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Table 2 PCM property values3

Materials
Solid-solid

NPG
PG

Solid-liquid
MCH
SSD

Mixtures (molar ratio)
NPG-MCH (7:3)
NPG-MCH(9:1)
NPG-SSD (7:3)
NPG-SSD (9:1)
PG-MCH (7:3)
PG-MCH (9:1)
PG-SSD(7:3)
PG-SSD(9:1)

Transition
temperature, l

K

321
355

390
304

316
315
362
313
358
358
343
360

Transition
enthalpy,2

KJ/Kg

119
139

169
186

87
101
56

108
56
67

260
241

Specific
heat,3

KJ/Kg-K

2.7
2.8

2.3
3.1

1.5
2.1
0.2
1.4
1.0
—
0.7
2.0

aMeasurement uncertainty of 1) ± 1 K; 2) ± 1 KJ/Kg; 3) ± 10%.

Phase-Change Property Determinations
A Perkin-Elmer differential scanning calorimeter DCS-2

was used to measure the transition temperature, enthalpies of
transformation, and heat capacities of the subject phase-
change materials. Thermal analysis samples consisted of care-
fully weighed portions of the finely powdered compounds.
Mixtures were prepared by grinding together gram-size por-
tions of the components and then extracting milligram-size
samples for analysis. Table 2 shows the results of DSC mea-
surements for phase-change characteristics of neopentyl glycol
and pentaglycerine with mixing of additives.

Mixing neopentyl glycol with magnesium chloride hexahy-
drate lowers both enthalpy of transformation and specific
heat; again, incongruent melting behavior of magnesium
chloride hexahydrate deteriorates the solid-state transforma-
tion, even though transformation occurs near the neopentyl
glycol phase-change transition temperature. The mix of
neopentyl glycol with sodium sulfate decahydrate also lowers
both the enthalpy of transformation and the specific heat by
almost the same magnitude as did the mix of magnesium
chloride hexahydrate. For a molar ratio of 7:3, results were
largely unpredictable due to the incongruent melting behavior
of the neopentyl glycol mix with sodium sulfate decahydrate.
Also, the phase transformation was barely discernible with
this mixture and occurred at a higher temperature.

Mixtures of pentaglycerine with magnesium chloride hexa-
hydrate or sodium sulfate decahydrate also did not prove at-
tractive. Similar incongruent melting behavior was observed,
as with the neopentyl glycol; the phase transformation temper-
ature was almost unchanged. Thus, the pentaglycerine mixes'
phase-change occurs higher than the desired battery operation
temperature range.

Sublimation Test Results
Sublimation tests on neopentyl glycol were conducted at

NASA Johnson Space Center in a vacuum chamber. Sublima-
tion of neopentyl glycol is a very serious problem at vacuum
conditions (pressure <10~6 torr). As the temperature of
neopentyl glycol at vacuum conditions increased, the sublima-
tion rate linearly increased from 300 mg/hr/g at 25 °C to 800
mg/hr/g at 55 °C. Several ways of eliminating this sublimation
at vacuum conditions were tried, including enamel based paint
and microencapsulation of the neopentyl glycol, but the
coating was too porous to sustain the sublimation pressure.
Macroencapsulation, using containment of the entire storage
material, seems to be the most feasible approach to controlling
sublimation.

Conclusion
An investigation into using solid-solid phase-change

materials in space-suit battery packs for temperature control
led to the aluminum foam/neopentyl glycol combination as
the premiere candidate. The combination of high thermal con-
ductivity and latent heat appears to be appropriate for main-
taining battery operation at fairly low temperatures over ex-
tended time periods. The problem of neopentyl glycol
sublimation at vacuum conditions appears to be best ap-
proached by sealing the entire storage material.
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Introduction

TRANSPIRATION (or blowing) is often used to protect
the surface of a material exposed to a hot freestream: cool

fluid is injected through the surface, which must be porous.
Suction is used to delay boundary-layer separation in aeronau-
tical applications. Between 1967 and 1975, many experiments
were caried out on the characteristics of transpiration on
boundary layers.1'3 The effect of transpiration on the velocity
field in the boundary layer was found to be significant: when
fluid is injected ("blowing"), the boundary layer becomes
thicker, the skin friction decreases, and turbulent fluctuations
are enhanced. If suction is applied, the effect is the opposite in
each instance. Turbulent boundary layers with transpiration
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were chosen as test cases by the Air Force Office of Scientific
Research/Heat Transfer and Turbulence Mechanics-Stanford
Conference on Complex Turbulent Flows.4 A variety of turbu-
lence models (one- and two-equation, as well as Reynolds
stress models) were used to predict turbulent statistics for
various transpiration rates and pressure gradients. Although
the mean velocity profiles predicted by the models were in
reasonable agreement with the experimental data, streamwise
development of skin-friction coefficients and momentum and
displacement thickness were not predicted accurately, espe-
cially in the presence of suction.

In the present study, we apply the large eddy simulation
(LES) technique to compute the flow in a fully developed
transpired channel. In LES, the dynamics of the large energy-
carrying structures are computed accurately, so that detailed
information on turbulent structures is available for the devel-
opment of more accurate turbulence and wall layer models.
Moin5 reported the skin-friction coefficient obtained from a
large eddy simulation of turbulent channel flow with transpi-
ration, which was found to agree well with the experimental
results for transpired boundary layers. Moin, however, did
not show any statistical quantity other than the skin-friction
coefficient. Although no experimental study of this flow has
been made, the physical phenomena encountered in a tran-
spired channel are sufficiently similar to those in a boundary
layer to allow comparison with the boundary-layer results.
Fully developed transpired channel flow, moreover, provides
an ideal test case for turbulence models, since the flow is
one-dimensional in the mean (function of y only) and only
wall boundary conditions are required. The turbulent trans-
port equations become ordinary differential equations.

Numerical Method
In LES, we decompose the flow variables (velocity «/ and

pressure/?) into a large-scale component (denoted by an over-
bar) and a subgrid component (denoted by a prime). A large
scale quantity is defined by the filtering operation:

(1)

in which S// is the large-scale strain-rate tensor

/(*)= G(x,x')f(x')dx'

where the integral extends over the entire domain D, and G is
the filter function. In the present work, the Gaussian filter is
used in the streamwise and spanwise directions; a sectionally
continuous top-hat filter is applied in the normal direction.6

The filtered Navier-Stokes and continuity equations, which
describe the evolution of the large energy-carrying eddies, can
be obtained by applying the filtering operation to the Navier-
Stokes and continuity equations to yield

/
dt dx,'

dp
ReT

(2)

(3)

in which all quantities are made dimensionless by the channel
half-width 6 and the wall shear velocity «T

av = (r^/p)y\ where
T™ is the average wall stress on the two sides of the channel
and p is the fluid density. The effect of the subgrid scales
appears in the residual stress

which, in the present study, was parameterized by the mixed
model6'7

and VT is an eddy diffusivity given by8

VT = I2

(6)

(7)

in which / is a length scale representative of the small eddies
and is related to the grid size.

No-slip conditions were applied at the walls, and periodic
boundary conditions were imposed at the streamwise and
span wise boundaries. The numerical method used to integrate
Eqs. (3) and (4) is based on the work of Moin et al.9 Fourier
expansions are employed in the streamwise and spanwise di-
rections, and finite differences are used in the normal direc-
tion; aliasing errors are eliminated using the 3/2 rule.

Results and Discussion
In fully developed channel flow with transpiration, fluid is

injected uniformly through the lower wall (y = — 1) and re-
moved at the same rate through the upper one (y = 1). Two
transpiration rates were used in this study: v0 =0.09 and
vo=0.04. The first is a rather high transpiration rate. The
blowing fractions F = v0/Umax in the two cases, and the
transpiration rates normalized by the local shear velocities (the
superscripts b and s denote, respectively, the blowing and
suction sides of the channel) u% and us

r are reported in Tables
1 and 2. The Reynolds number Ree is based on the momentum
thickness 6 and the maximum mean velocity, bf = IF/Cf^T is a
dimensionless blowing parameter, and Cf>NTis the skin-friction
coefficient in the absence of transpiration. The skin-friction
coefficient was calculated according to the definition

cf =
pt/max/2

(8)

The length of the computational domain was Lx = 3^6 in
the streamwise direction x, Lz = ird in the spanwise direction
z; 32 grid points were employed in x and z, and 63 points in
the normal direction y. The mesh was uniform in the stream-
wise and spanwise directions and clustered near the wall in the
normal direction, using exponential stretching.

The mean velocity profiles normalized by the local wall
shear velocity are shown in Fig. 1 (a superscript + indicates

Table 1 Summary of results, strong transpiration

Blowing
LES Experiment3

FxlO3

Ree
V*+

CfCf,NT
bf

0.0516
4.00
1670

0.154
0.340
2.030

0.0517
3.75
3030

0.147
0.343
2.071

Suction
LES Experiment13

-0.034
-4.00

1670
-0.060

2.263
-2.030

-0.035
-4.00

272
-0.059

2.214
-1.912

aAndersen et al.3 bJulien et al.2

Table 2 Summary of results, weak transpiration

TU = UfUj - UiUj - 2vTSij (5)

Blowing

FxlO3

Ree
vo
Cf/Cf,NT
bf

LES
1.88
1195

0.0516
0.602
0.85

Experiment3

2.00
1034

0.0517
0.680
0.90

Suction
LES
-1.88

1195
-0.034

1.352
-0.85

Experiment13

-2.00
427

-0.035
1.480

-0.91
aAndersen et al.3 bJulien et al.2
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Fig. 1 Mean velocity profile in wall coordinates: —— transpiration;
— no transpiration; + Andersen et al.3 (blowing); x Julien et al.2

(suction); a) strong transpiration, b) weak transpiration.
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Fig. 2 Ratio of friction coefficient to friction coefficient without
transpiration: + present calculation; o Moin5; x experiments, An-
dersen et al.3 (blowing), and Julien et al.2 (suction); —— correlation
of experimental results, Andersen et al.3; — correlation of experi-
mental results, Simpson et al.1; • • • • • • extrapolation of Simpson et al.1
correlation.

quantities made dimensionless by the local shear velocities, U?
or us

r, and the kinematic viscosity v). They agree well with the
experimental results. The differences are due, at least in part,
to the different blowing rates and Reynolds numbers between
the simulation and experiments. The fact that better agree-
ment with the experimental results is found for the strong
transpiration case may also be because the transpiration rates
match more closely in that case.

The skin-friction coefficient obtained from the simulation
agrees well with the experimental data1'3 (Fig. 2). The rms
intensities of the fluctuating velocity components u " = uf — Uf
(in which £// is the long-time mean of HI) normalized by ufv
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Fig. 3 Turbulence intensities: —— strong transpiration;
transpiration; —— no transpiration; a) u ", b) v, c) w.
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Fig. 4 Shear stress profile: —- resolved; • • • • • • resolved + SGS; ——
total; a) strong transpiration, b) weak transpiration, c) no transpira-
tion.

(Fig. 3) are significantly reduced on the suction side. In local
coordinates, the maximum stream wise rms intensity occurs at
y + = 12 on the blowing side and y + = 36 on the suction side
for the strong transpiration rate, and at y + = 16 on the blow-
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ing side and y + = 24 on the suction side for weak transpira-
tion. In the absence of transpiration, the maximum stream-
wise turbulence intensity occurs at y + = 16. If the location of
maximum streamwise turbulence intensity is used as a measure
of the wall layer thickness, the effect of transpiration is to
make the wall layer thinner, in local coordinates, in the case of
blowing, and thicker in the case of suction; however, the
physical (unnormalized) thickness increases slightly on the
blowing side and decreases on the suction side. The shear
stress profiles (Fig. 4) show increased stress on the suction side
and decreased stress on the blowing side. Transpiration shifts
the point where { — u " v "} = 0 (where {•) indicates time-averag-
ing) toward the blowing wall, whereas the location where
dC//dy=0 is moved toward the suction wall. These effects
cannot be predicted simultaneously by eddy viscosity models,
which require that ( — u"v"} and.dC//dy be zero at the same
point.

Although blowing was not found to affect the spectra very
much, when suction is applied, turbulence structures with
small streamwise wavelength appeared to be significantly at-
tenuated. As a result, streamwise velocity fluctuations are
more strongly correlated in the presence of suction (Fig. 5a),
and the streak spacing X+ is increased (Fig. 5b). Although the
spanwise resolution of the present simulation (Az + — 62 for
the nontranspired case) results in an excessive mean streak
spacing for all cases examined, the qualitative increase in X+

due to suction may be realistic. When the channel half-width
is used to normalize the separation (Fig. 6), the differences
between the two-point correlations are smaller. Generally, use
of global coordinates (average wall stress, channel half-width)
led to improved collapse of the statistics.

To investigate the effect of transpiration on the inclination
of the wall layer structures, the two-point correlation coeffi-

1200

Fig. 5 Two-point correlation coefficient R\\ in local coordinates at
the location of maximum streamwise turbulence intensity: o, no tran-
spiration; A, strong blowing; + , strong suction; a) streamwise separa-
tion, b) spanwise separation.

cient Rur between Ti2,w(^' + *,z') and u(x' ,y,z') was com-
puted as a function of the streamwise separation (normalized
by the computational box length Lx) for different values of
yw = i — | y (Fig. 7). For the nontranspired channel, the re-
sults are similar to those obtained experimentally by Rajago-
palan and Antonia.10 The maximum correlation coefficient is
approximately 0.6 and is achieved with the velocity measured
downstream of the wall stress. The displacement of the corre-
lation peak indicates that the structures responsible for this
correlation lie at an angle of about 8 deg, with the wall at
y + = 35, a value consistent with the experimental results.10 On

b) 2/6
1.5

Fig. 6 Two-point correlation coefficient R\\ in global coordinates at
the location of maximum streamwise turbulence intensity: o, no tran-
spiration; A, strong blowing; + , strong suction; a) streamwise separa-
tion, b) spanwise separation.
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Fig. 7 Correlation coefficient between TIZ,^ and u at yw - 0.049:
—— no transpiration; — strong transpiration, blowing side;
strong transpiration, suction side.
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Fig. 8 Locus of the peak of the correlation between 712, w and u: ——
no transpiration; — strong transpiration, blowing side; •— strong
transpiration, suction side; —•— weak transpiration, blowing side;
——— weak transpiration, suction side.

the blowing side of the channel, the correlation coefficient RUT
is similar to that in the nontranspired channel, but the dis-
placement of the correlation peak is significantly smaller,
whereas on the suction side, the shift of the correlation peak is
larger than in the nontranspired channel and the correlation
coefficient is higher. The locus of maximum correlation is
illustrated in Fig. 8 for all of the cases examined. The curves
in Fig. 8 represent the shape of the structures responsible for
the correlation between velocity and stress; the effect of tran-
spiration is to increase the inclination of the near-wall struc-
tures with respect to the wall when blowing is applied and to
decrease it when suction is applied.

Conclusions
The flow in a transpired channel has been computed by

large eddy simulation. Mean velocity profiles and skin-friction
coefficients compare well with experimental data. Blowing
decreases the shear stress and enhances turbulent fluctuations,
whereas suction has the opposite effect. Although in this flow
strong nongradient effects are present that make eddy viscos-
ity turbulence models inapplicable, LES successfully predicts
velocity and Reynolds stress profiles that display a shift be-
tween the locations in which the Reynolds stress and the mean
velocity gradient are zero. The wall layer thickness normalized
by the local shear velocity and kinematic viscosity decreases on
the blowing side of the channel and increases on the suction
side. The unnormalized wall layer thickness, however, has
opposite behavior, increasing on the blowing side and decreas-
ing on the suction side. The displacement of the point of
maximum velocity toward the suction wall appeared to be the
principal effect of transpiration.

The two-point correlations indicate that suction decreases
the energy content of the small scales of turbulence and in-
creases the mean streak spacing (in wall units). Blowing has
the opposite effect on the mean streak spacing. The mean

streak spacing in global coordinates is affected by transpira-
tion to a much smaller extent, indicating that the change in X+

may be due mostly to the change in the wall stress. The
resolution of the present calculations was, however, insuffi-
cient to allow conclusive statements to be drawn regarding the
effect of transpiration on the streak spacing. More finely
resolved simulations are required to determine whether tran-
spiration has any effect on the physical streak spacing. The
correlation between velocity and wall stress was also com-
puted. On the blowing side, the wall layer structures lie at a
steeper angle to the wall, whereas on the suction side this angle
is shallower.
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