THE CRYOGENIC APPROACH TO SIMULATING HOT JET

ICAS-92-3.6.1

IN TRANSONIC WIND-TUNNEL TESTING

Keisuke ASAI

National Aerospace Laboratory

Tokyo, Japan

Abstract

A novel approach to the hot-jet simulation problems in
transonic wind-tunnel testing is presented. This technique
utilizes the advantages of cryogenic temperatures in wind-
tunnel testing. Theoretical considerations show that in a
cryogenic wind tunnel hot jet can be simulated by using a
test gas at ambient or moderately elevated temperatures.
It is also shown that, through use of a mixture of nitro-
gen and methane as a jet gas, complete simulation of the
full-scale turbojet exhaust becomes possible in a cryogenic
tunnel. In order to validate this concept, a series of experi-
ments were conducted in the NAL 0.1m Transonic Cryogenic
Wind Tunnel. A blunt-based afterbody model was used to
evaluate the jet temperature effect on the base pressure. A
good qualitative agreement was found between the results
obtained from the cryogenic approach and the previous hot-
jet data. By varying jet gas composition and temperature
separately, the independent effects of jet temperature ratio,
specific heat ratio, and molecular weight (gas constant) on
the base pressure have been determined. It has been veri-
fied that the effect of gas constant on the jet entrainment is
equivalent to that of jet temperature.

Nomenclature

pressure coeflicient, (p-po)/qo
diameter, m

linear dimension, m
mass-flow rate, kg/sec
Mach number

pressure, kPa

Prandtl number
dynamic pressure, kPa
gas constant, J/kg-K
Reynolds number
temperature, K

velocity, m/sec

mass fraction

the ratio of specific heats
density, kg/m?
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Subscripts:

free stream ( sometimes omitted )
base

model diameter

jet flow

LN2 injection

stagnation
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Abbreviations:

C/P  combustion products
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NPR nozzle pressure fatio, psj/po
TR jet temperature ratio, T¢;/Tho

1. Introduction

Insufficient capabilities of existing aerodynamic testing
techniques have sometimes caused serious problems in the
development of jet airplanes. Among these problems, the
effects of Reynolds number, wall interference, and support
interference are regarded as being most important. A re-
alistic simulation of the effects of turbojet exhausts is also
important particularly when integration of propulsion sys-
tem with airframe is a critical factor in the aircraft design.
A combustion gas exhausted from a turbojet engine is as hot
as 1000 Kelvin or even higher temperatures for afterburning
conditions. Regardless of this fact, the effects of jet temper-
ature are usually ignored and a wind-tunnel test is mostly
performed by using a cold compressed air to represent a jet
exhaust,.

The effects of jet temperature are known to be impor-
tant in some critical aerodynamic phenomenon. One of the
most well-known problems is that associated with aircraft
afterbody design (Ref.1). Pressure drag acting on the af-
terbody is very sensitive to jet temperature, particularly at
transonic Mach numbers and for separated flows. In some
cases, a cold air test results in a very pessimistic drag pre-
diction, that is, up to 35 % of the jet-off afterbody drag. In
the previous studies on jet-temperature effects (Refs. 2, 3
and 4), a hydrogen peroxide (H,0,) technique or an ethy-
lene/air combustion technique was used to simulate realistic
turbojet exhausts. With these techniques, jet temperatures
higher than 1000 Kelvin can be attained. However, it is
unlikely that these techniques are used in a routine test be-
cause they require an extremely complex and costly model.

As a solution to this frustrating problem, the author
has proposed in Ref.5 a novel hot-jet simulation technique,
which utilizes the advantages of cryogenic temperatures in
wind-tunne! testing. Theoretical considerations given in
Ref.5 showed that in a cryogenic wind tunnel the effects
of hot jet could be simulated by using a test gas at ambient
or slightly elevated temperatures. It was also shown that,
through use of a mixture of nitrogen and methane as a jet
gas, a perfect simulation of the full-scale turbojet exhaust
would be possible in a cryogenic wind tunnel. Even with a
subscale model, all the relevant scaling parameters includ-
ing jet temperature ratio, jet velocity ratio, ratio of specific
heats, Reynolds number, and Mach number can be matched
to the full-scale flight values.
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In order to validate this concept, an experimental inves-
tigation was conducted in the NAL 0.1m Transonic Cryo-
genic Wind Tunnel. A blunt-based cylindrical afterbody
model was used as a test article to assess the effects of jet
gas properties on the base pressure. For a realistic simula-
tion of turbojet flow, a mixture of nitrogen and methane at
ambient and moderately-elevated temperatures was used as
a jet gas. The obtained results were then compared with
the previous hot-jet data obtained by NACA using an ethy-
lene/air combustor in an atmospheric ambient-temperature
tunnel.

In addition to the verification tests, a fundamental re-
search on the effects of jet gas properties on the base flow
was also conducted in the NAL 0.1m TCWT. In contrast
with the conventional jet-simulation techniques, the cryo-
genic approach can offer a unique testing capability which
allows us to determine separate effects of jet temperature ra-
tio, specific heat ratio, and molecular weight (gas constant).
In order to alter the thermodynamic properties of a jet gas,
different mixtures of nitrogen and either of methane, argon,
or helium were used. And, gas temperature was also varied
to cover the wide range of jet-temperature ratio.

In this paper, the theoretical background of the cryogenic
approach is first reviewed briefly and then the experimen-
tal results obtained in the NAL 0.1m TCWT are presented.
The latter includes some of the results obtained at the first
series of experiments, which have been already reported in
Ref.6. However, the main portion of this paper consists
of the results obtained in the second series of experiments,
which were performed early in 1992.

2. Theoretical Background

2.1 Similarity Rule

The interacting flow field of the jet exhaust and the ex-
ternal flow is governed by the Navier-Stokes equation sys-
tem. Similarity parameters relevant to jet-flow interaction
can be derived by nondimensionalizing the field equations
and the boundary conditions. Assuming the geometrical
similarity, the following twelve scaling parameters can be
derived from the basic equations;

Group 1 ( simulation of external flow );
Mo; Reo; Y05 Pro

Group 2 ( simulation of internal flow );
Mj; Rej; v Prj

Group 3 ( simulation of interaction );
Pi/Po; T/ To; V;/Vo; L;/Lo

Scaling parameters such as mass flow ratio, momentum
ratio, and internal energy ratio, which have been frequently
used to correlate the jet interaction effects, can be derived
by combining the above parameters.

2.2 Use of N, /CH, as a Jet Gas (Ref.5 and Ref.7)

As a datum for evaluating the jet-simulation accuracy of
the cryogenic technique, thermodynamic properties of the

combustion products were calculated assuming a hypothet-
ical single-spool turbojet engine. The jet fuel used in the
calculation is hydrocarbon having the H/C atom ratio of 2.
The calculated composition of the combustion products is
given in Table 1 for both non-afterburning and afterburning
conditions.

Afterburner OFF ON
Temperature, K 1000 1500
(Tt]/Tto) (333) (500)

v 1.322  1.286
Molecular Weight | 28.95  28.93
CO, | 0.040 0.071

H,O | 0.040 0.070

Mol Fraction N, | 0.7656 0.753
O, | 0.145 0.096

Ar | 0.009 0.009

Table 1 Composition of Combustion Products

As shown in Table 1, the value of vy for the combustion
gas is much smaller than the ideal diatomic value (1.4). By
contrast, air and nitrogen behave like an ideal diatomic gas
over the wide range of pressure and temperature. So, for a
realistic turbojet simulation, we have to reduce the value of
4. To reduce v, we have to use polyatomic gases. Among all
the candidate gases, methane gas was found suitable for use
in cryogenic wind-tunnel testing. Methane has a relatively
low boiling temperature (111.6K at 1.0bar) and therefore we
can make full use of the high Reynolds number capability
of the cryogenic wind tunnel. The desired value of v can
be matched by adjusting the mol fraction of methane in the
nitrogen-based test gas.

Figures 1(a) and 1(b) compares the jet-simulation ca-
pabilities of the cryogenic approach with those of a con-
ventional cold-air technique for both non-afterburning and
afterburning conditions. The polygon shown in these figures
is composed of the similarity parameters normalized by the
values estimated for the full-scale turbojet conditions (Ta-
ble.1). The closer the polygon is to a complete circle, the
more accurate the simulation is. As is clearly seen in these
figures, the jet-flow simulation of the cryogenic approach is
practically perfect. This is contrast with that a conventional
cold-air method has several deficiencies in flow simulation.

The isentropic pressure ratio, p/ps, expressed as a func-
tion of the expansion Mach number, is presented in Figs.
2(a) and 2(b) for non-afterburning and afterburning condi-
tions, respectively. These calculations were made using the
Beattie-Brigeman equation of state to account for real-gas
effects of a N;/CH, mixture. The ordinate in these figures
is normalized by the reference value obtained for an ideal
diatomic gas (y=1.4). The curves for the real combustion
gases are also shown as dashed lines. As is seen, a No/CH,
mixture can simulate very well the behaviour of the real
combustion gas. This statement is true for the other isen-
tropic flow parameters and normal shock parameters. See
Ref.7 for details.
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Fig. 1 Comparison of jet-simulation capabilities

2.3 Flow Contamination Effect (Ref.7)

When a jet gas is blown in a continuous wind tunnel, the
problem of flow contamination occurs. In an atmospheric
wind tunnel, a great amount of air should be exchanged
with the atmosphere to keep the tunnel flow clean. Some
propulsion tunnels are equiped with a scavenging scoop to
capture the combustion gas, but this method is not suit-
able when the model angles of attack is varied over the wide
range.

Use of a N;/CHy jet gas in a cryogenic wind tunnel
also causes the problem of free-stream contamination. The
contamination effect due to mixing of the tunnel flow and
methane has been assessed in Ref.7. The mol fraction of
CH, in the free stream increases with time until the amount
of methane injected into the tunnel balances the amount of
methane discharged from the tunnel. An equilibrium value
of the mass fraction of CH4 in the tunnel flow can be ob-
tained as z9 = =z;m;/(rhy + 1h;), where z denotes mass
fraction of methane and 1 represents mass flow. The sub-
scripts, 0, j, L correspond to free-stream, jet, and injected
LN,, respectively.

: Pt= 4,0{bar] Tt=150[K)
Pt=15,0 [bar] Tt=750 (K]

This equation indicates that in a cryogenic wind tun-
nel the mass fraction of methane for the free stream (zo)
is smaller by an order than that for a jet gas (z;), since a
large amount of liquid nitrogen is continuously injected into
the tunnel to remove the heat generated by a fan and the
heat conducted through the wall. An estimated value of
the mol fraction of methane in transonic cryogenic testing is
about 5 % at the highest. Note that this rarefactive action
of the cryogenic tunnel is augmented as the jet temperature
increases, because an extra amount of LN, is injected in the
tunnel to remove the heat input of a jet gas.

Fig.3 represents the real-gas calculation of isentropic ex-
pansion pressure ratio, p/p;, in the free stream for the case
of P, = 4bar and T; = 150K. As shown, the saturation in
the flow, shown by triangles, does not occur up to M = 1.9
and the deviation of p/p; from the ideal diatomic value (ref-
erence) is very small throughout transonic Mach numbers.
This is the case for the other isentropic flow parameters and
normal shock parameters. The error of this magnitude can
be considered negligible for the most wind-tunnel investiga-
tions.
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Fig. 3 Contamination effect of CH, on tunnel flow

3. Description of Experiments

3.1 Test Facility

The NAL 0.1m Transonic Cryogenic Wind Tunnel is a
closed-circuit, fan-driven wind tunnel operated with nitro-
gen as the working gas. The tunnel is cooled by continuous
LN, injection, and thermal insulation is attached to the tun-
nel external surface. At higher subsonic speeds, stagnation
temperature can be varied from 90K to 150K with the max-
imum stagnation pressure up to 200 kPa. The test section is
0.1m squire and equiped with slotted top and bottom walls
of 4% porosity and solid side walls. A detailed description of
this wind tunnel and its operating performance is contained
in Ref.8.

Injection of a jet gas has a great influence on the tun-
nel operation since its heat input is as much as 30% of the
fan input power. Also, a helium jet causes an increase in
sonic velocity and then affects free-stream Mach number.
However, we have found that the automatic control system,
based on a pair of personal computers, can regulate these
disturbances caused by jet injection almost instantly. The
tunnel pressure and temperature can be maintained within
to 0.1 kPa and 0.1K of the set values, even when a jet gas
is blowing. The indicated Mach number can be controlled
within an accuracy of about 0.002.

3.2 Model

Fig. 4 shows a model installed in the test section of the
0.1 m TCWT. A cylindrical blunt-based nozzle afterbody
model was used as a test article. This configuration was
selected for the two reasons: (1) Only a small model of a
simple configuration can be tested in the 0.1m test section.
And, (2) a model of an identical afterbody configuration was
previously tested by NACA with an ethylene/air combustor
as a turbojet simulator (Ref.9).
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The model is 150mm in length and 10mm in diameter.
The forebody is a 18.9-degree cone-cylinder. The details of
the nozzle and afterbody contour are shown in Fig.5. An
exit diameter of the somic nozzle is 3.5mm. The model
was equiped with one pressure tap and one thermocouple
in the base area. The base pressure was a primary measure-
ment with which the effect of jet temperature was evaluated.
This model is composed of thin SUS-304 pipes and assem-
bled with silver brazing and soldering. A pitot tube and

a thermocouple were provided inside the model to measure
the stagnation condition of a jet gas. The model is strut-
supported in the center of test section. The cross-section of
the supporting strut is double-wedge having thickness ratio
of 6.25%.

Two models of the same configuration were built and
used in the tests. The first model (designated Model A)
was dismissed after a number of hot-jet runs, because leak-
age of a jet gas occurred in the inner pipe. The second model
of the same configuration (Model B) was built as a replace-
ment for Model A. Small discrepancies in the measured base
pressure data were found between the two models at near
critical nozzle pressure ratios. Possibly, this is attributed to
small geometrical differences in nozzle contour.

Fig. 4 Model installation in the NAL 0.1lm TCWT
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|
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Fig. 5 Details of model afterbody configuration
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Fig. 6 Schematic diagram of jet gas supply system

A

Fig. 7 Heat exchanger and LN, bath

3.3 Gas Supply System

In the present experiments, pure nitrogen and different
mixtures of nitrogen and either of methane, argon, or he-
lium were used as a test gas. Nominal purity of N,, Ar, and
He was 99.999% while that of CH; was 99.95%.

Fig.6 is a schematic diagram of a jet gas supply sys-
tem. Gases stored in pressure cylinders are mol-controlled,
pressure-regulated, temperature-conditioned, and supplied
to the model. The gas blending system is based on a pair
of mass-flow meters, both of which were calibrated by using
a sonic venturi flow meter as a reference. The same gases
as used in the wind tunnel tests were also used in the cal-
ibration test. The mol fraction of a component gas in the
mixture can be varied from 0 to 90 percent by controlling a
flow valve located in one of the two gas passages. An esti-
mated accuracy in the measured mol fraction is better than

5%.

Tunnel Entry

The temperature of a jet gas is controlled by an elec-
tric heater and a LN, bath (Fig.7). When the set point
is higher than room temperature, jet temperature is con-
trolled by changing the mixing ratio of a heated gas at 520
K through an electric heater and a gas bypassing the heater.
When the set value is lower than ambient temperature, a gas
was cooled by passing through a copper-tube manifold im-
mersed in LN, bath. A fine control of the temperature is
carried out by changing the depth of immersion. The min-
imum jet temperature (125K in our tests) was determined
by the empirical formula of condensation onset for N,. The
control of pressure and temperature of a jet gas was made
automatically and maintained within to 0.5kPa and 5K, re-
spectively.

3.4 Test Conditions

Tests were primarily conducted at free-stream Mach num-
ber of 0.8, although some data were taken at Mach num-
bers of 0.6 and 0.9 too. The tunnel stagnation temperature
ranged from 100 to 140 Kelvin, while the jet temperature
was varied from 125K to nearly 400K, which provided the
jet temperature ratio, T¢; /Ty, up to 3.6 or higher.

The detailed test condition depends on the specific test
objective:

CASE 1 : Confirmation of the Similarity Rule

Model ..... Model A

Mach number, M ..... 0.8

Stagnation condition, (pg,Ty) ... (110kPa,100K), (144kPa,120K),
and (181kPa,140K)

Reynolds number based on d; ..... 7.0x10° (const.)

Jet gas ... pure nitrogen

Nozzle pressure ratio, NPR ..... off to 6.0

Jet temperature ratio, TR ..... 1.25 and 3.0

CASE 2 : Effect of Jet Temperature Ratio

Model ..... Model B

Mach number, M ..... 0.6, 0.8 and 0.9

Stagnation pressure, p; ..... 110kPa

Stagnation temperature, Ty ..... 100K or 140K

Jet gas ..... pure nitrogen

Jet nozzle pressure ratio, NPR ..... off to 6.0

Jet temperature ratio, TR ..... 1.0 to 3.6 (or higher)

CASE 3 : Effect of Specific Heat Ratio

Model ..... Model B

Mach number, M ..... 0.6 and 0.8

Stagnation pressure, py ..... 110kPa

Stagnation temperature, T, ..... 140K

Jet gas ..... mixtures of nitrogen and methane (or argon)
Mol fraction ..... 0 to 60% (50% in some cases)

Specific heat ratio, ; ..... 1.30 to 1.53

Jet nozzle pressure ratio, NPR ..... 2.0t0 6.0

Jet stagnation temperature, Ty ... 400K (TR=2.88)
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CASE 4 : Effect of Gas Constant

Model ..... Model B

Mach number, M ..... 0.8

Stagnation pressure, p; ..... 110kPa

Stagnation temperature, T; ..... 140K

Jet gas ..... mixtures of nitrogen and either of Ar or He

Mol fraction ..... 25% and 50%

Specific heat ratio ..... 1.44 and 1.50

Gas constant, R; ..... 268 and 245]/kg-K for N5 /Ar
378 and 519J/kg-K for N,/He

Jet nozzle pressure ratio, NPR ..... 2.0, 4.0, and 6.0

Jet stagnation temperature, Ty; ..... 200K, 300K, and 400K

3.5 Note on Data Reduction

It was found from real-gas calculations that, within the
operational envelop of the NAL 0.1m TCWT, the free-stream
properties such as Mach number and dynamic pressure could
be calculated assuming a working gas was thermally perfect.
Effects of mixing with a gas other than nitrogen was also ac-
counted for in calculating the free-stream properties. The
mol fraction of a foreign gas (CHy, Ar, or He) in the free-
stream was estimated from the mass flow measurements in
the gas blending system and the LN, flow measurement by
a turbine flow meter located in the LN, supply line.

4. Results and Discussions

4.1 Confirmation of the Similarity Rule

From a view point of the similarity rule, duplication of
the absolute jet temperature is not essential, but duplica-
tion of the relative value of jet temperature to free-stream
temperature, Ty; /Ty, is important. Fig.8 (from Ref.6) rep-
resents the data obtained at three different temperature lev-
els. The temperature of the free stream was varied from 100
to 140 Kelvin and the jet temperature was also varied in such
a way that Ty; /Ty was kept constant at 3.0. The Reynolds
number was also kept constant in all cases by adjusting the
pressure level. As shown, the base pressure data taken for
three different temperature conditions are almost identical,
as long as the value of Ty;/ Ty is maintained to a constant
value. This observation confirms the basic similarity rule in
hot-jet simulation.

4.2 Comparison with the Hot-Jet Data

In Ref.9, hot-jet results obtained by NACA for various
afterbody configurations including one used for the present
experiment are reported. The NACA tests were conducted
in an atmospheric ambient-temperature tunnel using an ethy-
lene/air combustor as a hot-jet simulator. Properties of the
combustion products of ethylene and air are very similar
to those of the actual turbojet exhaust gas since the H/C

atom ratio of ethylene is the same as that for typical jet fuel.
The base pressure data for jet temperatures of cold (about
298K), T00K and 922K are presented in this report. Over
this range, the stagnation value of +; was varied from 1.4 to
1.33. Table 2 gives the properties of a test gas used in the
cryogenic tests as compared with those for the NACA tests.

Figures 9(a) and 9(b) show a comparison of the base
pressure data obtained from the cryogenic technique with
that from the hot-jet technique. For the reason that will
be explained later, the abscissa in this figure is the ratio
of squire root of the product of gas constant, R;, and jet
temperature, Ty;, instead of the ratio of jet temperature
to free-stream temperature. As is seen, a good qualitative
agreement was found between the two data. Overall trends
of C,, variations with jet temperature are similar for both
tests, although a significant difference in the pressure level
is noted. This difference is believed to be attributed to the
difference in model support system (strut-mounted versus
wing-tip mounted).

-0.05 , , ,
M :0.800
Re:7.00x10°
-0.10 & TR: 3.0 ]
g (hot-jet)
O -0.15 G@é é =
0 @ é
© 18
0 )
a -0.20 & .
o &
X
Ttj/Tto & x
-0.25~ o 412K/140K & ]
A 361K/ 120K
X 304K/ 400K
-0.30 . ! .
0.0 2.0 4.0 6.0 8.0
NPR
Fig. 8 Confirmation of similarity rule in hot-jet
simulation
Mo | Tw GAS Ty (TR) | 7
0.80 | 320K air 298K (0.93) | 1.40
NACA | 0.80 | 320K c/P 700K (2.19) | 1.36
0.80 | 320K c/pP 922K (2.88) | 1.33
0.80 | 140K N, 140K (1.00) | 1.40
PRESENT || 0.80 | 140K || N,/CH,(40 %) | 300K (2.14) | 1.36
0.80 | 140K || N,/CH,(40 %) | 400K (2.86) | 1.33

Table 2 Properties of a jet gas (present versus NACA)
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Fig. 9 Comparison of the cryogenic method with
the hot-jet test

Figs.10(a) and 10(b) are examples of the Schlieren pic-
tures taken in the present tests for both cold- and hot-jet
conditions. For a hot jet, the mixing layer can be clearly ob-
served as dark and bright zones, since the density gradient
exists across the mixing layer. Because of limited quality of
these pictures, the difference in jet plume shape between a
N, jet and a Ny /CHy, jet is not clear. A bright spot observed
upstream of the model end is a gap in the model external
junction caused by thermal expansion due to jet tempera-
ture. This gap appeared only in Model B and at high NPRs.
Agreement of C,;, data at high NPRs between Model A and
Model B shows that an influence of this gap on the overall
phenomena can be negligible.

4.3 Effects of Jet Temperature Ratio

With the previous hot-jet simulation techniques using
heated gases, it is difficult to determine the individual effect
of jet temperature ratio since the value of v varies simultane-
ously as gas temperature increases to 1000 Kelvin or higher.
However, in a cryogenic wind tunnel, it is possible by using
N; as a jet gas to isolate the effect of jet temperature ra-
tio from that of specific heat ratio. Nitrogen is reported to
behave like an ideal diatomic gas (y=1.4) even at cryogenic
temperatures (Ref.10).

Figures 11(a) to (c) show the effects of the jet tempera-
ture ratio on the base pressure at a constant nozzle pressure
ratio for free-stream Mach numbers of 0.6, 0.8 and 0.9. The
abscissa of this figure is again the ratio of the squire root of
the product of R and T,. This is actually equal to the ratio
of the squire root of T}, since both the tunnel and jet gases
are pure nitrogen in this case (Ro=R;).

As shown in Figs.11, the base pressure increases with
increasing jet temperature. The variation in C,;, appears to
be a linear function of the squire root of T¢;/Ty. The slope
is a weak function of nozzle pressure ratio. This trend is
similar at all Mach numbers. The increase in C,b with jet
temperature ratio indicates that the jet entrainment reduces
as jet temperature increases. This can be considered to be
related to a decrease in density of a jet gas with increasing
temperature.

4.4 Equivalence of R and T in Jet Entrainment Effect

1t has been reported in Ref.11 that molecular weight (gas
constant) of a jet gas has an significant effect on the after-

MAL 0.

$.801
110 kPa
= 444 K
= 288 kPa
- 138 1

| ONTR = 5,09

Yy, = 288 ki
3

T, 385 K

Fig. 10 Schlieren pictures for cold jet and hot jet
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Fig. 11 Effect of jet temperature ratio on G,
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body drag. By using differing mixtures by weight of N,
and H, at ambient temperature as a test gas, they found
that variation in gas constant has an effect similar to that
caused by jet temperature variation. From these results, it
has inferred in Ref.11 that the product of R; T;; relates drag
effects produced by variations in either of these properties.

To the author’s knowledge, this inference has not been
verified to date, possibly due to difficulty in testing with
heated gases. Through use of the cryogenic approach, how-
ever, it is very easy to verify this inference. We used differing
mixtures of nitrogen and either of argon or helium as a jet
gas for this purpose. Argon and helium have the same value
of specific heat ratio (1.667) while the molecular weight of
Ar (39.9) is larger by an order than that of He (4.0). Thus,
use of argon or helium as a component of a jet gas allows a
variation in gas constant (molecular weight) over the wide
range.

Fig.12(a) indicates the results obtained using mixtures
of nitrogen and either of argon (shown by circles) or helium
(shown by triangles) having the mol fraction of 26%. This
value of mol fraction corresponds to y of 1.44. For these
mixtures, gas temperature was also changed from 200K to
400K, which covered the jet temperature ratio from 1.43 to
2.88 (T=140K). Similar results for the mol fraction of 50%
(y=1.50) are shown in Fig.12(b).

As is clearly seen in these figures, an identical change in
Cpp occurred as a result of varying either of gas temperature
or gas constant. This observation has verified that gas con-
stant is equivalent to jet temperature in terms of its effect
on the jet entrainment process. Note that C,; for a constant
NPR is directly proportional to the parameter, the ratio of
the squire root of the product R T;. This seems reason-
able since either of both properties affects the mixing layer
mass flux ratio. At a given specific heat ratio and a con-
stant nozzle pressure ratio, the mass flux, pV, is inversely
proportional to the squire root of the R T; product. The ob-
servation that C,, increases with increasing the squire root
of the product R T, suggests that the jet entrainment re-
duces as the mass flux ratio decreases.

4.5 Separation of v Effect and RT Effect

In addition to the effect of R and T, on Cp, that of the
ratio of specific heats was also investigated. In this study,
the value of 4; was changed by mixing a nitrogen-based jet

gas with either of methane (to reduce ) or argon (to raise
7). Figures 13 and 14 show variations of the base pressure
at a constant NPR with the mol fraction of an added gas, for
CH, and Ar respectively. The jet temperature was kept con-
stant at 400K while the free-stream temperature was 140K.
As shown, increasing the mol fraction of CH, results in an
increase in Cyp. The slope becomes smaller for higher NPRs.
On the other hand, an increase in the mol fraction of Ar re-
sults in decreasing Cy, for NPRs of 2.0 and 4.0, while the
trend is reversed at NPR of 6.0.
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Fig. 12 Equivalence of T;; and R; in the jet
entrainment effect on C,,

Fig.15 is the measured values of Cy, plotted as a function
of v of a jet gas. The value of v ranges from approximately
1.30 to 1.53. However, it should be noted that this figure
does not represent the independent effects of specific heat
ratio on C,,. Varying mol fraction is linked not only to
but also to gas constant, since the molecular weight of CH,
(16.0) and argon (39.9) is not the same as that of nitrogen
(28.0). For example, a mixture of nitrogen and argon of 60%
by mol has the value of gas constant smaller by 20% than
that of pure nitrogen.

Consequently, the same data was plotted in Fig.16 as
a function of the ratio of squire root of the RT; product.
In this figure, triangles, squires, and circles indicate data
for Ny/CH,, pure Ny, and N,/Ar, respectively. The curves
for a pure N, jet (appeared previously in Fig.10(b})) are also
shown in this figure as solid lines. The value of -y is constant

(1.40) and only the jet temperature varies along these solid
lines. That is, these lines represent pure effects of the jet
entrainment (RT; effects). Therefore, any deviation in Cp
values from these solid lines shows the effect of -y isolated
from that of gas constant.

As illustrated in Fig.16, the C,, variations associated
with changes in mol fraction of Ny /CH, or No/Ar mixtures
are mostly resulting from a change in gas constant. This
means that the jet entrainment effect is dominant in the jet
interaction with the base flow. A variation in +y (from 1.30
to 1.53) results in only a residual effect on Cp,. Note here
that this statement is valid only for the afterbody flow with
large base areas and for relatively low NPRs. The situation
may be reversed for smaller base areas or for higher NPRs,
because the plume shape effects become significant for such
cases.
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Fig. 16 Isolation of v; effects from RT effects

Note that the isolated effect of v shown in Fig.16 varies
depending on NPR. For NPR of 2.0, the base pressure de-

creases as the value of v increases. On the other hand, at
NPR=6.0, reducing <y increases the base pressure. At NPR
of 4.0, there is no effect of . Usually, the effects of v has
been represented by the jet plume shape parameter like ini-
tial jet expansion angle or maximum plume diameter. The
data shown in Fig.16 implies that variations solely in the jet
plume shape parameter cannot give reasonable explanation
to this observation. Further studies are needed for fully un-
derstanding the underlying physical phenomena.

5. Concluding Remarks

A novel hot-jet simulation technique, which utilizes the
advantages of a cryogenic wind tunnel, has been presented.
In order to validate this method, an experimental investiga-
tion was conducted in the NAL 0.1m Transonic Cryogenic
Wind Tunnel. The data obtained by the cryogenic approach
was compared with the previous hot-jet data. By varying
the composition and the temperature of a jet gas, the in-
dependent determination of the effects of jet temperature
ratio, specific heat ratio, and molecular weight (gas con-
stant) on the base pressure was attempted. The obtained
results can be summarized as follows: ’

(1) The base pressure data taken at three different tunnel
temperatures, 100K, 120K, and 140K, are found to be prac-
tically identical as long as the ratio of jet temperature to
free-stream temperature is maintained to a constant value.
This observation has confirmed the basic similarity rule in
hot-jet simulation.

(2) In a cryogenic wind tunnel, a real turbojet exhaust can
be simulated with a mixture of nitrogen and methane at
moderately elevated temperatures. Both the turbojet val-
ues of v and Ty; /Ty can be matched. The results obtained
by the cryogenic method were found to be in good qualita-
tive agreement with the previous hot-jet data obtained with
an ethylene/air combustor.

(3) The base pressure decreases with increasing the jet tem-
perature ratio. This indicates that the jet entrainment de-
creases as the jet temperature increases. This trend is sim-
ilar for free-stream Mach numbers of 0.6, 0.8, and 0.9.

(4) By independent variations in either of gas constant and
jet temperature, it has been verified that these two proper-
ties have an equivalent effect on the jet entrainment. The
jet-entrainment effects on the base pressure are directly de-
pendent on the squire root of the product of gas constant
and jet temperature. This suggests that the mass flux ratio
is a main parameter affecting the jet mixing process.

(5) For a blunt-based afterbody model used in this study,
the jet entrainment accounts for the most of the observed
jet temperature effects. Variations in v have only a residual
effect on the base pressure. The observed effect of v cannot
be explained reasonably by the jet plume shape parameter

only. Further study on the underlying physical mechanism
is necessary.

(6) As has been demonstrated in the present study, the cryo-
genic approach can provide an excellent tool for studying the
jet-temperature-related effects at transonic Mach numbers.
This technique is useful not only for the aircraft develop-
ment tests but also for the fundamental research on the jet
interaction.
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