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Determination of Axial Gradient
Effects in Freejet Flows
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Nomeneclature

Cpuose = value of drag coefficient based on parameters at
model nose

do = nominal diameter of source orifice

D = model base diameter

Knr‘i<rn) = )\ri,/rn

L = model length

Mis = isentropic axial Mach number

Rey. 1 = pulUowL /pe, where u, is viscosity coefficient based on
T'MJ

Tn,TB = radius of model nose, radius of model base

Tw = model wall temperature

Usw = freestream (axial) velocity

{v:) = 2(2RT,/=)'"?, mean thermal speed of reflected mole-
cules

A = hard sphere mean-free-path of incident molecules

prip = freestream value of incident stream density at first
interaction point of reflected with incident mole-
cule

Prose = freestream value of incident stream density at model
nose

pw = freestream incident density

Ap = axial variation in freestream density across model
length

¥ = r,/rg, model bluntness ratio

Introduction

N this Note an empirical technique for assessing the in-
fluence of axial flow gradients in free jets on the measure-
ments of drag coefficients of slender, blunted cones at zero
angle-of-attack is discussed. Specific results obtained for
low-density flows are used to predict the values of the drag
coefficient for the case of a uniform flow characterized by the
flow parameters at the nose of the cones.

Experimental Method

A schematic of the experimental apparatus is shown in Fig.
1. The freejet flow is produced by allowing gas to emerge
from the stagnation chamber through a thin-plate orifice into a
vacuum. The conical model is supported in midstream by an
electromagnetic balance. A careful calibration procedure
makes it possible to relate the magnitude of the current
through the supporting coils to the magnitude of the aerody-
namic force with high aceuracy and precision.? The axial
jet-core flow properties are a function of the axial position
scaled with respect to the (effective) source orifice diameter.?
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Fig. 1 Schematic of experiment.

To study the influence of flow gradients on the aerodynamic
characteristics of cones, the magnitude of these gradients was
varied by varying the size of the source orifice. By adjusting
the axial position of the models in the freejet, the Mach num-
ber at the nose of the cones could be made the same in every
case. A total of four source orifices and four models were
used in this investigation (see Table 1). By varying the
source pressure a range of the correlating flow parameter,
Re.,, 1, between 2.5 and 100 was obtained.

Results and Discussion

Results of the tests for one model are plotted in Fig. 2 (three
lower traces of solid symbols) as a family of curves of Cp vs
Re,,; for different magnitudes of the axial gradients of the
freejet flow. An indication of the magnitude of the variation
of the flow parameters over the length of the cones (Ap/pnose)
can be found in Table 1. From these and similar results ob-
tained with other models two consistent trends emerge. First,
in the higher Re,,; range the curves of a family are parallel
and eventually become linear in the log-log plot. Second, as
Re.,.r is decreased, the curves in a family diverge, with the
point of divergence oceurring at a higher value of Re.,z when
the flow gradients arc steeper (i.e., the source orifice is smaller).
These two trends suggest two distinet effects of flow gradients
on the aerodynamics of a test body.
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Table 1 Summary of results

1st departure point
from parallel curves

Model
Prip
Lv D1 Y = ﬁ‘ dO; _AL CDnose Pnose
No mm mm 7B = Prnose @Rew.Lref Rew,L @)\ri Knri
1.0 0.425 0.93 23.8 1.048 1.092
8 2.26 1.01 0.30 3.0 0.183 1.15 5.94 1.065 4.366
3.5 0.161 1.19
2.0 0.449 0.94 24.8 1.051 1.310
7B 4.93 2.12 0.25 3.0 0.342 1.06 14.5 1.058 2.239
3.5 0.307 1.11
6 4.55 3.23 0.55 2.0 0.426 1.03 45.0 1.025 0.166
3.5 0.288 1.06
3 4.52 2.26 0.45 2.0 0.425 0.92 25.0 1.046 0.784
3.9 0.287 1.02

Semivertex angle = 9°

prip/ Paose, 18 computed. The observed correlation between
the magnitude of this ratio and the point of departure from
parallel behavior of the Cp vs Re,, . curves is documented in
Table 1. This correlation exhibits the proper dependence on
the magnitude of Kn,i(r,). For a larger value of Kn,:(r,) it
should take a larger magnitude of psip/puose t0 produce a sig-
nificant divergence of the Cp vs Re,,r curves. This admittedly
simple model of the far body interaction seems to be substan-
tiated quite well by the experimental results.

To be sure, viscous and rarefaction effects in the jet core,
and the low Reynolds number dependence of the effective ori-
fice diameter could produce a low Re.,r behavior like the one

“Far body” effects

The low Re,... trend described previously is attributed to
far body effects. At this point it is useful to keep in mind that
that it is differences in the character of the flow-body inter-
action between the cases of uniform flow and gradient flow
that are being examined, rather than attempting to explain
the absolute nature of this interaction. For hypersonic flow
the velocity of the stream is essentially constant leaving only
the density as the pertinent ‘“differencing”’ parameter charac-
terizing the interaction between molecules reflected upstream
from the body and the freestream particles. Considering only
the “first interaction point,” one mean-free-path upstream

from the body nose (computed from eonditions at the nose),
the flow density will be higher for high gradient flows than for
low gradient flows. This should result in a higher level of in-
teraction between the reflected and the freestream molecules
and, consequently, in a more severe departure from the drag
produced by a uniform flow. To test this hypothesis, the
mean-free-path of reflected molecules onto the incident stream
is considered in the form

Mot = 2V /(UL @) + 1)

Next, the ratio of the freestream density one mean-free-path
upstream from the model-nose to that at the model-nose,
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Fig. 3 Drag coeflicient vs flow property variation across
model length for given value of Rey,;.

observed. However, the magnitude of the observed effect, its
somewhat dramatic nature, and the lack of any apparent noz-
zle Revnolds number correlation seems to indicate that the
proposed “far body” effects are dominant.

“Near body”’ effects

The parallel displacement of the Cp vs Re,,z curves in the
higher Re.,. range is attributed to the variation of the free-
stream flow parameters across the length of the model. At
sufficiently high values of Re.,r, this near body effect is inde-
pendent of the value of the freestream density over the range
of parameters covered in this investigation. This suggests a
straightforward empirical correction of the data with extrap-
olation to equivalent uniform freestream conditions. Start-
ing with a family of curves for a given model (i.e., three lower
plots in Fig. 2), a reference value of Rew,r is chosen. From
each curve the value of Cp for the chosen value of Re,,z is
read. Next the values of Ap/pnose are computed for each case
{(see Table 1). Resulting plots of Cp vs Ap/pnese are shown
in Fig. 3 for four different models. For models 7B and 8 the
least square fit of the experimental points yields a straight line
within a maximum deviation of 0.5%. The intercepts of
these straight lines with the ordinate should correspond to val-
ues of C'p for an equivalent uniform freestream flow specified
by the conditions of the actual flow at the model nose. Once
these limiting values are obtained the actual data can be cor-
rected for near body effects by parallel displacement of the
curves, resulting in the upper curve of Fig. 2 for model 8.
This correction at one value of Re,, brings the curves to-
gether except over the range where far body effects become sig-
nificant. Naturally, then, the simulation of uniform flow
using a free expanding jet is valid only down to the value of
Re.,.1, at which the onset of far body effects for the lowest gra-
dient flow (largest source orifice) is felt.

The proposed method for interpreting experimental results
obtained with freejet flows in terms of equivalent uniform
flows appears to the authors to be far superior than attempting
to correlate the data in terms of average values of the flow

parameters. By placing models of different geometries at
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identical initial (nose) freestream conditions, this method al-
lows a direct comparison of results in terms of parameters
based on these initial conditions.
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Nomenclature
b = crack width, typically 0.01 in. to 0.1 in.
H, = wall enthalpy, Btu/lb
H, = stagnation enthalpy, Btu/lb
h = crack height, in.
m = ablation rate, 1b/ft? sec
M/ petlaSt = blowing rate parameter
q = local heat transfer to crack wall, Btu/ft2sec
qs = surface heat transfer, Btu/ft2/sec
Reg = momentum thickness Reynolds number, peuef/te
Re, = friction Reynolds number, (7./p)(pb/u)
St = Stanton number
Ueo = freestream velocity, ft/sec
o* = boundary-layer displacement thickness, in.
p = local density
po = freestream density
Tw = wall shear stress, 1b /ft?

Introduction

BLATIVE materials are used to protect re-entry vehicles
from the intense heating during certain phases of the
flight. However, if cracks develop in the heat shield prior to
the re-entry, the substructure may be subjected to excessive
heating. The ablative behavior of the heat shield may be al-
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Fig. 1 Schematic of experimental arrangement.
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Fig. 2 Striation patterns (top views of ducts cut in half
after lests).

tered in the vicinity of the cracks which in turn can affect the
aerodynamics of the vehicle. The analytical deseription of
the processes is inadequate to allow a safe design of heat
shields. A moderate number of studies have been performed
on non-ablating, shallow cavities and rectangular notches
of various aspect ratios.! The present research program was
formulated to look into this matter for ablating surfaces in
high-speed flow. It was supplemented by independent an-
alytical and experimental studies carried out by the Aeronau-
tical Research Associates of Princeton, Inc.

Approach

The present investigations are primarily experimental and
were carried out in the Naval Ordnance Laboratory’s (NOL)
3 Megawatt Arc Tunnel. They were designed for conditions
that may occur at the conical part of a slender, blunted re-
entry vehicle at an altitude of about 60,000 ft. TLocal Mach
numbers between 2 and 3.5, enthalpy ratios H./H, of 0.2 to
0.4 and heating rates of about 200 to 300 Btu/ft? sec and Tef-
lon as the ablator were chosen. Other parameters that were
considered are the friction Reynolds number, Re,, and charac-
teristic sizes b/6* and h/b.

Experiments

The arrangement is schematically shown in Fig. 1. Two
axially symmetric nozzles designed for Mach numbers of 2.3
and 3 were used. The Teflon ducts were instrumented for
pressure, in-depth wall temperature and skin-friction measure-
ments. The cracks, up to three in one duct, were instru-
mented for heat-transfer measurements on the bottom, up-
stream and downstream walls.2 For the Mach 3 run, the
boundary layer was predicted to be laminar for a supply air
pressure of 20 atm and a temperature of 9000°R. The
turbulent boundary-layer tests were carried out at a Mach
number of 2.3, pressures of 20 and 28 atmospheres and tem-
peratures of 4600°R.

Analytical Procedures

The laminar test results were compared with a numerical
code,?® which gives ablation rates, boundary-layer parameters
and in-depth material responses for quasi-steady or transient
conditions. For the turbulent data, a numerical procedure
was devised that combines a computational program appli-
cable to turbulent boundary layers on nonablating walls, ex-
perimental information, and wall-species and temperature
data to correlate the substructure heating data.?



