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Flow Measurements in a Model Ramjet
Secondary Combustion Chamber

Lazar T. Chittilapilly,* S. Venkateswaran,t P. J. Paul,J and H. S. Mukunda§
Indian Institute of Science, Bangalore, India

Experimental studies were conducted on a typical secondary combustion chamber of a ramjet to understand
the influence of various inlet parameters such as primary nozzle configuration, secondary air injection angle,
and flow Reynolds numbers on the secondary combustion chamber (SCC) performance. Cold flow studies were
made with air as the flow medium for both primary and secondary jets followed by similar studies with hot
primary jets. The general flow structure in the SCC obtained from surface oil film technique showed recircula-
tion zones near the head end. The combustor length required for jet mixing was found to be unrelated to
recirculation zone length confirmed by selective temperature and total pressure profile measurements. The
calculated fFictional loss from the momentum balance consideration was found to be small. That significant
improvement in mixing can be achieved by a choice of multiple-hole primary nozzle configuration has been
demonstrated.

Nomenclature
A = area
Cmom = momentum loss coefficient
Cp = static pressure coefficient
D - diameter of the combustion chamber
F - momentum
L - length of the combustion chamber
m = mass flow rate
P - pressure
pcd = pitch circle diameter
Re = Reynolds number
p = density
6 = dump angle
*?mix = mixing efficiency

Subscripts
c = combustion chamber
e = exit
/ = frictional
in = inlet
P
s

= primary
= secondary
= wall

Introduction

A IR-AUGMENTED rocket engines combine the perfor-
mance characteristics of both the rocket and ramjet en-

gines. In the integral ramjet engine, the fuel rich gases from
the primary combustion chamber and the ram air from the
atmosphere (secondary) are mixed and burned in the second-
ary combustion chamber (SCC) to obtain thrust. An efficient
combustion chamber is one where complete mixing and com-
bustion pf the fuel (with air) takes place with a minimum
combustor length and pressure loss. Experimental studies are
important in evaluating the influence of major parameters
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such as primary nozzle geometry, dump angle, Reynolds num-
ber, etc., on the performance of the combustor. The flow in
the combustor is complex, and hence an understanding of the
flow phenomena is necessary.

Straight axisymmetric sudden expansion dump combustion
chambers have received the most study. In this geometry, the
fuel is injected into air before it is dumped into the SCC.
Buckley and Obleskid1 report that swirl given to air before
dumping enhances mixing and thereby reduces the required
length of the SCC by a factor of two.

In the SCC with coaxial, parallel injection of primary and
secondary gases, the loss of radial momentum is avoided at the
cost of delayed mixing.3 The length required for 90% combus-
tion in such a system is of the order of 7-8 diameters com-
pared to 5-6 for the case of radial secondary injection into the
combustor.4 Theoretical downstream pressure calculations of
Hsia and Dunlap,5 assuming no wall friction, gave results
close to the experimental values. This agreement is also re-
ported by Masuya et al.6 for coaxial jets.

In the case of a multiple secondary jet SCC, the secondary
jets are injected at an angle to the combustor axis. Work has
been carried out on two different modes of primary injection,
namely the indirect and direct primary modes.4'7"9 In the indi-
rect primary mode,4'7 the fuel is injected into the secondary air
inlet ports, whereas in the direct primary mode fuel is injected
directly into the SCC. Using a two-dimensional geometry,
Greenberg and Timnat7 studied the indirect primary mode
with and without reaction and found that the flow pattern and
recirculation zone length was independent of reaction.

Ishikawa8 conducted experimental investigations with and
without a bluff body in the combustion chamber on a two-
dimensional model in the direct primary mode. The presence
of a bluff body was found to delay mixing. The possible
reason for this behavior could be that the increased velocity
created by the bluff body delays the mixing, and this over-
shadows the effect of cross velocity created by the body.
Tsujikado,9 from his experiments on primary injection mode
SCC, reported that the length needed for combustion is only
two diameters. This length seems to be unusually small com-
pared to the results of other investigations as well as our
results. Some investigators5'10 have attempted one-dimen-
sional analysis of the flow inside SCC to obtain conditions at
the inlet and exit of the chamber. The chamber was assumed
to be long enough for complete mixing and burning. Ramanu-
jachari et al.10 calculated chamber exit conditions assuming a
frictional loss coefficient of 4 in the combustion chamber, the
value given for ramjet the combustion chamber with flame
holders. This seems to be an overestimate in the light of the
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findings of Hsia and Dunlap5 and Masuya et al.6 and the
present study.

Present Study
The present study has been carried out on a typical SCC

having multiple secondary jets (four numbers) and direct pri-
mary mode injection. Tests were conducted with both the
primary and secondary nozzles supplied with air at ambient
temperature. Selected tests were also performed with primary
air being heated to 130°C for different secondary air angles,
primary nozzle configurations, and Reynolds numbers selec-
tively. [Some confirmatory tests at higher temperatures
(500°C) were also made, but detailed measurements were re-
stricted to jet at 130°C.] An attempt to understand the flow
structure with multiple primary and secondary jets has led to
a primary nozzle configuration giving fast mixing.

Experimental Apparatus
The schematic diagram of the air supply scheme is shown in

Fig. 1. The air supply was provided by a reciprocating com-
pressor which supplies air at 0.2 kg/s and a pressure of 0.5
MPa. The air supply was divided into two parts: one part for
the primary air and the other part for the secondary air. The
secondary air was taken through a distributor containing
choked nozzles to distribute equally among the four secondary
inlets. The primary jet is heated by either an electrical heater
of 3 kW or a separate liquefied petroleum gases (LPG) burner
for getting higher temperature. Detailed temperature profile mea-
surements were made only while using electrical heating since
the temperature obtained using burner was oscillatory. Be-
cause of facility restrictions, the Reynolds number (based on
diameter of combustion chamber) was limited to 2.7 x 105.

Figure 2 shows the details of the combustion chamber and
the primary nozzles used. Since the primary nozzle configura-
tions were not axisymmetric, the effect of azimuthal position
of the primary nozzle with respect to the secondary was also
studied. One of the two chosen positions is shown as case A in
Fig. 2. The other position is the one in which the primary
nozzle is rotated to coincide BB with AA and is denoted as
case B.

The choice of dump angles was based on the fact that the
extremes of 0 and 90 deg would not be of any practical interest
in view of extremes in mixing length and pressure loss. Only
two dump angles at 25 and 35 deg were attempted.

Twenty wall pressure taps were provided on the combustor
along the axial direction, and three taps were located on the
combustor dome. The dome taps were located between two
secondary jets at equal distances along the contour of the
dome wall. The static pressures were read on a manometer
bank.

Stagnation temperatures at the inlet and other points were
measured using chromel-alumel thermocouple probes of 0.3
mm bead size. The thermocouples and total pressure probes
were mounted on a rake, which could be rotated and moved in
the axial direction so that radial, azimuthal, and axial profiles
of these quantities could be obtained.

BOURDEN GAUGES

THERMOCOUPLE

Flow Visualization
For surface flow visualization, small dots of lamp black

suspended in lubricating oil SAE 40 were deposited on the
combustor wall prior to the test. This gave flow patterns
clearly showing the direction of the flow. Defining the proper
mixture having enough fluidity, a long drying time, and which
was not affected by gravity required several trials. To facilitate
the visualization study, the constant area part of the combustor
was made in two halves that could be split open horizontally.
The dots were deposited on transparent epoxy sheets at close
intervals, and the sheets were glued to the inner side of the
combustor wall. The test run time ranged from 30 s to 2 min
depending on the flow rates. After each run the epoxy sheets
were removed, and the flow pattern was documented by pho-
tocopying.

Results and Discussion
Surface Flow Pattern

The surface flow patterns for a few typical cases are given in
Fig. 3. From the shape of the trail left by the oil-lamp black
mixture, which has head and tail identification, the direction
of the surface flow can be clearly seen. Regions of reversed
flow can be observed near the head end of the combustor.
These reverse flow regions can be clearly distinguished in the
case of higher Reynolds number flows. However, for low
Reynolds numbers, there seems to be a swirl component in the
velocity in the recirculation zone, which makes it difficult to
locate the point of attachment.

For higher Reynolds number flows, which are of interest,
the flow becomes attached within an L/D of 1.5 along each
one of the secondary jets. These attachment points can be
easily deduced from the flow patterns (see Fig. 3) and look
similar to source points from where the flow is issued in all
directions along the wall surface. From these results it can
be inferred that the flow is approaching these points almost
radially.

The surface flow pattern for the single-central-hole primary
jet is almost the same (figure not shown) as that for a multiple-
hole primary jet showing almost the same recirculation length
(1-1.5.D). This implies that the recirculation length is not
indicative of the jet mixing length.

Wall Static Pressure
The static pressure measurements were made both in line

with a secondary jet and between two adjacent secondary jets.
In Fig. 4, typical static pressure variations along the combus-
tor are shown for single-hole and the multiple-hole configu-
rations 2 and 4 shown in Fig. 5. Nondimensionalized static
pressure variation Cp [defined as Cp = (PW— Pe)/(pV2/2)] is
plotted as a function of x/D for a few selected cases. The wall
static pressure reaches a maximum at about an x/D = 4.5 for
the case of the multiple-hole nozzle 2 and then decreases with
increasing chamber length. In the case of single-hole primary
nozzle, the wall static pressure does not reach a maximum as
in the case of multiple-hole nozzle discussed above. This is
understood to be due to delayed mixing in the single-hole case
compared to the multiple-hole geometry. In the fore of the
combustor, the primary jet creates a region of high velocity
and consequently a region of low static pressure. The static
pressure keeps rising along the combustor length because of
the reduction in the core velocity.

PRIMARY AIR
TOTAL

TEMPERATURE:

PRIMAR~7

SECONDARY AIR
STATIC PRESSURE CASE A

HEATER
'—PRIMARY INJECTOR

Fig. 1 Air supply schematic.
SECONDARY

8 DUMP ANGLE (25 and 35 )

Re No Range -. 0.67 to2.7x1Q5

Fig. 2 Schematic of SCC.
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Fig. 3 Surface flow patterns.

After the identity of the primary jet is lost, the pressure
decreases due to frictional loss and increased velocity caused
by the boundary-layer growth. The latter contribution has
only a marginal influence for the length scales under consider-
ation. Hence, the point of maximum wall static pressure gives
an indication of the length required for the mixing of the
primary and secondary jets. Ishikawa8 plotted the wall pres-
sure distribution along the combustor' and concluded that
the wall pressure maximum coincides with the reattachment
point. This conclusion does not seem to be consistent with the
present experimental results since from the surface flow visu-
alization, the reattachment length v/as found to be about 1
diameter from the head end whereas the point of maximum
static pressure varied from 2 to 6 diameters depending on the
geometry.

Temperature and Total Pressure
The mixing between the two jets can be assessed from the

temperature and total pressure profiles at various axial loca-
tions. Figure 6 gives the radial temperature profiles at various
axial locations, and Fig. 7 gives the corresponding total pres-
sure profiles. The examination of the temperature profiles
shows that the profiles become nearly flat at an L /D of 5 for
nozzle 2 (of Fig. 5) and at 3 for primary nozzle 4. Taking local
temperature to be a direct indicator of local mixture ratio,
the mixing efficiency at any section can be obtained by the
relation

iymix=100 1-
\AG(Ta-T)dAl

AL(Ta-T2) AG(Ta-: (D

where Ta is the average temperature (temperature the gas will
attain when perfectly mixed), T\ the temperature of the pri-
mary stream, and T2 the temperature of the secondary stream.
The AL is the area of that part of the cross section where T is
less than Ta and AG the area where T is greater than Ta. A

-0.5

-1.0

1 2 3 A 5 6
X/D

Fig. 4 Wall static pressure along the combustion chamber length.

1.6 <t>
at 18 PCD

at 20 PCD

at 10 PCD

Fig. 5 Various primary nozzle configurations.

more appropriate definition of mixing would have been ob-
tained by taking mass flux weighted average rather than the
simple area average as in Eq. (1). However, because the de-
tailed mass flux distribution was not measured, simple area
averaging was used. Nozzle 4 achieves 99% mixing at an L/D
of 3, and for nozzle 2 an L ID of 5 is required for achieving the
same mixing. These values match well with the point of maxi-
mum wall static pressure, which gives additional credence to
the earlier proposition that the static pressure becomes maxi-
mum where mixing of the jets is nearly complete.

The total pressure profiles are plotted in Fig. 6. The points
plotted are in the azimuthal position of maximum variation in
total pressure. These profiles show considerable asymmetry
and are not uniform even in the region where thermal mixing
is complete. Hence in this situation the momentum and heat
transfer seem to be considerably dissimilar.

Momentum Loss
From mass conservation,

(2)

From momentum conservation, the momentum loss due to
friction is the difference between the momentum of the gases
at the head end and that at the exit:

Ff = F-m-Fe (3)

where

Fin = APPP + mpVp + (Ae - AP)PS + msVs cos(0) (4)

toeV€ (5)
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60

50

30

Table 1 Mixing length required for the various
primary nozzles tested

1 0.75 0.5 0.25 0 0.25 0.5 0.75 1
— ('/„>—•>

Fig. 6 Temperature variation across the combustor at different axial
locations.

Fig. 7 Total pressure variation across the combustor at different
axial locations.

Fig. 8 Momentum loss coefficient variation with mass flow ratio.

where mp, ms, and mc are the primary, secondary, and com-
bustor total flow rate; and /y, Fin, and Fe are the momentum
loss due to friction, momentum of the inlet jet and momentum
of the exit jet, respectively.

The calculated values of the frictional force Ff from the
above equations is about 5-10 N for the range tested, which is

Primary nozzle
configuration

number (Fig. 5)
1
2

3

4

4a

5

Description

Single hole of 6 mm
Eight holes of 1 .6 mm at

18 mm pcd and four holes
of 2.3 mm at 10 mm pcd

Four holes of 2.3 mm at
18 mm pcd and four holes
of 2.3 mm at 10 mm pcd

Eight holes of 2.3 mm
at 18 mm pcd

Same as above with
10-deg divergence

Four holes of 3.25 mm
at 18 mm pcd

Hot/cold
Cold
Cold

Hot
Cold

Cold
Hot
Cold

Cold

L/Dfor
mixing

7

5

5

5

2.8
2.8

2.8

3.6

between 3 to 5% of the inlet momentum. The corresponding
total pressure loss due to friction will also be of the same
order.

For the above calculation of the frictional momentum loss,
the static pressure at the dome wall was assumed to be con-
stant over the dome shape and equal to the secondary jet static
pressure. However, there were some variations of the static
pressure over the dome to the extent of 15%. When these
variations were taken into account with the measured dome
pressure values, the change in frictional loss was within 10%
of the frictional loss calculated with uniform dome pressure.
Since the total pressure loss due to friction is within 5%, the
error introduced in calculating the combustion chamber total
pressure using the above assumption is less than 0.5% (10% of
5%). Hence, the combustion chamber total pressure can be
calculated fairly accurately assuming that the dome pressure
equals the secondary jet pressure.

The momentum loss due to friction Ff is nondimensional-
ized by the combustor exit dynamic head, and a momentum
loss coefficient Cmom has been defined as

C _mom — (ApV2/2)e
(6)

Figure 8 shows the variation of Cmom with the mass flow
ratio ms/mp and dump angle for three Reynolds numbers for
both cases A and B. Only case A has been shown for the
highest Reynolds number.

In general, case A seems to have lower momentum loss. For
the lower two Reynolds number cases, the momentum loss
decreases with Re but increases for the highest Reynolds num-
ber. The result does not change with azimuthal angle.

Effect of Primary Nozzle Configuration on Jet Mixing
The various primary nozzle configurations tested are shown

in Fig. 5. Although it is to be expected that multiple primary
jets give faster mixing, the distribution of holes, which gives
the best performance, has not been reported in the earlier
literature. The effect of primary, nozzle configuration on jet
mixing length is shown in Table 1. The L/D required for
mixing varies from a high of 7 for single-hole nozzle to 2.8 for
the multiple-hole nozzle of configuration 4 in Fig. 5. From the
table, it is apparent that improved mixing is obtained by
distributing the holes in the largest pitch circle diameter. Com-
paring the mixing length observed in configuration 6 with that
observed in configurations 1 and 3 shows that the pitch circle
diameter is more important than the number of holes. In the
nozzle configurations 2 and 3, the holes are distributed on two
pitch circles, and larger mixing lengths were observed in
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both when compared to configuration 5, which had just four
holes drilled on the large pitch circle of 2 and 3. For a constant
pitch circle diameter, having a larger number of holes seems to
provide better mixing as is evident from the comparison of
configurations 4 and 5.

Conclusions
1) The recirculation zone length is limited to an L/D of

1-1.5 under most conditions of operation.
2) The total pressure loss due to friction was found to be

within 5% of the total pressure for the range tested.
3) The choice of multiple-hole geometry reduces the com-

bustion chamber length required for mixing of the jets. Hav-
ing multiple holes at the largest pitch circle diameter seems to
provide the best mixing configuration.
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