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INTRODUCTION

There is a continuing need for a reliable, subscale

wind tunnel testing capability for nozzle boattail and

afterbody configurations in Wright Laboratory's

Aeromechanics Division (WL/FIM). The Aeromechanics

Division's 2-foot Trisonic Gasdynamics Facility (TGF) has

been used by engineers in WL/FIM to screen innovative

advanced exhaust nozzle concepts prior to potential full-

scale testing. In recent TGF exhaust nozzle tests,

questions have been raised regarding the accuracy of surface

pressure data, the repeatability of experimental data, and

the correctability of these data. The hypothesis is that

excessive tunnel blockage, where blockage is defined as the

ratio of model and support hardware cross-sectional area to

test section cross-sectional area, results in inaccurate

freestream tunnel flow.

To establish the validity of exl3ust nozzle testing in

the TGF, a comparative study was performed on two similar

databases of nozzle boattail pressures. The first database

was taken from a TGF test on 10- and 15-degree AGARD

axisymnetric boattails. The second database is taken from a

similar test of axisymmetric AGARD nozzles from a reliable

industry accepted facility, Arnold Engineering Development

Center's (AEDC) Propulsion Wind Tunnel 16-foot transonic

facility (PWT 16T). Specifically, model surface pressures

from the test conducted in the TGF in early 1989 were



compared to pressures from a similar nozzle test conducted

in the 16T in 1975. Computational Fluid Dynamics (CFD)

tools were used to help us understand the data comparisons.

The following report discusses details of the TGF

experiment, the comparison of the TGF and 16T data, and the

CFD techniques employed. Implications of these analyses are

then summarized, and recommendations are made for future

nozzle testing in the TGF.

2



TECHNICAL DISCUSSION

Wind Tunnel Description

The Trisonic Gasdynamics Facility (TGF) is a closed

circuit, continuous flow, variable density wind tunnel

capable of operating at subsonic, transonic, and supersonic

Mach numbers. A subsonic test section allows operation from

Mach 0.23 to Mach 0.85. A supersonic test section uses four

fixed area ratio nozzles to test at Mach 1.5, 1.9, 2.3, and

3.0. The subsonic and supersonic test sections are 24 in. X

24 in. square. A schematic of the tunnel is shown in Figure

1 *. The TGF User's Manual contains additional tunnel

informationl.

The AEDC PWT 16T is a continuous flow, variable

density, closed circuit wind tunnel which operates at Mach

numbers from 0.2 to 1.6. The test section is 16 ft X 16 ft

square. The test facilities handbook for the PWT may be

consulted for additional information2.

Test Hardware Description

The experiment conducted at the TGF iJn January and

February of 1989 acquired pressure data from a nozzle

connected to a simple axisymmetric forebody. General

* Figures 1 thru 33 begin on page 26
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Dynamics/Fort Worth designed the convergent nozzle test body

shown attached to a sting and short forebody mount in Figure

2a. Model components were fabricated by Wright Laboratory.

Both a 10- and a ]5-deqree AGARD reference boattail

configurations were tested. The reference boattail angle is

defined as the angle made by a line connecting the leading

and trailing edges of the boattail contour with the

horizontal. (See Figure 2b.) A cylindrical forebody insert

(not shown in Figure 2) was removed for supersonic test runs

to prevent interactions between the boattail and shock

reflections from the tunnel walls. The test body also had

two nose pieces: a rounded nose for subsonic testing and a

sharp nose piece for supersonic testing.

The test hardware was fabricated to meet certain system

design requirements and to be compatible with the existing

support hardware in the TGF. Figure 3 depicts the TGF test

body mounted in the tunnel on its strut and sting assembly

which extends from an access panel located downstream of the

test window. The strut houses wiring for model

instrumentation and contains a high pressure air line to

provide sufficient flow for representative exhaust

expansion. Intevnal thrust sleeves of both the 10- and

J'5-degree configurations were also designed and fabricated

to isolate the external boattail flow and the internal jet

thow. Each rcleeve was designed to fit within each nozzle

configuration with a minimum gap at the trailing edge.

Eighty-one external static pressure taps were systematically

4



placed about the nozzle circumference and along its length

(Figure 4). Internal pressures were measured by four static

and five total pressures. A single component, flow through

ring balance was calibrated to measure forces applied to the

exterior shell. The force balance data from the TGF test,

however, was not used in the facility comparison since no

force balance data were taken during the AEDC 16T test.

The 16T test also used the AGARD reference boattails

connected to a longer forebody. Figure 5 shows a schematic

of the 16T model mounted to a simple vertical strut. Figure

6 presents dimensioned drawings of both models. Note that

the 16T and TGF forebodies are not scaled relative to each

other. When the 16T test body was scaled to 31.95% of its

full model dimensions, the most accurate geometric boattail

pressure data comparisons were made.

The 16T test forebody was instrumented with 24 forebody

pressure taps, a forebody boundary layer rake, a pressure

rake mounted in the cold flow duct, and four internal static

pressure taps. The 10- and 15-degree boattail

configurations had 82 and 75 surface pressure taps,

respectively. A dimensioned schematic of the 16T model

arrangement is shown in Figure 73.

Figure 8 summarizes the relevant tunnel and model

dimensions for both experiments. Note that the cross-

scctional blockage in the TGF test was 1.352%, approximately

6.5 times more than the blockage in the 16T test.

5



Typically, an industry "rule of thumb" is a 1.0% blockage or

higher is considered undesirable for exhaust nozzle testing.

Testing

The matrix of flow parameters used in the test is shown

in Figure 9. Both the 10- and 15-degree boattails were

tested at several Nozzle Pressure Ratios (NPRs) for each

test condition listed. Data were acquired for 505 test runs

total. Testing on this project in the TGF was completed by

February 1989.

Equations used to reduce the surface pressure data are

listed in Appendix A. Boattail pressure distribution plots

comparing 16T test results with the TGF test data were

produced at the conclusion of the test. Figure 10 shows one

example of these plots.

Data Comparisons

Comparisons to validate the afterbody testing

capability of the TGF were established between the 16T

database and the TGF database. Appendix B shows which data

runs were compared. Only data runs that shared the same

Mach number, NPR, and boattail angle were compared. Only

conditions at Mach 0.6 and Mach 0.8 could be directly

studied.

6



Comparisons were made between pressure coefficients

(CP's) and pressure-area integrated drag coefficients

(CDTP's) between the two facilities. Appendix A contains

the equations that define CP and CDTP for this comparison.

CDTP is the pressure-area integrated drag coefficient using

the top row of pressure orifices, assuming a uniform surface

pressure distribution around the test body circumference.

The strong influence of the model support strut in the

flowfield necessitate using the unaffected top row of

pressures.

AEDC 16T and TGF pressure coefficients and pressure

drag coefficients were compared using two different methods.

One comparison was of absolute values of 16T data versus TGF

data and comparison of the respective magnitudes at

appropriate forebody and boattail stations. This

quantitative comparison aided the understanding of how well

the two tes' articles matched each other under specified

conditions. The small model in the large AEDC tunnel

suggests using the AEDC data as a reference for the TGF

data. Taking the AEDC data as correct, this comparison

method also aided in understanding of how accurately the TGF

and its test article were able to simulate the specified

conditions. A second scheme compared how data from each

tunnel responded to changes in flow and test parameters

(such as tunnel Mach number, NPR, or boattail angle). Two

plots are used to make this kind of sensitivity comparison.

A first plot shows several sets of data from one tunnel for

7



discrete values of a single flow parameter. The second plot

shows the same data set for the second tunnel. The

differences in the data as a parameter is changed were

compared for the tunnels. For example, a qualitative

incremental comparison may be made showing how different

values of NPR affect the upper centerline pressure

distribution for a specific Mach number and nozzle in eoch

tunnel. By using both comparison techniques, a greater

understanding of tunnel differences in the data was

obtained. For the purposes of the following discussion, the

first comparison method shall be denoted as the absolute

method and the second as the incremental method.

Results of Comparison

Absolute comparisons between pressure coefficients at

eight Mach number/boattail angle conditions are shown in

Figures 11 (a-h). TGF pressures are significantly different

in magnitude than the corresponding 16T pressures at each

condition shown. Note that the difference between pressure

distribution magnitudes is greater at the four Mach 0.8

cases shown here (Figures 11(c), 11(d), 11(g) and 11(h))

than at the Mach 0.6 cases (Figures 11(a), 11(b), 11(e), and

11(f)).

This consistent discrepancy between surface pressure

coefficients is presumed to be attributable to cross-

sectional blockage in the TGF tunnel. A simple application

8



of the one-dimensional continuity and Bernoulli equations

suggests that in regions of high blockage the freestream

flow accelerates, increasing the local Mach number and

causing significant static pressure reduction.

Data from a 1984 TGF test on a circular arc

axisymmetric nozzle indicated the effects of a similar

blockage problem. Figure 12, taken from the 1984 test

report (Reference 4), shows a pressure reduction across the

straight forebody section (stations 206-224) of the model.

This pressure reduction, occurring where near freestream

conditions are typically expected, appears similar to

forebody pressure reductions seen previously in Figures 11

(a-h). This supporting evidence strengthens the assertion

that excessive tunnel blockage causes the flow discrepancies

seen in the previous figures.

Figures 13 (a-d) show incremental comparisons of

pressure distribution at four NPRs between the two

facilities. Figures 13(a) and 13(b) compare Mach 0.6 data

between facilities, and Figures 13(c) and 13(d) compare Mach

0.8 data between facilities. At first glance these

distributions appear relatively insensitive to pressure

ratio. A closer investigation, however, shows that lower

NPRs yield slightly lower pressure coefficients across the

nozzle for the 16T data. The 16T jet-off conditions yield

lower pressure readings than corresponding jet-on

distributions, while TGF jet-off conditions do not depart as

drastically from jet-on distributions. Differences between

9



16T Cp distributions appear uniform across the boattail,

while the differences between TGF distributions are

inconsistent.

Comparisons of 10- and 15-degree aftbody boattail

pressure distributions at similar flow conditions are

presented in Figures 14 (a,b) for each model in its

respective facility. The 16T data show a larger and more

uniform difference between distributions. Differences in

TGF data vary widely over the boattail.

Drag coefficient measurements were also used to make

absolute comparisons of the two test databases. Figures 15

(a,b) show CDTP plotted against Mach Number at NPRs of 2.0

and 4.0. The TGF data show substantially higher pressure

drag coefficients than encountered in 16T data. TGF data

also shows a drag rise with increasing Mach number which is

not seen in 16T data. A typical CD vs. Mach number plot for

a generic nozzle boattail (Figure 16) shows the same drag

rise occurring with increasing Mach number, but at Mach

numbers greater than 0.85. This further supports the thesis

that blockage effects in the TGF test section increased the

actual flow Mach number around the model.

Comparisons between CDTP vs. Mach Number at several

NPRs were also made between facilities. Figures 17 (a,b)

show such comparisons for the 10-degree boattail. Both

figures show high NPRs yielding the lowest boattail drag

measurements, an expected result. Note also that jet-oft

10



conditions yield significantly higher drag measurements than

all jet-on conditions in both plots.

Drag coefficients are plotted against NPR in Figures 18

(a,b). The shape of the curves shown are typical of a

typical CD vs. NPR graph, as shown in Figure 195. TGF drag

values are still noticeably higher than their 16T

counterparts, especially at the highest Mach number. Once

again, this offers additional support of th- hypothesis that

excessive tunnel blockage affects measuring of experimental

flow parameters.
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CFD VERIFICATION STUDY

CFD Simulation Description

To verify the conclusion that tunnel blockage is the

primary cause of observed data discrepancies, a verification

study of each wind tunnel test was performed using CFD. The

approach was to simulate both experiments by modelling both

wind turnel test sections and placing each test body with

its respective support structure into the proper flowfield.

Three-dimensional grid generation techniques were then used

to build a computational domain for each test section. An

algorithm that solved the inviscid equations of motion was

then employed to numerically generate flowfield data. The

computational data were compared with the experimental

pressure distributions with the goal of verifying the

effects of blockage on experimental pressure and drag

measurements.

Several computer codes were used to generate the

structured grid geometry. The 13G/VIRGO, an interactive,

graphical geometry database editor, was used to create a

three-dimensional surface database of each tunnel 6 . The

GRIDGEN series of codes, GRIDBLOCK and GRIDGEN2D, was used

to divide the domain into zones and generated structured 2D

meshes for each block face 7 . PLUTO3D, an inhouse code, was

12



used to create the three-dimensional meshes interior to each

block. The 13G/VIRGO, GRIDBLOCK, and GRIDGEN2D are all

interactive codes and were run on Silicon Graphics IRIS

Workstations. PLUTO3D was run in a batch processing mode on

a CRAY X-MP supercomputer.

These three-dimensional structured grids were

numerically evaluated using the MERCURY floa solver 8 . The

MERCURY code solves Euler's equations of motion for three-

dimiensional, multiblock grids. The flow-solving algorithm

is based on Jameson's finite volume, cell-centered, four-

stage Runge-Kutta method with blended second and fourth

order artificial damping 9 . MERCURY was run on a CRAY X-MP

216. Inhouse plotting packages were used to compare

experimental and CFD data. PLOT3D, a graphical, interactive

postprocessing package, was used to view the 3D flow

solution in selected blocks for diagnostic purposes

(Reference 12.)

Results of CFD Simulation

Figures 20 (a,b) show the block structures used to grid

the AEDC 16T and TGF test sections, respectively. Both

block structures model the flowfields around the 10-degree

boattail configurations. Due to symmetrical flow

conditions, only half of the test section was gridded. The

blocking strategy used three rows of blocks top to bottom to

divide the flowfield around the test article. This allows

13



tight mesh spacing near the strut and sting without passing

such spacing onto other faces radially about the test

section centerline. The streamwise block structure places

block interfaces far from regions of high gradients. This

also minimizes the number of boundary conditions on each

face normal to the stream. An aft-facing step located

behind the sting mount in Figure 20(b) was altered

considerably to acceleratre convergence.

Figures 21 (a-d) show two- and three-dimensional

pictures of the 16T and TGF flowfield grids, respectively

(for presentational purposes, not every grid line is shown

in these figures). The 16T grid contained 11 blocks and

620,303 grid points while the TGF grid contained 20 blocks

and 934,419 grid points. Uniformity of spacing between

adjacent blocks was enforced, especially near the surface of

the model. Dense spacing was employed at the highly rounded

nose and boattail regions of the model.

Four flow conditions were studied for each test

section, i.e. AEDC 16T and TGF. Figure 22 shows the ratzi-

of flow conditions analyzed using CFD. Convergence cr:tid

used for the CFD solutions were (1) Cp values measuring

approximately 0.0, indicating forebody freestream flow, (2)

an inviscid stagnation region fully formed at the model nose

(Cp's approximately 1.0), and (3) a fully established

boattail flow.

Using only the upper centerline Cp data, Figure 24

shows how computed pressure coefficients c Jmpare to AEDC 16T

14



experimental data for teh same flow parameters.

Experimental pressures along the body of the test article

compare well with the Euler results while pressures measured

in the boattail region do not. Euler solutions do not

capture the viscous phenomena occurring on the nozzle

boattail as shown at higher NPRs, Figure 25. Figures 26 and

27 show the same two nozzle pressure settings at a

freestream Mach number of 0.8. In all four cases shown,

inviscid solutions predict the upper forebody centerline

pressures, but not the boattail pressures, on the 16T model

with reasonable accuracy.

Figure 29 shows numerically generated CP contours on

the upper centerline of the TGF model at Mach 0.6 and NPR

1.04 compared tc experimental data. The forebody pressure

coefficients should be 0.0 for no blockage; the data show a

clear reduction Cp on the body of the TGF model. The fact

that the CFD solution accurately predicts this blockage

effect in the TGF test section is a significant result.

Similar results for NPR=3.0 are evident, as shown in Figure

30. Figures 31 and 32 show CFD comparisons at Mach 0.8 and

two NPRs. Both predict the effects of blockage in the TGF

test section.

Figure 33 shows the effect of blockage on the CFD

results from both test sections. Here a comparison is made

between two CFD solutions at the same flow parameters in

each tunnel. The CFD solutions show the same effects of

blockage as the experimental data. It was concluded that

15
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Euler methods predict and confirm the effects of blockage in

the TGF exhaust nozzle test.

16



CONCLUS IONS

The exhaust nozzle testing capability of the TGF was

evaluated by comparing common surface pressure data from an

industry standard facility, AEDC's PWT 16T. Comparisons of

pressure data from similar AGARD boattail test entries in

each tunnel show that blockage in the TGF's 2-square-foot

test section causes a substantial surface pressure reduction

along the body of the test article. A large, observed

discrepancy in pressure-area integrated drag coefficient

between the two facilities due to transonic drag rise is

also caused by the accelerated flow around the test body.

To verify these conclusions and to establish a

capability to numerically simulate wind tunnel flowfields

and potentially correct for the blockage effects observed,

inviscid CFD solutions of each tunnel flowfield were

generated for a matrix of test conditions. Generally good

agreement existed between the CFD solutions aiid the

experimental data taken from each facility. The CFD

confirms the effects of blockage encountered in the TGF

test. These conclusions establish the adeqacy of Euler

solvers to model subsonic exhaust nozzle wind tunnel

flowfields.

17



RECOMMENDATIONS

Further comparisons between TGF surface pressure data

with pressure data from other low blockage, industry

standard wind tunnel facilities would serve to further

validate the conclusions made by this analysis. The

comparison of dynamic data collected from a force balance

would further confirm these conclusions. A database

prepared from a boundary layer displacenent thickness study

for nozzle boattails from Lockheed-Georgia's Compressible

Flow Facility in Marietta, Georgia may be suitable for

further comparison studies1 0 .

One potential desired result of further comparisons may

be the establishment of correction factors that can be used

by tunnel operators to recalibrate tunnel Mach number

specifically for exhaust nozzle testing. Any such

correction factors would be a function of numerous

parameters, including tunnel Mach number, model cross-

sectional area, and tunnel static pressure. By using the

Design of Experiments approach, a 'significant' matrix ot

test parameters that determine correction factor values

could be determined1 1 . Further CFD testing could then be

used to determine the magnitude of the Mach number

correction factor for a given set of 'significant' test

parameters. The contents of this report will hopefully be a

18



first step in the optimization of the TGF's data-taking

accuracy for future exhaust nozzle integration concepts.
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Appendix A: Data Reduction Equations

PN(i) = Internal Rake Total Pressure

PS = Free Stream Static Pressure

P(K) = Surface Pressure

D = Maximum Body Diameter
Aref = 42SD2

(1) Nozzle Pressure Ratio = NPR

1
A PN(i)

NPR = PS

(2) Pressure Coefficient = p

DP _ P(K) - PS
cP = M2

2)M 2

(3) Afterbody Pressure Drag = CDTP

C n 2n ( + C (R 2 R2
DTP 2Aref (Cpi (pi+) i)

i=x
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Appendix B: Data Comparison Matrix (3 pages)

Boattail
16T TPN TGF TPN Angle Mach NPR

Number

6302 63 10 0.6 i.0
68
79

8603 63
68
79

7002 63
68
79

6106 65 10 0.6 2.0
78
86

8608 65
78
86

70V5 65
78
86

6109 66 10 0.6 3.0
71
85

8609 66
71
85

7008 66
71
85

6113 67 10 0.6 4.0
74
84

6204 150 10 0.8 1.0
157
170

8702 150
157
170

7102 150
157
170



Boattail
16T TPN TGF TPN Angle Mach NPR

Number

7104 153 10 0.8 2.0
167
372

6211 155 10 0.8 3.0
161
173

8712 155
161
173

7107 155
161
173

6213 168 10 0.8 4.0
174
214

5601 189 15 0.6 1.0
202
214

4103 189
202
214

1901 189
202
214

1903 184 15 0.6 2.0
204
213

4107 184
204
213

5604 184
204
213

1913 185 15 0.6 3.0
205
212

5605 185
205
212

24



Boattail
16T TPN TGF TPN Angle Mach NPR

Number

2004 215 15 0.8 1.0
221
230
246

4202 215
221
230
246

4204 217 15 0.8 2.0
223
232
242

2014 217
223
232
242

2019 218 15 0.8 3.0
224
237
243

4206 218
224
237
243

2010 225 15 0.8 4.0
234
244
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