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in the same manner as was used for the turbulent case. The
results are analogous to those obtained in the turbulent case
and are shown in the insert of Fig. 2.

Thus, a calculation of the zero angle-of-attack distribution
together with a detailed surface pressure distribution should
allow for a quick evaluation of the turbulent or laminar heat-
transfer distribution at various circumferential locations
over a blunt cone at various angles of attack. This has been
demonstrated for two sets of data. The extension of this
type of correlation to conditions other than that described
herein has been indicated, but this must be verified experi-
mentally.
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Measurements of Shock Wave Location
in Hypersonic Nitrogen Flow

Mservin E. HiLrarp Jr.,* WiLLiam D. Harvey,}
AND M. LAWRENCE EMORY]
NASA Langley Research Center, Hampton, Va.

HEN a high-energy electron beam interacts with a

flowing gas, two sources of radiation may be used to
visualize the flow structure: the fluorescence from direct
excitation? and afterglow®4; both sources have been used in
flowing nitrogen gas media to study plumes and flow fields
about simple configurations. This Note describes the tech-
nique of electron-beam flow visualization used in the Mach 19
Hypersonic Nitrogen Facility? for quantitative studies of
complex, three-dimensional shock waves about a space-shuttle
configuration.

The electron gun and drift tube assembly® were mounted on
top of the tunnel at the centerline (Fig. 1a), and static and
dynamic calibrations of the beam deflection circuit were made.
Two 35 mm cameras positioned at the side and on top of the
tunnel recorded the flow patterns at a tunnel stagnation pres-
sure and temperature of 2.4 X 10" N/m? and 1.65 X 10% °K.
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Fig. 1 Experimental setup and typical sequences of two-
dimensional cross sections through the shock structure.

Two methods were used to visualize the flow. First, the
beam was swept in a plane perpendicular to the flow, and the
position of this plane in the flow direction was varied in dis-
crete steps; photographs, looking upstream at the model, were
taken at each position of the beam plane (Fig. 1b). In this
method the directly excited fluorescence produced in the plane
of the beam enhanced the shock structure. Second, a colli-
mated beam was stepped across the flow upstream of the
model, and through the side window a photograph was taken
at each step of the beam to show two-dimensional “slices’” of
the flow structure (Fig. 1¢). The beam position calibration
determined the location of each slice with respect to the model
and the afterglow enhanced the flowfield.

In the initial quantitative tests, the flowfield about a sharp
flat plate (0.13 m wide and 0.20 m long) at zero angle of at-
tack was studied. The second method was used to map the
flow structure about the flat plate, and for the data in this
note, the beam was positioned to illuminate a slice through the
shock layer along the center of the plate. Parameters calcu-
lated from measurements of the photographs included shock
wave location (outer edge) y,, boundary-layer thickness ys,
and density ratio across the shock pmex/p,. (The effect on the
data of varying film exposure was not investigated.) Figure
2a shows the shock wave location determined from the flow
visualization photographs and, for comparison, two empirical
calculations™® and measurements of the shock location based

. on pitot pressure (P,,) data and schlieren photographs. (De-

tails on construction and dimensions of pressure and tempera-
ture probes are available in Ref. 9.) The shock position from
the pitot probe measurements was chosen as the location of
the maximum in pressure (see insert, Fig. 2a). The flow
visualization photographs also showed a bright region ex-
tending from the shock location to approximately one-half the
distance from the shock to the plate; the edge of this bright
region was interpreted as the edge of the boundary layer and
the bright area as the higher density inviscid region. This
presumed boundary-layer edge is compared with that ob-
tained from the pitot pressure and total temperature (T')
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Fig. 2 Flowfield parameters for a sharp flat plate; a)
shock shape and boundary-layer thickness, b) maximuam
density ratios across shock.

measurements and two empirical caleulations.’®'' Bound-
ary-layer thicknesses from the probe measurements were
chosen as the distance from the surface of the plate where a
knee occurred in the profile data (see insert, Fig. 2a).
Insufficient contrast occurred on the schlieren photograph to
locate the boundary-layer edge. Figure 2 shows good agree-
ment between the electron-beam measurements and the
schlieren measurement for shock wave location, while the
boundary-layer thickness follows the prediction according to
Feldhuhn.*
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Fig. 3 Representative shock standoff and maximum
density ratio across shock for space-shuttle configuration;
a) planform and cross section, b) maximum density ratio

at 369, chord.
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Shown in Fig. 2b is a comparison between the present re-
sults and other experimental and theoretical results'?~!4 for
the density ratio across the shock as a function of the viscous
interaction parameter, V..!2 The electron beam density
ratios were determined by measuring the shock angle from the
photographs and calculating the density ratio from oblique
shock relations. The results compare well with the density
ratios calculated from the probe measurements both in mag-
nitude and trend for V., less than 0.12 and also agree with
previous experimental'? and theoretical®® (wall slip) results for
V. less than 0.12.

The previously discussed agreement with other methods for
obtaining values of y,, ¥s, and pmex/p. on two-dimensional
shapes justified the quantitative study of more complex flow
patterns, therefore a mockup of a space-shuttle configuration
was tested (the model appears in Fig. 1). In these tests, the
second method was used to produce a set of photographs simi-
lar to those in Fig. 1e. A plot of the coordinates of the shock
from each photograph was made, and since the position of each
slice was known, this sequence of plots formed a quantitative,
three-dimensional map of the shock location about this space-
shuttle model.

From this three-dimensional map, Fig. 3a shows a planform
of the shock located along a mid-section of the model and two
cross sections through the shock envelope located at stations
1and 2. (The angles of attack and yaw were approximately
2° and 1°, respectively, and the free-stream Reynolds number
based on model length was 32.4 X 104 and M, =~ 19.) The
dashed lines indicate a possible extrapolation of the shock
envelope since the data only showed that the shock envelope
must lie within the arrows because in these tests the distance
between each step in the movement of the electron beam was
not sufficiently small to cover this area.

From Fig. 3a, the shock angle about a station located ap-
proximately halfway between stations 1 and 2 was determined
by measuring the shock standoff distance along a line per-
pendicular to the surface of the model for several points around
the mode] at stations 1 and 2. The change in shock position
from station 1 to station 2 determined the shock angle. Trom
this and the freestream Mach number M., the density ratio
across the shock was caleulated. Figure 3b shows this density
ratio for several points around the model for a station located
at approximately 369, chord. (S designates surface dis-
tance around the model and C the model circumference.)

There are numerous modes of operation of the electron-
beam system capable of displaying three-dimensional flow-
fields and shock shapes. The methods described proved use-
ful for obtaining quantitative data on shock wave location,
boundary-layer thickness, and density ratio across a shock in
three dimensions for complex flow structures in the Langley
Hypersonic Nitrogen Facility.
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Simplified Radiation Analysis
Using Modularized Enclosures

Joun J. CuarTrer* anp J. M. ConNoLryt
Martin Marietia Corporation, Denver Division

Nomenclature

A; = area of node ¢

Fi.; = over-all radiant interchange factor from < to j

7 = 4th node of enclosure or subenclosure

J = jth subenclosure

mym’ = MESS node located in subenclosure j and adjacent
subenclosures, respectively

n = nth subenclosure

N = number of nodes in thermal network enclosure or sub-
enclosure

P; = number of primary radiators for node 2

Q: = total heat load for node ¢

ryr’ = MESS node located in subenclosures n and j, re-
spectively

R.,E; = number of MESS node interfaces in subenclosures n
and j, respectively

T = absolute temperature

T.,T: = exact and approximate temperature of ith node

% = primary radiation fraction, radiators of a node left
intact divided by the sum of the node radiators

T = Stefan-Boltzmann constant

Subscripts

ERN = effective radiation steady-state node

h,k,l = enclosure, subenclosure nodes

MESS = multiple enclosure simplification shield

HE Radiation Condenser (RC) computer program'® has
been generalized to include a new technique of enclosure
radiative analysis simplification referred to as the Multiple
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Enclosure Simplification Shield (MESS) technique.? The
generalized RC computer program presented in this Note
makes application of the FRN/MESS technique practical in
the MITAS? thermal analyzer and provides a single tool for
radiation analysis optimization. The program is presently
being used on the NASA Skylab and Viking projects where
computer run times have been reduced as much as 809%.

The ERN technique is used to reduce the number of radia-
tive couplings (radiators) required to thermally model en-
closures. MESS enables a complex enclosure to be modu-
larized into discrete subenclosures by assigning imaginary in-
terface shield nodes. The smaller enclosures can be analyzed
efficiently with existing computers. Additionally, each sub-
enclosure can be analyzed independently of the others which
may result in more efficient use of manpower.

ERN/MESS Technique

The ERN and MESS techniques are independent and may
be discussed separately. Consider an N node radiative en-
closure that forms a section of a complex thermal network.
The temperature of node ¢ is a function of radiation, condue-
tion, convection, and applied heat loads. Also assume that
the contribution to the temperature of node ¢ from the condue-
tion and convection terms are included in the heat load Q..
The steady-state temperature of node 7 is

N N 1/
T, = [( E oA F Tt + Qz) Z O'AiFi—k] 1))
A\&=1 k=1
Application of the ERN technique requires that the radia-
tors of node ¢ be divided into P; primary and N — P; secon-
dary terms. Radiators for node ¢ can then be written:

N Pi N
Z O'AiFi_ka4 = E O'AiFi_ka4 + E O'AiFi—lTl4 (2)
k=1 k=1 1=Pin1
The number of radiators is reduced by replacing the secon-
dary radiator summation with a single term coupled to an
ERN. Thetemperature is calculated by the thermal analyzer
program as a radiator-weighted steady-state temperature

using secondary radiator sums. s
N N N N © 4
TERN = [ E Z O'AiFi_lTi‘; E Z O'AiFi_l] (3)
i=11=Pi1 1=11=Pis1

Application of the MESS technique enables a radiative
enclosure to be divided into an arbitrary number of suben-
closures. MESS node pairs are defined by the analyst at the



