
International Journal of Mechanical, Industrial and Aerospace Sciences

ISSN: 2517-9950

Vol:11, No:5, 2017

933

 

 

 
Abstract—In this work, startability of the Busemann intake 

family with weak/strong conical shock, as most efficient intakes, via 
overboard mass spillage method is theoretically analyzed. Masterix 
and Candifix codes are used to numerically simulate few models of 
this type of intake and verify the theoretical results. Portions of the 
intake corresponding to various flow capture angles are considered to 
have mass spillage in the starting process of this intake. This 
approach allows for overboard mass spillage via a V-shaped slot with 
the tip of V coinciding with the focal point of the Busemann flow. 
The theoretical results, achieved using two different theories, of self-
started Busemann takes with weak/strong conical shock show that 
significant improve in intake startability using overboard spillage 
technique. The starting phenomena of Busemann intakes with weak 
conical shock and seven different capture angles are numerically 
simulated at freestream Mach number of 3 to find the minimum area 
ratios of self-started intakes. The numerical results confirm the 
theoretical ones achieved by authors. 
 

Keywords—Busemann intake, conical shock, overboard spillage, 
startability. 

I. INTRODUCTION 

HE scramjet air intake is essentially a converging duct 
decelerating and compressing airflow and supplying the 

compressed air to the engine’s combustor. In order to 
minimize the pressure loss and have the most efficient 
compression, intake of air-breathing engine should be able to 
capture all incoming air, and a supersonic flow gets 
established throughout the intake at the design free-stream 
Mach number (i.e. intake should be started). In unstarted 
supersonic air intake, the flow inside the intake is subsonic 
after passing through a bow shock in front of the intake, and 
less airflow is captured with lower efficiency and pressure 
recovery [1]-[5]; thus, it is not suitable for the engine's 
operation. 

By designing the intake with an appropriate area ratio (the 
ratio of the exit area to the entry area of the intake), it is 
possible to control the startability of the intake. In order to 
start the intake spontaneously, the isentropic intake's area ratio 
should be more than Kantrowitz limit which is defined by 
Kantrowitz and Donaldson [6] and Kantrowitz [7] to predict 
the flow starting or unstarting in converging ducts. 

The Kantrowitz limit is determined by assuming a normal 
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shock at the intake entrance so that all incoming mass flow is 
captured by the intake. Then, the isentropic area ratio for the 
flow Mach number downstream of the shock represents the 
Kantrowitz limit of the intake area ratio. The intake area ratio 
must be equal or greater than the above limiting value for 
spontaneous intake starting. In Kantrowitz theory of fully 
enclosed intake, it is assumed that the flow downstream of the 
shock is quasi-one-dimensional, quasi-steady, and isentropic. 

During last decades, designers try to use different methods 
to lower the Kantrowitz limit to self-start intakes much easier. 
Many methods such as overspeeding, variable geometry, mass 
spillage via wall perforations, etc. are used by them to reach 
this goal. Arguably the best method to improve the startability 
of an intake is overboard spillage technique. The overboard 
spillage technique relies for starting an intake on the 
overboard spillage of the incoming flow during the starting 
process by moving the cowl toward downstream. In an 
unstarted intake, the flow which cannot pass through the 
intake exit gets spilled from the cowl region. The spillage 
amount is decreased by moving the shock toward the cowl lip 
until the shock reaches the coal lip. Then, if the Kantrowitz 
limit is satisfied, the shock is swallowed and the intake 
becomes started. 

Using overboard spillage technique to start different types 
of planar intakes is studied by Veillard et al. [8] and Sun and 
Zhang [9] theoretically and Hohn and Gulhan [10] 
experimentally investigated the improvement of planar 
intakes' startability using this technique. The outcomes of all 
these studies along with the numerical and analytical results of 
previous studies done by [11], [12] on startability analysis of 
Prandtl-Meyer intakes using overboard spillage technique, 
confirm the benefits of using this method to increase the 
startability of intakes. This improvement gets clearer from the 
study Rosli et al. [13] which showed that for low Mach 
numbers, overboard spillage increases startability up to 40% 
(in terms of area ratio). Thus, this technique is used as one of 
the best techniques to improve the startability of different type 
of intakes such as Busemann intake. 

Busemann in 1929 [15] outlined the theoretical aspects of 
an axial, conically symmetric, supersonic flow called 
Busemann flow and, subsequently, Taylor and Maccoll [16] 
published the second order differential equation for this flow. 
Later on, Molder and Szpiro [14] presented the basics of 
Busemann intake design and highlighted some idiosyncrasies 
of Busemann flow as explained above. Molder [17] showed 
that a Busemann intake can reduce the Mach number from 
8.33 to 2.8 with a total pressure recovery of 91%. The 
existence of Busemann flow in a Busemann intake was shown 
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experimentally using flow visualization by Molder [18]. In 
this intake, isentropic compression in a conical flow deflects 
the incoming stream towards the axis of symmetry. Then, the 
conical shock returns the flow to its original direction, and the 
shock is canceled at the end of the intake wall surface to yield 
an axial, uniform outflow at a lower Mach number [14], [19]-
[22], see Fig. 1. 

 

 

Fig. 1 Schematics of Busemann intake 
 
In this study, the process of designing a Busemann intake, 

along with the suggestion way to introduce overboard spillage 
into Busemann intake design which is amenable to the 
analytical startability analysis, is explained. The theoretical 
approach to account for overboard spillage and predict 
spontaneous starting characteristics for Busemann intakes with 
overboard spillage is presented, and different designs of 
Busemann intakes are then studied from the point of view of 
achieving better starting characteristics. Similar to Veillard et 
al. in [8] and Moradian and Timofeev in [11], [12] studies on 
the startability of the whole family of two-shock ramp intakes 
and Prandtl-Meyer intakes with overboard spillage, it is of 
interest to find out whether the strong-shock-based design 
principle would hold for Busemann intakes as well. 

II. BUSEMANN FLOW AND BUSEMANN INTAKE WITH 

OVERBOARD SPILLAGE 

Busemann flow is an axisymmetric conical internal flow 
[19]. Its isentropic compression starts at the free-stream Mach 
angle and decelerates the flow from a high free-stream Mach 
number to a lower one. Busemann flow is a conical one with 
the focal point at the axis of symmetry (see Fig. 2). The 
compressed flow passes through a conical shock, resulting in 
an irrotational and uniform downstream flow parallel to the 
free-stream flow. In principle, the flow downstream of the 
conical shock may be subsonic or supersonic depending on 
whether the conical shock is strong or weak. 

The Busemann intake is designed on the basis of Busemann 
flow. The isentropic compression of flow from the Mach cone 
to the shock cone is schematically shown in Fig. 2. The 
streamline of Busemann flow represents the Busemann 
intake's wall which can be obtained by integration of the 
Taylor-Maccoll and streamline equations with for example, a 
fourth order Runge-Kutta method [17]. The integration should 
be carried out starting from a chosen Mach number 2M  

upstream of the conical shock with the aerodynamic shock 
angle a  (see Fig. 2) and proceeding in the upstream 

direction. The free-stream Mach number M  and the intake's 

area ratio ie AA  result from the integration. 

 

Fig. 2 Flowfield schematics in an axial cross-section of a fully 
enclosed, axisymmetrical, Busemann intake 

 
The fully enclosed Busemann intake with high contraction 

(e.g., Fig. 2) is difficult to start. One of the ways to overcome 
this difficulty is to design an intake which would allow 
overboard spillage in the starting process while retaining the 
Busemann flowfield in the started mode. 

The first step to design Busemann intakes with overboard 
spillage is to select a portion of full axisymmetrical Busemann 

flow characterized by the central angle  ranging from 0 to
360 . The value of   tending to 0 would result in a very thin 

slice of the original axisymmetrical Busemann flow, while the 
full axisymmetrical Busemann intake represents by   equal to 

360 , see Fig. 1. Some intermediate cases with 90 , 

180 ,   and 270  are respectively shown in Figs. 3 (a)-(c). 

The selected portion of the intake is bounded by two cutting 
planes intersecting at the axis of symmetry of Busemann flow. 
The angle between the planes is equal to   (for 180 ) or 

360 (for 180 ). For 360 , the flow capture area of the 

original full intake is reduced proportionally; therefore, the 
angle   is therein to be called capture angle. 

As the second step, each of the above-mentioned cutting 
planes is covered by a flat plate in order to: (a) provide some 
opening for overboard spillage; (b) ensure that in case of 
started flow, the intake flow would remain to be Busemann 
flow. Considering flat plates with the leading edges forming 
the Mach angle with the free-stream and extending from the 
leading edge of the intake to the focal point of the Busemann 
flow would satisfy the both two goals simultaneously.  

Clearly, as shown in Figs. 3 (a)-(c), the amount of spillage 
increases with decrease of the capture angle  ; however, the 

side view of the flowfields in the intakes with overboard 
spillage is the same for all angles 360 , see Fig. 3 (d). 

Therefore, it would be logical to expect better self-starting 
characteristics when 0 . 

 

 

(a)  3D view; capture angle 90  
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(b) 3D view; capture angle 180  

 

 

(c)  3D view; capture angle 270  

 

 

(d) Cross-sectional view; capture angle 90  

Fig. 3 Busemann intakes with overboard spillage 

A. Spillage Calculation for Busemann Intakes with Different 
Capture Angles 

Busemann intakes can have different capture angles  , 

from 0  to 360 . Decreasing the capture angle of the 

Busemann intake increases the magnitude of spillage amount. 
For subsequent determination of the self-starting area ratios of 
Busemann intakes with overboard spillage, it is necessary to 
evaluate the magnitude of mass spillage for various capture 
angles. In this study, the spillage amount is obtained from 
purely geometrical considerations on the basis of the 
magnitude of spillage area spillA  alone. Two different theories 

are suggested to evaluated spillA  for Busemann intakes with 

different capture angles. Furthermore, the maximum spillage 
area spillmaxA   for small capture angle 0  is evaluated too 

within each theory. 

1) AA) Theory I 

The Busemann intakes are divided into two main categories 
based on their capture angles: I)  1800  : Busemann 

intakes with capture angles greater than zero and less than or 

equal to 180 ; II)  360180  : Busemann intakes with 

capture angles equal to or greater than 180  and less than
360 . 

In this theory, as shown in Fig. 4, for both categories the 
opening area of the external compression section represents 
the spillage area spillA . 

 

 

(a)  1800   

 

 

(b)  360180    

Fig. 4 Schematic representation of the spillage area in Busemann 
intakes (Theory I) 

 
For Busemann intake in category (I), as can be easily 

deduced from Fig. 4 (a), the spillage area is equal to: 
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where iR is the radius of the inlet cross-section, and  is the 

Mach angle of the free-stream flow, and other notations are 
shown in Figs. 4 (a)and 3 (d). 

For Busemann intake in category (II), as shown in Fig. 4 
(b), the spillage area is equal to: 
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The maximum spillage amount for a thin 0 Busemann 

intake spillmaxA   is represented by the length of L ,see the 

side view in Fig. 3 (d). 

2) BB) Theory II} 

In Theory II, the projections of the shaded areas in Fig. 4 to 
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the horizontal plane are considered as the area which 
represents the spillage area, as illustrated in Fig. 5. In this 
case, when 0 , the maximum spillage area spillmaxA   can 

be represented by the length H  (Fig. 3 (d)). The new spillage 
areas for Busemann intakes with different capture angles can 
be then found as (see Fig. 5 for details): 
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(a)  1800   

 

 

(b)  360180    

Fig. 5 Schematic representation of the spillage area in Busemann 
intakes (Theory II) 

 

It is obvious from (1)-(3) that the spillage area spillA

predicted by Theory I and Theory II tends to zero when the 
capture angle 0 . This is consistent with the fact that the 

inlet area   2RA 2
i)i(

 tends to zero as well when 0 . 

To analyze the startability of the intake, the spillage area 

spillA is to be normalized by the inlet area iA . In this case, 

one would have the dependency on   as  2sin  which tends 

to unity when 0 . Therefore, the ratio  ispill AA  has a 

finite limit when 0 .The maximum spillage area 

spillmaxA   should be also normalized by the inlet area )0i(A   

for every thin intake, which can be presented by the length iR . 

III. STARTING OF BUSEMANN INTAKES VIA OVERBOARD 

SPILLAGE 

In order to follow Kantrowitz theory to determine the 
startability of fully enclosed Busemann intakes, a normal 
shock is placed at the entry cross-section of the intake. The 
flow gets subsonic downstream of the normal shock and 
accelerates isentropically towards the intake's exit. At the 
given free-stream Mach number, for the area ratios equal 

orexceeding the exit-to-entry area ratioresulting in flow 
choking at the exit, the intake would start spontaneously. 
Calculating the limiting area ratios of started intakes for 
various free-stream Mach numbers results in the Kantrowitz 
line shown as a thin solid line on the area ratio/free-stream 
Mach number diagram in Fig. 6. 

 

 

Fig. 6 Self-starting (Kantrowitz) limits for Busemann intakes 
 
For intakes with overboard spillage, the same basic 

principle is used by placing a conical normal shock wave 
between the focal point of Busemann flow and the Busemann 
surface at the cross-section denoted as sA , where the local 

Mach number is sM ; i.e., the normal conical shock is being 

placed at the entry of the enclosed section of the intake. Based 
on the Kantrowitz theory, if the contraction downstream of the 
conical normal shock does not lead to choking, then the shock 
would move downstream and the intake would start 
spontaneously. For started intake, the point ( ,Ms se AA ) 

when se AA  is the exit-to-entry are a ratio of the enclosed 

section of the intake at the Mach number of sM , must belong 

to the Kantrowitz line for fully enclosed ducts.  
The Busemann intake designs considered in the present 

study are the traditional design with a weak conical shock 
shown in Fig. 7 (a) and the newly produced Busemann intake 
design, the strong conical shock design, in which the 
integration of the Busemann contour begins froma strong 
conical shock (Fig. 7 (b)). The side views of thin Busemann 
intakes with weak and/or strong conical shocks are also shown 
in Fig. 8. 

As explained before, for any combination  a2 ,M  , the 

Taylor-Maccoll and streamline equations are integrated to 
obtain the Busemann contour and subsequently, M , sM ,

eM , sA , eA , and iA  are calculated. If the shock angle a  

is less than the maximum one  maxa , the shock is weak and if 

maxa  , there is strong conical shock. The next step is to 



International Journal of Mechanical, Industrial and Aerospace Sciences

ISSN: 2517-9950

Vol:11, No:5, 2017

937

 

 

compare the intake area ratio ie AA with Kantrowitz value 

for  MM . If the intake area ratio satisfies the self-starting 

condition,    ieKanrowitzie AAAA  , the intake with chosen 

2M  and a  starts spontaneously. Covering all the parametric 

space  a2 ,M  , one can determine the Kantrowitz (self-

starting) limit for the Busemann intakes with overboard 
spillage and different designs on the  ie AA,M diagram, 

see Fig. 6. 
 

 

(a) Busemann intake with weak conical shock 
 

 

(b) Busemann intake with strong conical shock 

Fig. 7 Busemann intake designs 
 

 

(a) Weak conical shock design 
 

 

(b)Strong conical shock design 

Fig. 8 Thin Busemann intake designs side views 
 
However, it should be immediately pointed out that the 

above analysis is valid only in the limit 0  when the 

overboard spillage is maximized. By increasing  , the 

spillage sideways and eventually upwards are restricted by the 
Busemann surface walls and it is completely eliminated at 

360 ;thus, using modified area ratio for the internal 

compression section se AA  for various capture angles is 

suggested which demonstrates the change in overboard 
spillage. 
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where   1f0   is a function of the capture angle satisfying 

the following conditions:   0f  and   12f  . Therefore, 

using these conditions for  f , the area ratio of the fully 

enclosed intake 3602   is recovered ie AA , and, in the 

case of 0 , the non-modified area ratio se AA is used. 

It would be logical to relate the function  f  to the 

magnitude of the spillage area. The function  f  should be 

equal to 1 in the absence of spillage and it will be equal to 
zero when spillage is maximized  ss AA

~
 . 

The function of  f  is defined as: 
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Thus, for any Busemann intake with capture angle of  , the 

function )(f  is defined as the difference between 1 and the 

ratio of the spillage area to the maximum spillage area. The 
spillage areas should be normalized by the inlet area. 

It is clear that for a full Busemann intake with 360 and 

no spillage,  
)360( ispill AA  is equal to zero, 1)360(f    

and, therefore,  is AA
~

 . On the other hand, when 0  for 

thin Busemann intake,  )i(spill AA  is equal to 

 
)0(max  ispill AA , which gives 0)0(f   and  ss AA

~
 . 

The spillage area spillA  is given by (1), (2), or (3).Then, 

using the capture area )i(A   equal to   2
iR2 ,  
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For a thin Busemann intake, 

)0i(
A   is equal to iR . Thus, 
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Finally, when any one of the above-mentioned theories is 

used, )(f   can be determined for any chosen  as: 
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Fig. 9 shows )(f  values calculated using both theories 

when   is increasing from 0 to 360 . It is clear that as 

explained before, the geometric alanalysis used to find spillage 
area spillA in Theory I and Theory II results in gradually 

increasing of )(f  by increasing capture angle  . It looks like 

the maximum slope of increasing the spillage is related to 
half-Busseman intakes.  

 

 

Fig. 9 Variation of )(f  vs.   

 
Knowing the modified area ratio at any  , the startability 

analysis for the cases with  3600  starts by choosing a 

pair  a2 ,M  . Then, the ratio se AA , which is obtained for 

any specific design and 0 , is modified to se A
~

A  using 

(4), (9) and (10). Having 2M and the modified internal 

contraction area ratio se A
~

A , one obtains the corresponding 

new free-stream Mach number M
~

 and shock angle 
~

/aerodynamic shock angle a
~
  (among all available data at 

2M and different a  for thin Busemann intakes) as well as the 

new Busemann contour and the Mach number sM
~

 at the 

cross-section sA
~

. As the final step, it is analyzed whether or 

not sM
~

 and se A
~

A satisfy the Kantrowitz criterion.  

Covering all the parametric space  a2 ,M  , the Kantrowitz 

limit for the Busemann intake with the given capture angle   

on the )AA,M( ie  diagram can be determined. Such self-

starting lines for Busemann intakes with weak and strong 
conical shock designs are shown for selected capture angles in 

Figs. 10 and 11. It is clear that decreasing the capture angle 
and thereby increasing overboard spillage improves starting 
characteristics of Busemann intakes.  

 

(a) Theory I 
 

 

(b) Theory II 

Fig. 10 Self-starting limits of Busemann intakes with weak conical 
shock and different capture angles 

 
The application of the two theories presented above results 

in two sets of self-starting boundaries for any chosen design of 
Busemann intake. As shown in Figs. 10 and 11, the results 
based on the second theory (Theory II) show slightly more 
improvement in startability via overboard spillage. These 
theoretical predictions of startability of Busemann intake with 
weak conical shock will be validated by 3D numerical starting 
experiments in the following section. 
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IV. COMPUTATIONAL STARTABILITY ANALYSIS OF 

BUSEMANN INTAKES 

A. Numerical Model and Codes 

The theoretical intake startability analysis in this study is 
based on the assumption of inviscid, non-heat-conducting flow 
of an ideal gas with constant specific heats. Accordingly, in 
order to numerically analyze intakes startability in quasi-
steady flow, Euler finite-volume flow solvers of Masterix [23] 
and Candifix [24] are used. 

 

 

(a) Theory I 
 

 

(b) Theory II 

Fig. 11 Self-starting limits of Busemann intakes with strong conical 
shock and different capture angles 

 
Numerical methods are conceptually similar to the 

MUSCL-Hancock method [25], [26]. In order to generate the 
unstructured meshes, the existing open source software, 
OpenCASCADE library [27], and the Netgen library [28] are 

used. To achieve high resolution of localized flow features, 
local grid adaptation via the classical h-refinement is 
employed. The second order of approximation in space on 
smooth solutions is achieved using a linear reconstruction with 
a TVD limiter. The code Masterix is used for 2D simulation 
features build-in post-processing capabilities, while a stand-
alone utility Renderix [29] is used for post processing of 3D 
flowfields. 

 

 

Fig. 12 The computational domain and the baseline tetrahedral mesh 
for 3D intake starting experiments (a half-Busemann intake) 

 
As shown in Fig. 12, the computation domain is enclosed 

by a cylinder with approximate dimensions R2.4~R8.5~   
(height vs. diameter), where R is the radius of the intake's 
entry cross-section  2

i RA  . The unstructured mesh 

consists of approximately 0.5M tetrahedral cells. The smallest 
cells are limited to R001.0 while the largest cells, approaching 
the far-field boundaries of the computational domain, are less 
than R3.0 .  

In the startability analysis of all types of intakes, the free-
stream properties are specified at the external boundaries of 
computation domains. The impermeable wall boundary 
condition is used on all boundaries corresponding to the 
intake's surfaces. At the exit of the intake, a low pressure 
value is specified. As initial conditions, free-stream values are 
usually used in the whole computational domain. It should be 
noted that no assumptions regarding flow symmetry of any 
kind or particular flow features/characteristics are made in the 
numerical model and the codes. Therefore, using the codes to 
reproduce the steady Busemann flow in the started mode can 
account as an additional verification. 

The classical Kantrowitz theory itself and all theoretical 
startability considerations, taking into account overboard 
spillage, are based on the quasi-steady assumption; i.e., during 
the starting process, the free-stream velocity is assumed to 
vary gradually so that the starting process is considered as a 
sequence of steady states. To reproduce this quasi-steady 
condition in numerical experiments, it is necessary to increase 
the free-stream velocity V  with sufficiently low acceleration 

( a ) from zero to a value corresponding to chosen M . 

A scale analysis in the proceeding studies [30], [31] 
indicates that using the flow acceleration of g100a   is a safe 

assumption to reproduce quasi-steady flow. Later on, inthe 
previous study on startability of Prandtl-Meyer intake via 
overboard spillage technique [12], the accuracy and the 
possibility of using g1000a   is confirmed. It is found that 
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the starting outcome remains the same for both accelerations. 
Similar investigation is done in 3D analysis, and the minimum 
area ratios of the self-starting intakes using both accelerations 
are in good agreement with accuracy of 1% in terms of area 
ratio. Therefore, it is confirmed that there is no difference 
between using 100 g and 1000 g accelerations in this 
numerical study. 

In a computationally efficient manner, the best method to 
satisfy the quasi-steady flow assumption which reduce the 
time needed for each computational run are introduced by, 
first, computing the unstarted steady state flowfield in the 
intake designed for design Mach number, e.g. 4Mdesign  , 

with the closed exit at lower free-stream Mach number, for 
example, 485.3M  . Indeed, sudden insertion of the 

intake into 85.3M  free-stream can be used as the initial 

condition. Then, after achieving a steady state, the exit is 
suddenly opened, and the computation proceeds until a new 
steady state is reached. This steady state serves as the initial 
condition for subsequent free-stream flow acceleration 
towards 4MM design  if the flow is unstarted. If not, an 

initial Mach number of 85.3M  should be chosen and the 

process should be repeated. The accuracy of this method is 
verified by finding the minimum self-starting area ratios of 

Busemann intakes with capture angles of 180 and 270 , 
which are designed for Mach number of 3. The area ratio of 
started intakes is the same as using the flow acceleration of 

g1000  from the zero velocity to design Mach number, 

designM . Therefore, when computational time is an issue, the 

above method of beginning the acceleration stage, not from 
zero velocity but from an unstarted flow at a slightly lower 
Mach number can be used. 

B. Self-Starting Busemann Intakes Area Ratios 

The numerical simulations for the determination of the 
minimum self-starting area ratios of Busemann intakes with 
weak conical shock and provisions for overboard spillage 
(different capture angles) at free-stream Mach numbers 3.0, 
are done using unstructured adaptive Euler finite-volume flow 
solvers and methodology explained in the previous sections.  

The Busemann contour for the intake to be tested is found 
by integrating the Taylor-Maccoll and streamline equations 
and, then imported into AutoCAD to create the 3D geometry 
of the computational domain, e.g. see Fig. 12. The mesh is 
then generated using the existing open source software [27], 
[28] and then, the intake starting experiment is carried out 
with Candifix code using the boundary conditions and 
methodology discussed before. 

Many 3D numerical starting experiments are required to 
determine just one minimum self-starting area ratio for a given 
intake geometry, which is defined by the intake's design type 
and its capture angle, and free-stream Mach number. In view 
of all that the present study is limited to numerical starting 
experiments for weak-shock-based intake design (Fig. 7 (a)). 
The free-stream number 0.3M  and 7capture angles are 

considered. 
The numerical computation using 2D simulation for started 

fully enclosed Busemann intakes  360 results in minimum 

area ratios of 0.721 for started intakes at free-stream Mach 
numbers of 3. The results are in excellent agreement with the 
theoretical value of 0.71922. The minimum self-starting area 
ratio of thin Busemann intake  0 designed with weak 

conical shock which terminates at the trailing edge of the 
Busemann surface contour is found to be 0.529, which is also 
in good agreement with the theoretical value of 0.52845 for 
the self-starting boundary.  

The numerical results for the minimum self-starting area 
ratios of the Busemann intakes designed with weak conical 
shock, which terminates at the trailing edge of the Busemann 

surface contour, and capture angles of 90 , 135 , 180 , 225 , 

and 270 at the design Mach number of 3 are shown in Fig. 13 

along with the results of 2D simulations for 0  and
360 , and the theoretical results.  

It is to be noted that in Fig. 13, only the starting outcomes 
for the lowest started area ratio and the highest unstarted area 
ratio are presented. Many more experiments were conducted 
for each given M  and  ; however, for clarity, these results 

are not included in Fig. 13.  
 

 

Fig. 13 Theoretical and numerical self-starting area ratios ie AA vs. 

capture angle  for Busemann intakes designed with weak conical 

shock for 3M   

 
Clearly, both theories qualitatively agree with the numerical 

results; specifically, Theory II in which only spillage is in 
upward direction. The numerical results show that the 
minimum self-starting area ratio decreases with the decrease 
of capture angle monotonically. However, the rate of change 
of the area ratio varies with capture angle. It is clear that in a 

range of capture angles centered at 180 , the minimum 
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self-starting area ratio is much less sensitive to the variations 
of capture angle and stays nearly constant.  

V. CONCLUSION 

A new way to introduce overboard spillage for Busemann 
intakes, without altering the started flow, is suggested by 
considering angular sectors or portions of full Busemann 
intakes with different capture angles. Furthermore, in addition 
to the well-known Busemann intakes with a weak conical 
shock, a new design of Busemann intake, the strong-shock-
based design, is put forward. 

Two different theories based on geometrical considerations 
are developed to calculate the spillage amount for Busemann 
intakes with different capture angles. The startability analysis 
of different designs of Busemann intakes with overboard 
spillage is done using these theories. All the obtained self-
starting boundaries for Busemann intakes show significant 
improvement in startability of the intakes via overboard 
spillage. Among the considered designs, the strong conical 
shock design results in the lowest self-starting area ratios. 
Therefore, the strong design principle appears to be valid in 
this case as well. 

Considering the influence of capture angle alone on 
startability of Busemann intakes, one may conclude that the 
influence of capture angle   is nonlinear: the self-starting 

curves for 180  is noticeably closer to the limiting case of

0  with the highest startability rather than to the case of 

fully enclosed Busemann intake  360 . 

The differences between the theoretical results are due to 
the fact that the evaluation of overboard spillage effect is 
based on different purely geometrical considerations. In order 
to validate the developed analytical treatment of self-starting 
boundaries, the minimum self-starting area ratios for 
Busemann intakes with overboard spillage are obtained via 
numerical starting experiments.  

Generally, the outcomes of the numerical experiments on 
self-starting of Busemann intakes with overboard spillage 
confirm the theoretical predictions. It is clearly demonstrated 
that the startability of Busemann intakes is improved by 
overboard spillage. It is shown that decreasing the capture 
angle of Busemann intakes decreases the self-starting limiting 
area ratio. The second theory (Theory II) influence on intake 
starting demonstrates particularly good agreement with the 
data from numerical experiments in spite of its simplicity. 
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