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Fig. 2 Spatial average temperature of the sensor vs time for several
values of hot-film thickness obtained from the USE simulation (8 =
10,340/s, D/a = 4).
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Fig. 3 Spatial average temperature of the sensor vs time for several
values of substrate thickness obtained from the USE simulation (8 =
10,340/s, e/la = 0.531).

Therefore, thermal storage in the hot-film sensor can be ne-
glected for a thermal transient containing frequencies below
approximately 40 Hz (corresponding to ¢t = 0.025 s).

Figure 3 is a log-log plot of the spatial average temperature
of the sensor vs time for several values of substrate thickness
D/a. The numerical solution includes the heat loss through
the electric leads. The ratio of the total heat lost to the electric
leads to the total introduced heat, Q,/Q, has the following
values: 0.1977 (D/a = 4); 0.2390 (D/a = 8); 0.2748 (D/a =
20); 0.2910 (D/a = 88). The shift of each plot at small times,
before steady state is reached, is caused by the different values
of 0,/0,. If the influence of Q, were not included, Fig. 3
would be similar to the work done by Cole and Beck.? The
D/a = 4 (thin substrate) case reaches steady state first with
the lowest average temperature. The thicker substrate cases
reach steady state at successively later times, each with a
successively higher average temperature. The time to steady
state can be estimated approximately by D?%e,, or by 1+ =

(D/a)?, since the heat transfer to the substrate dominates the
time to reach steady state.

The transient computations were performed on a VAX 8800
computer using up to 35 surface elements in the substrate (14
on the hot-film) and an active interface of length of up to 281
times the hot-film size. Computation time for one run of the
transient calculation was about 180 CPU s.

Conclusions

The constant-current responses of a thick hot-film sensor
in steady airflow were computed by the USE method. Nu-
merical results are in good agreement with the analytical so-
lution for the spatial average temperature of the sensor at
very early time. The heat storage in the metal sensor is im-
portant only at the beginning of the step response correspond-
ing to higher frequency transients. Thus, the thermal storage
in the thick hot-film sensor (¢ = 6 um) may be neglected for
a thermal transient containing frequencies approximately be-
low 40 Hz. The time to steady state is controlled by the value
of D, the effective substrate thickness, and not by the sensor
thickness e, since the overall thermal mass is dominated by
the substrate. Future research will include the analysis of
airflow with an oscillating component.
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Unsteady Heat Transfer from
a Sphere at Low Reynolds
and Strouhal Numbers
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Nomenclature
A, = surface area of particle
D = particle diameter
k = thermal conductivity of the fluid
Nu, = steady Nusselt number at the acoustic Reynolds

number
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Introduction

T HE effect of a sound field in a fluid on the flow, and
more recently on the heat and mass transfer for external
flows, has been studied extensively. Of particular interest to
this study is the effect of acoustics on a large field of particles.
This is motivated by an interest in the effect of an intense
acoustic field on combustion of pulverized coal particles.

Most of the work concerning acoustically driven external
flows has been done in the domain of high Strouhal numbers,
dealing primarily with the effects of acoustic streaming upon
the flow. Recently, Gopinath and Mills! examined the effect
of acoustic streaming upon the heat transfer from spheres at
high Strouhal numbers.

By contrast, relatively little work has been done in the
domain of low Strouhal numbers. Mori et al.? studied un-
steady heat transfer from small isolated, spherical bodies at
low Reynolds numbers. Larsen and Jensen® considered the
evaporation rates of single droplets suspended in an unsteady
flow. Ha* numerically studied heat transfer from a spherical
particle in oscillating flow both with and without steady flow
components.

In this study, we evaluate the flowfield and convective heat
transfer rates for low Strouhal numbers for idealized uniform
temperature spheres in a traveling sound wave using an axi-
symmetric formulation. We shall include the effects of tem-
perature variable parameters for the fluid, as the problem of
interest typically may vary over several hundreds of degrees.
The problem is evaluated at Strouhal numbers of less than 1
for a range of small acoustic Reynolds numbers.

Governing Equations

We limit our analysis to cases where the particle is small
compared with the acoustic wavelength and the particles are
widely spaced. The gas in the Stokes layer near the particle
can therefore be treated as incompressible, and we can con-
sider an isolated, spherical particle at uniform temperature,
instead of modeling the entire particle field. The surrounding
fluid medium has temperature-dependent thermophysical
properties. The nondimensionalized, differential governing
equations for axisymmetric, incompressible flow and energy
conservation are

V-u=20 (1)
du 1
— . —_ —_— 2
a_r-FuVu VP+ReVu 2)
aT 1
el . -~ = 2
Py + u-VT PeV T 3)

The boundary conditions which involve a uniform temper-
ature sphere in a cooler medium with an acoustically induced
velocity field are

(4)

where (7, z,) represent the coordinates of the surface of the
sphere and

u, = U, cos T, u, = U,cos 7

5
T=T, as ©)

r— 0, z-—>®

Implementation

Reynolds numbers considered by this study are too large
for Stokes flow and too small for boundary-layer approxi-
mations to apply. Hence, the problem is treated numerically
using FIDAP (FDI),” a general purpose computer program
designed to model many classes of incompressible fluid flows.
A freestream Prandtl number of 0.8005 and Strouhal numbers
of 0.01 and 0.1 were considered for a range of acoustic Rey-
nolds numbers from 0.5 to 15. Temperature variable param-
eters were implemented using set physical data points with
linear interpolation between data points for all thermophys-
ical parameters.

The numerical domain is an axisymmetric, rectangle, 12
particle diameters long and three and one-half particle di-
ameters high. The finite element mesh has 1439 grid points
and 360 quadratic elements. Steady-state results performed
on this mesh are accurate to within 5% of standard correla-
tions.® A convergence study sized the mesh for overall ge-
ometry vs accuracy, total mesh for computational time vs
accuracy and mesh spacing over the domain. The numerical
domain was verified for the transient case by lengthening the
domain by 50% and alternately doubling the height with ap-
propriate increases in mesh. Cases were rerun for the larger
domains and those results correlated against the optimized
domain results for a maximum error of 0.4%.

A velocity equal to the freestream velocity and temperature
equal to the freestream temperature are imposed at the inlet
section (the left wall). The freestream velocity is constant for
the steady case and varying with “cos 7”7 for the transient
case. A horizontal velocity equal to the freestream velocity
and a uniform temperature equal to the freestream temper-
ature are imposed on the top of the domain. The top of the
domain has also been chosen far enough away, using the
steady-state convergence study, so that a no-penetration con-
dition (no velocity in the r direction) may be applied. The
gradients normal to the wall of all primary variables are set
to zero at the exit section (the right wall) modeling a fully
developed flow. At the axis of rotation (the bottom wall)
symmetry of both flow and temperature is applied. Thus,
gradients of all primary variables are set to zero normal to
the axis. On the surface of the sphere no-slip and no-pene-
tration conditions are applied for velocity and the surface is
specified at a constant temperature.

The solution procedure is to use the steady solution as an
initial condition, then solve forwards using an implicit trap-
ezoidal method until a quasisteady oscillation is observed. At
each time step the transient solution is found using a quasi-
Newton iteration method with Broyden’s update (FDT).*

Resuits
A local surface average Nusselt number Nu(t) is found by
integral averaging of the nondimensional heat flux over the
entire surface of the sphere, and a time-average Nusselt num-
ber Nu, is found by integral averaging of the local surface
average Nusselt number over one period, as follows:

aT
on

1
Nu(t) = e f k—dA
Pt (6)

lfT
Nu, = rah Nu(t) dt

Mori® in an approximate analysis assumes the flow is quasi-
steady at low Strouhal numbers. This corresponds to a case
where Strouhal number approaches zero and at every moment
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the steady state is considered to be instantly reached. The
overall, or time-averaged Nusselt number is found for the
quasisteady case by simply time-averaging the instantaneous
results. The time-average Nusselt number for the two Strouhal
number cases studied along with quasisteady-state results are
shown in Fig. 1. The local surface average Nusselt number is
shown in Figs. 2a and 2b, normalized with respect to a similar,
steady convective transfer rate (Nu, — 2.0).>® Nu(t), varies
smoothly and regularly with time, whereas oscillations of the
local surface average Nusselt number vary with both Reynolds
and Strouhal number. Values of Ny, and the oscillation am-
plitudes of the local surface-average Nusselt number for the
highest Reynolds number cases were compared with Ha® and
found to be within 1-3%.

Discussion
For all cases studied, except for the quasisteady approxi-
mation, there is some phase lag between the flow oscillation
and the temperature response. This thermal response, or ther-
mal displacement, in turn, drives a phase lag in the heat

transfer. The phase lag for § = 0.01 is small, but becomes
more significant for the higher Strouhal number case, as shown
in Figs. 2a and 2b. Thermal displacement translates at flow
reversal to higher thermal gradients and greater heat transfer
across portions of the sphere. Hence, even the lowest spatially
averaged Nusselt number is significantly above the conduction
limit of Nu = 2.0. Alternately, at times of maximum flow,
thermal lag tends to insulate the sphere. The magnitude of
thermal lag varies with both the Reynolds and the Strouhal
number. Because the total thermal lag for the higher Strouhal
number case is greater, the oscillations in local surface-av-
erage Nusselt number decrease at the higher Strouhal num-
ber.

Transient induced flows for many of the cases studied were
quite small. However, the largest transient induced flow, found
near the surface of the sphere at the highest Reynolds and
Strouhal case, was over 30% of U,. As the Reynolds and
Strouhal number increased, transient flows also became more
prominent.

It is necessary to assess how all these effects alter the time-
averaged behavior. At lower Reynolds numbers, there are
times when transience tends to increase the maximum heat
transfer vs a quasisteady approximation. However, for the
higher Reynolds number cases the heat transfer is consistently
less than the quasisteady prediction. We clearly see in Fig. 1
that for the larger Reynolds number cases, heat transfer de-
creases as the Strouhal number increases. Furthermore, from
Figs. 2a and 2b, oscillations in the local surface-average Nus-
selt number grow with Reynolds number. For Reynolds num-
bers on the order of unity, as the Strouhal number increases,
the time and spatially averaged Nusselt number Ny, rises, as
shown clearly in Fig. 1. Thus, as convection becomes less
important, transient phenomenon tend to increase heat trans-
fer.

Conclusions

Using an existing finite element package this study has de-
veloped a model for transient analyses of this geometry. This
model has a computational domain and boundary conditions
shown to be acceptable for the determination of the transient
Nusselt numbers for this study’s range of interest.

This study has shown that a quasisteady approximation for
Strouhal numbers for flow around a sphere, even for Strouhal
numbers as low as 0.01, is incorrect. A quasisteady approx-
imation yields conduction values at the flow reversal with very
sharp decreases and increases in heat transfer. Time-depen-
dent thermal displacement together with unsteady induced
flows are found to significantly change the timewise behavior
as well as the overall heat transfer vs a quasisteady approx-
imation. As the Reynolds number rises transient response
tends to insulate the sphere and the averaged Nusselt numbers
decrease. Heat transfer decreases as the Strouhal number is
increased for most of the range of Reynolds numbers studied.
However, transient effects increase heat transfer in cases where
Re ~ 1.
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Introduction

HE capability to predict contamination of a spacecraft

surface is becoming an important design tool. In this
study, the recontamination of a spacecraft surface, directly
exposed to the ram flux, is examined. The specific problem
to be considered assumes that a surface has been contami-
nated by a rocket plume and that, subsequent to the exposure,
the contaminated surface is placed in the ram flux. Given
a fixed desorption rate, recontamination of the surface by
the return flux contact is calculated. The calculations are
done using a BGK-based method, a direct simulation Monte
Carlo (DSMC-) based method, and a full flow Monte Carlo
(FFMC-) based method. Surface accommodation is included
since an earlier investigation showed that it had a noticeable
effect on the near-wake environment.! Of concern in this
investigation is the level of contamination resulting from one
contamination mechanism as predicted by the three compu-
tational schemes mentioned above.

Several observations by previous investigators®—® are rele-
vant to the surface accommodation used in this study.

1) Molecules with large dipole moments (H,O, CO,, etc.)
have relatively long interaction times (i.e., a few milliseconds)
with a surface, thus allowing for more complete thermal ac-
commodation with a surface. The result is diffuse emission
patterns.

2) The engine molecular exhaust velocities are near 3500
m/s, and thus fall into the energy range where diffuse scat-
tering from a surface is exhibited.®

3) The spacecraft surface can be described as rough, i.e.,
it has irregularities such as seams, penetrations, and tile cracks.
These irregularities cause scattering to be diffuse. Contami-
nation of a surface also causes specular scattering to become
diffuse scattering due to the nonuniformity of surface depos-
its.
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For the conditions just cited, the diffusely scattered mol-
ecules have velocities indicative of the surface temperature,
which implies complete thermal accommodation.

Computational Investigation

The motivation for this study is to be able to predict certain
flow phenomena for NASA missions such as the wake shield
facility (WSF). The capability to predict surface contamina-
tion would be invaluable in assessing performance of the WSF.

The codes used in comparing computational capability are
MOLFLUX,* a BGK-based code, and CARLOS,” which has
the capability of serving as either a DSMC or a FFMC code.
The computational investigation was composed of two parts.
The first part was to compare the two codes, MOLFLUX and
CARLOS (acting as a DSMC), for impacts of the ambient
species with the disk surface. For our purposes, the ram flux
is based on the 400-km species as presented by the 1976 U.S.
Standard Atmosphere.

The second and major part was to calculate the return flux
when a CO, outgas condition interacted with the ambient
flow. There are several input parameters:

1) The disk is taken to be 10 m in diam, which is repre-
sentative of a WSF.

2) The disk has a forward velocity of 7.7 km/s.

3) The altitude for the computation is 400 km.

4) The freestream number density is 2.09 X 10® particles/
cm? with a freestream temperature of 1000 K.

5) In the outgassing part of the calculation, CO, was out-
gassed at a rate of 1.0 x 107! grams/cm*/s uniformly over
the surface, and the disk surface temperature of the spacecraft
was maintained at 373 K.

Computational Results

The BGK-based MOLFLUX code was run to determine
the number of surface impacts for the ambient species at 400
km for both reduced and full surface accommodation con-
ditions. The peak value is uniformly distributed over the disk
surface and is approximately 2.0 x 10" impacts/cm?/s for both
surface conditions. The CARLOS code was also run for the
full surface accommodation condition for the same ambient
species conditions at 400 km. The results show that the surface
collisions are uniformly distributed over the disk and the peak
value is approximately 2.0 x 10™ impacts/cm?s, which is
essentially the same as the BGK results. In comparing the
results of the MOLFLUX runs, it is noted that there is vir-
tually no difference in results for the two surface accommo-
dation conditions. Therefore, the full physics representation
was done only for the full surface accommodation conditions.

Since the main purpose of the investigation is to contrast
the results of the full flow model and the BGK model for the
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Fig. 1 Return flux impacts for outgassing species—BGK model —
reduced surface accommodation.



