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The objective of this study is to develop and employ a numerical simulation strategy for predicting the airflow
from the spray bars to the test section of the NASA John H. Glenn Icing Research Tunnel (IRT). In particular,
predictions of the mean velocity and turbulence distributions were desired throughout this flow domain to later
investigate droplet dispersion. Computational airflow results were produced using the WIND code (developed by
NPARC) with a second-order accurate finite difference scheme and the shear stress transport k<2 urbulence model.
The inflow conditions for the flow domain were derived from the IRT measurements just upstream of the spray
bars, which reflected the contributions to turbulence from the upstream heat exchanger wake. It was found that
inclusion of the spray bar wakes and the air jets (of the spray nozzles) were required to describe the wind-tunnel
turbulence distribution. Because it was impractical to simultaneously resolve the overall flow domain (60 ft long),
along with the detailed flow around the 10 spray bars and the flow within a hundred air jets (issuing from 1/8-in.
nozzle diameters), these features were simulated individually and then algebraically combined together to give
an approximate solution. The results of the spray bar wake combined with the heat exchanger flow yielded good
prediction of test section mean velocity and turbulence for the jets-off condition. Inclusion of all of the individual

air jets also yielded reasonable resulting predictions of mean velocity and turbulence in the test section.

Introduction

HE Federal Aviation Administration’s certification of commer-

cial aircraft and military performance assessment requires eval-
vation during icing conditions. Effective ground-based simulation of
icing conditions is conventionally achieved through the use of noz-
zles on a spray bar system where the water droplets are entrained
in the wake of spray bars, transported downstream by the tunnel
air, reach a supercooled state from the subfreezing air temperatures,
and result in a dispersed cloud at the test section.A primary design
consideration of the icing cloud is that the test section liquid water
content (LWC) should have high spatial uniformity to mimic realis-
tic atmospheric icing characteristics. Trial and error adjustment of
nozzle and test conditions to simulate atmospheric conditions prop-
erly is a complex process. Thus, computational methods, which
track the turbulent dispersion of the water droplets as they proceed
from the nozzles to the test section, could be beneficial in designing
and understanding effective testing conditions.

Most previous droplet trajectory methodologies used for icing
research tunnels have primarily considered only the mean velocity
distributions with the tunnel, for example, Bragg and Khoudadoust.'
However, it was noted by Hancir and Loth? that turbulent diffu-
sion is an important factor that affects the spatial uniformity of
the icing cloud. DeAngelis et al.? developed a two-phase algorithm
that successfully predicted turbulent dispersion of water droplets in
the Arnold Engineering Development Center Aero-Propulsion wind
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tunnel. The procedure was based on a Lagrangian transport method-
ology for the droplet phase and was used to study key parameters
affecting the LWC in the testing section. A parametric study was
completed to investigate the effects of computational, spray, vapor,
and wind-tunnel parameters. It was found that LWC spatial devia-
tions depend primarily on tunnel turbulence levels and secondarily
on droplet temperature and velocity. Based on this technique, Hancir
and Loth? conducted studies for the pre-1999 configuration of the
NASA John H. Glenn Icing Research Tunnel (IRT). Their results
indicated that turbulence resulting from the heat exchanger, spray
bars, and air jet wakes were all critical factors in modeling the droplet
dispersion. Their results also indicated that it was unnecessary to
model the wall boundary layers in terms of icing cloud distributions.
However, their predictions yielded only qualitative agreement with
respect to the measured test section turbulence. The lack of quanti-
tative fidelity was attributed to the lack of well-characterized flow
from the complex geometry heat exchanger (which yielded sub-
stantial flow uniformities) and to the absence of the detailed flow
simulation of the jet and spray bar wake features (because these
features were only treated with simple one-dimensional empirical
expressions as opposed to being predicted numerically).

The present investigation is a modification and extension of the
previous computational research by Hancir and Loth? but for the re-
vised NASA Glenn IRT configuration. Wind-tunnel improvements
completed in 1999 included replacing the original folded heat ex-
changer and expanding the width of the tunnel loop to accept the
larger flat heat exchanger, as well as adding new corner turning
vanes up and downstream of the heat exchanger and exit guide vanes
downstream of the drive fan. In particular, there was a replacement
of the heat exchanger system to improve the quality and uniformity
of the airflow.* A portion of the revised tunnel geometry is given in
Fig. 1a, which includes spray bars located just upstream of the 14:1
tunnel contraction section. Modifications also included an increase
in the number of air/water nozzles shown in Fig. 1b.

The arrangement of the nozzles located at the spray bar trail-
ing edges was obtained after 30 iterations by Ide and Oldenburg?
to maximize the icing cloud uniformity in the test section. Com-
paring the experimental data taken before and after the tunnel
modifications, it was found that there was a significant improvement
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Fig. 1 Schematic of the a) IRT showing turbulent features including heat exchanger, spray bar, and jet flows and b) ——, bars and ¢, nozzles.

at the two stations® (settling chamber and test section) in terms of
flow uniformity and a substantially decreased turbulence and flow
angularity in the test section. In addition, there was an improved
heat exchanger outflow characterization; specifically this included
measurements of mean velocity, turbulence levels, and the power
spectrum.

Such aerodynamic properties can play a critical role in the droplet
dispersion and, thus, in the icing cloud uniformity. This is demon-
strated in Fig. 2, which shows a sample droplet distribution in the
test section plane for two cases, one where no turbulent diffusion
is modeled and one where the turbulence diffusion was modeled
based on Ref. 2. It can be seen that when the fluctuating velocities
components, that is, turbulence, is set to zero, the particles move
on the streamline to single points in the test section (Fig. 2a). How-
ever, when the turbulence is taken into account, the particles are
dispersed according to the intensity of the turbulence and result
into a much more uniform cloud formation in the test section, as
seen in Fig. 2b. Thus, it is important to get an accurate prediction
of the turbulence for an accurate prediction of droplet trajectories.
As such, the objective of the present investigation is to develop a
robust and accurate methodology for predicting the airflow for the
updated IRT configuration and in particular the turbulence distri-
bution from the spray bars to the test section. Future studies will
investigate droplet trajectory calculations in hopes of eventually
establishing a computational tool to allow NASA John H. Glenn
Research Center engineers to predict accurately icing cloud quality,

as well as droplet impingement, for a variety of tunnel and model
conditions.

Numerical Methods

WIND Code

The computations herein solve for the steady-state compressible
turbulent flow distributions using WIND 3.0 flow solver,” which
contains a number of physical models and different algorithms. The
turbulence model used is the shear stress transport (SST) k—€2 model.
This model was used because it is known to predict turbulence rea-
sonably for free-shear flows and boundary layers. The latter is im-
portant for the present simulations, which include the flow around an
individual spray bar. Note that Hancir and Loth? used the k—& model
because they did not attempt to simulate flow around an individual
spray bars and, thus, did not attempt to model any boundary-layer
flows. Inflow conditions for the present simulations (specified for
various domains) consisted of a nonuniform distribution of inflow
velocity and turbulent kinetic energy k, with a uniform distribution
of the temperature, pressure, and specific dissipation 2. The FPRO
utility of WIND was used to specify these inhomogeneous flow
properties at the inflow plane. The outflow conditions consisted of
a backpressure specification, which was set to obtain the correct
cross-sectional test section velocity. As will be discussed, the wind-
tunnel walls were assumed to be adiabatic and inviscid, such that
the normal components of velocity were defined to be zero.
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Fig. 2 Droplet distribution in the test section a) without turbulence and b) with turbulence (from Hancir and Loth?).

The steady-state solution is executed iteratively on the computa-
tional mesh using local time stepping where the flow equations are
evaluated using second-order-accurate finite difference techniques.
The partial differential equations are modeled in their conservative
form, where the explicit terms are computed using a Roe upwind
secondorder operator. The implicit terms are computed using a full
block operator in the viscous directions and the scalar (diagonal-
ized) matrix solver in the inviscid directions. All of the solutions
were converged and reached steady state.

Wake Validation

A study was first completed to validate the code’s ability to pre-
dict the turbulence decay in homogeneous wake flow based on the
experiments of Snyder and Lumley.® This study measured the de-

cay of turbulent kinetic energy of a grid-generated wake flow in a
uniform square duct. Because the velocity components in the cen-
ter region of the duct were negligible in the vertical and transverse
directions, these were both set to zero in the WIND simulations.
The mean axial velocity u was initialized to its experimental inflow
value, and the computation was converged to a steady-state value to
compare with the experimental results.

Snyder and Lumley’s results® indicated that the decay of turbulent
kinetic energy for their experiments is approximately given by

p— 2 1 2
k= 1.5i [42'4@/’" ~16) T 39400 /m = 12)} (N

where x is the axial distance and m is the grid spacing in the ax-
ial direction. The present predictions (Fig. 3) show that the SST
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Fig. 3 Turbulent kinetic energy vs axial distance for WIND predictions evaluated against experimental data of Snyder and Lumley.’
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Fig. 4 HX computational domain showing; a) streamwise cut and b) computational grid.

WIND simulation reasonably matches the preceding empirical fit to
the experimental results. Thus, the turbulence model approach was
deemed reasonable for predicting the wake flows of the IRT.

IRT Relevant Turbulent Features

There are many factors that contribute to the evolution of the tur-
bulence between the settling chamber and the test section. These
factors can include the wake flow caused by the presence of the heat
exchanger (HX), the wake flow caused by the presence of spray
bars (BARS), the air jet flow emanating from their individual spray
nozzle locations (JETS), and the boundary-layer flow caused by the
presence of the tunnel walls. Previous studies by Hancir and Loth?
showed that the tunnel wall boundary layers do not have a signif-
icant effect on the droplet trajectories, and, hence, this aspect was
excluded from the present analysis. A schematic showing example
features of the three remaining aspects is shown in Fig. 1a with the
features denoted by HX, BAR, and JET.

To judge the importance of these features on the test-section turbu-
lence, tunnel airflows with various combinations of these turbulent

features were simulated independently. First, only the effect of the
HX was taken into account (the HX flow description). Second, the ef-
fect of the wake from all of the spray bars was combined with the HX
flow, resulting in the HX/BARS flow. Finally, an HX/BARS/JETS
flow simulation was completed which further took into account all
of the spray nozzle air jets.

Modeling the Wake of the HX

Methodology

The IRT was three dimensionally modeled from the settling cham-
ber to the test section to obtain the test section aerodynamics as a
function of the HX turbulence and velocity. Experimentally avail-
able inflow conditions approximately 5 ft upstream of the spray bars
were used for the computations. Therefore, this measurement loca-
tion was decided to be the start (x =0 ft) of the HX computational
domain (Fig. 4a), which spanned until the downstream test section
location, where additional measurements were taken (x = 60.7 ft).
At this test section location, experimental data were obtained by
Gonsalez® and Arrington for the time-averaged streamwise velocity
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u and mean transverse velocity v in the settling chamber, x =0 ft, on
both horizontal and vertical traverses. These were obtained at three
horizontal traverses at z equal to 76, 156, and 234-in. (measured
from floor) for several y positions and also obtained at three vertical
traverses at y equal to 88, 196, and 263-in. (measured from inner
wall) for several z positions. The measurements allowed for speci-
fication of the horizontal velocity angularity only because the time-
averaged vertical velocity w was not measured and is, therefore,
assumed herein to be negligible, that is, w =0 at x = 0. In addition,
u'_and v/_. were measured and, thus, were converted into turbu-

rms ms
5

lent kinetic energy k by assuming w v, (reasonable for wake

rms — “rms

flows”). Therefore, at start of the computational domain, x =0,
k=0.5(uk, +2v2) 2)
Vi=u?+0? 3)

where V is the time-averaged total velocity magnitude.

The computational grid for HX (Fig. 4b) has N, =50, N, =49,
and N, =49, where N,, N,, and N, correspond to the number of
grid points in axial x, transverse y, and vertical z directions, re-
spectively, and were obtained based on a grid-convergence study.
Tecplot was then used to interpolate and extrapolate the experimen-
tal data for a test section speed of 350 mph onto the computational
inflow grid. The value of u and u[ ¢ on the walls was found by
linear extrapolation (because wall boundary layers are neglected),
and here v and v, on the vertical walls were set to be zero consis-
tent with inviscid wall boundary-layer conditions. Figure 5 shows
the resulting interpolated axial velocity and turbulence vs the cor-
responding experimental data for a sample intermediate horizontal
traverse. Note that, although some experimental scatter is superim-
posed on the velocity variations, the Tecplot interpolations do a good
job of following the physical trends, especially with respect to the
turbulence, where the sinusoidal variations of k in the experimental
data are reproduced in the interpolated curve. These variations for
k can be attributed to the spacing of the turning vanes upstream of
the settling chamber plane (Fig. 1a).

The inflow turbulent dissipation & was calculated using the power
spectrum technique of Snyder and Lumley® and discussed as fol-
lows. When the hot-wire data (Gonsalez, J. C., personal communi-
cation, 2001) were used as input, LABVIEW provided the power
spectrum for both u and v in the settling chamber and an empirical

38

curve was then fit to this power spectrum data, for example, Fig. 6
shows the energy spectrum for the vertical velocity. The equation
of the empirical curve was compared with the following theoretical
equation to solve for the value of dissipation &:

E(k):axs%xk%sx exp[—(%)xax(kxn)%] “)

n=(*/e) ®)

where « is equal to 1.7.

Because the test section experimental data were available at the
test section mean velocity of 175 mph (Ref. 9), the interpolated
data obtained in the settling chamber for the test section velocity of
350 mph (510 ft/s) were scaled to obtain the settling chamber data
corresponding to test section velocity of 175 mph (255 ft/s). The
axial, vertical, and transverse velocity were scaled by a factor of two
(the ratio of the two test section velocities, 350/175). Because the
turbulent kinetic energy k is proportional to square of the velocity, it
was scaled by four. When the turbulent length scale was assumed to
be constant, the dissipation was scaled by the velocity ratio cubed,
that is, eight. The average of the resulting V and k over the inflow
plane, as well as the uniform dissipation, is shown in the first column
of Table 1.

Finally, the HX back pressure was fixed at the outflow (test sec-
tion exit) to achieve a test section speed of 175 mph to agree with
the measured speed for which test section aerodynamic data was
available.

Results

Figures 7a and 7b shows the streamwise and cross-sectional ax-
ial velocity distribution for the HX solution. In Fig. 7a, the axial

Table 1 Average flow properties for HX for jets-off for test section

speed of 175 mph
Flow Settling Experimental HX flow
property chamber, x =0 results, x = 50 ft solution, x = 50 ft
Vay, ft/s 19.4 255 257
kay, ft2/s? 0.53 1.99 1.18
e, ft2/s3 0.194 — —
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Fig. 5 SC plane interpolations at z =156 in. from the floor for a) axial velocity and b) turbulence.
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velocity continuously increases from the settling chamber until the
test section and then is approximately constant in the test section.
The latter aspect is shown more clearly with the cross-section plot
of the axial velocity contours (Fig. 7b), where only minor deviations
are noted in the corner.

Figure 8a shows the predicted turbulence distribution in the test
section. Notice that the highest values of turbulence are found in the
corners. This is result of the high-velocity gradients in the corners

near the inflow, which gave rise to an increase in p, and, thus, in
k as the flow evolved downstream. Figure 8b shows the predictions
and measurements at two probe transverse stations as indicated by
dashed lines. A consistent underprediction of k is found and can
be attributed to neglecting the wake produced by spray bars down-
stream of settling chamber. This is because the spray bars are ex-
pected to have significant wake because they have a shape of an
airfoil but with a very large maximum thickness (¢ /c of 32%) such
that substantial turbulent shedding can be expected.

To get an overall evaluation, the results of HX flow averaged
over the cross-sectional plane of the test section are summarized
in Table 1 along with the measured values. Note that the average
test section velocity V,, is correctly predicted. The cross-sectional
averaged k in the test section, k,,, was higher than given at the inflow
plane, but substantially lower than that measured at the test section
(for the jets-off case), thus, confirming the trend noted in Fig. 8b.
Thus, to get a more accurate prediction of test section turbulence
with jets-off, a new simulation was required that incorporated the
spray bar wakes.

Modeling Flow Around a Single Spray Bar Wake

Methodology

Because the flow downstream of the spray bars is approximately
the same for all of the spray bars, it was sought first to simulate flow
around a single spray bar (for later combination with the HX flow).
The inflow conditions for this single spray bar domain were the
cross-section-averaged properties in the settling chamber upstream
of the spray bars (Table 1). Because the spray bars were largely two
dimensional (aside from a center strut), a two-dimensional compu-
tational domain was used (Fig. 9), which spanned from the mea-
sured settling chamber (SC) plane, x = 0 ft, until the beginning of
the contraction section of the tunnel, x =12.9 ft. A backpressure
was specified at the outflow such that there was negligible flow
acceleration from the inflow to the outflow to be consistent with
the negligible mean acceleration seen for the HX flow over this
range. Slip boundary conditions were specified halfway between
neighboring spray bars to represent a condition of symmetry for
spray bars above and below this domain. (The vertical centerline
distance between two spray bars is 2 ft). The surface of the spray
bar was specified as a viscous surface (no-slip conditions) because
the resulting boundary layers are important to the downstream wake
fidelity.
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Fig. 8 Turbulence at test section a) contour plot and b) comparison with experimental data.
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The computational grid (Fig. 9) generated around the spray bar
is a C grid with the first normal grid point at y* of about 1. This
grid was generated using the GRAPE software code, with a vertical
extent consistent with the spray bars’ spacing. A grid-convergence
study was completed to make sure the solution was independent of
the spatial resolution used. Based on this, the grid used for present
simulations has 21,000 grid cells with 350 points in streamwise
direction and 60 points in normal direction.

Results

The results of the flow around a single spray bar are shown in
Fig. 10. The axial velocity (Fig. 10a) decreases along the spray bar
centerline and is zero at the spray bar leading edge, and above the
boundary layer it increases till the maximum thickness (at x ~ 2 ft),
and then it decreases again until the spray bar trailing edge. A wide
velocity deficit can be noticed in the spray bar wake, which in-
cludes a small separated flow region. As a result, the turbulence
in the spray bar wake region is much higher than in the freestream
region (Fig. 10b). A comparison of the spatially averaged flow prop-
erties at the outflow of the BAR domain, that is, at x = 12.9 ft, is
given in Table 2, along with the HX average flow properties at this
same axial location. The BAR results clearly indicate that spray bars
do not lead to significant flow acceleration, that is, V,, is approx-
imately constant. However, the amount of turbulence in the flow
substantially increases from x =0 to x = 12.9 ft and is more than
five times larger than the flow with out the spray bar, that is, the HX
flow. This indicates that all of the spray bars should be included in
the wind-tunnel simulation to better describe the turbulence.

Table 2 Average flow properties before contraction, jets-off

Flow At BAR At BAR HX flow
property inflow, x =01ft outflow, x =12.9ft solution, x =12.9 ft
Vay, ft/s 19.7 21.5 20.1
kay, ft2/s? 0.53 5.19 0.91
i u (ft/s)
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Fig. 10 Spray BAR contours of a) axial velocity (feet per second) and
b) turbulence (square foot per second squared).

Modeling Wakes of HX/BARS

Methodology

As noted earlier, it is desired to incorporate the mean turbulent
flow features associated with both the spray bar wake details and the
wind-tunnel three-dimensional geometry. However, it is not practi-
cal to construct a single computational grid, which simultaneously
resolves the thin boundary layers of all of the spray bars while also
retaining the full geometry of the wind tunnel (60.7 ft long from the
settling chamber until the test section). Thus, to accomplish such
an integrated wind-tunnel simulation, the aspects of the wakes of
the HX/BARS required some integration, which was accomplished
herein by an approximate linear combination. The schematic for this
combination is shown in Fig. 11a and is described in the following.
At its inflow plane, x =4.3 ft, the wake of the 10 spray bars and
the HX flow were combined to create an HX + BARS inflow plane
using a combination of the x =4.3 ft results of the HX flow and
that of the individual spray bar wake (BAR) applied downstream
of each of the 10 spray bars locations. In particular, a min/max ap-
proximation was used for the HX + BARS plane (x =3.8-4.3 ft),
where each flow variable ¢ at any given y, z location was set to the
maximum of the local BAR value and the overall HX flow value,
except for the axial velocity, where the minimum was specified to
allow for the velocity deficit of the spray bar wake. In other words,

dux1BARS = Max(Pux, Ppar) (6)

u = min(uyx, UBARS) @)

where ¢ represents p, v, w, k, and €2. This combination ensures that
the flow is characterized by the dominating extremes given by either
of the two solutions. Thus, the regions where flow angularity, turbu-
lent kinetic energy, and €2 are larger for the BAR flow are assumed
to take on only the BAR wake features. In particular, this min/max
technique can only be reasonable for the condition where these flow
features (angularity, turbulence, and momentum deficit) are much
greater for the BAR flow than for the HX flow, e.g., kgar > kux, such
that the small perturbation from the HX flow is approximately negli-
gible. Note that this algebraic combination is not formally consistent

HX\+ BARS Plane

N

ﬁ HX/BARS Region )/ A
I

TS Plane
x=60.7 ft
SC Plane x=43ft TC Plane
x=0ft x=129ft
a)
10 |

-10 0 10
y (ft)
b)

Fig. 11 HX/BARS flow showing a) computational domain and b) grid
at inflow plane at x =4.3 ft (where variables are based on HX + BARS).
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with the partial differential equations, which govern the conserva-
tion of mass and momentum, and thus, this technique is unsuitable
for combining flows in general. However, because the combinations
are conducted for specific conditions where one flow contains tur-
bulence or a velocity deficit that dominates that of the other flow, it
can be considered similar to a small perturbation technique. Thus,
if one flow dominates in terms of turbulence, the variations be-
tween this algebraic combination and a properly integrated flowfield
can be expected to be small (an example of which will be shown
later).

In the region of the BAR wake centerline, this condition is realized
because the HX flow is a small perturbation for the present condi-

HX+BARS
HX&BARS

k (ft%/s%)

a)

HX+BARS
------ HX&BARS

0.00 0.40 0.80 1.20 1.60 2.00

z(fH)
b)
Fig. 12 Comparison of properties between HX + BARS and HX and
BARS at the axial location 4.3 ft for flow about the fifth spray bar.

u (ft/s)

0 10
y (ft)

a)

tions, for example, kyx = (0.05) kgag at HX + BARS plane. Recall
that such an approximation is needed because the ideal simultane-
ous numerical resolution of the three-dimensional wind-tunnel flow
and that the details of the BAR boundary layers are not practical
due to the immense computational resolution that it would require.

To evaluate the application of min/max technique for the
HX+BARS flow, the flow downstream of the fifth spray bar was
also computed with a proper simulation of the flow, that is, using
the spatially varying heat exchanger flowfield as an inflow and then
simulating the flow around the spray bar. This fully integrated re-
sult is referred to as the HX and BAR solution. Figure 12 shows
the velocity and turbulence comparison at x =4.3 ft between the
HX and BAR solution (with no combination assumptions) and the
HX + BARS solution (with linear combination assumed). The max-
imum differences between the two results were found to be 2% for
the turbulence and 1% for mean axial velocity. Thus, in the particular
case, it is reasonable to consider a single BAR flow with averaged
HX inflow conditions and then to linearly combine this result with
the spatially varying HX flow at a downstream plane to describe the
flow downstream of all of the spray bars.

The inflow distribution obtained through this min/max combina-
tion of solutions is shown in Fig. 13 at the HX/BARS inflow plane
for u and k. As expected, the effect on the axial velocity is small
because the wake deficits were small compared to the mean flow at
this location, x = 4.3 ft. However, the spray bars cause a significant
increase in the turbulence, due to their wake stemming from a high
t/c ratio of 32%.

The grid at the inflow plane for the HX/BARS is shown in
Fig. 11b, where one can notice a high resolution of the regions
just downstream of the 10 spray boundaries, required to resolve
properly the spray bar wakes. To minimize the computational time,
the HX/BARS computational domain consists of two zones, as
shown in Fig. 11a. The zone 1 computational grid (from x =4.31
to x =12.9 ft) had N, =6, N, =389, and N, =169, whereas the
zone 2 grid (from x =12.9 to x =60.7 ft) had N, =40, N, =69,
and N, =169.

Computations were first carried out for zone 1 with the back-
pressure specified for negligible flow acceleration (consistent with
the constant cross section and no tunnel wall boundary layers). A
grid-convergence study for this zone was completed by keeping the
number of points in the axial direction, N,, fixed and varying in
the transverse direction, N,. Figure 14 shows a sample of the grid-
resolution results for variation of N, from 49 to 109 for the preceding
N, and N, resolution, where itis seen that an N, of 89 was sufficient.
Additional resolution tests indicated that the preceding N, and N,
were also sufficient for grid independence. The outflow of zone 1
was used as the inflow to zone 2, where the backpressure was again
fixed at the outflow to achieve a test section speed of 175 mph to
agree with the measured test section speed.

k (ft/s?)

11

T

o
v (ft)

b)

Fig. 13 HX/BARS inflow contours for a) axial velocity and b) turbulence.



680

BHARGAVA, LOTH, AND POTAPCZUK

----HX/BARS Ny=49
—-—-HX/BARS Ny=89
—HX/BARS Ny=109

IS

Fig. 14

300
—HX/BARS Flow (CFD)
290 o Exp (jets off)
280
270
260 a2 e ° . . s . s = '
u (ft/s LI . H
(®/s) 250 ' + .
3
240
230
220
210
200
0 1 2 4 5 6 7
z (ft)
a)
6
O Exp (jets off)
5] ——— HXFlow (CFD)
——HX/BARS Flow (CFD)
2,204
k (ft°/s%) o
0 .
0 1 2 3 4 5
z (ft)
b)

Fig. 15 Comparison of experimental data by Gonsalez et al.’ for
probe 1 (2.6 ft from inside vertical wall) with a) HX/BARS predictions
for axial velocity in x—y plane and b) HX and HX/BARS flow turbulence
in test section.

Results

Although not shown, the axial velocity variation in the test sec-
tion for HX/BARS flow was found to be very similar to that for
the HX flow (Fig. 7a). Specifically, the mean velocity was found to
increase from the settling chamber until the test section and then
is approximately constant in the test section. This latter aspect is
shown in Fig. 15a, with the comparison of axial velocity predictions
in the test section with the experimental data measured at y =2.6 ft
from the inner wall. The variation in the experimental data (from

0 2 4 6 8 10

z (ft)

Spanwise resolution effects (NVx = 6) on variation of zone 1 outflow turbulence at x =12.9 ft and y = 1.1 ft.

Table 3 Test section properties for jets-off and jets-on (80 psig)
for test section velocity of 175 mph

Experimental Experimental
results HX/BARS results
Flow jets-off, jets-off, jets-on, HX/BARS/JETS
property x=50ft x=50ft x=50ft x=50ft
Vav, ft/s 255 257 255 258
Kay, ft2/s? 1.99 1.96 16.59 15.47

different test runs) was on the order of the variations such that no
significant variation of u in the z direction was found. Thus, the pre-
dicted results, which indicated a nearly uniform velocity, are within
the variations of the velocity measurements. Similarly, the cross-
sectional averaged experimental axial velocity along the traversal,
257.2 ft/s, was close to the cross-sectional-averaged predicted value
of 257.3 ft/s. Thus, the axial velocity was reasonably predicted again
by taking spray bars into account (though the previous HX predic-
tions also reasonably predicted the axial velocity).

To note the impact on turbulence, the predictions were compared
to measurements at the data traversal located at y = 2.6 ft from the
inner wall of the test section plane (Fig. 15b). It was found that taking
spray bars into account results in a significantly higher test section
turbulence as compared to that for the HX flow. The HX/BARS flow
predictions yield reasonable agreement with the experimental trends
(Gonsalez, J. C. personal communication, 2001) at this transverse
location. In particular, the predictions are within the variations of
the turbulence measurements. For an overall comparison, Table 3
shows the cross-section spatially averaged u and & in the test section
for the HX/BARS simulations as compared with the experimental
conditions at all traverses. This indicates that taking the spray bars
wake into account yields an accurate prediction of turbulence in the
test section for the jets-off condition.

Modeling a Single Spray Nozzle Air Jet (JET)

Methodology

To study the flow of an individual air jet at air pressure of 80 and
20 psig, a three-dimensional Reynolds averaged Navier—Stockes
(RANS) simulation was completed. The JET computational domain
in the horizontal and vertical directions (Fig. 16a) spanned from the
center of the nozzle orifice to halfway between the neighboring noz-
zle exits, that is, it spanned 0.25 ft horizontally and 1 ft vertically.
For the inflow to JET, the jet flow was specified as uniform from the
nozzle center until the nozzle radius of 0.0625 in. (consistent with



BHARGAVA, LOTH, AND POTAPCZUK 681

the converging nozzle geometry) with a stagnation pressure equal
to nozzle chamber air pressure (80 and 20 psig). The rest of the
surrounding JET inflow region was initialized using the HX/BARS
solution, that is, spray bar wake, at x =3.3 ft (1 in. downstream of
the trailing edge of the spray bar). Slip boundary conditions were
specified on the vertical and horizontal planes of symmetry of the
domain such that only one-fourth of the jet development was actually
simulated. The computational domain in the axial direction spanned
from nozzle location, x = 3.3, to a point, x =4.3 ft, where an indi-
vidual jet had spread significantly but did not yet substantially affect
the edge velocities (so that jet merging had not yet occurred). The
average axial velocity on the horizontal and vertical outside edges
of the domain at the outflow was 1% higher than the HX flow at this
location (whereas the centerline velocity was 314.2% higher).

The computational grid consisted of three zones to minimize the
computational time. The computational grid is highly resolved in

HX/BARS
inflow

JET inflow '—1/
P X /:25 ?
4 2

x=3.3 x=43

a)

07 =

Zone 111

z (ft) 05

i
I

025

} Zone 11
; F Zonel
o 0.

y (f)

b)

Fig. 16 JET domain showing a) computational domain and b) y—z grid
at inflow plane (x =3.3 ft).

1

08
08
y (ft)

04

02

05
x (ft)

a)

zone 1 to resolve the initial air jet development with eight grid points
across the nozzle radius and an initial streamwise resolution equal to
two nozzle diameters. The grid spacing increases in vertical direc-
tion on moving from zone 1 to zone 3 (Fig. 16b). In particular zone 1
included N, =49, N, =39, and N, =41; zone 2 included N, =49,
N, =39, and N, =24; and zone 3 included N, =49, N, =39, and
N, =25.

Results

The Mach number distribution, with streamwise development and
outflow contours are shown in Fig. 17a and 17b, respectively, for
jet air pressure equal to 80 psig. Figure 17a shows that the jet width
expands continuously from inflow (1/16 in. radius) to the outflow
(~0.1in. radius), but initially includes a high centerline speed before
eventually decaying. (Outflow is entirely subsonic.) At the outflow
plane (Fig. 17b), the results reveal the spray bar wake deficit along
z=0 but with a high velocity at the jet centerline (y = 0) equal to
87 ft/s. Far from the jet centerline, the results tended to the HX
solution, for example, 18 ft/s at z=0.5 ft and y =0.25 ft. It was
found that the JET outflow turbulence level at x =4.3 ft is much
higher than the average BAR or HX turbulence levels in the vicinity
of the jet, but the magnitude decreased rapidly away from the jet.
In particular, the peak turbulence was found at the jet centerline,
for example, 8400 ft*/s* at z =0 and y = 0 ft, but tended toward the
BAR result along the bar horizontal plane but away from the jet, for
example, 10.5 ft?/s? at z =0 and y = 0.25 ft, and tended to the HX
result away from both the bar and jet wake, for example, 0.8 ft?/s?
at z=0.5 and y =0.25 ft. Note that JET simulation was also done
at jet air pressure of 20 psig.

Modeling Wakes of HX/BARS/JETS

Methodology

The effect of the air jets was combined with the HX and BAR
results by defining a new computational domain (HX/BARS/JETS)
as shown in Fig. 18a. The HX+BARS-+JETS inflow plane for this
domain combines the converged RANS solution of the HX+BARS
flowfield with the JET results implemented at each nozzle location
(Fig. 1b). This combination was obtained at each grid point by set-
ting each flow variable ¢ to be the maximum of the JET flow variable
and the HX + BARS values, that is,

@HX 4 BARS + JETS = MaxX(Pux 1 BARS» PIETS) (8)

where ¢ represents p, u, v, w, k, and Q.

This approximation is similar to that used for the HX/BARS in-
flow plane. Again this technique is not generally rigorous or appro-
priate, but it is expected to be reasonable because the axial velocity
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Fig. 17 JET flow showing Mach contours at a) along the jet centerline in x—z plane and b) outflow y—z plane (x =4.3 ft) for air jet pressure of 80 psig.
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Fig. 18 HX/BARS/JETS flow a) computational domain, b) zone 1 grid at inflow, and c) zone 1 and 2 computational grid in x—z plane.

and the turbulence caused due to the air jets are much higher locally
than that caused due to the heat exchanger and the spray bars (as
already discussed). Thus, the axial velocity and the turbulence due
to the heat exchanger and the spray bars can be considered as a small
perturbation to the jet flow and may be neglected in the regions dom-
inated by the air jets. Again, note that computationally resolving all
of the jets (starting from the nozzle orifices) and the tunnel flow
would require a prohibitively large number of data points, for ex-
ample, over 20 million grid points if the present resolution for JET
was employed throughout. The plane where these three simulations
were combined (HX+BARSHJETS) is located where the individ-
ual jets began to merge, x =4.3 ft, so that the assumption of an
individual jet in a uniform coflow would be reasonable at this point.
The HX+BARSHJETS inflow plane contours for air jet pressure of
80 psig are shown in Fig. 19, where the spray bars yield 10 weak
wake deficits at this plane, whereas the jets lead to small but dis-
tinct peak velocities within the spray bar wakes. For the turbulence
contours, the increase in k due to both the spray bars and the jets
is more pronounced. The increase in velocity and turbulence due to
jets with air pressure of 20 psig was found to be much less compared
to 80 psig but higher compared to the HX and BAR velocity and
turbulence.

To minimize the computational time, the computational domain
for HX/BARS/JETS consists of two zones, as shown in Fig. 18a.
Figure 18b shows the computational grid at the zone 1 inflow plane.
The zone 1 computational grid has 642,000 points (necessary to
ensure at least six grid points across all of the jet diameters at
x =4.3 ft). Zone 2 computational grid has six blocks and 633,000
points (Fig. 18c). Both of the computational zones were further
divided into five blocks, so that each was solved using parallel pro-
cessing. The backpressure was applied at the outflow to achieve a
test section speed of 175 mph.

Results

Although not shown, the axial velocity was found to increase
from the settling chamber to the test section and then was approxi-
mately constant in the test section, similar to the HX flow (Fig. 7a).
Figure 20a shows a comparison of the axial velocity at the test sec-
tion, x =50 ft between the predictions and the experimental data
traversals for z =3 ft at y =2.6, 4.5, and 6.4 ft. The predicted re-
sults were found to be within the variation of the experimental results
taken for different runs (Gonsalez, J. C., personal communication,
2001). Note that Fig. 15a shows the axial velocity variation in the
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Fig. 19 HX/BARS/JETS inflow contours for a) axial velocity and b) turbulence.
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Fig. 20 Comparison of predictions with experimental data by
Gonsalez (personal communication, 2001) for a) axial velocity with jets-
on (80 psig) and b) turbulence in test section for jets-off (0 psig with
HX/BARS) and jets-on (80 and 20 psig).

test section for the jets-off case (0 psig). Figure 20b shows the tur-
bulence at the test section, x =50 ft, for the jets-on and jets-off
cases at a horizontal traverse. In comparison to the jets-off results,
there is a significantly higher turbulence for both the experiments
and the predictions. In addition, the inclusion of the air jets at 80
and 20 psig in the HX/BARS/JETS simulation yielded predictions
that reasonably matched the experimental turbulence, both in terms
of spatial trends and overall magnitudes. Note that the experimen-
tal data for turbulence at jet air pressure of 20 psig was obtained

assuming isotropic turbulence which is u’ = v’ = w’, that is, v’ and
w’ were taken to be equal to u’ due to some inconsistent data for
v'. Table 3 shows a comparison of spatially averaged velocity and
turbulent kinetic energy in the test section for the experimental
data and for the simulations (z =36 in. and averaged for all y).
For both jets-off and jets-on (80 psig), the predictions are found to
provide a good estimate of mean test section velocity and turbulence
level.

Conclusions

A numerical analysis of the airflow in the IRT was constructed
with WIND using the SST turbulence model and experimental in-
flow conditions upstream of the spray bars and downstream of the
heat exchanger. Note that the heat exchanger turbulence along with
turbulence caused by the wake of the spray bars and air jets are the
most important flow features with respect to obtaining the proper
test section turbulence. A min/max technique was used to com-
bine, first, the HX and BARS flow and, finally, HX, BARS, and
JETS flows. This approximate linearizing technique is only rea-
sonable if one flow feature dominates the velocity or turbulence
variations. The flow solutions including the heat exchanger and the
spray bars (HX/BARS) provided good predictions for the test sec-
tion aerodynamics including the mean velocity and the turbulent
kinetic energy distribution and magnitude for the jets-off case. Sim-
ilarly, the addition of the jet flows to heat exchanger and spray bars
flow (HX/BARS/JETS) provided good predictions for the 80 psig
jets-on case.
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