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A comprehensive approach to computational fluid dynamics (CFD) validation is presented. Requirements from
computational and experimental perspectives are given. Experimental validation is emphasized because it ulti-
mately determines the accuracy of CFD modeling and its application to complex problems. The concepts of build-
ing block and benchmark experiments are introduced. The types of measurements required of these experiments
and their accuracy determination are explained. Contributions from such experiments toward the development
and validation of CFD are reviewed and examples provided. Future challenges and strategies for validation are
discussed.

Introduction

C OMPUTATIONAL fluid dynamics (CFD) has matured over
the past decade to the point where it is having a major impact

on aerospace engineering and education.1 Flowfields around vehi-
cles can be generated numerically and studied like experiments to
help understand flow features and determine performance trends.
However, the accuracy of the numerical solutions is often uncertain
because the numerical techniques and flow modeling assumptions
are not adequately validated, and so the solutions are not relied on to
provide absolute performance values. As a result, validation, flow
physics understanding, and modeling still pace the development
of CFD.

Experiment has always played a prominent role in the validation
of aerospace design tools and the understanding of fluid dynam-
ics. Although it has been highlighted less frequently, experimental
fluid dynamics (EFD) has already played a key role in the develop-
ment of CFD.2'3 However, the expectations for use of CFD as an
accurate engineering and flow analysis tool places more stringent
requirements on experiments supporting code development and its
validation.

CFD validation in this paper will refer to the establishment of a
correspondence between fluid flows produced numerically by com-
putation and the actual flows produced in nature. To achieve vali-
dation, two aspects must be considered: numerical and physical.4
Considering the numerical aspect is necessary because codes pro-
vide approximate solutions to the governing equations, they use
discrete grids, they employ algorithms that contain numerical dissi-
pation, and they may have lack-of-convergence errors. Considering
the physical aspect is necessary because errors resulting from phys-
ical modeling assumptions need to be determined.

The process of achieving CFD validation, often viewed from dif-
fering and sometimes broader perspectives, continues to be debated
within the CFD Community. Research organizations such as NASA
view it from a more fundamental level stemming from a long history

in CFD research- and pilot-code development, and they often refer to
building block and benchmark experiments as elements of the pro-
cess. On the other hand, industry views it in a broader sense, having
to consider, in addition, the total design process within which the
code is used. They often refer to additional experiments performed
without the specific motivation of validating CFD as elements in
their process.

In this paper the validation process will be viewed primarily from
the more fundamental perspective. The role of experiment in devel-
oping and validating CFD research and pilot codes will be empha-
sized. Examples of experiments that represent the work of the author
and his colleagues at NASA will be given to illustrate progress and
the new evolving role of experiment in the validation process. Some
discussion on future challenges, strategies, and new instrumenta-
tion developments that brighten the future for flow modeling and
validation will be discussed.

CFD Validation
Background

Experiment has historically provided the underpinning of valida-
tion for aerospace engineering tools and designs, except for high-
speed flows where test facilities do not duplicate flight enthalpy
and scale. Theoretical and computational approaches together with
relevant ground test experiments were essential for such situations.
Validation of the theoretical and computational approaches was ac-
complished in steps. First, by performing small-scale experiments
in ground-based facilities to validate the approaches and any re-
lated extrapolation techniques and, later, by data from flight ex-
periments with design hardware or prototypes. Some illustrative
examples follow.

Theories based on closed-form solutions or numerical integra-
tion of limiting forms of the governing equations of fluid motion
were verified through small-scale experiments and applied to guide
the development and design of aerospace vehicles in the 1960s. An
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example is the validation of a theory developed to predict plane-
tary entry heating.5 Numerical solutions to the laminar boundary-
layer equations for the stagnation point region were computed for
air, nitrogen, carbon dioxide, and argon utilizing curvefit models
for the equilibrium thermodynamic and transport properties. The
computed results were compared with shock tube experiments to
establish validation of the numerical technique and the thermody-
namic gas chemistry modeling. Theoretical correlations were then
developed to enable engineering predictions of heating in plane-
tary atmospheres composed of mixtures of these gases. Figure 1
shows typical comparisons of computation and experiment for
argon and carbon dioxide. In the case of carbon dioxide, compu-
tations from Hoshizaki6 were available to provide computation-
to-computation validation for the numerical technique. (For this
and all remaining examples, error bounds on the data and com-
putations are not provided. The reader is referred to the relevant
reference citations from which the material was extracted for this
information.)

Later in the decade conceptual and preliminary design of the
Space Shuttle vehicle was initiated. The vehicle shape presented
formidable challenges to theoretical development and computa-
tion due to its three-dimensional geometry and the lack of large,
powerful computers. Techniques were devised to circumvent these
challenges and simple numerical design tools developed and vali-
dated experimentally. Pressures were predicted by inviscid "equiv-
alent" elliptic cone theory and the heating by solutions to the
three-dimensional boundary-layer equations employing streamline
divergence values obtained from the cone theory. Results were
verified7 with data obtained in a low-enthalpy, high-Mach-number
wind tunnel as shown in Fig. 2. Such concepts found their way
into industry extrapolation to flight procedures as shown pictori-
ally in Fig. 3. Designers included equilibrium gas chemistry in their
procedure for extrapolation of wind tunnel test data to the entry
flight conditions.

Emerging computer technology in 1970 enabled more complex
computations. It became feasible, for example, to solve the inviscid
blunt body and three-dimensional method of characteristics equa-
tions for high temperature, chemically reacting airflows. Coupled
with three-dimensional boundary-layer computations, flight predic-
tions at various speeds and altitudes along the Space Shuttle vehicle
entry trajectory were made.8 The results could only be verified at
the low-enthalpy conditions achieved in wind-tunnel experiments
as shown in Fig. 4a. A shortcoming of the computations occurred
when the flow became subsonic in the region where the bow shock
intersected the wing (y/L = 0.10 and x/L > 0.6). Nevertheless,
these computations provided designers with additional confidence
in the extrapolation procedures mentioned previously. Subsequent
comparisons of Shuttle windward thermal protection system tem-
peratures measured during flight as shown in Fig. 4b validated the
real-gas modeling, including surface catalysis.

The advent of the supercomputer era in the 1970s brought about
other major advances. Emphasis in CFD development switched from
hypersonic to transonic and supersonic speeds. Solutions to the
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Fig. 2 Verification of approximate CFD methods for predicting Space
Shuttle vehicle pressures and heating: a) pressures and b) heating ratio.

Fig. 1 Verification of stagnation point heating rate computations for
planetary atmospheres.

Fig. 3 Sketch illustrating equivalent shapes used in applying approxi-
mate CFD methods for extrapolation of wind tunnel data to flight.

transonic small perturbation equations9 and the laminar form of the
Navier-Stokes equations at supersonic speeds10 were demonstrated.
The latter were followed quickly by solutions for turbulent flows em-
ploying the Reynolds-averaged Navier-Stokes equations.11'12 Ex-
periment was used in the computational demonstrations to confirm
their legitimacy. However, the database lacked sufficient detail to
validate viscous flow code modeling for turbulent flows. At NASA,
modeling validation experiments, specifically to support that devel-
opment, were initiated.2

One cooperative experimental and computational study is worth
mentioning because it illustrates some of the synergistic payoff
that transpired during this period. A circular arc airfoil was tested
at transonic speeds13 in a specially constructed solid wall wind
tunnel. Airfoil pressures, tunnel wall pressures, and flowfield ve-
locity profiles obtained with a laser anemometer system were mea-
sured. Depending on the experimental Mach number, steady flow
or unforced buffet flow developed. The buffet onset condition ev-
idenced hysteresis, and the buffet Mach number domain was dif-
ferent for experiments during which the Mach number was in-
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Fig. 4 Validation of Space Shuttle vehicle heating rates and tempera-
tures predicted by a coupled inviscid-viscid computation procedure: a)
heating rates at wind tunnel conditions and b) surface temperatures at
flight conditions.

EXPERIMENT
(SHADOWGRAPHS)

COMPUTATION
(MACH CONTOURS)

Fig. 5 First demonstration of airfoil buffet computations employing
the Reynolds-averaged Navier-Stokes equations.

creased or decreased. Computations,14'15 using an explicit, time-
accurate Navier-Stokes code and a simple turbulence model, were
undertaken at three Mach numbers where steady-attached, -attached
weak shock, and -shock induced separated flow occurred in those
experiments conducted at fixed Mach numbers. At the interme-
diate Mach number (0.755) the computation was not converging.
The experimentalists pointed out that the flow was unsteady at
this Mach number for experiments during which the Mach num-
ber was decreased once buffet was present and that perhaps the
computation was reproducing the correct physics. The computa-
tions were continued and run for a time equivalent to several chords
of flow travel and periodic buffet flow developed. Figure 5 shows
a comparison of a time sequence of experimental shadowgraphs
compared with Mach contours from the computations. The mag-
nitude and frequency of the computed buffet compared well with

Fig. 6 Mach contours around a generic aerospace plane vehicle; M =
16 and Re/in. = 2 x 106.

experiment, although the frequency was found to be about 20% less
than the experimental value. These studies confirmed for the first
time that time-accurate solution methods used to solve the Reynolds-
averaged Navier-Stokes equations had the potential for predicting
buffet.15

During the 1980s, CFD matured significantly. Applications
became more complex and more design oriented, and industry
was deciding on strategies for implementing it in design cycles
for new aircraft and aerospace concepts. Furthermore, direct and
large eddy numerical simulations of the time-dependent Navier-
Stokes equations16 and complete solutions to the quantum me-
chanical equations17 were demonstrated for simple fluid flows and
chemical systems, providing new possibilities for flow physics un-
derstanding and extraction of new modeling ideas.

CFD developers were being challenged to provide accuracy es-
timates for their application computations. An illustration of the
challenge is aided by Fig. 6. Mach contours around a generic Na-
tional Aerospace Plane configuration generated with a CFD code18

that solved the parabolized form of the Navier-Stokes equations
are shown for a flight condition. The solutions provided designers
with an opportunity to visualize the flowfield and study its impact
on design. In this case, a low-momentum region of the flow devel-
oped near the lower surface centerline, as indicated by the bulges
in the contours, and became severe approaching the inlet region of
a propulsion system. Undesirable performance resulted. However,
the designers could not be assured of the accuracy of solutions.
Therefore, although the computation was useful in sorting out pos-
sible design flaws, it could not be relied on for accurate performance
estimates.

Dilemmas of this nature were commonplace for many CFD ap-
plications, and so NASA initiated a study of a process for CFD
validation. Recommendations for a more comprehensive approach
to accomplish validation were put forward.

NASA Validation Concepts
The substance of the study was summarized by Bradley.4 He in-

troduced definitions for code validation and calibration as follows.
CFD code validation: Detailed surface- and flowfield comparisons
with experimental data to verify the codes ability to accurately model
the critical physics of the flow. Validation can occur only when the
accuracy and limitations of the experimental data are known and
thoroughly understood and only when the accuracy and limitations
of the code's numerical algorithms, grid density effects, and phys-
ical basis are equally known and understood over a range of spec-
ified parameters. CFD code calibration: The comparison of CFD
code results with experimental data for realistic geometries that are
similar to the ones of interest, made to provide a measure of the
code's ability to predict specific parameters that are of importance
to the design objectives without necessarily verifying that all of
the features of the flow are correctly modeled. During the inter-
vening years since these definitions were formulated, it has been
argued that the definition of validation is too restrictive, especially
for the complex applications associated with realistic geometries.
Nevertheless NASA has maintained the definition as a goal of its
validation process.
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Fig. 7 Stages of CFD development and corresponding experiments.

CFD Requirements
The accuracy of a computation depends on two principal con-

siderations: 1) the physical realism of the governing equations and
boundary conditions and 2) the accuracy of the numerical solu-
tion of these equations. Inaccuracies introduced by these must be
evaluated through a systematic CFD validation process.4 Errors as-
sociated with the algorithm, including the order of time and space
discretizations and numerical dissipation, and the level of grid re-
finement, including the rate of grid stretching employed in regions
of steep gradients, may be evaluated in the absence of experiment.
Errors associated with modeling and application to complex con-
figurations require experiments to evaluate them.

EFD Requirements
The stages of code development and the corresponding role of

experiments19 is illustrated in Fig. 7. Experiments are required at
each stage of code development, i.e., research, pilot, and produc-
tion phases. Building block experiments provide the data for flow
physics understanding and modeling guidance required in the re-
search phase. Bradley subdivided these into flow physics and flow
modeling experiments. Today, direct and large eddy numerical solu-
tions of the time-dependent Navier-Stokes equations and the quan-
tum mechanical equations are also considered as building blocks.
Benchmark experiments are utilized during pilot code development,
and they define the parameter space over which codes apply. Bradley
referred to these as calibration and validation experiments. Design
experiments provide the performance data required to validate new
designs and substantiate CFD performance estimates. They also are
the source of many of the additional experiments used in indus-
try's validation process referred to previously. Our attention herein
is focused on the two former categories.

Measurements. Each type of experiment requires specific infor-
mation that will enable a critical assessment of a code's capabilities.
Examples of typical measurements and the test conditions where
they are needed are listed in Fig. 8. The measurements listed are
germane to the development of Reynolds-averaged Navier-Stokes
codes for fully developed turbulent flow.20

Building block experiments require measurements of surface
and flowfield variables, including turbulence data. Although flow
physics experiments and numerical simulations may be carried
out for simple flows at incompressible conditions, ultimately, flow
modeling validation experiments need to be conducted at represen-
tative flight Mach and Reynolds numbers where the codes are actu-
ally applied. Benchmark experiments also require measurements of
surface and flowfield variables. However, flowfield data at critical
locations are needed since the objective is to ensure only that the
code represents the correct physics. To clearly identify the applica-
ble operational envelope of the code, parametric testing over a range
of flight Mach and Reynolds numbers is necessary.

For each category of experiment careful measurements of bound-
ary conditions are required because they may influence the flowfield
around test models or flight vehicles. Moreover, they may be
needed to initiate computations. Freestream or initial conditions,
wall boundary physical location, and precise model lines are exam-
ples of these measurement requirements.

Accuracy. Accuracy assessments for experimental data are es-
sential; otherwise there is no quantitative means for determining
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Fig. 8 Experimental requirements germane to code development for
turbulent flows.
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Fig. 9 Advances in measurement capabilities.

the validated range of a code. Error estimates for test geometry
dimensions, test operating and freestream conditions, model and
flowfield measured variables, and instrumentation should all be
specified. Uncertainty analysis is a well established method for de-
termining experimental data accuracy, and it should be a prereq-
uisite for all validation databases. See, e.g., the method described
inRef. 21.

Reliance on single experiments or measurement procedures dur-
ing the code validation process should be viewed with caution
because of facility and instrumentation limitations. Therefore, re-
dundant measurements and similar experiments performed in more
than one facility are desirable.

Instrumentation. Advances in instrumentation and data acqui-
sition over the last two decades have made the prospects promising
for obtaining the measurements required for the various experi-
ments. Some of the advances showing the trends away from intru-
sive measurement techniques are illustrated in Fig. 9. Measurements
of flowfield velocity, density, temperature, gas concentrations, skin
friction, and surface variables such as pressure and heating have
been demonstrated.

One example of how these advanced techniques are already be-
ing employed in combustor flow studies22 performed to investigate
flow physics and modeling is given in Fig. 10. Mole fraction con-
tours obtained with planar-laser-induced-iodine-fluorescence for
staged injection of a seeded gas from two normal jets into a su-
personic flow downstream of a step are compared with compu-
tations from a solution to the Reynolds-averaged Navier-Stokes
equations. Measurements in various cross planes provide a three-
dimensional map of the mole fractions. The computations com-
pare well with experiment and validation of the code is still being
carried out.
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Fig. 10 Plane of symmetry mole fraction contours for staged injection
measured with PLIIF and computed with the SPARK code; T = 167 K,
M = 2,andMy = 1.35.

Progress
Building block and benchmark experiments initiated by NASA

have already been accomplished, and others are under way. Some
examples provided by the author's colleagues at the Ames Research
Center that highlight contributions toward the development and val-
idation of CFD for turbulent and chemically reacting aerodynamic
flows follow.

Flow Physics
Direct and large eddy numerical simulations of the time-

dependent Navier-Stokes equations have the potential for provid-
ing new understanding of the physics of turbulent flows. Simulations
have been carried out for simple, low-Reynolds-number flows using
periodic boundary conditions. The next step is to provide simula-
tions for more complex flows, but some questions have been raised
regarding the assumptions employed, the procedures for treating
spatially developing flows, and the extrapolation of the results to
realistic Reynolds numbers. Experiments were initiated to provide
answers to these questions.

An underlying assumption of direct numerical simulation of tur-
bulent flows is that small-scale turbulence is isotropic. Measure-
ments that substantiate this assumption have recently been made
in the very high Reynolds number, thick boundary layer develop-
ing on the wall of the 80 x 120 ft wind tunnel at Ames Research
Center.23 The maximum Reynolds number based on the Taylor mi-
croscale was 1.5 x 103, one of the highest values achieved in a
laboratory flow, allowing turbulence spectra to be measured over
five decades of wave number. The Kolmorogorov-scaled spectra
are compared in Fig. 1 la with an updated experimental compilation
first presented by Chapman.24 The ratios of the measured transverse
spectra are shown Fig. lib. In the inertial and dissipation wave
number ranges the ratio is 1.0. Furthermore, the calculated val-
ues of these cross spectra using the streamwise spectra agree with
measured values.

Direct numerical simulations of a more complex nature such as
adverse pressure gradient flows and separated flows are now being
performed. In these simulations, boundary conditions for the spa-
tially developing inflow represent formidable challenges. Further,
low-Reynolds-number effects may limit their use for flow physics
modeling at high Reynolds numbers. Experiments have been ini-
tiated to clarify these issues.25-26 Figures 12a and 12b show some
of the results from a pressure gradient flow study that were used
to substantiate the "fringe method"25 for specifying inflow and out-
flow boundary conditions. The wall pressure distribution and the
turbulent stresses from the numerical simulation compare very well
with the measurements for the same Reynolds number. These and
other comparisons of statistical turbulence quantities confirmed the
appropriateness of the "fringe method."
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Fig. 13 Flow modeling experiment that led to the development of the
Johnson-King turbulence model: a) test model, b) pressure coefficient,
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Flow Modeling
A status of turbulence modeling and related experimental valida-

tion experiments for aerodynamic flows was presented in Ref. 27.
Improvements in modeling have taken place since then due in large
measure through the addition of turbulence quantities to the exper-
imental database.

The Johnson-King turbulence model development28 typifies the
impact experiment has had on turbulence model improvements. Ex-
tensive experimental data and concurrent computations were used
in its development. The experiment29 shown in Fig. 13 provided
much of the data for guidance and validation of their model for tran-
sonic airfoil and wing applications. The test configuration, designed
to avoid undesirable three-dimensional flow, was an axisymmetric
cylinder aligned with the freestream and fitted with a circular arc sec-
tion. Surface pressures and flowfield mean and turbulence quantities
obtained with a laser anemometer system were measured for various
Mach numbers. The turbulence model derived made use of experi-
mental evidence on the development of the turbulent shear stresses
through shock waves of varying strength that developed on the cir-
cular arc section as the freestream Mach number was varied. An
ordinary differential equation that accounts for the development of
the maximum shear stress was derived and used to modify the eddy
viscosity predicted with algebraic turbulence models. The modifi-
cation results in better predictions of pressure recovery, separation
location and its extent, and velocity profile development.

Improvements to the model30 have been made since its original
development. The model has been validated with a number of experi-
ments, successfully implemented in various CFD codes, and is being
used in advanced wing designs for commercial aircraft.31 Pressure
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Fig. 14 Validation of the Johnson-King model for a transport wing
application: a) inboard station pressures and b) outboard station pres-
sures; M = 0.855 and a - 5.7 deg.

coefficients on two sections of the 747-200 wing are compared with
computations using the model in Fig. 14 to illustrate its application
in computing high-aspect-ratio wing flows.

More general, higher order turbulence modeling formulations and
improvements are needed for more complex CFD applications. Ex-
periments for a number of different building block flows wherein
measurements of turbulence quantities were obtained are being used
to guide and validate improvements. Menter32 describes an improve-
ment to a two-equation model formulation that was based on such
experiments, particularly those of Driver.33 The model that improves
predictions of adverse pressure gradient and separating flows does
not require near wall low-Reynolds-number terms, and it is only
weakly dependent on freestream turbulence boundary conditions.
Some results demonstrating the models ability to predict a separated
flow are given in Fig. 15. The computations with the shear stress
transport (SST) model agree with the measurements of the mean
velocity profiles and the maximum eddy viscosity development, a
sensitive discriminator of turbulence model improvement.

Numerical simulation databases are also being used to im-
prove higher order turbulence models. Most of the original model
formulations (an exception was mentioned earlier) are unable to
describe the near wall behavior of turbulence accurately, and the
simulations are providing information that cannot be obtained by ex-
periment. Figure 16 shows an example of how the data from the sim-
ulations have been used to evaluate near wall model formulations.34

Calibration
Code parameters such as turbulence models may need to be ad-

justed to accommodate applications for geometries and conditions
outside the envelope of their original validation. Experiments in-
tended to support this activity can be referred to as calibration
experiments.

An example of how experiment35 was used to calibrate turbu-
lence models for compressible flow conditions not accounted for
in their original formulations is shown in Fig. 17. The test model
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Fig. 16 Near wall turbulence model derived and validated from chan-
nel flow DNS: a) kinetic energy and b) eddy viscosity.

consisted of an ogive-cylinder-flare aligned with the freestream.
Mean surface and flowfield data were obtained at M = 7. Pres-
sures and heating rates are compared with computations36 using
uncorrected models and the same models corrected for compress-
ibility and length scale. Good agreement with the data was obtained
with the corrected models. Subsequently, comparisons were made
for other hypersonic experimental shock interaction data specifi-
cally documented for turbulence model calibration,37 and similar
good agreement was achieved. It was concluded that these correc-
tions, which can be used with any two-equation model formulation,

- - - - - Corrected k-e model
— — Corrected k-(0 model

Fig. 17 Experimental calibration of turbulence model corrections for
hypersonic shock-wave boundary-layer interactions: a) surface pres-
sure and b) surface heat transfer.

extend their useful range of application to the hypersonic regime.
Recently these compressibility model corrections have been sub-
stantiated for three-dimensional interactions38 with calibration ex-
periment data.39

Another experiment, used to assess and calibrate an air chemistry
model, is shown in Fig. 18. Sharp and blunt cone models were fired
down the Ames hypervelocity gun range at speeds in excess of 5
km/s and Reynolds numbers between 105 and 106. High enthalpy re-
acting laminar flow was established over the models. Aerodynamic
coefficient and flow visualization data were measured, and those for
a 5-deg blunt cone fitted with ring shock generators are presented.
The data for drag are insensitive to chemistry modeling since it is
composed mainly of forebody pressure drag. However, the pitch-
ing moment and conical flowfield are sensitive to the air chemistry,
and the data were used to calibrate an air chemistry model in a
code originally validated with data from high-Mach-number, low-
enthalpy experiments. Results40 from a Navier-Stokes code using
a seven species air chemistry model, strongly coupled to the fluid
dynamics equations, are compared with the data in Fig. 18 and good
agreement achieved.

Validation
Subsequent to the NASA study,4 experiments were initiated to-

ward achieving the goal of validation discussed previously. Some
of these experiments have recently been reported.41"44

The transonic low-aspect-ratio wing experiment42 illustrates
some of the features of a well-posed validation experiment when
transonic conditions can lead to comparative uncertainties between
experiment and computation. The experimental layout is shown in
Fig. 19a. The approach is unique in that the model was tested
in a solid wall wind tunnel so that the issues of corrections for
wall ventilation and interference usually associated with transonic
testing are eliminated. The upper and lower tunnel walls were di-
verged slightly to accommodate boundary-layer growth on all four
walls, and CFD solutions can be accomplished by specifying straight
solid wall boundary conditions with slip. Wing surface pressures,
tunnel wall pressures on all four walls, side wall boundary-layer
velocity profiles, and flowfield velocity profile data, including the
freestream inflow values, were measured for Reynolds numbers of 8
and 14 x 106 million and Mach numbers from 0.6 to 0.8. Turbulence
and velocity profiles in the viscous layer over the model surface were
not measured, however. Strict attention was paid to identifying and
quantifying experimental uncertainty. Pressure coefficient data at
various span locations for M = 0.8 and the two Reynolds numbers
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Fig. 18 Experiment performed to calibrate an air chemistry model: a)
drag coefficient, b) pitching moment, c) shadowgraph, and d) computed
pressure contours.

are shown in Fig. 19b. The flow on the upper surface at these condi-
tions shows complex shock structures and Reynolds number effects
that will challenge the capabilities of newly emerging Navier-Stokes
codes and turbulence models.

Hypersonic flow conditions also present formidable challenges to
validation, but progress is being made in this regard. For example,
a generic hypersonic vehicle model was recently tested to provide
benchmark data for verifying forebody codes developed for use in in-
tegrating air-breathing propulsion systems with vehicle airframes.41

Experimental data on flow visualization, surface pressures, surface
convective heat transfer, and pitot pressure flowfield surveys were
obtained for various Reynolds and Mach numbers in a low-enthalpy
facility. A photo of the model and some typical pressure, heating
rate, and pitot pressure profile data are shown in Fig. 20. Concurrent
with the experiment, computations using the Ames UPS code (an
upwind Parabolized Navier-Stokes solver) were initiated and are

TTo o o o o
o o o o o

\ Inflow velocity
measurement station

a)

ou Re = 14x106

• - Re= 8x106

b)

Fig. 19 Transonic wing validation experiment: a) plan view of model
installation and b) pressure coefficients;M = 0.8, a = 5 deg, and Re = 8
and 14 X 106.

shown compared with the data. There is generally good agreement.
These comparisons and others for a variety of different hypersonic
experiments have been used to establish validation of the Ames UPS
code for wind tunnel conditions.

Future Challenges and Strategies
Thus far, CFD code validation has been discussed primarily us-

ing experiments with generic geometries and performed mostly
in small-scale, ground-based facilities. CFD provides a far wider
range of possibilities for simulating flows over more complete
geometries, including complete aircraft at flight conditions, and
multidisciplinary applications. Validation of such capabilities is sig-
nificantly less well developed and presents a formidable challenge.
An approach to performing any such computations for engineer-
ing purposes would be to incorporate validated flow physics mod-
eling and perform adequate grid resolution studies, but even this
approach does not guarantee accuracy because multiple and inter-
acting physical phenomena may be present. Therefore experiments
will ultimately be required.

Obtaining validation measurements such as surface and flowfield
data on aircraft shapes in large wind tunnels is extremely difficult
and costly due to, for example, the lack of dedicated nonintrusive
instrumentation, limited tunnel viewing access in large-scale facil-
ities, the general lack of flight scale and enthalpy simulation, and
wind tunnel wall interference effects at transonic conditions. Alter-
natively, flight experiments designed with validation as an integral
part of their motivation are attractive. Of course, these also are diffi-
cult and costly due to, for example, geometric shape changes caused
by flight loads, uncertainties in freestream conditions and aircraft at-
titude, and the inability to obtain the necessary flowfield and physics
validation measurements.

A plausible strategy would be to perform a few well-conceived
ground-based/flight experiments designed with validation as part
of their purpose. More quantitative results on somewhat simpler
geometries obtained in ground-based facilities could be used to
perform the bulk of application code validation followed by the
ground-based/flight validation on realistic vehicle configurations.
A few such studies have already been initiated.45"48 An example of
computations and flight data for an aircraft at high angle of attack45

are shown in Fig. 21. The agreement of the computations with the
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Fig. 20 Hypersonic "all body" validation experiment: a) model photo-
graph, b) pressures, c) heating rates, and d) pitot profiles.

data is quite remarkable. As the level and quality of data in both
ground-based and flight test experiments improve in the future, the
prospects for developing validated codes across a broad spectrum
seem to be bright.

Another important aspect of validation strategy is the cataloging,
documentation, and assessment of experimental databases. Such
information can be used in workshops to assess code development
and validation, by CFD design groups, who must validate codes
used in the design process, and by planners of future experimental
programs, who should be aware of existing data. Precedents for such
undertakings have already been established.37'49"51

180
Circumferential angle (deg)

b)

.7 .8 .9
Spanwise station (y/b)

1.0

C)

Fig. 21 Comparisons of "oil flow" and surface pressures computed for
an F-18 forebody with flight data, M = 0.2, a. = 30 deg, and ReD =
11.5 x 106: a) oil flow, b) pressures at A, and c) pressures at B.

Concluding Remarks
The process of CFD validation was discussed. Requirements from

both the computational and experimental points of view were pre-
sented. The determination of a code's accuracy related to its algo-
rithm and grid refinement can proceed in most cases in the absence of
experimental data because the sources of error are numerical in na-
ture. Ultimately, however, the accuracy related to a code's chemistry
and physical modeling and its application to complex aerodynamic
flows requires comparison with experiment to support development
and validation.

Building block and benchmark experiments were described that
can provide the necessary measurements needed for validation dur-
ing research and pilot code development stages. Examples were
given to show how these experiments are contributing toward the
development of CFD in regards to flow physics understanding, flow
modeling, calibration, and validation. The requirement for surface
and flowfield data was stressed along with the need for measure-
ment accuracy determination. Progress in the overall validation of
CFD codes was shown to be improving because more well-posed
experiments are becoming available, some improvements in turbu-
lence modeling have been developed, and algorithm efficiency and
computer speed have enabled more appropriate spatial resolution.

Future challenges and strategies were discussed. Full and large
eddy simulations used to guide model development should be per-
formed for more complex aerodynamic flows. Experiments for un-
steady and multidisciplinary CFD applications should proceed now
to provide timely validation data. And the importance and need for a
few well-designed, ground-based and flight validation experiments
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on realistic aircraft geometries were discussed and proposed as the
ultimate test of a code's ability to simulate real aerodynamic flows
at flight conditions. Implementing instrumentation advances into
validation experiments performed in both large-scale wind tunnel
facilities and flight is essential to the success of this strategy.
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