
JUNE 1989 TECHNICAL NOTES 823

= (cf/2) * (pu'2/rw)1/2

x[r(y-l)M2
e(u/ue-l/2) + ( T w / T € - l ) ] / ( f / T f ) * '

(5)

The temperature distributions in Eqs. (4) and (5) are given by
Eqs. (1) and (2), respectively.

Results and Discussion
Sources were located that report experimentally determined

local density fluctuation profiles for adiabatic-walln*12 and
nonadiabatic-wall12'14 turbulent boundary layers. The re-
ported experimental values for cy, Me, Tw/Te, Te, and Rey-
nolds normal stress ( p u ' 2 ) were used in Eqs. (4) and (5). The
temperature profiles were computed from a l/7tn-power law
velocity profile.

A comparison among Eq. (4) and the experimental data11'12

for three supersonic boundary layers is shown in Fig. 1. At a
fixed y/d, the model and data increase for increasing Me. The
data and predicted values show a maximum in the midportion
of the boundary layer. The model is observed to adequately
predict the quantitative behavior in supersonic adiabatic-wall
boundary layers.

A comparison among Eq. (5) and the experimental data12'14

for nonadiabatic boundary layers is shown in Fig. 2. Quan-
titative agreement among data and model predictions is less
favorable than the adiabatic case. The predicted values show a
maximum. This trend is in qualitative agreement with the
data.

The quantity subject to the greatest computational and
measurement uncertainty in the present model is the Reynolds
normal stress. The predicted values shown in Figs. 1 and 2
have the same uncertainty as those used in the model calcula-
tions. All Reynolds normal stress and density fluctuation data
reported herein were obtained from thermal anemometry
measurements. It is noted that thermal anemometry
measurements can result in erroneously low readings if not
properly frequency-compensated.12 Improper compensation
usually results in attenuation of the high-frequency compo-
nent of the signal. Exact compensation is difficult to achieve
since the hot-wire "constants" are functions of the position
within the boundary layer. In hypersonic boundary layers, the
measured velocity fluctuations are strongly dependent upon
the total temperature fluctuations. Total temperature fluctua-
tion measurements can show significant scatter (e.g., see Ref.
13). The aforementioned arguments may explain the large
scatter among the nonadiabatic wall data and predicted values
shown in Fig. 2. Additional measurements of the Reynolds
normal stress and density fluctuations are needed to establish
the data trends in the boundary layer.

Conclusions
A model for predicting the local density fluctuations in

supersonic turbulent boundary layers is proposed. The model
is based upon the differential form of the Crocco-Busemann
temperature solutions and negligible pressure fluctuations.
Model results were compared against adiabatic-wall, super-
sonic turbulent boundary-layer data, and showed good agree-
ment. Model results are unable to adequately predict the
quantitative behavior of nonadiabatic-wall, turbulent bound-
ary-layer data.
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Elimination of Temperature
Stratification in a Low-Speed

Open-Return Wind Tunnel

J. M. Cimbala* and W. J. Parkf
Pennsylvania State University,
University Park, Pennsylvania

Introduction
A IR in an enclosed room may be stratified, with warm

zjLair near the ceiling and cooler air near the floor. In cases
where an open-return wind tunnel is operating in a room,
this stratification can lead to significant measurement errors,
especially when using hot-wire anemometry at low speeds.
Even a relatively small temperature stratification near the inlet
can be amplified several times in the contraction section of the
wind tunnel.

This situation was observed to occur in the low-speed, open-
return tunnel shown schematically in Fig. 1. The test section is
300 x 970 mm in cross section and 2.44 mm long, with a free-
stream velocity range up to 15 m/s. The room housing the fa-
cility is heated by steam radiators. At low tunnel speeds, the
air motion induced by the wind tunnel itself is not sufficient to

Received July 5, 1988; revision received Aug. 8, 1988. Copyright ©
1988 American Institute of Aeronautics and Astronautics, Inc. All
rights reserved.

*Assistant Professor, Department of Mechanical Engineering,
Member AIAA.

fGraduate Assistant, Department of Mechanical Engineering.



824 AIAA JOURNAL VOL. 27, NO. 6

Fig. 1 Wind-tunnel schematic and position in room (inset).
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Fig. 2 Typical temperature gradients in a wind tunnel with and
without flow.
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Fig. 3 Freestream velocity and temperature profiles.

mix the room air adequately. In the winter months, a tempera-
ture difference of several degrees Celsius from floor to ceiling
is not uncommon.

Typical vertical temperature stratifications in the test sec-
tion are illustrated in Fig. 2 for cases with and without flow
through the wind tunnel. The sensor (Omega model 44204)
was composed of two thermistors packaged in a miniature 2-
mm-diam sensing head and had an accuracy of ±0.15°C.
Since the instrument had a time constant of 10 s in still air, the
readings were averaged over periods of 40 s. The vertical tem-
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Fig. 4 Mean velocity profiles (two-dimensional cylinder wake at
x/d=20, /terf = 7000).

perature difference across 200 mm of the test section was
about 0.3°C in still air conditions. With a freestream velocity
of 4.5 m/s, the temperature difference increased by a factor of
almost 4, i.e., to about 1.1 °C. The reason for this increase is
that air is sucked in over the entire inlet > whose vertical height
(1.22 m) is approximately four times that of the test section
(0.3m).

Wiiid-Tunnel Inlet Modification
To eliminate this temperature stratification, a mixing fan

assembly was installed just in front of the wind tunnel (Fig. 1).
It was composed of six 0.5-m-diam electric fans suspended
over the air intake area so as to mix the room air from top to
bottom. The total volume flow rate of the fan assembly is ap-
proximately 8 mVs, which is about six times the tunnel
volumetric flow rate of 4.5 m/s. Figure 3a shows the tempera-
ture variations in the vertical direction for typical cases with
and without the mixing fan. As can be seen, the mixing fan
virtually eliminates the temperature stratification by
thoroughly mixing the air near the inlet.

To demonstrate the effect of the inlet mixing fan, mean
velocity profiles for a uniform stream and a two-dimensional
cylinder wake flow were obtained with a single hot-wire probe.
In Fig. 3b, velocity profiles for the uniform stream at U^ =4.5
m/s are presented for cases with and without the inlet mixing
fan. The hot wire was calibrated just prior to the profile mea-
surement and at the centerline of the test section. Because of
the temperature stratification, a "pseudoshear" profile was
observed for the case without the inlet mixing fan. However,
the case with the mixing fan shows that the flow is actually a
uniform freestream without shear. The overall vertical tem-
perature gradient inside the test section was approximately
5.0°C/m in this case, and this gradient produced about
±4.4% error in velocity.

In Fig. 4, the temperature stratification effect is illustrated
in the wake behind a two-dimensional cylinder, measured with
a single hot-wire probe at Red = 7000 and at x/d=20. The hot-
wire anemometer was calibrated before and after the survey to
minimize the temporal temperature dependency of the hot-
wire calibration. Again, the case without the mixing fan shows
a somewhat sheared profile compared to the case with the mix-
ing fan, as a result of temperature stratification errors intro-
duced into the hot-wire measurements. We refer to it as a
"pseudoshear," since the actual profile has no shear at all.

The inlet mixing fans did not affect the flow quality of the
facility. No measurable increase in turbulence level of the
wind tunnel or swirl effects were detected in the test section
when the inlet mixing fan was added. Note that the settling
chamber of the tunnel has several screens and honeycombs,
designed according to turbulence-management suggestions of
Loehrke and Nagib.1 The turbulence intensity is about
0.1-0.2% at 1^=5 m/s.



JUNE 1989 TECHNICAL NOTES 825

Conclusions
Temperature stratification can be a significant source of er-

ror during hot-wire measurements in low-speed, open-return
wind tunnels operating in an enclosed room. Errors of 4-5%
in mean velocity measurements were observed at low («5
m/s) flow speeds in the tunnel of Fig. 1. The stratification
could be eliminated by thoroughly mixing the air just up-
stream of the wind-tunnel inlet. Since the facility is equipped
with adequate turbulence management (honeycombs and
screens), the mixing was accomplished without reduction of
flow quality.
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ing algorithm, and multiple solutions may be easily obtained
once A is factored.

The focus here is the decomposition of the A matrix using
the matrix partition approach discussed in Ref. 2. The decom-
position is implemented by partitioning the A matrix into
square submatrices. Boundary partitions at the lower and
right edges of A are, in general, not square. The partition-
factoring algorithm2 is restated as Eqs. (3a) and (3b). The di-
agonal partition submatrices £// and Ujj of

1-1
= AIJ — ]C LikUkj

= Atj - "£ LikUkj

(3a)

(3b)

Parallelism in the Solution of Large
Full Linear Systems Using

a Matrix Partition Approach

Robert Morris Hintz*
General Microelectronics Corporation,

San Diego, California

SOLUTION-TIME and data-storage requirements for the
solution of full linear systems have become increasingly

unwieldy with problem growth. Solution time for a 20,000-
order complex system is about 1 day at 250 megaflops (mil-
lions of floating-point operations per second), and the data-
storage requirements exceed 800 million words. Real systems
require about a quarter of the solution time of complex and
half the storage. Solution time is approximately proportional
to the cube of problem size and storage requirements to the
square of problem size. Thus, larger problems become even
more intractable at an alarming rate.

Two parallel solution algorithms are proposed that can
greatly decrease the solution time of full systems by employing
multiple processes in the problem solution. Furthermore, the
algorithms lend themselves to extremely efficient operation on
disk resident problems because of benign demands on data
transfer to and from disk. The basis for the algorithms is LU
decomposition with partial row pivoting.1 It is recommended
that pivoting be used only sparingly because it can dramati-
cally retard the performance of the algorithms. The parallel
algorithms presented here do not include pivoting strategy.

The linear system to be solved is given by

Ax = (1)

where A is a full coefficient matrix, x and b are vectors, and
the solution x is required, given A and b. Using LU decompo-
sition, a nonsingular A matrix may be factored into the
product of a lower and upper triangle matrix, as given in Eq.
(2)1:

A = (2)

where solution jc then can be determined from the two-stage
forward reduction (or forward elimination1) and back substi-
tution.1 The great bulk of the numerical effort is in the factor-
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Equations (3) are triangular, and all other submatrices are
either square or rectangular. The solution of Eqs. (3) consists
of a series of matrix multiplication and subtraction operations
(to form A — LC7 terms), followed the solution of a triangular
system. More specifically, when i =j, the triangular system of
Eq. (3a) is a factoring solution; when / &j, the triangular sys-
tem of Eq. (3a) is a forward reduction, and the triangular sys-
tem of Eq. (3b) is the transpose of a forward reduction.

The maximum partition size of the submatrices of Eqs. (3)
is limited only by the amount of main data memory available
to a computer at execution time. The technique thus lends it-
self to mapping large disk resident problems into an assem-
blage of in-core problems. Systems such as the order 20,000
problem previously discussed can be solved in a few million
words of memory with negligible loss to input/output (I/O)
when using concurrent computation and I/O.

In fact, a principal advantage of this technique is the very
large computational effort generated per I/O request for a
disk resident problem. Algorithm I/O can be structured to
yield a full partition matrix multiply for each partition matrix
read.2 In other words, for complex arithmetic, 8m3 floating-
point operations can be generated per 2m2 words read for a
partition size of m. This translates to 4m floating-point opera-
tions per word of I/O, which gives a tremendous advantage to
an I/O device supplying input to a computer concurrently with
computation. These I/O efficiencies, coupled with the inher-
ent parallelism of the partition algorithms, makes them ex-
tremely attractive.

The parallel factoring algorithm is developed here for both
order n processes and order n2 processes. Throughput of an
order n3 process operated on by order n processes is order n2;
an order n3 process operated on by order n2 processes is order
n. The parallel algorithms are developed with each parallel set
of processes collected in a group denoted as a step. All opera-
tions within a step may be executed in parallel with minor ex-
ceptions as noted.

First, the algorithm is parallelized with order n processes.
The solution steps \-n are given as follows.

Step 1: / = 1 in Eq. (3a), J = 1 in Eq. (3b) (2n - 1 pro-
cesses):

L\\U\\ -Au

then, for the first row and column of partitions,

Step 2: / = 2 in Eq. (3a), j = 2 in Eq. (3b)T (2n - 3 pro-
cesses):

LvVij = A2J -L2iUij, j = 2,3,..., n

Li2U22 = Ai2 - L/it/u, / = 3,4,..., n


