranging from 6.31 to 45.19 
microns were considered. 

Figure 8 shows the computed trajectories for 
the 10.58 micron droplets. The trajectories were 
initiated at the same x-location, varying in y- 
location across the tunnel span. The droplets appear 
to follow the flow cIosely when released across all y- 
locations. This is in contrast with the trajectories 
shown in Fig. 9 for the 45.19 micron drop size. Due 
to the larger droplet size and mass, the released 
droplets do not negotiate the turn in the tunnel 



the seven droplet sizes are shown in Fig. 14. The 
distributions shown are not weighted by the 
Langmuir-D distribution. They show the LWC for 
each droplet size as if a separate monodisperse cloud 
was tested at each droplet size. The plot shows that 
while the smaller droplets can be expected to cover 
the entire width of the test section, a large 
concentration of heavier particles should be expected 
near the tunnel centerline. 

Now consider an initial cloud at the nozzle 
plane which has a Langmuir-D distribution with 
LWC=l. If the tunnel walls had no effect on the 
droplet trajectories, a Langmuir-D distribution with 
LWC=l would be expected at the test section. 
However, due to the tunnel wall effects in the inlet, 
LWC and the droplet size distribution will vary 
across the test section span. 

Figure 15 shows the concentration of mass 
of water as a function of droplet size for various 
stations across the tunnel test section. The area 
under each curve is proportional to the amount of 
water, i.e. the LWC, which is present in the 
airstream at each spanwise location yN,. The 
Langmuir-D distribution is shown for reference in 
this figure. Due to the tunnel effects, the 
concentration curves at different yN;s do not match 
with the Langmuir-D distribution. The effect of the 
tunnel walls is further illustrated in Fig. 16 where 
the total LWC is plotted for various locations in the 
test section. 

In an experimental study, the test section 
LWC is measured using a reference collector. 
Therefore, the effect of the tunnel walls on the LWC 
can effectively be corrected for when reducing 
impingement data. However, the effect of the tunnel 
walls on the droplet size distribution is not so easily 
measured or corrected. 

When each curve is made nondimensioual 
with respect to it's area, which is proportional to the 
total LWC for that location in the test section, the 
variation in the drop size distribution as a fimction of 
test section location becomes more apparent. This is 
shown in Fig. 17 for various test section locations. 
Since the droplet size distribution varies from that 
which yields a MVD of 20.36 microns based on the 
Langmuir-D distribution, it would be logical to 
calculate new MVD's based on the new distributions. 
In order to determine the new MVD's for each y- 
station across the test section, the cumulative 
fraction of total LWC for each y-station is added up 
in cumulative fashion as a function of droplet size. 
These values are plotted and shown in Fig. 18 for 
various test section locations. The MVD droplet size 
is one which carries SO percent of the cumulative 
fraction of the total LWC. The effective MVD's 
across the test section are shown in Fig. 19. For 
locations near the tunnel ccntcrlinc (yNi < 0.035), 
the MVD is larger than 20.36 microns. Outside of 
this range, only the smaller droplets are present and 
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therefore the effective MVD is lower than 20.36 
microns. This expected redistribution or sorting of 
the particles is due to the effects of the tunnel 
contraction. 

CONCLUSION 

The results from a flowfield solver and a 
particle trajectory solver were presented. The 
flowfield and trajectory solutions matched well with 
other established techniques. The method was used 
to compute the flowfield and droplet trajectories 
inside of a subsonic incompressible wind tunnel. 
The tunnel and droplets were modeled after those 
which are in use for impingement validation studies 
for BFGoodrich Aerospace. 

Results were presented for a Langmuir-D 
distribution with a 20.36 micron MVD droplet, 
resulting in seven droplet sizes ranging from 6.31 
micron to 45.19 micron in diameter. The computed 
droplet fallout due to gravity was negligible for all 
droplet sizes, less than 0.2 inches over eight feet of 
travel. 

The computed trajectories for the droplets 
showed that the lighter particles followed the flow 
more closely than the heavier droplets in regions of 
high flow gradient, as expected. The contraction 
region of the tunnel presents such a region where 
large velocity changes exist. The larger droplets are 
not able to negotiate the large velocity gradients 
immediately upstream of the test section and as a 
result, a large concentration of heavier droplets near 
the tunnel centerline is observed. 

The calculated concentrations at the test 
section were presented for the seven droplet sizes in 
this analysis. Due to a high concentration of large 
droplets near the tunnel centerline in the test section, 
LWC values near the tunnel centerline were larger 
than those for a Langmuir-D distribution. This also 
indicates that the effective MVD of the distributions 
are skewed towards the larger droplets in the 
Langmuir-D distribution. 

In terms of the experimental droplet 
impingement to be carried out in the test section, the 
larger LWC values can be ignored since they are 
accounted for by the measurement of a reference 
LWC value through the reference collector. The 
change, or sorting, of the droplet size distribution, 
which is due to the tunnel contraction effects, can 
not be ignored however. This means that due to the 
tunnel contraction effects, a uniform cloud 
distribution at the tunnel inlet will not result in a 
uniform distribution in the test section. 

This analysis represents an exploratory 
study of the tunnel contraction effects on the droplet 
motion and distribution in a subsonic incompressible 
wind tunnel. Tunnel wall effects were found to have 
a significant effect on droplet distribution in the test 
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section. Results of this analysis can be extended to 
identify the proper initial cloud distribution in the 
tunnel inlet in order to obtain a final uniform 
distribution in the test section. Further analysis can 
be canid out by incorporating more detailed spray 
nozzle characteristics. This would include 
allowing for a non-uniform initial cloud distribution, 
turbulent mixing, and droplet evaporation as factors 
in the calculation of droplet distribution in the test 
section. 
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Fig. 2 Comparison of Inflow Velocity Profiles for 
w = -0.1 and -0.3. 
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Fig. 3 Comparison of Outflow Velocity Profiles for 
w = -0.1 and -0.3. 
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Fig. 5 Comparison of the Computed Trajectories. 

Fig. 6 Computed Flowfkld Profiles for yNi = 
0.07. 

Fig. 7 Langmuir-D Dimensionless Distribution of 
Droplet Sizes Used for the Current Droplet 
Trajectory Analysis 
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Fig. 8 Computed Droplet Trajectories for the 
10.58 micron Droplet, U=175 mph. 
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Fig. 9 Computed Droplet Trajectories for the 
45.19 micron Droplet, U=175 mph. 
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Fig. 11 Computed Droplet Fallout for the 10.58 
micron Droplet, U=175 mph. 
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Fig. 12 Computed Droplet Fallout for the 45.19 
micron Droplet, U=175 mph. 
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