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Analysis of Flow� elds over Four-Engine DC-X Rockets
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The objective of this study is to validate a computational methodology for the aerodynamic performance of an
advanced conical launch vehicle con� guration. The computational methodology is based on a three-dimensional,
viscous � ow, pressure-based computational � uid dynamics formulation. Both wind-tunnel and ascent � ight-test
data are used for validation. Emphasis is placed on multiple-engine power-on effects. Computational character-
ization of the base drag in the critical subsonic regime is the focus of the validation effort; until recently, almost
no multiple-engine data existed for a conical launch vehicle con� guration. Parametric studies using high-order
difference schemes are performed for the cold-� ow tests, whereas grid studies are conducted for the � ight tests.
The computed vehicle axial force coef� cients, forebody, aftbody, and base surface pressures compare favorably
with those of tests. The results demonstrate that with adequate grid density and proper distribution, a high-order
difference scheme, � nite rate afterburning kinetics to model the plume chemistry, and a suitable turbulence model
to describe separated � ows, plume/air mixing, and boundary layers, computational � uid dynamics is a tool that
can be used to predict the low-speed aerodynamic performance for rocket design and operations.

Nomenclature
A = area, m2

Cau = axial force coef� cient, .p¡ pi /n dA=.Q1 Ab/
M = Mach number
n = directional normal
P = pressure, Pa
Q = 0.5 ½u2 , Pa
u = mean velocity in x direction, m/s
½ = density, kg/m3

Subscripts

b = base
c = chamber property
e = nozzle exit
i = aeroshell inside property
0 = reference
1 = freestream or test cell

Introduction

T HE goal of the X-33 program, managed by NASA Marshall
Space Flight Center (MSFC), is to demonstrate the technol-

ogy needed to build a low-cost, fully reusable single-stage-to-orbit
rocket that will deliver cargo or personnel to orbit and return. Three
concepts are being studied by NASA and its industrial partners: the
Rockwell winged body, the McDonnell Douglas/Boeing vertical
takeoff and landing, and the Lockheed Martin lifting body con� g-
uration. One team will be selected to develop its concept into an
experimental � ying rocket by 1999.

In this work, computational � uid dynamics (CFD) validation
of the subsonic aerodynamic performance of McDonnell Dou-
glas/Boeing team’s design, the Delta Clipper-Experimental(DC-X)
rocket, is reported. The four-engine (RL10A5) single-stage DC-X
rocket is a � ying technology testbed that demonstrates technology
for NASA’s reusable launch vehicle program. Knowledge gained in
developingand � ight testing the DC-X can be used in development
of the X-33 advanced technology demonstrator and, ultimately, in
a full-scale reusable launch vehicle.
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For launch vehiclesusing clustered engines, it is well known that
the base environment signi� cantly affects the overall drag1;2 and
integrity3 of these vehicles. Hence, it becomes very important to be
able to predict the base drag during the vehicle design phase. Al-
though empirical equations4 and wind-tunnel and historical � ight-
test data are still an integral part of the design process, CFD-based
methodshaveemergedas a newtool.Whenproperlyanchored,these
CFD-based methods can reduce the inherent uncertainties,1;5;6 high
costs,and impracticalityassociatedwith wind-tunnelmeasurements
and � ight tests. The DC-X tests are unique in that the � ight vehi-
cle and the cold-� ow model have satis� ed the basics of the scaling
law,2 includingsimilarities in geometry, freestreamMach numbers,
and nozzle exit-to-ambient pressure ratios .Pe=P1/. The cold-� ow
and � ight tests are, therefore, complementary in terms of the mea-
surements. A systematic validation process of both tests presents a
unique opportunity to further demonstrate the power of CFD as a
design tool to support the X-33 reusable launch vehicle in terms of
aerodynamic performance characterization, vehicle design re� ne-
ment, and optimization.

In an earlier effort, the McDonnell Douglas Navier–Stokes three-
dimensional (MDNS3D) CFD code7 was calibrated for a plug-
nozzle DC-X con� guration through comparisons with cold-� ow
data. Also, a separate effort benchmarked the � nite difference
Navier–Stokes (FDNS) CFD methodology8;9 with a cold-� ow four-
engine clustered nozzle base-� ow experiment without the in� uence
of the external � ow over a vehicle body. In the current study, the
FDNS CFD formulation is further benchmarked with the wind-
tunnel data for an exact replica of the four-nozzle DC-X rocket.
Here, the base-� ow physics is complicatedby the external � ow past
the forebody and aftbody. The DC-X ascent � ight-test data, where
the full-vehicle combined base environment with the hot engine
exhaust and afterburningof the excess hydrogen with entrained air,
are used to complete the validationprocess.Previous benchmarks8;9

have covered a range of Pe=P1 from 5 to 510 and equivalent alti-
tudes from 7000 to 37,500 m, whereas the current effort completes
the critical lower spectrum of Pe=P1 from 1.2 to 1.7, equivalent
altitudes from 1500 to 3000 m, and Mach number from 0.1 to 0.3
during ascent at zero angle of attack. Computationswere performed
to evaluate the forebody, aftbody, and base pressures and the total
drag. The effect of afterburningplumes on the base-� ow physics is
studied, and the scaling practice using cold-� ow tests to infer � ight
vehicle conditions is discussed.

Multiple-Engine Base-Flow Physics
Several excellent reviews on this subject, from which much of

the following discussion is abstracted, can be found in the litera-
ture.4;9¡11 During vehicle ascent, the blunt rear geometry causes the
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and experimentally con� rmed that base pressure may be altered by
the support for three-dimensional,sting-mounted models.1;6;11 The
rear support usually obstructs the model centerline base � ow� eld
when the nozzles are closely allocated or the plumes are highly
underexpanded (although such an arrangement is generally satis-
factory for acquiring forebody drag data). The windshield (the end
of the constant-diameter portion of the rear sting, also known as
chuck or � are) and the sting support may increase the base pressure
due to the effects of the compressioncorner and nose compression,
respectively,when the freestream speed is supersonic or transonic.
The front support usually decreases the base pressure due to its
wake formation.Although magnetic suspensionis not an option for
a full-vehicle model with engine-on plume effects, the support in-
terference can be minimized with careful general base design and
operating condition selection. The cold-� ow test data selected in
this study fall into such a category. Although a rear sting was used,
the base layout, relative exit diameter of the nozzle to the base di-
mension, and engine and tunnel operating conditions are such that

Fig. 4 Pressure transducer locations for subscale cold-� ow test.

Fig. 5 Comparison of base pressure coef� cients on two symmetry planes for c149b: , BP29, 37, 49, 61; D , BP32, 41, 53, 65; +, BP23, 45, 57, 69; } ,
BP26; r , BP35, 47, 59; £ , BP39, 51, 63; and *, BP43, 55, 67.

the aspiration base-� ow physics prevails and a central reverse jet
was not formed. In addition, the compressioneffects due to the � are
and the support are negligible because subsonic freestream � ow is
considered. Hence, it is determined and later proved that the wind-
tunnel data selected were of benchmark quality. The � ight-test data
are free of any support interference effects.

Results and Discussion
The computations were performed on a NASA MSFC Cray Y-

MP. The computational time for a typical cold-� ow calculationwas
estimatedas 1:0 £ 10¡4 CPU s/grid/step.Approximateconvergence
is reachedby trackingnot only the � ow residuals (when the residual
of the vectors was below 1:0 £ 10¡4 and those of the scalars were
under 1:0 £ 10¡6), but also the reduced axial force coef� cient time
history. Figure 4 shows the base pressure transducer locations dur-
ing the cold-� ow testing. For clarity, the base pressures measured
on the two symmetry planes were compared. The pressure taps on
the forebody and aftbody were spread both axially and azimuthally.
The measured pressure does not vary signi� cantly in the azimuthal
direction. In the � ight tests, only axial drag was estimated from the
accelerometer measurement and from the estimations on varying
weight and thrust. As such, the reduced data showed scatter with
time, in addition to instrumental noise. The average was used, and
the uncertainty estimated. Frozen and � nite rate chemistry meth-
ods were used in the � ight-test benchmarks. In � nite rate chem-
istry calculations, the PARASOL method24 was used to solve the
coupled chemistry system. A seven-species,nine-reaction subset25

was used to depict the � nite rate hydrogen-oxygen afterburning
kinetics. The computational time for a typical frozen chemistry cal-
culation was estimated as 1:9 £ 10¡4 CPU s/grid/step. The extra
0:9 £ 10¡4 CPU s/grid/step came from the overhead for solving
the seven-species transport equations. The computational time for
a � nite rate chemistry calculation is 6:3 £ 10¡4 s/grid/step. In all
of the cases studied, those using the frozen chemistry method un-
derpredicted the base pressure because the afterburning was not
modeled.

Cold-Flow Test Cases
During the cold-� ow tests, some � ow unsteadinesswas observed

in thebase region,as expectedfor � owovergeneralbackward-facing
step formations. Observed forebody and aftbody � ows were steady.
The � ow unsteadiness in the base area decreases as the freestream
Mach number increases. Figure 5 shows the comparison of base
pressure coef� cients on two symmetry planes. Case c149b repre-
sents cold-� ow test number149 and the last letter, b, indicatesgrid B
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was used in theCFD solution,whereasBP29 standsforbasepressure
tap number 29. The spread of the groups of data taken at 90-deg in-
tervals indicates� ow unsteadiness;otherwise the data spreadshould
be minimal. This case was operatedat M1 D 0:3 and Pc=P1 D 30.
There are neither data nor predictions in the central region in which
a 3-in.-diam hole was carved to house the sting. The corner expan-
sion can be seen near the outer edge of the base. The predictions
also picked up the � ow unsteadiness with a maximum amplitude
of the base pressure coef� cient not exceeding §0:015, which is
not shown for clarity (the uncertainty band for the data is about
§0:2). In general, the computedbase pressurecoef� cients for all of
the differencing schemes lay within the data band, except for those
of the � rst-order upwind scheme. Note that Q1 is a very small
number in the low-speed, near atmospheric environment; the dis-
crepancy is, therefore, small in the absolutepressure sense, even for
the � rst-order difference scheme. Among the schemes tested, the
second-orderCD scheme seems to give the best comparison.

Also shown in the upper graph of Fig. 5, the pressure coef� -
cient pro� le on the nozzle exit plane is the result of a separate
two-dimensional FDNS calculation. The peaks indicate the exiting
re� ected nozzle shock. The nonuniformity of the nozzle exit pres-
sure pro� le clearly demonstrates the importance of a separate CFD
nozzle calculation over a uniform � ow property pro� le obtained
from a one-dimensionalcalculation.

Figure 6 shows the comparison of forebody and aftbody pressure
coef� cients.The computedpressurecoef� cients overlap each other,
indicating � ow steadiness, for all of the differencing schemes on
the two symmetry planes. In general, the computed pressure rises
to stagnation pressure at the nose and immediately dips through
an expansion, as expected. A second expansion was predicted at
the transition from the nose section to the second conic section.
On the plume impingement symmetry plane, a third expansion oc-
curs at the transition from the second conic section to the third
conic section, followed by a compression near the transition from
the conic forebody to the super-circle afterbody. That expansion–

compression combination was much less discernible for the nozzle
symmetry plane, possibly because the plume impingement symme-
try plane intersects the rounded corner of the super-circle,whereas
the nozzle symmetry planepasses throughthe � at side.The pressure
then decreases slightly until the end of the aftbody section, where a
signi� cant pressure drop develops due to the corner expansion and
the base-� ow recirculation.Afterward, the pressure recovers to that
of ambient. In general, the computed pressure coef� cients agreed
very well with those of the data, although the third-order schemes
predicted a slightly higher ambient pressure coef� cient near the
computationalexit boundary.

Fig. 6 Comparison of forebody and aftbody pressure coef� cients for c149b: , data.

Figure 7 shows the comparison of computed axial force coef� -
cient historiesagainst reported test data. The integrationarea covers
all of the aeroshell surface except for the four holes that house the
nozzlesandonehole that housesthe sting.In the wind-tunnelmodel,
the aeroshell was hollow, and the inner pressure force against the
inside of aeroshellneeds to be subtracted.The aeroshell inside pres-
sure is at the levelof base pressure,andan averageof threemeasured
pressures located differently was used to reduce the axial drag. Be-
cause the total drag is the sum of the forebody, aftbody, and base
drags, any base � ow unsteadinesswould show up in the axial drag.
The single measurement .Cau D 0:5134/ appears to be nonoscilla-
tory because it was not taken against time. Typical computed Cau

history shows steady, short wave oscillations as it approaches a
quasisteady state. The � rst-order UW scheme is most diffusive as
evidenced by the overprediction of the � nal Cau and the smallest
amplitude in oscillations;whereas less diffusive, second-orderUW
and TVD schemes both overpredicted the Cau slightly. The third-
order UW scheme underpredicted the test data. The second-order
CD scheme required only 300 iterations to converge around the
right value and appears to be the best among the six schemes tested.
Third-order TVD predicted the correct level of Cau but required
more iterations to reach its quasisteady state.

The freestream � ow reattached the sting at about a quarter-body
length after the base. Because of low Pe=P1, aspiration physics
dominate in the base region. In fact, even with the existence of the
sting, the plume-to-sting impingement did not cause a reversal of
the plume boundary � ow. The � ow reversal behind the base was
caused entirelyby the interactionbetween the external � ow and the
base, although the base environment is in� uenced by the presence
of the plumes.

The computed axial drags were averaged for the last 500 itera-
tions and compared against data in Table 1. It can be seen that the
percentage error for the CD scheme for c149b is less than 0.1%.

Table 1 Comparison of Cau for the cold-� ow tests

Case M1 Scheme Test FDNS jerr%j

c141b 0.1 First UW 1.1170 1.2520 12.1
Second CD 1.1667 4.4

Second TVD 1.0649 4.6
c149b 0.3 First UW 0.5134 0.6258 21.9

Second UW 0.5391 5.0
Second CD 0.5140 0.1

Second TVD 0.5448 6.1
Third UW 0.4647 9.5
Third TVD 0.5168 0.7
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Fig. 7 Comparison of computed Cau histories against data for cold-� ow test c149b.

Fig. 8 Comparison of Cau histories for � ight test case ft8p2: - - - -, ft8p2 data; – - –, grid F, CD, reaction; – – – , grid G, � rst-order UW, frozen; and
———, grid H, CD, reaction.

In case c141b, the percentage error for the CD scheme is 4.4%,
possibly due to higher � ow unsteadiness at lower freestream Mach
number, and, hence, larger error band for the data. The paramet-
ric study also showed that overprediction of axial drag correlates
closely with underprediction of base pressures, and vice versa. In
summary, the CD scheme seems to yield the best comparison and
is chosen for the subsequent � ight-test benchmarks. Several cold-
� ow test benchmarksat high subsonicand transonic freestream� ow
speeds were performedbut not reportedbecauseof concernover the
sting interference effects. Although in one engine-off .M1 D 0:8/
case the error percentage of the computed Cau was less than 4.0%,
there was still evidence that compression from the sting chuck had
in� uenced the measured base pressures.

Flight-Test Cases
Three � ight-test data points, ft6p1, ft6p2, and ft8p2, were com-

puted. In general, when other parameters were equal, results using
frozenchemistryalways overpredictedthe axial drag,whereas those
using � nite rate chemistry always had better comparisons,revealing

the � nite rate characteristicof afterburning.Nevertheless, a frozen
chemistry solution can be used to establish an upper bound for the
axial force and can also be used as an initial solution for the sub-
sequent � nite rate chemistry calculations for its faster convergence.
Again, the underpredictionof base pressure is associatedwith over-
predictionof axialdrag.Figure 8 shows thecomparisonof computed
axial force coef� cients with that of � ight test number 8 data point
number 2 (ft8p2) operated at M1 D 0:23. The drag was overpre-
dicted with grid F (320,787 points), even with a CD scheme and
� nite rate chemical reactions. The drag prediction was improved
with grid G (408,288 points) in which 21 more points were added
in the axial direction of the plume afterburning region, even with
a � rst-order UW scheme and with frozen chemistry, both of which
tend to increasethe predictedCau value.Whileexaminingthe plume
shape through the species concentration and temperature contours
plots, it is determined that the grid domain after the base can be
shortened at least 30% (to 1.4 body lengths) without increasing the
total grid number. Grid H (408,288 points) was thus constructed,
essentially adding grid density to the afterburning mixing layers.
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Fig. 9 Comparison of forebody and aftbody pressure coef� cients for ft8p2: , c144 data; ———, grid H, CD, reaction, PISP; and - - - -, NSP.

Fig. 10 Comparison of base pressure coef� cients on two symmetry planes for ft8p2: symbols identical to those in Fig. 5, c144 data; ———, grid H,
CD, reaction; and - - - -, grid G, � rst-order UW, frozen.

Starting with grid G solution at 4000 iterations, the grid H solution
quickly dropped to the upper band of the test data and eventually
settled within the uncertaintyband of the measurement. Two points
may be made here. 1) Grid density that was suitable for cold-� ow
simulations is not enough for � ight-test validations,due to the com-
bustion effect. 2) Adequategrid density in the afterburningregion is
important in obtaining reasonablebase-� ow predictions.Compared
to cold-� ow case c149b, the predicted Cau history of the � ight-test
case does not show much unsteadiness, although both were oper-
ated in the subsonic freestream� ow region. It is speculated that the
bigger, hotter (1940 K) and faster (3230 m/s) plumes in the � ight
test entrains more air than the thinner, colder (133 K) and slower
(1110 m/s) plumes in the cold-� ow test; hence, base recirculationis
much stabilized in the � ight test, even though the nozzle exit Mach
numbers (2.6 and 2.5, respectively) were very close.

During � ight tests, much less instrumentation is used relative to
that of wind-tunnel tests. Figure 9 shows the computed forebody
and aftbody pressure coef� cients for ft8p2 vs those of a cold-� ow
test c144, but operated at a similar freestream Mach number and

the same chamber-to-ambientpressure ratio. It is interesting to see
that they compared very well, indicating the forebody and aftbody
� ows were not affected by the combusting plumes in this instance,
thus implying the forebody drag of a � ight vehicle can probably
be scaled with that measured from a cold-� ow test, if basic scaling
criteria are met. The same cannot be said for aftbody drag because
most likely it would be affected by the hot-base � ows, for example,
at higher altitudes. On the other hand, Fig. 10 shows a better com-
parison of the base pressures between the cold-� ow test data and
those of � ight-test prediction using grid G, � rst-order UW scheme
and frozen chemistry, whereas the � ight-test prediction using grid
H, reacting � ow, and the CD scheme overpredicted the cold-� ow
test data. However, the grid H solution should match the base pres-
sure better because it matched the axial drag best, indicating the
actual base pressures in the � ight-test case should have been higher,
if measured.The implication is that the base drag of the � ight vehi-
cle is probably not scalable with that of the cold-� ow test without
incurringa certain amount of error. This observationis in agreement
with notions that the reacting � ow physics is not scalable with the
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Table 2 Comparison of Cau for the � ight tests

Case M1 Scheme Test FDNS jerr%j

ft6p1f 0.10 Second CD 1.035 1.0361 0.1
ft6p2g 0.13 Second CD 0.930 0.9125 1.8
ft8p2h 0.23 Second CD 0.490 0.5094 3.9

cold-� ow test5 and afterburning tends to increase base pressures.11

In addition, the characteristics of the nozzle exit pressure pro� le,
shown in the upper portionof Fig. 10, are completely different from
those of cold-� ow tests (Fig. 5). For instance, the locationof the ex-
itingnozzle shockof the � ight-testcase is almost at the wall whereas
that of the cold-� ow test is near the centerline, highlightingthe hot-
� ow effect and the importance of preparing a nonuniform nozzle
exit � ow pro� le for accurate prediction of the base-� ow physics.
Figure 10 also shows the highest base pressures occur at the center
.r=x0 D 0/, which is characteristicallycorrect.

Table 2 shows the comparisonof predicted axial drags with those
of the � ight tests. The correspondingaltitudes for ft6p1, ft6p2, and
ft8p2 are 1400, 1800, and 2800 m, respectively. The grid density
requirement increases as altitude increases, as expected due to
increased plume expansion. It can be seen that solution-adapted
gridding9 may be required for ef� cient aerodynamic performance
predictions in high-speed, high-altitude regimes. Nevertheless, in
the low-speed regime, the comparison between the prediction and
test was excellent with the maximum error not exceeding 4%. In
summary, with adequategrid density distribution,second-orderCD
and � nite rate afterburning chemistry, FDNS can be used to con� -
dently predict low-speed aerodynamic performance for � ight vehi-
cle operations.

Conclusion
A three-dimensional,viscous� ow, pressure-basedCFD formula-

tionhasbeenvalidatedto characterizetheaerodynamicperformance
of a multiple-engine launch vehicle at subsonic speeds for both the
wind-tunnel and � ight tests. The CD scheme is found to be most
suitable for CFD design calculations in the subsonic � ow regime.
The computed vehicle total drag, forebody and aftbody, and base
surface pressure coef� cients compared favorably with those of the
available data, indicating current CFD methodology can be used
to predict the low-speed aerodynamic performance of a reusable
rocket. The scaling practice using cold-� ow data inferring � ight
conditions may not be applicable to the base region whenever the
� nite rate chemistry effect is signi� cant.
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