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Measurements of starting load in the indraft supersonic wind tunnel of Muroran Institute of Technology were

conducted for Mach 2, 3 and 4 conditions with the AGARD-B model. The high-speed photographs covering the

behaviors of the wind tunnel model from the start to end of the operation were taken. Those photographs make clear that

the oscillations of the model coincide with the measured starting load oscillation and starting loads were caused by two

shock waves. The first shock wave is the reflection shock, generated at the nozzle throat by expansion wave reflection.

The second wave is comprised asymmetric oblique shock waves (AOS) coming from upstream. AOS can generate

asymmetric conical shock (ACS) around the nose cone of the model, which would have directly caused the starting loads

on the wind tunnel model. Based on these observations, propose a conical shock theory, as an alternative starting load

prediction theory instead of the normal shock theory.
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1. Introduction

The Aerospace Plane Research Center (APReC) at the

Muroran Institute of Technology is studying aerospace

transportation to promote fundamental technologies. There-

fore, an indraft supersonic wind tunnel was rebuilt at APReC

by reusing the nozzle blocks and major parts, from the blow-

down supersonic wind tunnel at the University of Tokyo.

Aircraft movements consist of six degrees of freedom

(6 DOF), and are governed by translational forces along

the three mutually perpendicular axes and three rotational

moments about these axes. In a wind tunnel test, these forces

and moments are usually measured using a six-component

internal balance, which is usually very expensive and

requires careful handling, because it is easily damaged by

excessive aerodynamic loads. To prevent damage, imposed

loads on the wind tunnel model must be restricted to the bal-

ance limits. Aerodynamic loads can be divided into steady

loads and starting loads. The former are objective loads in

the wind tunnel tests and the latter are impulse forces caused

by unsteady, transient flow at the beginning of tests. Starting

loads are given more attention than steady loads for a bal-

ance safety. If the balance is designed to be sufficiently

robustly to withstand to large starting loads, the sensitivity

and resolution required for aerodynamic measurement can-

not be guaranteed. Therefore, the model is either shielded by

two retractable plates or inserted into the test section to

reduce the starting loads.1) However, it is difficult to install

such equipment in the present wind tunnel. In addition,

inevitable hatches or grooves on test section walls generate

in undesirable shock waves.2) The best method to prevent

excess starting loads is to determine the model scale within

the balance limit. Previously, starting loads have been pre-

dicted by normal shock theory, described in the next section.

However, it is well known that this theory gives much larger

starting loads value than actual values. Thus, the balance

load limit is larger when starting load is evaluated by normal

shock theory, leading to degraded measurement accuracy.

This study clarifies the factors governing starting load

phenomena. Starting loads imposed on the AGARD-B

model were measured in the APReC indraft supersonic wind

tunnel at Muroran Institute of Technology. At the same

time, we photographed of the model behavior with a high-

speed video camera. We propose an alternative starting load

prediction theory instead of the conventional shock theory.

2. Starting Load Theory from Previous Studies

Starting loads are thought to be caused by unsteady shock

systems at the start of wind tunnel tests. Once a flow field

established non-uniformly in the test section, an asymmetric

shock system is formed around a model. Normal shock

theory considers the asymmetric shock system as a normal

shock wave. The normal shock stands at the front of the

model on only one side and there is no shock exists on the

other side. Therefore, the static pressure ratio between both

sides is given by the normal shock relation.

p2

p1
¼ 1þ

2�

� þ 1
ðM2 � 1Þ ð1Þ

where, p1 and p2 are the static pressure fore and aft of the

normal shock wave, respectively. p1, is considered to be a
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static pressure at supersonic steady flow. M and � are the

airflow Mach number and the specific heat ratio. Thus, force

acting on a model, FSL, is evaluated by relation

FSL ¼ ðp2 � p1ÞS

¼
2�

� þ 1
ðM2 � 1Þ 1þ

� � 1

2
M2

� � �
��1

PTS ð2Þ

where, PT and S are the total pressure of airflow and the

planform area of the model, respectively. The load coeffi-

cient CN of the starting load non-dimensionalized by using

two parameters PT and S gives

CN ¼
FSL

PTS
: ð3Þ

The load coefficient for normal shock theory is defined by

Eq. (4).

CN ¼
2�

� þ 1
ðM2 � 1Þ 1þ

� � 1

2
M2

� � �
��1

ð4Þ

In the 1960s, many experimental studies were conducted

to quantify the starting loads.3,4) Based on these data, it was

found that normal shock theory gives much larger values

than experimental data. Therefore, Maydew introduced an

empirical correction to normal shock theory.3) Maydew’s

theory considers two cases of starting loads, with and with-

out wings. It is fairer than normal shock theory and is widely

accepted by researchers. However, some disagreements still

remain between Maydew’s theory and experimental data

and it has reported that some experimental data exceed the

theory’s prediction,5) because starting load is greatly

dependent on the wind tunnel facilities and operations.

Any alternative theory should include detailed flow condi-

tions for adequate prediction.

3. Experimental Facility and Conditions

3.1. Indraft wind tunnel facility

A schematic of the APReC indraft supersonic wind tunnel

at Muroran Institute of Technology is shown in Fig. 1. This

facility was rebuilt in 2005 and has three nozzle sections

generating Mach 2, 3 and 4 flows. It reuses parts from the

intermittent blowdown supersonic wind tunnel at the Uni-

versity of Tokyo. Each nozzle block is on a rail truck with

hydraulic jacks. The nozzle block can be changed using

jacks and a turntable. Each nozzle block has a test cross

section of 400� 400 (mm) and an axial length of 2000

mm. The configuration of the nozzle sections is 2D in the

spanwise direction and divergent in the vertical direction

from nozzle throats to the test sections. The details of nozzle

configurations are described elsewhere.6) Three vacuum

tanks were located downstream of the wind tunnel. The vol-

ume of each tank is about 100m3, giving, 300m3 in total. In

2009, five tanks were installed in this wind tunnel. Measure-

ment times are about 10 s for Mach 2 and 3, and about 6 s for

Mach 4. With an indraft wind tunnel, air moisture can cause

frost in the test section during tests. This is undesirable for

optical measurements. To prevent frost, an airbag to store

dry air will be installed at the tunnel intake in future. Before

each wind tunnel test, the vacuum tanks are evacuated to less

than 5 kPa. The starting valve, which is installed between the

test section and vacuum tanks, takes about 0.3 s from full

close to full open. The airstream reaches a steady state within

about 0.1 s after the starting valve is fully open.

3.2. Wind tunnel model (AGARD-B model)

This study used the AGARD-B model is to measure start-

ing loads. It is the standard wind tunnel model to evaluate

the quality of wind tunnel airflow. The configuration of

the AGARD-B model is shown in Fig. 2 and is described

in detail elsewhere.7) The sizes of AGARD-B components

are non-dimensionalized by its fuselage diameter, D. The

fuselage diameter must be determined to keep the starting

load within the load limits of the six-component internal bal-

ance. The balance used in this study has a lifting force limit

of 245N. The load coefficients of the starting load for the

AGARD-B model. These load coefficients are measured in

a blowdown supersonic wind tunnel and are non-dimension-

alized by the dynamic pressure of the airflow and the plan-

form area of the model. We reduced the load coefficients5) to

non-dimensional values in total pressure and obtained CN ¼
0:3 under Mach 3 conditions as the maximum starting load.

When the fuselage diameter is 24mm, the starting load is

200.3 N, satisfying the balance limits. Thus, this study used

the AGARD-B model with this determined fuselage diame-

ter.

4. Experimental Methods

To clarify transient phenomena at the start of wind tunnel

tests, we measured the unsteady lifting force (starting load)

Fig. 1. Schematic of indraft supersonic wind tunnel in Muroran Institute

of Technology.

Fig. 2. Configuration of AGARD-B model.
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and static pressure on test section wall in this study. In

addition, Schlieren photographs of model behavior and

airflow around the model were taken using high-speed

video camera. The time sequential data of starting load

and wall pressure were stored in a PC at a 50-kHz sampling

frequency using a 10-kHz LPF. A Hammering test was con-

ducted to validate the sampling frequency and LPF condi-

tions. In this test, the AGARD-B model was installed at

the sting with the internal balance; this is a similar configu-

ration to the wind tunnel tests. Figure 3 shows the result and

indicates that the mechanical vibration of this system has a

typical impulse response with 1 DOF and its natural fre-

quency is 50Hz. Therefore the sampling frequency and

LPF conditions are adequate because the model is consid-

ered to oscillate with this frequency when starting loads or

any other forces are imposed on it.

Wind tunnel test procedures are described below. The

data for loads on the balance and wall pressure are saved

to the PC about 3 s before the starting valve opens. The

high-speed video camera started at about 2 s. When the

high-speed video camera starts, a synchronous signal is sent

to the PC to ensure the picture is synchronized with the data

in the PC.

5. Results and Discussions

5.1. Starting loads and airflow Mach number

Wind tunnel tests were conducted under Mach 2, 3 and 4

conditions. Figure 4 shows the measured load coefficients of

the starting loads measured as a function of Mach number.

The results are compared with normal shock theory, May-

dew’s correlation and other experimental data.5) At the three

Mach number conditions, the load coefficients published in

other research,5) measured in a blowdown supersonic wind

tunnel tend to be larger than our results. Some published

data5) are larger than the normal shock theory. Actual loads

on a balance are proportional to the total pressure of airflow,

so the indraft supersonic wind tunnel imposed less loads on

the balance and less restriction on the design of the wind

tunnel model than the blowdown tunnel. Commonly both

indraft and blowdown supersonic wind tunnels exhibit

maximum starting loads at around Mach 3 conditions. The

starting loads for Mach 2 conditions are much lower than

those predicted by normal shock theory, which predicts

the maximum at Mach 1.84 as derived in Eq. (4). However,

the experimental load coefficients in both the indraft and

blowdown wind tunnel tests do not agree qualitatively with

normal shock theory. Only at Mach 4 condition, both wind

tunnel test data are close to normal shock theory, although

the ejector system5) was used at Mach 4 condition. Conse-

quently, we conclude that normal shock theory does not

explain actual starting load phenomena either quantitatively

or qualitatively. We need an alternative theory to predict

starting loads.

5.2. High speed video camera pictures

The time histories of the starting loads and wall static

pressures at the start of wind tunnel tests are shown in

Figs. 5 and 6 for the Mach 3 and 4 conditions, respectively.

Both figures indicate that the transient durations from valve

opening to steady flow last only 0.1 s at both Mach number

conditions. The starting loads prior to steady state start at

0.2 s at maximum in our indraft wind tunnel tests. The pub-

lished blowdown wind tunnel test5) showed unsteady loads

for about 1.0 s. The short durations of the indraft wind tunnel

are advantageous in preventing damage to the balance.

From Figs. 5 and 6, the starting load oscillations at Mach

3 and 4 are composed of two main impulses. Two clear

impulses are observed at 2.86 and 2.96 s at Mach 4. At Mach

3, the first oscillation is observed at about 1.05 s. This oscil-

lation is damped and then enlarged again at about 1.11 s.

The second oscillation is larger than the first. High-speed

video pictures in Fig. 7 show a wave like dark shadow pass-

ing through the model before the first oscillation. Since our

indraft wind tunnel has a starting valve between the test sec-

tion and vacuum tanks, when the starting valve opens, an

expansion fan propagates upstream from the vacuum tanks

at first. The expansion fan reflects at the nozzle throat and

returns to the vacuum tanks as a compression wave. The

wave, which is going downstream, like the dark shadow

captured in Fig. 7 may be the reflected compression wave.

However, the expansion fan cannot be identified in these

pictures, because its density variation is too small to

identify. The AGARD-B model begins to oscillate after

interaction with this reflected compression wave as shown
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in Fig. 8. The oscillations of the model measured from the

high-speed video pictures together with the starting load

data are shown in Fig. 9. Although we tried to synchronize

the recordings of the starting loads and pictures taken by the

high speed video camera, we failed because there are uncer-

tain delay times of about 0.04 to 0.1 s in the measurement

system. Consequently, the time trace from the balance out-

put is compared with the displacement of the model calcu-

lated from the video in Fig. 9 in order to match each other

in amplitude and phase. The same method was applied to

the Mach 4 data shown in Fig. 10. We found that the oscil-

lations in the high-speed video pictures do match with those

of the starting load. This match indicates that the first oscil-

lation at 1.05 s in Fig. 5 is caused by the reflected compres-

sion wave in Fig. 7. This proves that the rise in wall static

pressure just before the first oscillation is due to the reflected

compression wave.

Another rise in wall static pressure is also observed before

the second oscillation. The high-speed video pictures in

Fig. 11 show for the second oscillation. An asymmetric
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Fig. 7. Behavior of reflected compression wave for Mach 3 condition (t ¼ 1:036{1:038 s).
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oblique shock wave appears from upstream and interacts

with the model, resulting in the second oscillation. The

asymmetric conical shock wave is generated from the nose

cone of the model after interaction with the asymmetric

oblique shock wave. This asymmetric conical shock wave

believed to cause a pressure difference between the upper

and lower sides of the model, generating the starting loads.

The abatement of the second oscillation is more important

for a wind tunnel test than abatement of the first oscillation

because the second oscillation is larger than the first.

For the Mach 2 condition, the time history of the starting

load and high-speed video picture are shown in Figs. 12 and

13. The starting load at Mach 2 condition is the lowest of the

three Mach number conditions, corresponding to about 30%

of that at Mach 3 conditions. For reproducibility, we con-

ducted wind tunnel tests several times at given Mach num-

ber conditions, and some cases at Mach 2 cannot be identi-

fied as having distinct starting loads. The case in Fig. 12 has

a clear starting load compared to other cases. The high-

speed video picture at Mach 2 condition shows that the flow-

field remains symmetrical during the transient period (from

4.45 to 4.60 s in Fig. 12) and there is almost no oscillation of

the model. This phenomenon clarifies that the asymmetric

flow is related to generation of starting load. To confirm this,

a test was conducted with the wing of the AGARD-B model

vertical to the symmetric plane of the nozzle. In this config-

uration, the pressure difference caused by the asymmetric

oblique shock wave is not imposed directly on the wing.

The results are shown in Figs. 14 and 15 for Mach 3 and

4 conditions, respectively. The maximum starting load at

Mach 3 with vertical wing is reduced to 40% of the load

for horizontal case, and a similar reduction was observed

for the Mach 4 condition. All nozzle blocks in at our facility

are 2D and are divergent in the vertical direction. An asym-

metric flowfield is formed in the vertical direction rather

than the spanwise direction. Therefore, setting the wing

vertical to the symmetric nozzle plane prevents the pressure

difference between both wing sides. This method reduces

the starting load as described in elsewhere.1,2)

Asymmetric flows appear at Mach 3 condition, while

Mach 2 flows are symmetric. It is unknown why the transi-

tion from symmetric to asymmetric flows occurs with in-

crease in Mach number. A similar phenomenon is reported

elsewhere.2,5) The ostensible reason for asymmetric flows

may depend on free-stream disturbances and an error in

the geometric configuration at the nozzle throat. Even very

low level flow disturbances can form an asymmetric flow-

field. Since the width of the nozzle throat at low Mach num-

ber is relatively large, geometric error has less effect on flow

uniformity near the throat and on the behavior of the bound-

ary layer sensitive to flow disturbances. On the other hand,

high Mach number conditions require a narrow nozzle

throat, where geometric error leads readily to asymmetric

flow in the test section.

As mentioned above, the asymmetric oblique shock wave

from the nozzle produces the asymmetric conical shock

wave around the model. To determine which shock waves

generate starting load, the high-speed video pictures captur-

ing detailed behaviors of the model at Mach 4 are shown in
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Fig. 16. First, the asymmetric oblique shock wave propa-

gates downstream and interferes with the model. Then, the

asymmetric conical shock is formed from the nose cone at

2.964 s. The model starts pitching oscillations after the

asymmetric conical shock appears. Therefore, the asymmet-

ric conical shock wave mainly generates the starting load.

5.3. Prediction by conical shock theory

The previous section explains that the asymmetric conical

shock wave generates the starting loads. This asymmetric

conical shock wave is generated when an asymmetric obli-

que shock wave interferes with the model. Normal shock

theory explains that normal shock stands at the nose cone

of the model only on one side and the pressure difference

between both sides is evaluated by the normal shock rela-

tion. This pressure difference at evaluation has sometime

overestimated starting loads. On the other hand, a static

pressure upstream of the shock wave is evaluated as the

static pressure at steady flow. However, the static pressure

of the asymmetric oblique shock is larger than that at steady

flow. For example, at the present Mach 3 condition, the for-

mer is about 18.0 kPa and the latter is 2.75 kPa. This indi-

cates that normal shock theory might underestimate starting

loads.

Based on these observations, we propose an alternative

theory, called as conical shock theory to predict starting

load. In place of the normal shock relation, the pressure dif-

ference is calculated by the conical shock relation

Fig. 13. Schlieren photograph of transient flowfield for Mach 2 condition.
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FSL ¼ p1S
2�

� þ 1
ðM2 sin2 �� 1Þ: ð5Þ

The load coefficient for the conical shock theory is given by

dividing by planform area, S and total pressure of airflow,

PT. and can be expressed as Eq. (6)

CN ¼
p1

pT

2�

� þ 1
ðM2 sin2 �� 1Þ: ð6Þ

where, M and � are the Mach number of airflow and the an-

gle of shock wave, respectively.

The static pressure, p1 in Eq. (5) is equal to that of the

asymmetric oblique shock wave and is unique to a wind tun-

nel facility. However, it does not depend on the wind tunnel

model. As a result, p1 should be given experimentally be-

fore the objective aerodynamic test. For an axisymmetric

slender body like the AGARD-B model, � can be deter-

mined by solving the Taylor-Maccoll equation.8) For a 2D

model, � is given by the oblique shock relation. For other

configurations, it is difficult to determine � theoretically,

although we suggest that CFD solution for steady flowmight

yield �. As known in Eq. (5), the static pressure over the

subsonic side is equal to the pressure behind the conical

shock. The conical shock relation dictates that the pressure

behind the shock is smaller than the static pressure on the

cone surface. If the theoretical cone surface pressure is

imposed on the entire planform area of the model, the start-

ing loads would be larger than those predicted by the conical

shock theory. However, such a situation may be unrealistic

for the reason described below. An axisymmetric slender

body like the AGARD-B model has convex streamlines

along its surface from cone to fuselage and an expansion

fan can be generated from there. The surface pressure on

the fuselage is reduced by the expansion fan from shoulder

of the model.

By using experimental data and the Taylor-Maccoll equa-

tion, the constants for Eq. (5) are given as follows.

Mach 2; � ¼ 36:470 deg; p1 ¼ 33:6 kPa

Mach 3; � ¼ 28:179 deg; p1 ¼ 18:2 kPa

Mach 4; � ¼ 24:960 deg; p1 ¼ 6:87 kPa

For Mach 2, no asymmetric oblique shock or pressure rise

is observed in Figs. 12 or 13. Thus, at Mach 2, p1 is evalu-

ated for the static pressure value just before the starting load

oscillation appears. The planform area, S, is 66.22 cm2. The

load coefficients for the conical shock theory are compared

with the previous theories in Fig. 17. The conical shock

theory agrees qualitatively with the experiment at all Mach

number conditions. The experimental starting load is 70% of

the conical shock theory prediction for the Mach 3 condition

and 60% for the Mach 4. Some quantitative errors still

remained between theory and experiment. However, the
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conical shock theory predicts larger values than the experi-

mental data and gives a margin for the actual load. There-

fore, the conical shock theory is a useful and practical design

tool for the wind tunnel model.

5.4. Transient load at end of wind tunnel test

In addition to the starting load, an unsteady, transient load

is imposed on the wind tunnel model at the test end. Other

work2) reports that this load is the same level as the starting

load. We investigated the transient load at the test end for all

Mach numbers. Figures 18 and 19 show the time histories

for the wall static pressures and starting loads for Mach 2

and 3. In our experiments, the loads at the test end are about

half the maximum starting loads at Mach 3 and 4. At Mach

2, the end load is the same as the starting load. Therefore,

the prediction by the conical shock theory is 30% or 40%

more than the experimental data and reasonable for design-

ing the wind tunnel model. Future work will validate the

conical shock theory for other wind tunnel facilities and

flow conditions. Further investigation of the mechanisms

and flow phenomena concerning these transient loads also

remains to be done.

6. Conclusions

The starting loads imposed on the AGARD-B model were

investigated using the indraft supersonic wind tunnel at

Muroran Institute of Technology. The conclusions are sum-

marized below.

1. The starting loads in the indraft supersonic wind

tunnel are composed of two impulses. The first impulse is

generated by the reflected compression wave, which is

caused by the initial expansion fan. The second impulse is

generated by the asymmetric oblique shock wave. The load

imposed by the second impulse is larger than the first.

2. The amplitude of measured starting loads coincides

with the model oscillation appearing in the high-speed video

pictures. Therefore, there is similarity between the starting

load data and video pictures at Mach 3 and 4 conditions.

3. Asymmetric oblique shock waves are generated at

high Mach numbers and generate large starting loads. On

the other hand, at Mach 2 condition, the flowfield is sym-

metric resulting in lower starting loads. If the model wing

is set vertical to the nozzle symmetric plane at Mach 3,

the starting load is reduced dramatically to 40% of the load

at horizontal position. Therefore, the asymmetric shock

wave governs starting load generation.

4. In the high-speed video pictures, model loads are

seen to be caused by the asymmetric conical shock wave,

generated by interference between asymmetric oblique

shock waves and the model. The model starts oscillating

after the asymmetric conical shock wave is generated from

its nose cone. Thus, the asymmetric conical shock wave

creates the pressure difference between the model upper

and lower sides.

5. A conical shock theory is proposed. Its predictions

are about 70% and 60% of the experimental values at Mach

3 and 4 conditions, respectively. The conical shock theory

can be applied to a wind tunnel model because it reasonably

explains the trend in the starting load coefficients with suf-

ficient margin to assure balance safety.
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