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Computation of Compressible Flows Through
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The Air Force Research Laboratory has an ongoing effort to develop an accurate and ef� cient computational
tool to support the development of advanced chemical oxygen/iodine laser (COIL) devices. In this study, a series of
computational simulations have been performed to provide a better understanding of � uid dynamic phenomena
within geometries associated with COIL � ow� elds. The parallel, implicitunstructured Navier–StokescodeCobalt60

was used to compute laminar, turbulent, and unsteady � ows of helium within the research assessment and device
improvement chemical laser (RADICL) nozzle. Computationalresults showing details of the jet mixing interaction
and topological structure are presented. The laminar and turbulent results obtained with Cobalt60 are in excellent
agreement with measured mass � ow rates and surface pressure data obtained from recent cold-� ow tests performed
with the RADICL device. Insuf� cient experimental measurement prevents the determination of whether or not
transition occurs within the injector region. The laminar time-accurate results indicate small-scale unsteadiness
in the frequency range of 200 kHz downstream of the nozzle throat.

Nomenclature
A = cross-sectionalarea
A, B, C, D = grid labels (D is � nest grid)
a = speed of sound
a, b, c = viscous terms in energy equation [see Eq. (2)]
ct1

x , ct2
x = x-direction convection terms for turbulence

ct1
y , ct2

y = y-direction convection terms for turbulence
ct1

z , ct2
z = z-direction convection terms for turbulence

D = diameter of injector
D = volumetric source term vector
D t1, Dt2 = source terms for turbulence closure equations
dS = differential surface
dV = differential volume
Et = total energy, ½[e 1

2 .u2 v2 w2/]
f , g, h = x , y, and z components of inviscid � uxes
i , j , k = Cartesian unit vectors
k = thermal conductivity, turbulence kinetic energy
M = Mach number
M = molecular weight
n = normal distance from wall
n = molar � ow rate
n = unit normal vector
p = pressure
Q = vector of conserved variables
Re = Reynolds number
r; s; t = x , y, and z components of viscous � uxes
S = surface of control volume
T = temperature
t = time
u, v, w = Cartesian components of velocity
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V = volume
V = velocity vector
vt1

x , vt2
x = x-direction diffusion terms for turbulence

vt1
y , vt2

y = y-direction diffusion terms for turbulence
vt1

z , vt2
z = z-direction diffusion terms for turbulence

x , y, z = Cartesian coordinate directions
° = ratio of speci� c heats
1 = discrete change in variable
µ = implicit–explicit weighting factor
¹ = molecular viscosity
¹t = turbulent viscosity
5 = penetration parameter
¿ , ¿ = viscous stress
Át1, Át2 = scalar turbulence quantities
! = rate of dissipation per unit turbulencekinetic

energy

Subscripts

g = ghost cell
i = interior cell
l = local conditions at point of injection
o = measured subsonic conditions
p = primary � ow
s = secondary (injector) � ow
t = total, turbulent
w = wall
x , y, z = vector or partial derivative components
xx , xy, xz = viscous stress components
yy, yz, zz
1 = � rst point above wall

Superscripts

t = tangential component
t1, t2 = � rst and second turbulence closure equation
¿ = viscous stress

= normalized with respect to wall shear stress

I. Introduction

T HE chemical oxygen/iodine laser (COIL) has been an impor-
tant research topic in the U.S. Air Force (USAF) since the

� rst successfuldemonstration in 1977.1 The COIL is unique among
chemical lasers because it is the only high-power chemical laser to
utilize electronic transition rather than vibrational transition.2 The

836



MILLER ET AL. 837

current USAF airborne laser program has focused on military ap-
plications of COIL technology,3 although commercial applications
are also receiving signi� cant attention.4 6

The supersonic COIL was � rst demonstrated at the USAF
WeaponsLab.7 The complexityof a supersonicCOIL is well known
and contains many challengesto detailed modeling using computa-
tional � uid dynamics (CFD). Within the � ow� eld of the COIL there
is multiphase � ow, molecular diffusion, chemical nonequilibrium,
thermal nonequilibrium, and stimulated emission of photons. To
model the complete COIL lasing interaction, a three-dimensional
formulation of the � uid dynamics, species continuity, and radiation
transport equations is necessary.

There have been many approaches to simulation of COIL de-
vices, not only in the U.S. but other nations as well. Examples
are Israel,8;9 Russia,10 China,11 and European countries.12;13 Re-
searchers in Japan have demonstratedmuch experimental and com-
putational progress14 17 as well. Only a brief overview of work in
the U.S. is given here. Much of the early modeling of COIL devices
was done by Crowell.18;19 A complete end-to-end model, including
the rotating disk oxygen generator and the nozzle/cavity/resonator
system, was presentedby Crowell and Plummer in 1993.20 Buggeln
et al.21 coupled the radiation transport with the three-dimensional
Navier–Stokes equations and modeled the region from the injectors
to the cavity where the power extractionoccurs. Lampson et al.22;23

investigatedlaser beam quality issues with the MINT and OCELOT
codes.Yang et al.24 havedevelopedan ef� cientapproximatemethod
to calculateCOIL performancequantitiesincludingiodinedissocia-
tion, excited-statepumping, quenching,and optical extraction from
a stable resonator.Madden and Solomon25 and Madden et al.26 have
modeled the three-dimensionalchemically reacting � ow� eld of the
COIL undernonlasingconditions,and, more recently,Madden et al.
have done so with theoretical power extraction.27

Although these studies have shown reasonablecomparisonswith
measured gain, power, and dissociation data,8 27 they have pro-
vided incomplete insight into some of the � uid dynamic effects
within COIL � ow� elds. This is due in part to two key reasons.First,
the computational resources required to obtain detailed resolution
of COIL � ow� elds are formidable. Second, the experimental data
used to validate existing CFD models are incomplete for verifying
important � uid dynamic assumptions, such as laminar or turbulent
� ow, and the unsteadinesswithin the COIL.

In this study, the parallel, implicit unstructured � ow solver
Cobalt60

28 is used in an attempt to determine the effects on com-
puted results obtained from laminar or turbulent assumptions. The
effects of Reynolds number for the same jet-penetrationconditions
are also investigated. In addition, dominant unsteady frequencies
are determined by utilizing time-accurate methods of integration.
The current study thus aims to provide a better understandingof the
� uid dynamics within the research assessment and device improve-
ment chemical laser (RADICL) nozzle and assess the impact of
modeling assumptions used in modeling nonreacting � ows within
the RADICL device. To support the current effort, two cold-� ow
experimentswere performed by the Directed Energy Directorate at
Kirtland Air Force Base, New Mexico where helium was used for
the primary and secondary � ows through the RADICL nozzle. The
present numerical results are in excellent agreement with the mea-
sured mass � ow rates and wall pressures when both laminar and
turbulent modeling assumptions are used.

II. Governing Equations
The governing equations consist of the Navier–Stokes equations

and turbulenceclosuremodels that are solved in � nite volume form
and that can be written as follows:
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In these equations, a u¿x x v¿x y w¿x z kTx , b u¿x y

v¿yy w¿yz kTy , and c u¿xz v¿yz w¿zz kTz . The � rst � ve
rows of this matrix equationare the conservationequationsformass;
x , y, and z momentum; and energy, respectively.The last two rows
are � nite volume formulations of turbulence transport equations.
More details on the turbulence modeling can be found in Refs. 29
and 30.

III. Algorithm
The numerical algorithm implemented in Cobalt60 has been de-

scribed in other references.28;31;32 Only a brief description of the
method will be given here. The Cobalt60 code is a parallel, im-
plicit unstructured � ow solver. It is based on a cell-centered � nite
volume method that utilizes the exact Riemann solver of Gottlieb
and Groth.33 Second-orderspatial accuracy is achievedby the least-
squares total variation diminishing (TVD) method of Strang et al.28

Viscous � uxes are formulated to satisfy the discrete maximum
principle,34 guarantee conservation, and yield a linearity preserv-
ing discretization.28

The time integrationmethod is that ofTomaroet al.32 with modi� -
cations by Strang et al.28 Fully implicit time integration is used with
� rst-order or second-order accuracy. Temporal damping is utilized
following Jameson and Turkel35 and Yoon and Kwak.36 Newton
subiterationscan be used for unsteady � ows that require very large
time steps.32 Because of the expensivecomputationof the Jacobians
for theexactRiemannsolver, the inviscid� ux Jacobiansare replaced
with the Jacobiansof vanLeer’s split � uxes (seeRef. 37).Experience
has shown that convergence to steady state is fastest with moder-
ate damping and very large time steps [Courant–Friedrichs–Lewy
(CFL) number 106]. For time-accuratecalculations,the time step
required for acceptable accuracy is usually small enough that tem-
poral damping does not affect the temporal accuracy.28

Grismer et al.31 have reported the development of the parallel
version of Cobalt60. In the parallel approach, the computationaldo-
main is broken up into subdomains where each processor solves
the governing equations on its subdomain. Information is passed
between processors using the message passing interface (MPI) li-
brary routines. To improve the convergence properties of the itera-
tive method, the ordering scheme of Cuthill–McKee (see Ref. 38)
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is used to maximize the number of neighboringcells that have been
updatedprior to the currentcell. In addition,the domaindecomposi-
tion is performed with the METIS system of Karypis and Kumar.39

This approach to domain decomposition has demonstrated rapid
generation of nearly equally balanced subdomains with minimum
interfaces between zones.

IV. Grid Generation
The geometry used for the simulations is shown in Figs. 1 and 2.

The complete RADICL devicehas 230 large injectorsand 460 small
injectors. The width (perpendicular to page in Fig. 1) of the en-
tire nozzle is nominally 25.4 cm with 115 large injectors and 230
small injectorson the upper and lower walls, respectively.The com-
putational domain in this study utilizes the so-called unit cell ap-
proximation based on geometric symmetry of the RADICL nozzle
(see Fig. 2). In this approximation, 1

460
of the entire nozzle � ow is

simulated where the computationaldomain utilizes three symmetry
planes. These symmetry planes include the nozzle centerline, the
centerlinepassing through the large injector, and the symmetry line
bisecting the distance between the small injectors.

In this study, structuredgridswere developedusingGRIDGEN.40

The structured grids in this study utilized a multiblock approach.
Four grids were used to verify grid independence and each grid
consistedof 13blocks.The dimensionsof thegridswithin thenozzle
(not including the exterior injector blocks) are given in Table 1.

A top view of grid D near the injector region is shown in Fig. 3.
The blocks within the injectors had 33 points in the y direction.
Within the large injector, the core block and the large boundary

Table 1 Multiblock grid dimensions

Grid name I J K

A 478 61 49
B 612 61 49
C 612 93 49
D 612 121 49

Fig. 1 RADICL nozzle geometry, side view.

Fig. 2 RADICL nozzle geometry, top and side views of simulated
injector region.

Fig. 3 Grid in injector region.

sectorblock had dimensionsof 25 13, and the two small boundary
sector blocks had dimensions of 13 13. Within the small injector,
the core block had dimensions of 17 17, and the four boundary
sector blocks had dimensions of 9 17. These injector grids were
found to be adequate to resolve the boundary layers within each
injector.

The largest multiblock grid (D) contained approximately
3.8 million cells, 4.3 million points, and 11.8 million faces. To re-
solve the boundary layer near the throat region, the normal spacing
at the wall was 1n 3:3 10 4 cm. In the injectors, the spacing
normal to the injector wall was 1n 6:0 10 4 cm. More details
on the grids used in this study are given in Ref. 41.

V. Boundary Conditions
No-slip boundary conditions are used for the solid walls, and the

wall temperatures are set to 298 K for the nozzle wall and 350 K
for the injector walls. Symmetry boundary conditions are used on
all three symmetry planes, and the pressure is � xed at the out� ow
boundary of the nozzle. For the present formulation, the out� ow
density and three velocity components are obtained via the ghost
(denoted by the subscript g) cell approach where the center of the
ghost cell is locatedoutsideof the computationaldomain. The pres-
sure at the out� ow is � xed to a value that is less than the exit pressure
of the nozzle � ow.41 Isentropic relations are used to determine den-
sity, speed of sound, and Mach number in the out� ow ghost cell
from the speci� ed pressure and computed � ow variables in the in-
terior cell (denoted by the subscript i ). The velocity vector at the
out� ow cell is then given by Vg Mgagn V t

i where n is the unit
normal pointing toward the interior computationaldomain.

For the three subsonic in� ow boundary conditions, Riemann in-
variants are utilized. For these in� ow boundaries the pressure, tem-
perature, and inlet Mach number are speci� ed input values. The
speci� ed conditions and computed values at the interior point are
used to determine values of velocity and speed of sound for the
ghost cell. More details on these boundary conditionsare described
in Ref. 41.

To make meaningfulconclusionsbased on computationalresults,
care must be taken to ensure that the differencesbetween measured
and computed mass � ow rates through the injectors and primary
in� ow boundaries are within reasonable limits. In this study, the
computed mass � ow rates are strong functions of the in� ow stag-
nation conditions.42 These stagnation conditions are adjusted until
the computed mass � ow rates are in agreement with experimental
values. The input values used for the laminar and turbulent compu-
tations are given in Tables 2 and 3, respectively.The difference be-
tween theexperimentaland computedmass � ow rates (usinggrid D)
for each of the simulations is less than 7% for each computation.41

The experimental uncertainty in the measured mass � ow rates are
believed to be less than 5%.

VI. Results
A. 9257cf11: Steady-State Laminar

The initial conditions for the laminar computations were
taken from the measured subsonic conditions with the Mach
number 0:01. The Reynolds number for this case based on mea-
sured subsonic conditions,41 sonic conditions at the throat, and a
throat height of 0.889 cm is 4:1 103. For all of the computations
in this study, the Prandtl number was 0.68, and the ratio of speci� c
heats ° was 5

3 . All steady-state computations were done with the
temporal damping coef� cients set to 0.15 and 0.05 for the invis-
cid and viscous terms, respectively. Second-order spatial accuracy
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Table 2 In� ow values of temperature
and pressure for laminar computations

Parameter 9257cf8 9257cf11

Pressures, torr
Primary 31.67 61.54
Secondary 196.33 327.39

Temperatures, C
Primary 18.9 26.5
Secondary 138.0 130.0

Table 3 In� ow values of temperature
and pressure used for turbulent

computations of the 9257cf11 test

Parameter Spalart–Allmaras k–!

Pressures, torr
Primary 61.54 65.41
Secondary 327.39 178.74

Temperatures, C
Primary 26.5 26.5
Secondary 130.0 115.0

Fig. 4 Speedup results for coarse two-dimensional nozzle grid.

was used and 16-blockGauss–Seidel sweepswere used per Newton
subiteration. A constant CFL condition was used to determine the
local time step where the CFL number for each cell was set to 106 .

The computations were considered converged when the relative
change in the average y value was less than 10 4 over 100 time
steps. In this study, y is de� ned as . ¿w ½w/1n1=¹w where
¿w n ¿ . Computations performed in this study utilized three par-
allel computers, the IBM SP2, IBM SP3, and the SGI Origin 2000.
Typical speed-up results are shown in Fig. 4 for computations per-
formed on a coarse grid (158,000 points) similar to grid A. The
speed-up results were obtainedon a shared resourceenvironment at
Wright–PattersonAeronauticalSystem Center (ASC) using the -O3
optimizationlevel for all compilations.The superlinearbehaviorhas
been attributed to the implementationof the block Gauss–Seidel al-
gorithm and improved cache ef� ciency as the number of processors
is increased.31 The laminar results obtained on grid D were con-
verged in 3800 steps and took 17 h on 160 processors and required
approximately 75 MB of memory (per processor) with single pre-
cision on the IBM SP3.

The computed wall pressures are shown in Fig. 5 along with
the measured wall pressure data. The uncertainty in the measured
wall pressures is 0.5%. The agreement between the computed lam-
inar results and the experimental data is excellent upstream of the
x 10:0 cm station. The small difference in pressures near the
downstreamend of the nozzle are believed to be due to the injection
of purge � ow in the z directiondownstreamof the nozzle throat.The
effect due to the purge � ow is discussed later in this section. Note

Fig. 5 Grid re� nement, wall pressure for 9257cf11 experiment.

Fig. 6 Velocity magnitude contours obtained on grid D.

that the computed temperature of the primary in� ow is approxi-
mately 274 K, which compares well with the measured41 in� ow
temperature of 293 K. The uncertainty in the measured temperature
is less than 1%.

The velocitymagnitudecontoursobtainedusinggrid D are shown
in Fig. 6. Note the presence of three distinct shock patterns (visi-
ble as thin dark regions) in the large injector stream. Based on the
jet trajectory pattern, the current � ow conditions represent a full
penetration con� guration where the large jet streams merge at the
nozzle centerline near the throat region. The maximum height of
penetration for a single transverse jet in a subsonic � ow is given by
the equation43;44:

y=D 2:5.A p=As/5l (3)

For the sake of completeness, the penetration parameter based on
momentum � ux ratio is given by43:

5
ns

n p

Ms Ts pp

MpTp ps

1
2

For the current study, the value of 5l obtained from measured
subsonic conditions and estimated conditions at the point of injec-
tion was 0.16 (Ref. 41) for each of the experimental data sets. The
penetration parameter determined from measured subsonic condi-
tions 5o , was 0.14. Because there are two secondaryjet streams, the
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penetration parameter used in Eq. (3) must be modi� ed to predict
the height of the large injector jet stream. In terms of cross-sectional
areas, the ratio of one large injector area to one small injector is 4.0
(the computed mass � ow rate ratio is actually 4.37). The measured
molar � ow rate for the secondary � ow in Eq. (3) can, therefore,
be multiplied by 2

3 [.4 230/=1380] to approximate the mass � ow
through the large injector. In addition, the pressures and tempera-
tures used to determine the penetrationheight must be conditions at
the point of injection. For the current con� guration of the RADICL
nozzle, the Mach numbersof the secondaryand primary � ows at the
injection point are approximately1.0 and 0.632, respectively.41 The
local conditions can be estimated using isentropic relations and the
measuredsubsonicconditions.When all of the cross-sectionalareas
from the large injectors and primary nozzle geometry are used, the
maximum penetration height is then given by

y=D 40:7255o (4)

This equation predicts the maximum height to be y=D 5:66
for the 9257cf11 experimental data. The height obtained from the
computedresults is 5.5, as seen in Fig. 6, where the jets havemerged
at the nozzle throat. Using the modi� ed jet penetration parameter
thus providesa reasonableestimate for the maximum jet penetration
height in this experiment.

The velocity magnitude contours are shown for several cross-
sectional planes (at constant x ) in Fig. 7. There is a complex inter-
action due to the large and small jet streams mixing into the primary
core � ow. Note that the large jet stream forms a u-shaped pattern on
the second and third cross-sectionalplanes in Fig. 7. Because of the
transverseinjectionof mass � ows from the large and small injectors,
there is a large region of low-speed � ow (or separation) downstream
of the injectors near the nozzle wall. As the high-speed jet streams
travel downstream,viscousdissipationcauses the boundariesof the
jet streams to become less visible as the � ow reaches the region
downstream of the nozzle throat.

The surfacestreamlinesin the injector regionobtainedwith grid D
are shownin Fig. 8. Manyso-calledcriticalpoints45 arevisiblein this
region, indicatinga very complex topologicalstructure in the region
of the injectors. Note that there are two critical points upstream of
the large injector. The � rst is a saddle point of attachment followed
downstream by a nodal point of attachment. On the downstream
side of the large injector there are two nodal lines of separation that
extend from the large injector to terminal foci near the upstream
side of the small injectors.

Velocity pro� les at the throat are shown in Fig. 9. Several points
of in� ection due to the interaction of the jets with the primary � ow

Fig. 7 Velocity magnitude contours for several planes of constant x.

Fig. 8 Surface streamlines on nozzle wall near injectors.

Fig. 9 Grid re� nement, pro� les at throat (x = 1.888 cm, z =
0.053975 cm).

Fig. 10 Mach number contours, in nozzle region.

are visible in thepro� les forgridsC and D. The existenceof these in-
� ection points is often associatedwith unsteady phenomena.46 This
issue will be discussed later in this section. The strongest in� uence
of the injector streams are visible in the velocity pro� les at 0.40 and
0.20 cm above the wall. Mach number contours in Fig. 10 show
the primary shockwave/boundary-layer interaction occurring at an
x stationof 6.1222cm. The velocitypro� les at this streamwise loca-
tion are shown in Fig. 11. Note that streamwise separation does not
occur at this location.Also note that the results obtainedwith grid C
are very similar to the results obtained for grid D in Figs. 10 and 11.

B. 9257cf11: Time Accurate

As mentioned, the existence of several points of in� ection in the
pro� les of velocity (as in Fig. 9) may indicate that an oscillatory
� ow� eld exists within the COIL nozzle. This issue was investigated
by utilizing the time-accuratecapabilityof Cobalt60. For these com-
putations, second-order time accuracy was used with three Newton
subiterationsper time step. In addition, the value of µ was 0.95 and
48 Gauss–Seidel sweeps were used per Newton subiteration with
both damping factors set to zero.28 The time-accuratecomputations
were performed using grid C with a starting solution consisting of
a steady-state solution obtained as in the preceding section.
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Fig. 11 Grid re� nement, pro� les of velocity (x = 6.1222 cm, z =
0.053975 cm).

Fig. 12 Histories of pressure at x = 6.1222, y = 0.50072, and z =
0.053975 cm.

The time histories of pressures near the � rst shock re� ection
are shown in Fig. 12 for time steps of 1t 3:333 10 7 s and
1t 1:666 10 7 s. The maximum CFL numbers were approxi-
mately 2700 (1t 1:666 10 7 s) and 5400 (1t 3:333 10 7 s).
The spectral analysis of the time history data is shown in Fig. 13.
The dominant frequencyfor this data is approximately210 kHz.The
magnitude of velocity in this region is approximately140,000 cm/s.
From linear stability analysis of free shear layers,47 this velocity
and the dominant frequencycorrespondto a length scale of 0.09 cm,
which is about5% of the nozzleheightat this locationandabout90%
of the width of the computationaldomain.Althoughnot shown here,
other sampling data indicate that a dominant frequency of 300 kHz
occurs in the large injector region. The exit Mach number of the
large injector jet stream is approximately 1.3, and the exit velocity
is approximately 100,000 cm/s. A 300-kHz frequency for the large
injector regionthus correspondsto a Strouhalnumberof 0.24,which
is consistent with screech tones found in ducted supersonic jets.48

Note that the presence of three symmetry boundaries used in the
computation may preclude the existence of other modes of oscilla-
tion (or instability) within the � ow� eld. Future study of unsteady
phenomenonwithin the RADICL nozzlewill be left for a time when
the effects of chemically reacting � ow can be taken into account.

C. 9257cf11: Turbulent

Two turbulencemodelswere utilizedfor the9257cf11conditions,
the Spalart–Allmaras29 modeland thek–! modelofWilcox.30 Com-
puted wall pressures obtained using the � nest grid (D) are shown

Fig. 13 Spectral coef� cients of pressure time histories.

Fig. 14 Wall pressure, laminar and turbulent results for 9257cf11
experiment.

in Fig. 14. Note that both laminar and turbulent results give nearly
identical pressure distributions, with some small differences near
the injector region. This observation illustrates that current exper-
imental data are not suf� cient to discern the possible existence of
turbulent � ow within the injector region of the RADICL nozzle.

The results obtainedwith the Spalart–Allmaras turbulencemodel
were found to have a small amount of eddy viscosity near the injec-
tor region.The normalizedviscosityratio (¹t=¹) in this regionhas a
maximum value of approximately12.00. Downstreamof the nozzle
throat, the ratio rapidly goes to zero, indicating relaminarization.
Relaminarizationof compressible turbulent � ows with large favor-
able pressuregradients has been studied by many investigators.49;50

The results obtained with the k–! model indicate a maximum ratio
of less than 4.0 in the injector region. Because of the very small
amount of turbulence, the average y at convergencewas less than
0.15 for both computations. Results obtained on the coarsest grid
(A) also indicate similar trends for the viscosity ratio. The pres-
ence of the small amount of turbulence has signi� cant effects on
the velocity pro� les as shown in Fig. 15. The turbulent result ob-
tained with the Spalart–Allmaras model has fewer in� ection points,
and the height of penetration of the large jet stream is visible at a
lower height above the wall (approximately 0.35 cm). The reduced
height of penetration (compared to the k–! and laminar results) is
due to the loss of momentum in the large injector jet stream via
turbulent mixing in the injector region. The results obtained with
the k–! model are less affected because of the smaller amount of
turbulent viscosity within the injector region. This demonstrates
that the Spalart–Allmaras model will produce results that have
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Fig. 15 U component pro� les, throat region.

Fig. 16 U component pro� les, shock/boundary-layer interaction
region.

greater mixing behavior than the k–! model for this set of � ow
conditions.

Based on the discussion in the preceding two paragraphs, it is
clear that measured wall pressures located far from the injectors are
not suf� cient to determine the possible existence of turbulent � ow
near the injector region. However, velocity pro� le measurements
near the injector regionmay be used to determinethe amount and/or
existence of turbulent � ow within the RADICL nozzle.

The velocity pro� les at the primary shock re� ection in Fig. 16
show some small differences between the three computed solu-
tions. However, the thickness of the boundary-layer for each of
the computed results is essentially the same. Although not shown
here, the boundary-layer thickness, heat transfer, and skin-friction
coef� cients downstream of the throat are nearly identical for all
three computed results. This observation is consistentwith the wall
pressure results shown in Fig. 14.

D. 9257cf8: Laminar

The nearly identical penetration parameters permit the grids for
the 9257cf11 case to be used for the 9257cf8 test case. The results
obtainedwith grid D are grid independentfor the 9257cf8computa-
tions.The Reynolds number for this case is 2:2 103. Wall pressure
results obtainedfrom the laminar computationsare shown in Fig. 17
for both sets of experimental data. There is excellent agreement be-
tween both sets of computational and experimental data upstream
of about the x 9:0 cm location.The computed in� ow temperature
was approximately 267 K, which agrees well with the measured
temperature of 292 K. The computational results and experimental
data both indicate the strong pressure rise due to the re� ected shock
at x 6:122 cm. However, the experimental data indicate increas-

Fig. 17 Wall pressure, laminar results for both experiments.

Fig. 18 U component pro� les, throat region.

ing pressure starting at about x 9:0 cm whereas the computational
results indicate a gradually decreasing pressure until the in� uence
of the � xed outlet pressure starts at x 15:0 cm.

The differencesbetween the computationaland experimental re-
sults between x 9:0 and 15.0 cm are believed to be due to purge
� ow effects. The purge � ow is added to the nozzle � ow at approx-
imately 3–5 cm downstream of the throat. The purge � ow enters
the nozzle region along the z direction (see Figs. 1 and 2), but then
must turn 90 deg to exit the RADICL device along with the nozzle
� ow. The interaction between the purge � ow and nozzle � ow will
produce a free shear layer that reduces the effective cross-sectional
area of the nozzle. The growth rate of the shear layer is dependent
on the differences in velocities between the purge � ow and nozzle
� ow.46 The � ow� eld propertiesof thepurge � ow near the shear layer
region are dif� cult to determinewith the existingexperimentaldata;
however, this issue will be addressed in future research efforts. Be-
cause the core nozzle � ow is supersonic, the reduction in area will
cause an increase in pressure. The reduction in cross-sectionalarea
requiredto match the experimentaldata can be estimatedusing isen-
tropic assumptions.Assuming an initial Mach number of 2.5 for the
9257cf11conditionsand a compressionstartingat 7 cm downstream
of the throat, the requiredreductionin width z is 15%. The estimated
reduction in width for the 9257cf8conditionsis also 15%. This sug-
gests that the computational domain can be adjusted to provide a
mechanismfor isentropiccompressionso that the computationalre-
sults will be in better agreement with the measured wall pressures.
This will be left for future study.

Velocity pro� les at the throat are shown in Fig. 18. It is clear from
these results that the penetrationheight (at about 0.40 cm above the
wall) for the 9257cf11 experiment of the large injector jet stream
is identical to the height for the 9257cf8 experiment. This con� rms
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Fig. 19 Surface streamlines on nozzle wall near injectors.

Fig. 20 U component pro� les, shock/boundary-layer interaction
region.

the similarity of the experiments in terms of the parameter 5. The
in� uence of the small injector jet stream (at 0.20 cm above wall) is
much less for the 9257cf8 experiment than the 9257cf11 test. This
observation demonstrates the effects of a lower Reynolds number
(while the penetration parameter is kept constant) on the jet stream
interaction.

The surface streamline pattern is shown in Fig. 19. Note that sev-
eral of the large-scale structures observed in the 9257cf11 case are
no longer present in the current case. The lack of more complicated
� ow structures is due to the increased viscous dissipationpresent in
the low Reynolds number � ow. In particular, the two critical points
upstream of the large injector and the saddle-foci point pair down-
stream of the large injector are not present in the current surface
streamline pattern. The change in topology occurs through the re-
moval or additionof saddle-nodalpoint pairs as predictedby critical
point theory.51

The velocitypro� les at the primary shock re� ection are shown in
Fig. 20 for both laminar computations. The boundary layer for the
9257cf8 (low Reynolds number) case is approximately 50% larger
than the 9257cf11 (high Reynolds number) case for this x station.
Althoughnot shown here, thedifferencein boundary-layerthickness
is of the same magnitude throughout the nozzle region downstream
of the throat. Changes in the boundary-layer thickness within the
nozzle region may affect predictions of extracted power in fully
coupled COIL simulations because of the presence of nonuniform
density regions near the nozzle wall. This will be a topic of future
research efforts.

VII. Conclusions
In the present study, computational simulations have been per-

formed with Cobalt60 using laminar, turbulent, and time-accurate
solution procedures. A grid re� nement study was performed uti-
lizing four grids. Small changes in velocity pro� les were observed
for the results obtained on the third and fourth grids. Experimental
data from two cold-� ow experiments of helium � ow through the
RADICL nozzle were compared with computed results. Excellent
agreement between measured and computed mass � ow rates were
obtained for both experiments. Small differencesbetween the mea-

sured and computed wall pressures were observed downstream of
the primary shock/boundary-layer interaction. The differences in
wall pressure results are believed to be due to injection of purge
� ow within the RADICL nozzle.

Two turbulence models indicate small amounts of numerical
turbulence near the injector region, whereas relaminarization is
observed downstream of the nozzle throat. The computed time-
accurate results indicate dominant frequencies of 210 kHz for the
experimental conditions considered.Work is currently underway to
modify Cobalt60 to simulate chemically reacting COIL � ow� elds,
and this work will be reported in the near future.
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