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Stagnation Temperature and Molecular Weight
Effects in Jet Interaction

Larry J. Curans* anp Danier J. CoLLinst
Naval Postgraduate School, Monterey, Calif.

The purpose of this study was to investigate the effect of injeciant stagnation temperature
and molecular weight variation on the flowfield generated from secondary injection of a gas
normal to a supersonic stream. Experiments were conducted at a primary stream Mach
number of 2.80 in the Naval Postgraduate School supersonic wind tunnel. Experimental
data have been correlated with various theories, showing both agreement and disagreement.
Data presented include penetration of secondary jet into primary flow and shock shape as
correlated with the second-order blast wave theory. Jet momentum, not jet mass, was
found to be the main determinant of the observed jet effects.

Nomenclature
A = area
Cp = drag coefficient
C, = pressure coefficient
¢ = nozzle discharge coefficient
¢, = specific heat at constant pressure
d = diameter .
E = energy, measured per unit length, released in the creation
of a shock wave
h = penetration height of secondary fluid into primary stream
Ah = energy transferred from secondary to primary stream
Jo = function of v, in the blast wave analogy
M = Mach number
m = mass flow rate
P = pressure
R = radius of bow wave measured perpendicular to the flat
~ plate axis
R = nondimensional blast wave radius
R; = gas constant of fluid j
R, = characteristic radius related to the blast wave energy
r = nose radius of equivalent blunt body
T = temperature
{ = time
V= velocity
W = molecular weight
r = distance along flat plate axis
¥ = z/R,
6 = angle between surface of flat plate and injector nozzle axis
v = specific heat ratio
p = density
A = function of v, in the blast wave analogy
Superscript
* = pertaining to sonic conditions
Subscripts
j = injectant or secondary fluid
© = primary fluid
o = stagnation conditions
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Introduction

HE interaction of a lateral jet with a supersonic stream

is of fundamental importance to the understanding of
complex supersonic flows. The jet interaction application
to thrust vector control, reaction control jets, and fuel injec-
tion for supersonic combustion is of great engineering interest.
Although extensive investigations!™® have been conducted
of the supersonic gaseous injection phenomena, no system-
atic investigation of secondary jet stagnation temperature
and molecular weight has been made. Most investigations
have used sonic injection, so that in the absence of stagnation
temperature and molecular weight variations it has not been
possible to distinguish between the effects of jet momentum
and jet mass addition.

The objective of this investigation was to study the flow-
field induced by injecting a gas normal to a supersonic
stream, where the primary interest was to discover the effect
of injectant stagnation temperature and molecular weight
in the flowfield. These studies were performed in the Naval
Postgraduate School supersonic wind tunnel at a Mach
number of 2.80 by injecting gaseous nitrogen, argon, and
helium through a sonic nozzle mounted normal to a flat plate.
The parameters varied during the experiments include in-
jectant stagnation pressure and temperature, mass flow
rate, molecular weight and injector exit area. By variation
of injectant stagnation temperature and molecular weight,
distincetions are made between jet mass and jet momentum
effects.

Experimental Equipment Report

The injection equipment used in this report was arranged as
in Fig. 1. Compressed bottles of gaseous injectant were ob-
tained commercially and fed into the system through a
pressure regulator. The flow was then passed through a
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Fig. 1 Injection equipment arrangement.
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flowmeter, into the heater, and on to the sonie nozzle mounted
in the flat plate.

The method used to heat the secondary gas was simple,
yet effective. Twenty-five ft of 2 in. o.d. stainless steel
tube were coiled and placed in an insulated container. Pre-
liminary calculations indicated sonic velocity would be
reached inside the heater tube at high temperature and
pressure for standard tube diameters smaller than that used.
An arc welder was then connected across the ends of the coil,
and the coil was heated by passing an electric current through
the stainless steel tube. The injectant gas was subsequently
heated through contact with the hot tube. The maximum
injectant temperature was set at 1800°R due to the struc-
tural integrity of the heater at high pressures.

At the heater exit and just prior to the sonic nozzle entrance
a device was installed to decrease the veloeity of the secondary
flow to approximately stagnation conditions. The flow
velocity was gently decreased through a 5° diverging
section until the cross-sectional area was increased by a factor
of ten, ensuring the velocity of the flow through the enlarged
section to be less than 0.06 Mach (or approximately stagna-
tion conditions). At this point the temperature and pressure
of the secondary fluid were measured, and these values were
used in the isentropic equations for a sonic nozzle. A well-
rounded converging nozzle was then used to decrease the area
ratio prior to entering the sonic nozzle.

The sonic nozzle was a simple econverging nozzle with paral-
lel side walls at the exit section. Exit diameters of 0.1406 in.
and 0.075 in. were used during the experiments. The sonic
nozzle was calibrated by means of an ASME sharp-edged
orifice meter. The nozzle discharge coefficient was found
to be 0.96. This value is in good agreement with both the
theoretical and experimental work of Amick and Hays.?
The values of the discharge coefficient are estimated to vary
from about 0.99 to 0.92. In a series of tests conducted
over an order-of-magnitude change in Reynolds number
actual variation was less than +0.03 and in agreement with
the theoretical estimates. Figure 2 shows the shape of the
nozzle used in the tests. The straight section was approxi-
mately 0.020 in. in length. The small straight section was
introduced to reduce variations in the value of the nozzle
discharge coefficient.

A special phenolic supersonic tunnel block was fabricated
to allow the flat plate pedestal to be mounted on the test
section floor. The sonic nozzle could then be inserted through
the bottom of the test section and through the pedestal
without disturbing the flat plate. Thirty-nine static pressure
taps were located on the surface of the plate. The generated
pressures were measured with a mercury manometer. The
side force data will not be discussed in this report.

The NPGS supersonic wind tunnel is a blowdown model
with a 4-in. X 4-in. test section, 6 in. long. The tunnel is
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capable of 5 min of continuous operation at a stagnation
pressure of 50 psia. The Reynolds number at the injector
port was 8.5 X 108 for M = 2.8, ensuring a turbulent bound-
ary layer in the region of the injector nozzle.

The schlieren system used had a standard offset arrange-
ment with collimating mirrors used in place of lenses. The
mirrors, light source, and camera were positioned with the
aid of a surveyor’s transit, so that most of the parallax in the
system was eliminated. With this arrangement, shadow-
graphs could also be obtained by removing the knife-edge
and changing the slit-source to a point source.

Theoretical Analysis

Two properties of the interaction phenomena, penetration
height of the secondary fluid and radius of the induced bow
shock, will be treated extensively in this article.

The secondary gas is injected into a supersonic stream in
the form of a highly underexpanded jet as has been diseussed
by Schetz and Billig.® The secondary jet penetrates the
primary stream to a certain height before it is completely
bent over and proceeds downstream with the primary fluid.
This penetration height depends on the properties of the two
streams. Figure 3 illustrates the interaction model of
Zukoski and Spaid.® Cassel, Davis, and Engh' and Hsia?
have also developed a penetration model. In each of these
a penetration height is defined, and the induced shock is
noted.

The radius of the induced bow shock can be treated as a
function of the penetration height of the secondary fluid?
or may be caleculated from the second-order blast wave
analogy, as presented by Broadwell® and Dahm.®

It is interesting to note that each of the various flow models
is based on a blunt-body approximation of the interaction
phenomena, but that the results obtained by the model
originators varied considerably, due to other basic assump-
tions made. The primary differences occur due to different
selections of a characteristic velocity.

The preceding models were used in this report as a guide for
determining which parameters of the flow to vary and then
were compared with the experimental results.

Penetration Height

Zukoski and Spaid,® in their investigation of injection
phenomena, obtained the scaling laws for secondary injection
by using an equivalent solid body model. By balancing the
drag of the nose section against the momentum flux of the
injectant the characteristic dimension of the equivalent solid
body is obtained. Since the analysis is readily available in
the references only the assumptions and results are pre-
sented here. In the Spaid and Zukoski model one has
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Hsia® found in his model the characteristic nose radius was
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given by

r = [(4/xCp) V(1L + AR/VHY2[(Mi/pV ) ]2 (2)
Finally Cassel, Davis, and Engh! obtained

h 3 2 .’Yi 1/2
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where ¢; 1s the dynamic pressure.

Although each of the theories discussed here uses a blunt-
body model, the use of three different velocities leads to a
fundamental difference. Zukoski and Spaid® assumed the
secondary fluid expanded to the primary stream pressure,
P, after leaving the injector nozzle, and therefore the final
velocity (V;) attained was the velocity due to isentropic
expansion to that pressure. Hasia® assumed the final velocity
attained by the secondary fluid was that of the primary
stream, V. In the case of Cassel, Davis, and Engh the sonic
velocity V* of the nozzle was taken as the characteristic
velocity. This led to a penetration height by Hsia that was
jet mass dependent and a penetration height in the case of
Zukoski and Spaid and of Cassel, Davis, and Engh, that was
jet momentum dependent.

The secondary mass flow from a sonic nozzle is propor-
tional to the stagnation pressure, P,;, and inversely propor-
tional to the square root of stagnation temperature, T';, of
the secondary fluid. The momentum of the secondary fluid
leaving the injector nozzle is only proportional to the stagna-
tion pressure of the secondary fluid. The depth of penetra-
tion of the secondary fluid into the primary stream will be
either jet mass or jet momentum dependent, or a combina-
tion of both. Agreement between Zukoski-Spaid® and Hsia8
penetration theory has been previously noted® but in the
absence of stagnation temperature variation no distinetion
can be made between the jet mass or the jet momentum
effects. The experiments conducted at constant mass flows
throws some light on the difference between the characteristic
velocities V; and V*,

Blast Wave Analogy

The radius of the bow shock caused by secondary injection
has been derived in terms of the second-order blast wave
equation. Dahm® and Broadwell® based their theories on
the blast wave analogy, where it was assumed that: 1)
the secondary fluid is accelerated to the primary stream
velocity, Ve; 2) the energy added per unit length of gas
is equal to the change in momentum of the secondary fluid
and the heat added to the primary fluid; 3) the blast wave
analogy is valid throughout the entire region of the inter-
action of the primary and the secondary streams in com-
parison with the penetration height theories.

It can be noted that Zukoski and Spaid® also assumed a
blunt-nosed bedy in a hypersonic stream (Newtonian calcula-
tions) to find the penetration height of the injectant, but
assumed the final velocity the secondary fluid reached was
that from expanding to the primary stream pressure, P,
instead of the primary stream velocity, V.. Thus the blast
wave theory is in a sense another equivalent body model.

As Horton and Meade? indicate the models of Broadwell?
and Dahm'® were based on the blast wave analogy of Hayes.!!
According to Hayes’ concept of hypersonic similitude, the
pressure, density, and velocity, fields generated by an un-
yawed, axisymmetric body in a uniform hypersonic flowfield
are similar to the pressure, density, and velocity fields gener-
ated by the explosion of a line charge. Once the pressure,
density, and velocity fields as a funetion of time t and distance
from the line R have been obtained, the corresponding fields
for the axisymmetric body are derived by replacing ¢ by
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z/V., where V, is the velocity of the undisturbed primary
flow and z is the distance along the axis of the flat plate from
the apex of the detached shock. The concept of similitude
is completed by relating the energy released by the line charge
to the drag of the body.

Sakurai’s!? second-order solution for the shock wave radius
R at any time ¢ in the unsteady problem is given by

B = [QE/mJoPo) V41 — M(JoPu/2E) VetV (cat) ' (4)

where J, and A; are constants that depend on the specific heat
ratio v (for y. = 1.4, J, = 0.88 and \; = 1.989), P,, and
¢, are the pressure and sound speed of the undisturbed pri-
mary fluid, and E is the energy, measured per unit length,
released in the creation of the shock wave. Assuming ¢ =
z/V ., Eq. (4) reduces to

5 é 1/4 X_ 1/2 _ @1/2 X e
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where x is the distance measured from the apex of the bow
shock along the centerline of the flat plate, V, is the velocity
of the primary fluid at the injectant station,

- R = X E 12
R = Ry X = Ry and B, = <27er> (6)
is the characteristic radius related to the blast wave energy.

As Broadwell® pointed out, E is the energy per unit length
in the completely symmetrical case, and for a flat plate all
the energy is confined above the plate. Therefore, £/2
should be set equal to the total increase in energy due to
injection.

As stated in 2) the total energy added per unit length is
equal to the change in momentum of the secondary fluid and
the heat added to the primary fluid. Broadwell® derived
the energy term as

— 2 .
E = 2m,V., [1 + 2 e = DM, T"’] @

2(Ye — M2 W; Too

where the first term represents the energy related to the drag
caused by the injectant fluids, and the second term repre-
sents the effect of the volume addition by the injectant gas.
The development of the energy term by Dahm!® parallels
and extends that of Broadwell® but employs significantly
different approaches in certain important areas. Dahm
derived the energy term for the second-order blast wave
radius as

.1 1
E = 2Mij[§ + ’Ym(’Ym — 1)Mc32
vi <2 + (Yo — DM2 W, To,-> n

+
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where « is the angle between the surface of the plate and the
axis of the injector (cose = 0 for normal injection). The
terms in the energy equation denote the increase in kinetie
energy of the secondary fluid, a mass correction term, the heat
added to the primary stream, and the effect of injecting at
an angle,

1t is interesting to note that although Broadwell developed
the energy term, £, from an entirely different viewpoint than
that of Dahm, his result agrees very closely for normal
injection.

Taking Dahm’s value for E, for normal injection Eq. (6)
reduces to

Ve (1 1
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Fig. 4 Schlieren showing penetration height.

Expanding Eq. (9) in terms of the stagnation properties of
the primary and secondary streams and assuming a constant
primary stream molecular weight, specific heat ratio, and
Mach number, then

o« (Mi[(Tow) 2/ Pou A + [yi/(vi — DW;] X
Toi/Tou})V?  (10)

where A is a constant that depends on M. Since
the & A*Pou/Touh
where A* is the throat area of the primary nozzle,
Ry = (ii/tatd + [vi/ (vi — DW,ITo/Tou} )12 (11)

Further reduction may be made if for a particular secondary
fluid both the primary and secondary flow rates are held con-
stant. Then,

R, « [A + BT,;/Tox]V? (12)
where B = B(y;,W;) and A = A(M.,).

Experimental Results

All parameters associated with the primary stream were
held constant throughout these experiments. That is, air
was used as the primary fluid, and the supersonic tunnel stag-
nation temperature and pressure and tunnel Mach number
were essentially constant for all runs. Therefore, when it is
stated that the pressure ratio or mass ratio was varied, in
effect, only the injectant pressure or mass was varied. The
injectant stagnation pressure was varied from 12.5 to 300 psi,
giving a range of pressure ratios from % to 6. The injectant
stagnation temperature was varied from room temperature
(520°R) to 1590°R, giving a range of temperature ratios
from 1 to 3. Nitrogen, argon, and helium were used as in-

ol
5~ e
41— /f/y
P2
3 vg
N/
‘;"’z
=
21— P
/'/
h oo

0 T = 520°R

A Toj - IOOO“R} d{T =0.1376 in.

8 T = IS00°R

¥ 530R T, IS90R, afF =0.0735 in.

L == ZUKOSKI & SPAID THEORY
—-—CASSEL , DAVIS, ENGH
L1 1 1 ] 1 | I T |
3 4 58 8 | 2 3 4 56 8 10
Por/ Pous

Fig. 5 Penetration height—argon.
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Fig. 6 Penetration height—nitrogen.

jectant gases to provide a substantial range for molecular
weight effects and also to provide for any heat capacity ratio
effects. The sonic nozzle exit diameter was also varied to
change the mass flow rate of the injectant while keeping the
pressure and temperature constant.

About 80 experimental runs were conducted in an experi-
mental matrix given in Ref. 15. Schlieren photographs were
taken of each run, and shadowgraph photographs were taken
of many runs. In general the shadowgraph pictures taken
did not add to the detail found in the schlieren pictures and,
therefore, were not extensively used. The static pressures
displayed on the manometer board were also photographed
at the same time the schlieren photographs were taken.
Polaroid type 55 P/N film was used for each schlieren picture
so that the negatives could be enlarged for comparison. The
data from the photographs, which included penetration height
of the injectant and radius of the bow wave, were obtained
by either magnifying the photograph and measuring di-
rectly or placing the negative in an optical comparator. A
typical photograph is shown in Fig. 4. The penetration
height is indicated.

The experimental results are presented in two sections.
Figures 5-8 depict the penetration heights obtained by vary-
ing each parameter of the secondary flow, and Figs. 9-12
illustrate the variation of the bow shock radius under the
same conditions. '

Penetration Height

The depth of penetration of the secondary fluid into the
primary stream was scaled directly from the photographs
and was taken to be the maximum height reached by the
bent-over highly underexpanded jet. Figures 5 and 6 show
the penetration heights attained by argon and nitrogen; a sim-
ilar plot not shown was obtained for helium. In each figure the
penetration height is plotted as a function of the stagnation
pressure ratio, with the runs at various temperatures and nozzle
exit diameters included. In each of these figures reference is
made to the Zukoski and Spaid® theory for penetration height,
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Fig. 7 Composite plot of molecular weight.
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and to the Cassel, Davis, and Engh theory, showing agree-
ment with their predictions. Somewhat better agreement is
shown for the latter theory. The theory of Schetz and
Billig? which was developed from Adamson and Nicholls®
also shows good agreement with the experimental results.
Although the stagnation temperature ratio was varied by a
factor of three while holding the pressure ratio constant, no
essential differences in the penetration height could be de-
tected. Increasing the stagnation temperature of the
secondary fluid while holding the pressure constant causes
the secondary mass flow rate to decrease. Since the pene-
tration height of the secondary fluid was not affected by this
action, the penetration height is either a function of the
secondary momentum or at most a weak function of 7,;/7T,..
It should be noted that the slope of the line indicating the
Zukoski-Spaid theory does not eoincide exactly with that
plotted from the experimental values obtained.

It was found that for the same quality schlieren photograph
the underexpanded helium jet was much more difficult to
detect than was the argon or nitrogen jet, so that the corre-
sponding helium plot had fewer experimental points.

Figure 7 is a composite plot of figures for all three gases,
showing the mean penetration heights as a function of the
stagnation pressure ratio. As indicated there is a difference
in the penetration heights of the three gases. The momen~
tum theories are not a function of molecular weight; however,
they do provide for gamma variations. Argon and helium,
having the same value of heat capacity ratio, should have
identical penetration heights under the conditions pre-
sented. Nitrogen, having smaller value of heat capacity
ratio, should have a penetration height 49, higher than that
of argon and helium, as caleulated from Eq. (1). This is in-
deed the case when comparing the penetration heights
of nitrogen and helium, but argon lies 109, above nitrogen
and 149, above helium. If comparisons with Eq. (3) are
made one would expect the nitrogen to lie slightly below
the argon and helium. The result may be due to a molecular
weight dependence or could possibly be attributed to mixing
of the injectant and freestream.

20 o

]

7T r 1T T rr 1

2

Injectant: Argon

Poj/Poge= 20, 4T =0.I3761n

e o Toj =520R

O T = I500°R
& Toj =1000°R

R (INCHES)

SR SN SN NN VIR O SN0 N N B U SO
8 3 6 20

]
4 24 28

'
N
ol—

X (INCHES)

Fig. 9 Shock radius—argon.
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Fig. 10 Shock radius—helium.

Equation (1) may be put in the form

h o« [2vi/(vi — DIVHR T )Y/ M) (ii/Pe)'* (13)
Pm/Poj <1

Holding the primary stream parameters and the secondary
mass flow rate constant, Eq. (13) can be further reduced to

b= [2vi/(vi — DIVURTo5)Y (14)

A similar equation is obtained using the Cassel, Davis, and
Engh theory with a different gamma dependence due to the
selection of V* as the characteristic velocity.

Experiments were next conducted to investigate the pene-
tration height while holding the secondary mass flow rate
constant. For each gas considered the stagnation pressure
and temperature were adjusted to give a mass flow rate of
0.0065 1bs/sec and 0.010 lbs/sec. The results are presented
in Figure 5. It is evident that for a given mass flow rate, the
penetration height increases with an increasing stagnation
temperature ratio and also increases with a decreasing
molecular weight.

If ratios are calculated from the data for the penetration
heights for the different gases one finds that the experimental
results are in better agreement with the calculated results
based upon V* rather than V;. This gives further support
to the theory of Cassel, Davis, and Engh.

The data shown in Figure 8 scale as the 4 power of ;.
When the heat capacity ratio dependence was neglected, the
data also scaled approximately as the 1 power of the molecular
weight, which is in agreement with the theory.

For a given gas (constant molecular weight) and the previ-
ously stated conditions,

B (T

There is an expected increase in penetration height of 329,
between the temperature of 530°R and 1590°R for all gases.
Measured values found from Fig. 6 were 449, increase for
argon, 339 for nitrogen, and 209 for helium. The lighter
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Fig. 11 Shock radius—~varying molecular weight.
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Fig. 12 Shock radius—mass flow constant, varying tem-
perature.

molecular weight gases show less variation with 7'; than
predicted by theory.

Shock Radius

Figures 9-11 show the shock radius variation for the various
gases at a constant pressure ratio, varying temperature.
The radius R was measured perpendicular to the flat plate
axis at distances x downstream from the injector axis. This
presented a fixed reference point from which the actual shoek
radius could be measured. Comparing these figures, it is
apparent that as the molecular weight of the injectant gas
decreases, a greater variation occurs in the shock radius with
temperature.

Figure 11 shows the variation of the bow shock with
molecular weight, while holding the stagnation pressure
ratio and temperature ratio constant. Examination of Eqgs.
(5 and 11) indicates that the radius of the bow shock should
vary approximately as m;V/¢[A + BR;]'® for these conditions,
where A = A(M.) and B = B(v,,T.;).

The variation of the bow wave with temperature and
molecular weight was very evident in the physical measure-
ment of the radius of the bow wave. When this radius is
nondimensionalized with respect to the characteristic radius,
R,, related to the blast wave energy, all radii should converge
into a single line if the theory is valid. This is true of the
present data using Eq. (5) as shown in Chrans.?® In each
case the measured values followed the pattern set by the
second-order theory with what appears to be a constant
displacement. However, when the mean lines from the three
different molecular weight gases are placed on a composite
plot, a molecular weight dependence is present as was the
case for the penetration height.

Equation (12) was used as the basis for the next set of ex-
periments, where the injectant mass flow rate was held con-
stant and the radius R was viewed as a function of T,;, W,
and v;. Figure 12 shows the variation of the shock radius
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Fig.13 Shock radius—mass flow constant, varying molec-
ular weight.
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Table 1 Variation of shock radius with temperature

Caleculated Measured
RISQO/R53O = 1-10 R1590/R530 = 1-13
Rioeo/Rs30 = 1.06 Rieo/Rsz0 = 1.06

with injectant stagnation temperature. Equation (12) was
used to predict the increase of the radius with temperature.
(See Table 1.) Equation (12) was then used to predict the
increase of the radius with molecular weight and heat capacity

. ratio effects, as shown in Fig. 13. The results are shown in

Table 2. In general, Eq. (12) showed excellent agreement
for the constant secondary mass flow case. In this case the
three separate radii collapse into a single line when put in
the nondimensional form of Eq. (5).

Conclusions

At constant P,;, varying T',;, the penetration height theory
of Cassel, Davis, and Engh! showed good agreement with
experimental results. The penetration height also showed
some dependence on molecular weight, which is contrary to
theory. This may be due to mixing. When the secondary
mass flow rate was held constant, the penetration height varied
with T,;. This rules out any theory based strictly upon a jet
mass dependence, as proposed by Hsia® in Eq. (2). The pene-
tration height scaled as (m;)V/2 as predicted by all theories.

Ignoring heat capacity ratio effects, that is the gamma de-
pendence, the penetration height scaled roughly as (&4
which is in agreement with the jet momentum theory of
Zukoski and Spaid. Assuming a different characteristic
velocity of the secondary flow (using V* instead of V;), good
agreement was obtained with theory without having to ignore
the heat capacity ratio effects. This is in agreement with
Cassel, Davis, and Engh.

In general, the penetration height, as a funetion of T,
differed for different molecular weights. When penetration
height was considered as a function of P,;, the experimental
results for the penetration height showed good agreement
with the momentum theories for both the constant P,; and
constant mass flow runs. The penetration height is either
not a function of T',; or is, at most, a weak function of 7.

The radius of the blast wave measured from the experi-
mental data was in close agreement with that predicted
by Dahm. The blast wave theory was not able to predict
the molecular weight variation accurately when the pressure
and temperature of the system were varied but showed good
agreement when the secondary mass flow was held constant.

The penetration height, 2, was found to remain constant
for varying temperature, whereas the bow shock radius R varied
with temperature. An attempt was made to nondimensional-
ize the height of penetration with respect to the characteristic
blast wave radius, R,. Figure 14 indicates that as T.;/
T.. increases at constant mass flow, there is a divergence
with respect to molecular weight of h/R,. This is because %
does not vary as T,; increases whereas R, does vary as a fune-
tion of temperature and molecular weight. Typical values
are: argon

R, « [0.728 + 0.427 T,;/To0]V?

Table 2 Variation of shock radius with molecular weight

Caleulated Measured
Re./Ra = 1.23 Ru./RBa = 1.29
Rn:2/Ra = 1.04 Rx:/Ra = 1.06

Ru./Ryx2 = 1.17 Ru./Rn2 = 1.22
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Fig. 14 Comparison of characteristic dimensions—mass
flow constant.

nitrogen

R, « [0.728 + 0.848 T,/ Too |12
helium

R, = [0.728 + 4.28 T,;/T .02

In general, the comparisons between the characteristic
dimensions, ~ and R,, and the experimental data indicate
that 4 would be a good engineering correlation parameter for
secondary nitrogen and argon flows but would be less accurate
for the lighter molecular weight gases such as helium.

Since the side force is proportional to the interaction area,
the data would support the contention that if the stagnation
pressure is held constant, there is no appreciable effect of
heating on side force. The beneficial effect of heating, or of
using a light gas, is the reduction of the mass flow for a given
stagnation pressure.
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