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1. Introduction

Vertically launched containerized missiles have
become popular in the area of medium range air defence
system. The flame deflector is one of the important com-
ponents of the vertical hot launch system. It is most fre-
quently a large curved duct or plate, which performs the
disposal of the exhaust gas away from the launch instal-
lations. It is required to withstand the high velocity and
high temperature of the exhaust for a large number of
rocket launches. Understanding the supersonic jet
impingement is essential to the design of hot launch sys-
tems. Studies of momentum and heat transfer in the
supersonic jet impingement are rarely found because of
the complexities of interaction between shock waves
and boundary layer and also because of the difficulties
in measurement of the pressure and temperature on
the impingement surface.

Donaldson et al. [1] conducted measurements of con-
vective heat transfer coefficients with cold air jet imping-
ing on a flat, circular heated plate using flush mounted
calorimeter disks with thermocouples attached to them.
The air velocities were varied from 60 to 210 m/s. The
corresponding Reynolds numbers were in the range of
3% 10% to 1 x 10°. The distance between the nozzle exit
and the plate were varied between 7 and 30 nozzle exit
diameter (nozzle exit diameter = 12.5 mm). It was con-
cluded that the stagnation point heating was relatively
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high compared to the wall heating at low Reynolds num-
bers. For high Reynolds numbers this ratio became high.
At large distances from the stagnation point the heat
transfer had fallen off in inverse proportion with dis-
tance. The Nusselt numbers reported were in the range
of 190-500. Goldstein and Franchett [2] performed
experiments to determine heat transfer to a jet of air
impinging at different oblique angles (30°, 45°, 60° and
90°) to a plane surface. The jet Reynolds numbers con-
sidered were 10,000, 20,000, 30,000 and 35,000. The jet
orifice to plate spacing were 4, 6 and 10 (orifice diame-
ter = 10 mm). Contours of constant heat transfer coeffi-
cient were predicted from the isotherms obtained using
temperature-sensitive liquid crystal. The Nusselt num-
bers obtained were in the range of 20-160. It was con-
cluded that the location of the peak heat transfer was
off-axis from the jet centerline to the plate surface for
the oblique jet. The local Nusselt numbers were found
to be independent of Reynolds number when divided
by the Reynolds number raised to the power 0.7.
Baughn and Shimizu [3] and Baughn et al. [4] carried
out heat transfer studies using cold and heated air jets
impinging perpendicular to a heated plate. The Rey-
nolds numbers considered were 23,300 and 55,000. The
distance between the jet exit and the impinging plate
considered were 2, 6, 10 and 14 diameters (jet diame-
ter = 26 mm). The Nusselt numbers obtained were in
the range of 20-160. The conclusion of the study gave
the possibility of using heat transfer data obtained
from unheated jets to be used for heated jets of known
effectiveness. Lee et al. [5] carried out supersonic jet
impingement experiment on to an inclined plate surface
(inclination angle = 45°) kept at 5 nozzle exit diameters
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Nomenclature

A cross sectional area of the slug

C specific heat of the slug material
d diameter of the slug

D nozzle exit diameter

h convective heat transfer coefficient
J(x) Bessel function for x

kg thermal conductivity of the gas mixture

ks thermal conductivity of the slug material

M mass of the slug

Nu Nusselt number

L length of the slug

q heat flux

q heat flux evaluated by lumped heat transfer
model

r radial coordinate

To radius of the slug

T temperature

Ty stagnation temperature
T surface temperature

X axial distance

z axial coordinate

Greek symbols
o thermal diffusivity
0 time

(diameter = 100 mm) away from the nozzle exit. The
high temperature jet of Mach number 2.82, at the nozzle
exit, was produced by burning a composite propellant in
a rocket motor at a pressure of 89.6 bar. Twenty-
five thermocouples were embedded behind the plate to
obtain the temporal variation of temperature leading
to the calculation of Nusselt number based on an un-
steady one-dimensional heat conduction equation. The
Nusselt numbers obtained were in the range of 2000-
15,000 on the surface of the inclined plate. It was con-
cluded that the Nusselt number sharply decreased with
distance from the centre of the plate and the local Nus-
selt number of the supersonic impinging jet approached
that of the subsonic jet as the distance increased.
Measurement of heat flux is vital to the design and
development of systems involving combustion and heat
transfer. Several types of heat flux sensors were devel-
oped in order to cater for the measurement of local
convective, radiative or total heat transfer rates in mis-
sile, aircraft and launch vehicle structures [6]. Schmidt—-
Boelter heat flux gauge was used for heat transfer
measurement in hypersonic wind tunnel, wherein the
maximum stagnation temperature and heat flux were
of the order of 1700 °C and 0.3 MW/m? respectively
[7]. Gardon gauge was used to measure the heat flux un-
der mixed convection and radiation environment [§].
The maximum temperature and heat flux measured were
of the order of 700 K and 20 kW/m? respectively. It is
clear from the literature survey that the supersonic jet
impingement studies are receiving attention due to its
importance in rocket technology. Also it is revealed that
the heat flux gauges such as Gardon gauge and
Schmidt-Boelter gauge have limited capacity for mea-
surement of heat flux to a maximum of about
0.3 MW/m?>. As the supersonic rocket plume impinge-
ment phenomenon involves the heat flux of the order
of 40 MW/m?, the slug type heat flux gauge appears to

be the only candidate. The need for the measurement
of heat flux on the plume impingement region in rocket
applications provided the motivation to work in this
area.

The present experimental investigation is to obtain
radial heat flux and Nusselt number distributions at var-
ious axial distances due to the impingement of high
velocity and high temperature rocket exhaust gases gen-
erated by burning nitramine based propellant. The heat
flux slug gauges are damaged due to the sudden impact
pressure generated at the time of ignition at regions close
to the center of the plate inline with the nozzle axis.
Severe damage to the slugs is noted at axial distances less
than eight nozzle exit diameters. Therefore, the static
tests are carried out by keeping the vertical plate at
12-16 nozzle exit diameters from the nozzle exit plane.
A valuable database has been developed. This can be
used both by the numerical fluid flow modelers and
structural designers of launchers.

2. Experimental investigation

Several static rocket motor firings have been carried
out to obtain the heat flux distribution as a result of
supersonic rocket exhaust jet impingement. The hard-
ware set up for the experiments consists of, (i) scaled
solid rocket motor mounted on a lathe bed, and (ii) a
channel mount for vertical placement of impingement
plate with a provision to vary the axial distance between
nozzle exit and the plate. The solid rocket motor is a
standard ballistic evaluation motor of inner diameter
90 mm; length 120 mm and thickness 20 mm made up
of stainless steel to withstand a maximum chamber pres-
sure of 150 bar. The impingement plate is kept vertically
in front of the rocket jet exhaust at different distances in
terms of nozzle exit diameters such as 12 to 16. Fig. 1
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Fig. 1. Schematic of impingement plate and rocket motor.

Table 1
Experimental condition

Chamber pressure 40 bar (max)
Total temperature, T 3117K

Heat capacity of the gas at 3.1 kJ/kgK
chamber condition

Area ratio of the nozzle 6.4

Jet exit Mach number 3

Jet exit Reynolds number 1.69 x 10°

0.025 W/mK at 300 K
0.076 W/mK at 1000 K
0.2 W/mK at 3100 K

Thermal conductivity
of the gas mixture

shows the schematic of the impingement plate and the
rocket motor. The exit and throat diameters of the noz-
zle are 24.3 mm and 9.6 mm respectively. The propellant
used in this study is a nitramine based grain consisting of
Nitrocellulose 54%, Nitroglycerine 39%, RDX 5% and
Carbamite 2%. The inner diameter, outer diameter,
length and mass of the grain are 10 mm, 66 mm,
30 mm and 165 g respectively. The composition of the
products of combustion and their thermochemical prop-
erties under the conditions in Table 1 have been calcu-
lated using chemical equilibrium calculation code
from Gordon and McBride [9]. The major combustion
products are, CO: 31%; CO,: 20%; Hy: 6%; H,O: 27%
and N,: 16%. The ignition was provided by burning a
pyrotechnic mixture through an electrically initiated
squib.

3. Slug type heat flux gauge

Slug type heat flux gauge with necessary instrumen-
tation lay out is shown in Fig. 2. Copper is used as
the material for the slug. The dimensions are 5 mm
diameter and 6 mm length. The thermal conductivity
of copper is 387.6 W/mK and specific heat is 381
J/kgK. This slug is embedded in E—glass phenolic com-
posite material plate (100 x 100 x 15 mm) to provide
necessary insulation both in circumferential and axial
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Fig. 2. Schematic of slug gauge and instrumentation.
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Fig. 3. Slug gauge arrangement on the vertical plate.
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directions. A Chromel-alumel thermocouple is brazed
to the copper slug by making a well in it. The thermo-
couple junction is at a distance of 2mm from the
exposed surface of the slug. The arrangement of the slug
gauges on the vertical plate is shown in Fig. 3. In the
present work, detailed unsteady axisymmetric heat con-
duction analysis has been carried out to find the radial
distributions of temperature, heat flux and Nusselt
number as explained in the next section.

4. Conduction heat transfer in slug gauge

The heat transfer in the slug gauge is based on the un-
steady heat conduction in axisymmetric coordinates.
The general governing equation [10] is given below:

O°T 137 T 10T .
i TR w00 M
As the jet impinges on one face of the slug when the
other side and circumference are insulated by E-glass
phenolic plate, the appropriate initial and boundary
conditions can be formulated to solve Eq. (1). This
implies that the boundary conditions are, (i) 07/0z =0
at the top face (z = L), (i) 07/0r = 0 through out the cir-
cumference of the cylinder (r = r¢) and (iii) variable heat
flux as a function of time at z = 0; the initial condition
being the room temperature at time, 6 = 0. The temper-
ature distribution obtained by the analytical solution
based on variable separable approach is given below:

T(r,z,0) = {AO(O) + iAm(H) cos mnz}

m=1

X

1+ f:A,,JO(znr)e*i”} . ()

n=1

The constants 4y, 4,,, 4, and eigenvalues 4, are deter-
mined from the initial and boundary conditions. As
the thermocouple is located along the axis of the slug
gauge (r = 0), the second term of Eq. (2) in the square
bracket becomes equal to zero. This implies that the val-
ues of A, and A, are not necessary to be evaluated. 4,
and 4,,, have been derived for this problem considering
a time varying heat flux condition at z = 0. Heat flux is
not obtained directly from the experiments using the
slug gauges. Only the temperature-time data is obtained
from the experiments. This temperature—time data is uti-
lised at first to obtain an approximate heat flux using the
lumped heat transfer model i.e. g, = %€ (4%) where (d7/
d0) is the temporal derivative of temperature from the
experimental temperature—time data during static rocket
motor tests. From ¢, the heat flux boundary condition
for the exposed surface of the slug (z = 0) is obtained,
namely (£),_, = 72 The temperature distribution as a

0z

function of time at » = 0 and z = 2 mm (i.e., the location

of the thermocouple embedded in the slug gauge) is
obtained from the analytical solution. This analytical
temperature distribution is matched with the experimen-
tally obtained temperature distribution by varying the
value of (£)__,, which was initially obtained from the
heat flux based on the lumped heat transfer model.
The value of (&), which gives a perfect matching of
the experimental and analytically computed temperature
profiles is used to calculate the correct value of heat flux
namely ¢ = —k(&), .

The Nusselt number can be obtained from the condi-
tion on the surface of the slug as, ¢ = h(Ty—Ts) at z=0
and Nu = hdlk,, where k, is the thermal conductivity of
the mixture of exhaust gases at the surface temperature,
T,. The surface temperature is estimated from Eq. (2) by
substituting z = 0. The convective heat transfer coeffi-

cient, / is calculated for a known heat flux, q.

5. Heat flux and Nusselt number distributions

The heat flux data of five static tests are consolidated.
The variation of the maximum heat flux (immaterial of
the time during the static test), non-dimensionalised by
the heat flux calculated at the center of the plate is plot-
ted as a function of radial distance, non-dimensionalised
by the nozzle exit diameter in Fig. 4. Except a few val-
ues, most of the heat flux values along the radial dis-
tance, at a particular axial distance, are less than the
centerline value. In the midst of the data scatter, there
seems to be a local maximum heat flux emerging in the
radial direction of 0.5 <r/D <1. The discrete points
are based on the analytical solution matched with the
experimental temperature—time data and the continuous
line is the trend line passing through majority of the
scattered points. The likely cause of this scatter has been
explained below.

Kim and Chang [11] reported that the impinging
supersonic jet possessed complicated flow elements con-
sisting of barrel shock, exhaust gas jet boundary, Mach
disk, contact surface, reflected shock, plate shock, sub
tail shock and stagnation bubble. Alvi et al. [12] also
reported that the impingement region consisted of com-
plex shock structure and high-speed radial wall jet. The
measurement on the impingement region is very difficult
due to high mean shear, thermal loads and unsteady
pressure forces. Also, this impinging jet is accompanied
by discrete, high amplitude acoustic tones, referred to as
impingement tones. The fluid dynamic—-acoustic interac-
tion seems to be responsible for the scatter in the exper-
imental data. In this case, it is not possible to separate
the predominant flow elements causing this scatter.
These flow elements vary with the nozzle exit conditions
and the distance between the vertical plate and the noz-
zle exit plane. The plate shock stands just in front of the
vertical plate giving rise to a low velocity region and a
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Fig. 4. Radial distribution of non-dimensional heat flux.

possible stagnation bubble region ahead of the plate as
reported by Kalghatgi and Hunt [13]. This is likely to in-
crease the heat flux over a small region at the center
leading to obtaining maximum heat flux at the center.
In a nutshell, the gmax/g.max vs. r/D for all the x/D val-
ues varying from 12 to 16 look almost similar.

The radial distribution of maximum Nusselt number
is shown in Fig. 5 for the x/D values from 12 to 16. The
variations are similar to the heat flux distributions. The
maximum values of the Nusselt number and the heat
flux in these cases are in the range of 900-1250 and
20-40 MW/m? respectively. As the situations studied
are different by different researchers, a limited compari-
son has been attempted. The Nusselt numbers obtained
at x/D =10 by Donaldson et al. [1], Goldstein and
Franchett [2] and Baughn et al. [4] for the subsonic
impinging jets were in the range of 100-300, 20-160
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Fig. 5. Radial distribution of maximum Nusselt number.

and 45-145 respectively. The Nusselt number obtained
in the present study at x/D = 12 is in the range of 250—
1000, whereas, Lee et al. [5] reported 1000-8600 at
x/D = 5 for the supersonic jets. Very high values reported
by Lee et al. [5] (nearly one order of magnitude more
than the values obtained in the present investigation)
must have been due to the strong flow interactions in
the jet impingement and wall jet regions leading to high
shear stresses and gradient in shear stresses. This must
have been responsible for high skin friction and wall
heating leading to large heat transfer coefficients.
Lamont and Hunt [14] carried out supersonic air jet
of Mach number 2.2 (nozzle exit diameter = 30 mm)
impinging on a plate by varying the distances between
the plate and the nozzle exit from 0.5 D to 15 D. They
noted substantial changes in pressure distributions as a
function of centre distance between the nozzle exit and
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the plate. It was noted that the flow fields became
increasingly influenced by the mixing of the jet as the
distance increased until it was 15 D, where the pressure
distribution took a form characteristic of a subsonic
jet. The present investigation addresses the problem of
supersonic jet impinging on a vertical plate kept at the
distances of x/D over a range of 12-16, wherein, the
influence of shock interactions decreases and the jet mix-
ing becomes predominant. This is also indicated by the
relatively low values of Nusselt number compared to
the situation wherein the shock effects were predominant
(x/D = 5) as shown by Lee et al. [5]. Though there is a
scatter in the data, it is observed that there is a possibil-
ity of local maximum Nusselt number in the region of
0.5 <r/D < 1. Baughn and Shimizu [3] obtained similar
local heat transfer maximum at /D = 1.8 for the x/D
ratio of 2, when the subsonic jet impinges on a surface.
A general conclusion can be drawn by comparing the
present study with the studies conducted for the sub-
sonic jets that the Nusselt number values for the subsonic
jet is one order of magnitude less than that of the super-
sonic jet. The values obtained in the present investiga-
tion show that the heat transfer from the rocket plume
is strongly convective in nature.

6. Conclusions

Except a few regions on the impingement plate, the
stagnation point of the plate experienced the maximum
heat flux based on experimental observations. The heat
flux has fallen off along the radial distance in the wall
jet regions. Experimental data showed a possibility of
local maximum heat transfer away from the jet axis
in the midst of data scatter. Comparison of the data
obtained in the present investigation on supersonic jets
with the data on subsonic jets reported in literature indi-
cates that the maximum heat transfer coefficient of the
supersonic jet is about one order of magnitude more
than that of the subsonic jet. It is also observed based
on the values of Nusselt number that the flow field has
been influenced by the mixing of the jet as the distance
between the plate and the nozzle exit is increased. The
maximum heat flux varied between 20 and 40 MW/m?>
during these static tests. The data generated would be
of immense utility to the structural designers of the
flame deflectors of hot launch systems.
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