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Abstract. The present experimental evaluation deals with the behavior of base pressure
(BP) in a suddenly expanded duct at supersonic Mach number regimes. The experiments
have been conducted for two cases viz. Without and with the use of microjets or active
control. The plan of experiments was planned as per Taguchi design of experiments for
acquiring data in a controlled manner. An L,, orthogonal array and analysis of variance
(ANOVA) has been employed to investigate the contribution (in terms of percentage) of
distinct process parameters like Mach number (M), Nozzle Pressure Ratio (N), Area Ratio
(A) and their interactions affecting base pressure. The correlation between these parameters
affecting base pressure has been obtained using multiple linear regression analysis. It has
been concluded that the Mach number and area ratio were the factors that had high statisti-
cal significance on the behavior of base pressure for both cases. The performances of
the developed linear regression models have been validated for accuracy prediction by use
of 15 test cases. The performance of both the base pressure models was found to be better
with percentage prediction in deviation lying in the range of —12.92% to +15.88% for base
pressure without control and —10.27% to +19.23% for base pressure with control.
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1. Introduction

In the wake of developments in space technology and missiles, the study of base
flows at a high Reynolds number remains to be a prime area of research. It is well
known in previous literature that base pressure can be as high as 50 percent of the
total drag during off jet conditions. However, during jet on conditions, the pressure
at the base tends to be high due to negligible suction [1, 2]. Thus the base pressure
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and consequently base drag can be controlled in the case of blunt projectiles
thereby leading to a considerable increase in the range of missiles and projectiles.
As far as friction drag and wave drag are concerned, considerable work has already
been conducted and reported leaving little scope for further investigation. Thus op-
timization and control of base pressure is the only area of exploration currently
available. The major objectives of the present study are to optimize and control the
base pressure required for smooth flow development without oscillations and to
also minimize the total pressure gradient. Therefore, the experiments in the present
study are conducted in an enlarged duct in order to ensure no negative effect of
control on the duct flow field.
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Fig. 1. Suddenly expanded flow field

A flow field in a suddenly expanded duct is a variegated phenomenon character-
ized by flow separation, flow recirculation and flow reattachment. The flow field is
divided into two regions by the shear layer i.e. the recirculation region and the main
flow region. The point where the divided streamlines strike the wall is referred to
as the reattachment point. The features of a suddenly expanded flow field [3] are
shown in Figure 1. The desired testing of parameters in done either by experience
or by use of a handbook. However, it does not provide the optimal parameter for
a particular situation. There are numerous mathematical models based on statistical
regression techniques that are constructed for proper selection of testing conditions.
Taguchi’s design of experiments is an effective and systematic approach to opti-
mize the performance, quality and cost of a design [4]. Taguchi’s design can be
streamlined by expending the application of the traditional experimental designs to
the use of orthogonal array. Below are a few works of scientists having taken up
the problems relating to base pressure control and optimization. Chapman et al. [5]
initially conducted experiments on base pressure in order to study its effects on
a boundary layer. He concluded that base pressure is directly correlated to bound-
ary layer thickness and location of the transition point. Tanner [6] studied a base
cavity at different angles of incidence. He concluded that a base cavity could
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increase the base pressure and thus decrease the base drag in an axi-symmetric flow.
He varied the angle of incidence from 0 to 250. The maximum drag reduction was
found at o = 20. The reduction of base drag at Mach 2 was studied by Viswanath
[7]. He employed passive devices for this purpose. The devices hired possessed
base cavities and ventilated cavities. The results showed that ventilated cavities
displayed significant reduction in base drag of about 50 percent. Rathakrishnan [8]
experimentally investigated the influence of cavities on a suddenly expanded
subsonic flow field. They studied base pressure variation through a convergent
axi-symmetric nozzle expanding suddenly into an annular shroud consisting of
annular cavities. Khan et al. [9-13] conducted experimental investigations in order
to study the influence of microjets for controlling base pressure in a suddenly
expanded axisymmetric duct. It was found that the microjets serve as controllers
for increasing base pressure for a combination of parameters. The maximum
increase in base pressure was 152 percent. Furthermore, it was also concluded that
Mach number and nozzle pressure ratio play a definitive role in deciding the base
pressure without and with the use of microjets. Based on the literature cited above,
very little importance has been given towards optimization of flow control and its
effectiveness. Therefore, it was thought worthwhile to conduct the above study as it
will be of immense help for various rocket and space programs wherein the behav-
ior of the base pressure is to be understood fully, since base pressure control will
result in either an increase or decrease in base pressure.

Nozzles come up in a vast range of applications. Obvious ones are the thrust
nozzles of rocket and jet engines. Converging-diverging ducts also come up in
aircraft engine inlets, wind tunnels and in all sorts of piping systems designed to
control gas flow. The flows associated with volcanic and geyser eruptions are
influenced by converging-diverging nozzle geometries that arise naturally in geo-
logical formations. From area-averaged equations of motion [14], by neglecting
the shear stresses and heat fluxes, the governing equations together with the perfect
gas law can be expressed in fractional differential form as
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By using the equations for mass, momentum and energy to replace the terms in the
equation of state, we get

du? 2 \dA
U :(MZ —J? ©)

Equation (6) shows the effect of stream wise area change on the speed of the flow.
2

Using Eq. (6) to replace du

in each of the relations in Eqgs. (1), (2) and (3), we get:
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Equations (7), (8) and (9) describe the effects of area change on the thermodynamic
state of the flow. Using Eq. (9) in Eq. (6) by rearranging and integrating from the
initial Mach number to 1, we get,
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Evaluating equation at the limits, we get
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In the above equation, we referenced the integration process to M = 1. The area A*
is a reference area at some point in the channel where M =1 although such a point
need not actually be present in a given problem. The area-Mach-number function
is given by equation (11).
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2. Plan of experiments

The experiments were conducted as per the Taguchi Design of Experiments.
The orthogonal array is selected based on the condition that the degree of freedom
of the array should be greater than the sum of the flow parameters. Therefore
a standard L,; orthogonal array was implemented [15]. This array consists of 27
rows and 13 columns. The first column was assigned to Mach number (M), the
second column was assigned to Nozzle Pressure Ratio (N), the fifth column was
assigned to Area ratio (A) and the remaining columns were assigned to their inter-
actions. The response to be studied was the base pressure without and with the use
of microjets. The process parameters and their levels are shown in Table 1.

Table 1. Process parameters and their levels

Levels Mach number (M) Nozzle pressure ratio (N) Area ratio (4)
1 2.0 5 3.24
2 2.5 7 4.84
3 3.0 9 6.25

3. Experimental setup

The experimental set up is shown in Figure 2. The set up consists of a nozzle
with eight holes at its exit periphery out of which, four (marked c) were used
for blowing and the remaining four (marked m) were used for measuring base
pressure. The base pressure was regulated through the control holes (c), by use of
a settling chamber by employing a tube which connects the settling chamber with
the control holes. The experiments were conducted for a suddenly expanded duct
for a length to diameter (I/d) ratio of 4.
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Fig. 2. Experimental set up
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A PSI model 9010 pressure transducer was used for measuring base pressure
and pressure in the settling chamber. It measures pressure ranging from 0 to 300 psi.
The readings are averaged at the rate of 250 samples per second and displayed.
The computer and the transducer were interfaced by user-friendly software.
The software acquires data from all the base pressure measuring channels and
simultaneously displays it on the computer screen. The system is operated in tem-
peratures ranging from —20 to +60° and 95% humidity. The transducer had a meas-
urement resolution of £0.003 and the readings were accurate up to =1 per cent.

4. Results and discussions

The experiments were conducted with an aim of relating the influence of Mach
number (M), nozzle pressure ratio (N) and Area ratio (A) on base pressure behavior
of suddenly expanded flows with and without the use of microjets. On conducting
the experiments as per the orthogonal array, the base pressure results for various
combinations of parameters have been obtained and shown in Table 2. The results
indicate that the use of control or microjets do not influence the flow field adversely
as the base pressure values for both the cases are pretty similar.

Table 2. Experimental results for Taguchi L27 (313) array for base pressure without
and with the use of active control

S.I. No. M N A BP (WoC) BP (WC)
1 2.0 3 3.24 0.606 0.603
2 2.0 3 4.84 0.699 0.699
3 2.0 3 6.25 0.754 0.760
4 2.0 7 3.24 0.121 0.140
5 2.0 7 4.84 0.18 0.174
6 2.0 7 6.25 0.536 0.381
7 2.0 11 3.24 0.216 0.240
8 2.0 11 4.84 0.143 0.170
9 2.0 11 6.25 0.091 0.120
10 25 3 3.24 0.714 0.722
11 2.5 3 4.84 0.793 0.793
12 2.5 3 6.25 0.838 0.840
13 2.5 7 3.24 0.471 0.425
14 25 7 4.84 0.575 0.562
15 25 7 6.25 0.614 0.620
16 2.5 11 3.24 0.061 0.081
17 2.5 11 4.84 0.076 0.068
18 2.5 11 6.25 0.567 0.554
19 3.0 3 3.24 0.845 0.850
20 3.0 3 4.84 0.889 0.890
21 3.0 3 6.25 0.908 0.912
22 3.0 7 3.24 0.643 0.634
23 3.0 7 4.84 0.709 0.720
24 3.0 7 6.25 0.766 0.770
25 3.0 11 3.24 0.542 0.550
26 3.0 11 4.84 0.614 0.597
27 3.0 11 6.25 0.662 0.652
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4.1. ANOVA and effect of factors

Analysis of variation (ANOVA) is carried out to statistically test significance
of the combined effect of all linear, square and interaction factors and the adequacy
of developed models. The ANOVA allows one to analyze the influence of each
variable on the total variance of the results. This is done by comparing the means
between the variables and determines whether any of these means are statistically
significantly different from each other [16]. Statistically, there is a tool called an F
test, named after Fisher, to see which design parameters have a significant effect on
the quality characteristic. In the analysis, the F-ratio is a ratio of the mean square
error to the residual error and is traditionally used to determine the significance of
a factor. The P (%) reports the significance level (suitable and unsuitable). Table 3
shows the results of ANOVA for base pressure without control or without the use
of microjets. The level of significance i.e. level of confidence used for the perform-
ance of analysis was 95%. The last column in the table represents the significance/
influence level or percentage contribution % (P) of each parameter affecting the
response variable i.e. base pressure. If the ”Test F” value is greater than the F (1%)
column value, then the assigned variable is statistically significant.

Table 3. Analysis of variance (ANOVA) for base pressure results without the use of

active control

Source DF SS Variances Test F F PY(%)
M 2 2422 12.11 16.39 9a 30.07
N 2 38.65 19.32 26.46 19a 47.98
A 2 5.56 2.78 3.80 9a 6.91

M*N 4 4.36 1.09 1.48 4a 5.42
M*4 4 1.03 0.25 0.35 4a 1.29
N*4 4 0.78 0.20 0.27 4a 0.97
Error 8 5.90 0.73 - - 7.33
Total 26 80.56 - - - 100

Table 4. Analysis of variance (ANOVA) for base pressure results with the use of

active control

Source DF SS MS Test F F P(%)
M 2 26.17 13.08 25.75 9a 31.75
N 2 40.36 20.18 39.71 19a 48.96
A 2 4.67 2.33 4.60 9a 5.67

M*N 4 5.04 1.26 2.48 4a 6.12
M*4 4 1.41 0.35 0.70 4a 1.72
N*4 4 0.49 0.12 0.34 4a 0.60

Error 8 4.03 0.50 - - 4.90

Total 26 82.44 - - - 100
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It can be clearly observed from Table 3 that nozzle pressure ratio (P = 47.98%),
Mach number (P = 30.07%), area ratio (P = 6.91%) and interactions between Mach
number/nozzle pressure ratio (P =5.42%) has great influence on base pressure
without active control. Mach number/area ratio (P =1.29%) and nozzle pressure
ratio/area ratio (P =0.97%) does not have a significant effect (both physical
and statistical) on the base pressure without active control and are consequently
neglected. The error associated in the ANOVA table is about 7.33%. The ANOVA
for base pressure with active control has been shown in Table 4. It is observed that
nozzle pressure ratio (P =48.96%) is the major factor influencing base pressure
with control followed by Mach number (P =31.75%) and area ratio (P = 5.67%).
On the other hand, interactions between Mach number/nozzle pressure ratio
(P =6.12%) Mach number/ area ratio (P = 1.72%) and nozzle pressure ratio/area
ratio (P = 0.60%) exert no influence on the base pressure without the use of micro-
jets. The error associated in the ANOVA table is about 4.60%.

Here, in both cases, it is observed that nozzle pressure ratio had maximum impact
on base pressure among the tested variables. As the nozzle pressure ratio increases,
the level of overexpansion comes down; hence the oblique shock at the nozzle
exit becomes weaker. Therefore the turning away tendency of the incoming flow
decreases leaving the vortex almost intact. In this situation, when micro jets are
introduced, they may propagate without any deflecting tendency, thereby entraining
some mass from the standing vortex and convecting it away from the base causing
the base pressure to assume higher values than for those without control case [16].
The Mach number also influences base pressure significantly. This is because Mach
numbers of the jets at Mach 2.5 and 3.0 experience a high over expansion where
a stronger effect at the nozzle exit is experienced causing a significant change
in base pressure [17]. It can be clearly noted that the term area ratio also plays
an important role in influencing base pressure, especially in secondary flows near
duct corners. For a particular area ratio, for a given Mach number and nozzle pres-
sure ratio, there is a transverse pressure gradient, which provides the centripetal
force for the secondary fluid elements to change direction. This results in the fluid
near the nozzle exit moving outwards and the fluid near the corner walls moving
inwards [18]. As the area ratio increases, the secondary vortices that are attached to
the horizontal walls become stronger and reach farther in the spanwise and vertical
directions [19, 20]. Consequently, their counter-rotating neighbors in the adjacent
vertical straight walls become weaker and increasingly attached to the wall leading
to an increase in base pressure.

The main effect plots for base pressure without and with control are shown in
Figures 3 and 4 respectively. It can be clearly observed that the main effect plots
for base pressures without and with control are very similar in nature. This can be
attributed to the fact that the use of microjets does not affect the base pressure
significantly as the values remain similar and are shown Table 2, referred to earlier.
It can be clearly observed that an increase in the Mach number (M) experiences
a significant increase in the base pressure followed by area ratio (4) which shows
a considerably smaller increase in base pressure. However, with the increase on
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nozzle pressure ratio (), the base pressure saw a steep decrease. Thus from Figures
3 and 4, it can be inferred that the nozzle pressure ratio has the highest significance
on optimal setting conditions, followed by Mach number. The influence of area
ratio shows a lesser effect on base pressure variation as it contributes to a compara-
tively smaller extent when compared to the rest of the parameters.
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Fig. 3. Main eftect plots for base pressure results without the use of active control
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Fig. 4. Main eftect plots for base pressure results with the use of active control

4.2. Regression analysis

A linear regression technique has been implemented to study the base pressure
in a suddenly expanded duct. The general expression for regression is given by

Y=aytaXitaX, +a X5+ a, X\ X, +as XX, + a XX+ a, X X0 X, (12)

In the above equation (12), Y represents the response base pressure. The vari-
ables X}, X, and X; represent the Mach number, nozzle pressure ratio and area ratio
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respectively. The terms a,, a, and a, represent the coefficients of the independent
variable i.e. X, X, and Xj respectively. The a,, as, a,, and a, are the interaction
coefficients between X,.X,, X|X;, X,X; and X, X, X, respectively, within the selected
levels of each of the variables. The above expression in its basic form is

Y,=aytakX,taX,+..+akX, (13)

In equation (13), the intercept, a, of the line, gives the expected value of ¥ when
all x’s = 0. The slopes, a,, j = 1...p where p is the number of explanatory variables,
(for our case j=1....7) give the increase (or decrease) in Y for a unit increase in
each x;, given the other explanatory variables in the model. After calculating each
of the coefficients of equation (12), the final linear regression equation for the base
pressure is obtained. The regression equation for base pressure without control and

with control is

,=—0.89+0.655M+0.016 N+ 0.315A —0.0329 MxN
—0.110MxA—0.0322NxA+ 0.0137 MxNxA (14)

Y,=-0.74+0.594M + 0.024 N + 0.263 A — 0.0346 MxN
—0.089 MxA - 0.0315NxA+ 0.0132 MxXNxA 15)

In the equations (14) and (15), ¥; and Y, represent base pressure with and with-
out control respectively. The coefficients of determination (R”) for base pressure
without and with control are 87.19 and 88.58% respectively. The behavior of
base pressure with control is found to be more accurate than without control.
The value of g, for base pressure without and with control is —0.89 and —0.74
respectively. The value of g, is the intercept of the plane and is a mean response
value for all experiments conducted. This value not only depends on parameters
like M, N and A4; but also takes irregular parameters into account like experimental
irregularities, flow losses, environmental conditions, surface roughness of the ducts
etc. [21, 22].

4.3. Confirmation tests

The confirmation tests have been conducted to validate the statistical analysis
by conducting experiments on base pressure for the same parameters, but are
however different from those used for analysis as shown earlier in Table 2. Table 5
shows the experimental conditions for the confirmation tests performed. The esti-
mations of percentage deviation in prediction are found to lie in the range of
—12.92% to +15.88% for the case of base pressure without control (Fig. 5a) and in
the range of —10.27% to +19.23% for base pressure with control (Fig. 5b). The base
pressure was successfully predicted with a root mean square error RMSE = 0.0037
for without control and RMSE = 0.0039 for with control respectively.
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Table 5. Confirmation tests
Test No. M N A BP (WoC) BP(WC)
1. 2.5 5 3.25 0.476 0.460
2. 3 7 3.25 0.595 0.573
3. 7 4.75 0.699 0.671
4. 2.5 7 3.25 0.347 0.330
5. 2 7 6.25 0.376 0.368
6. 2.5 9 6.25 0.374 0.369
7. 3 9 6.25 0.651 0.641
8. 2 7 6.25 0.327 0.360
9. 2.5 5 3.25 0.388 0.397
10. 2.5 5 3.25 0.557 0.539
11. 3 7 6.25 0.692 0.689
12. 3 9 4.75 0.619 0.700
13. 3 5 6.25 0.809 0.810
14. 2.5 7 4.75 0.489 0.471
15. 2 9 6.25 0.191 0.200
a) 20
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Fig. 5. Standard deviation in prediction of 15 test cases for: a) base pressure
without active control, b) base pressure with active control



70 J.D. Quadros, S.A. Khan, A.J. Antony

Additionally, the line of best fit is used to make the comparison. Here, the
experimental values obtained are compared with those of corresponding model
predicted values. It has also been observed that the best fit line obtained for
the model of base pressure (WoC) as shown in Figure 6a shows noticeable devia-
tion of data points from the ideal, y = x line. However the best fit line for the model
of base pressure (WC) shown in Figure 6b shows considerably lesser deviation of
data points from the ideal y-x line_thereby indicating better predictability of the
model when compared to the model of base pressure (WoC).
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Fig. 6. Comparison of model predicted base pressure with actual base pressure for:
a) base pressure without active control, b) base pressure with active control

5. Conclusions

Base pressure behavior has been studied using statistical analysis without and
with the use of control or microjets. Mach number, nozzle pressure ratio and area
ratio are the parameters involved in the study. The following conclusions have been
drawn:

e Mach number and nozzle pressure ratio were found to have the highest physical
and statistical significance on base pressure without and with control respec-
tively. Area ratio was found to have the least significance.

e The confirmation tests showed the percentage deviation in prediction was found
to lie in the range of —12.92% to +15.88% for the case of base pressure without
control and in the range of —10.27% to +19.23% for base pressure with control.

o The present work presents a methodology to model and analyze the base pres-
sure process utilizing statistical tools. Further, it will help in reducing base drag,
when one needs to consider expanding base pressure to the more extreme and
similarly for improvement of mixing when one needs to go for diminishing base
pressure to the lowest possible value. The regression models can be used to
predict the response values without conducting experiments for the set of
process parameters.
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NOMENCLATURE
A Area ratio R Ideal gas constant 8.314-10° (kg m* mol ™' K™' s7%)
A" Throat area of the nozzle T Temperature of Ideal gas
F Fisher statistic U Local flow velocity with respect to the boundaries
M Mach number y  Ratio of specific heat at constant pressure to constant
N Nozzle pressure ratio volume (1.4 for air)
P Probability BP Base pressure
P, Ambient pressure MS Mean of squares

SS Sum of squares
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