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SYMBOLS

a Sonic velocity
A Area
B Dimensionless group defined on page 15
2
C = u/umax, Crocco number = [—-——2—% %
D Diameter K=T
erf Error function, see page 3
£( ) Function of some variables
Gp Mass rate per unit base width at which air 1s added to the
wake by '"bleeding".
Gq Mass rate added to base region by each mixing stream
h Base half-height
I, = Integral defined on page 15
Ip = Integral defined on page 15
J, = Integral defined on page 15
Jo = Integral defined on page 15
K Ratio of specific heats
1 Length of base pressure region
m Mass flow rate
M Mach number
P Absolute pressure
Rorr Radius
R Radius of the reference system of coordinates

Perfect gas constant

H5 2

A reference streamline near but outside the mixing region
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X,y

X,Y

J

a D> o

L Ll D e =

Subscripts:

1,2,3,4

a

ch

Surface area of base pressure region

Time

Defined in Equation 6, page 10

Absolute temperature

Velocity in x or X direction

vo lume

Coordinates of the intrinsic coordinate system
Coordinates of the reference coordinate system
Variable in error fumction

Forebody half angle

Difference value of two magnitudes

Similarity parameter of the homogeneous coordinate y/x
(Also called the free jet spreading parameter)

% , Dimensionless coordinate

Streamline angle

Density

u/up or u/u3a, Dimensionless velocity, see page 3

Prandtl-Meyer turning angle

Refer to conditions at cross sections indicated in Fig. 1.

Refers to conditions of the flow in the isentropic stream
adjacent to the dissipative regions.

Refers to the conditions at the base of thersudden expansion.
Refers to the chamber of test design.

Refers to the streamline whose kinetic energy is just suf-
ficient to enter the recompression region.

Refers to conditions after the front oblique shock of the
flight vehicle,

Refers to conditions along the jet boundary streamline,
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"Prime"

Refers to coordinate shift in the mixing theory due to the
momentum integral,

Stagnation conditions.
Refers to conditions along the R streamline.
Refers to conditions to the moving shock.

Refers to conditions before the transient base pressure
occurs,

Refers to conditions immediately after the transient base
pressure begins,

Refers to upstream conditions.

Refers to conditions in the transformed plane, see
Appendix 2,
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CHAPTER I
INTRODUCTION

An analytical study of the interaction of a blast wave and the
base pressure region of a missile re-entering the atmosphere is sig-
nificant for designing anti-missiles., Avenues of approach to this
complex problem have been opened by the recent development of jet mix-
ing theorles.

Using Korst's (1) theory for base pressures in transonic and
supersonic flow, Zumwalt (2), at the University of Illinois, and
Beheim (3), at Lewis Research Center, NASA, developed their approxi-
mate methods to solve the base pressure problem for axisymmetric con-
figurations.

A research project has been supervised by Dr, ZumwalE of Okla-
homa State University and sponsored by Sandia Corporation, and calcu-
lations of base pressure-time history were made for two-dimensional
and axially-symmetric re-entry bodies, having turbulent flow in the
separated boundary layer, when the vehicle passes head-on through a
blast wave,

In this thesis, an approximate analysis was performed to predict
the response time and geometric requirements for a wind tunnel test
to verify the theory as applied to the transient phase of this

problem,



CHAPTER II

KORST 'S THEORY OF TURBULENT JET MIXING

AND ITS BASE PRESSURE APPLICATION

In 1954, Korst (L4) developed.a theory for two-dimensional constant
pressure turbulent jet mixing, and applied it to the base pressure probj
lem, His basic assumptions were:

(a) two-dimensional backstep

(b) turbulent flow in the mixing region

(@) isoenergetic, constant pressure mixing

(d) exchange-coefficient form for the apparent viscosity relation-

ship.

The essential features of the flow model were:

a) Prantl-Meyer corner flow at separation

(a)
(b) constant pressure jet mixing
(e) an oblique shock in the free stream to define the recompres-
sion pressure
(d) the boundary layer at the separation corner as an initial
disturbance of the mixing profile, in which, application has
been generally made only for the fully developed profile, i.e.
for a point far enough downstream that the effec¢t of initial
disturbance has been damped out,
If the boundary layer at .separation is turbulent and thin compared
to the length of the jet mixing region, the base pressure becomes inde-

pendent of Reynolds number effects. For situations involving base



bleed, there is one empirical jet spreading-rate parameter 5', which
Tripp (5) suggested as a linear function of the Mach number of the free
stream adjacent to the jet mixing zone: ©& = 12 + 2,758 My (Equation 1),

To derive a turbulent mixing theory, Korst used a flow model,
Figure 1, and applied the equation of motion along an "intringic'" sys-
tem of coordinates, which system was located in space by its displace-
ment from a corresponding inviscid jet boundary. With this transforma-
tion, an asymptotically approached velocity profile was found as
99 - %;--;-(1 + erfz), where’)z {8 a position parameter for the direc-
tion normal to the flow and the subscript 2 refers to the free stream
adjacent to the mixing region, This asymptotic solution permitted the
calculation of the mechanical energy level among the streamlines in the
mixing region, We are partigularly interested in the streamline, de~
noted by j, which is separated from the corner of the base, and the
streamline, denoted by d, along which the particles just have enough
kinetic energy to reach the recompression region, Below d-line, par-
ticles will recirculate inside the dead-air region,

In the case of no-bleed into the wake, j and d streamlines are
identical, If the wake i1s fed in, the j streamline has lower velocity
than d streamline, and vice versa for feed-out cases, From this, a
base pressure could be found without the use of empirical imformatioﬁ
unless mass was being transferred across the mixing region,

The calculation equations may be summed up as follows:

For isoenergetic, fully-developed, turbulent, constant pressure,

1
jet mixing profiles, the velocity ratio is 9’ =7 (& + erf"l),
L -g*
: ' i B exf?7 = _2_.j
plotted in Figure 3, where P - == | e dp,

and i 'T =b E— .



As shown in Figure 1, u represents the x component of the velocity
in the mixing region, up, the free stream x component, x and y the
intrinsic coordinates which are displaced from the reference system of
coordinates X,Y , that follow the boundary of the corresponding invis-
cid jet, so that X=X and Y=Y - ym(x). The displacement is necessary
to satisfy the momentum equation., The symbol % is the jet spreading
parameter, depending upon the free stream Mach No,, My , or on

uz

C I —

up ( max)’
The dimensionless y, shift is

”Z EYM"Z [l Cz]/( ng;ad’z
where [1 - ?(?ZR ] <<1

The location, ’Zj, of the jet boundary streamline, j, separating the
approaching flow from the fluid entrained from the ambient stagnant
region is determined by combining momentum and continuity integral

equations for the fluld approaching the separation corner, This gives

1
JJI-C‘gJ‘ = J ]—c2? 1Z f |‘Ca§”' a7

The mass flow per unit width between the streamlines 71 and’l ; 1is

given by

; _p2 L ;
G{*Ljf“d'j: xP.u;(; cz) U.:l_% In |—c=§“ Y]
I+K
x'ﬁ..(KH ——_SEI CZ]

_ ‘Z

¢ (Equation 2)

The integrals will be referred to by:

o
I.cc, ’Z)=L,_sowz"“l (Equation 3)



(A
I, (ciﬁz)=[” Taetl
Values of I, and I, have been calculated by using a digital computer at
the University of Illinois as in Reference 6, and presented in graphical
form in Reference 7, Ilj versus Cgf, and I, versus Cg and ¢ are plot-
ted in Figure 5(a) and Figure 5(b). I is only used to locate the jet
boundary streamline j, and as a parameter to treat the base pressure

field for non-isoenergetic situations. Therefore, in our present case,

values of I; are not specifically required,



CHAPTER III

CALCUIATION OF THE BASE PRESSURE-TIME HISTORY

OF 'A TWO-DIMENSIONAL RE-ENTRY VEHICLE

We here assume a blast wave which consists of a normal shock with

constant conditions following the shock, i.e,, a step function,
A, Constant Blast Wave Passing

1). Oblique Shock at Two-Dimensional Wedge: When the supersonic stream
is forced to change direction suddenly, as in a sharp concave corner,
an attached oblique shock occurs and forms a discontinuity, Using
equations of continuity, momentum,and energy, the Rankine-Hugoniot (8)
equation has been derived relating pressures and densities, Prandtl
then developed a relation between the velocity components on two dis-
continuous sides, From these, convenient curves have been plotted by
Dailey and Wood (9):using initial Mach Number and deflection angle as
independent variables, These apply for steady flow.

2). Supersonic Expansion by Turning a Corner: Assuming an isentropic
expansion and extending the linear theory, Prandtl-Meyer derived their
famous function which relates an explicit form of turning angle, 9 ,

with Mach Number, as follows:

D(M)zfr,ma-l ad ™M

K=1 2
+£Lmz M

= [Ktl N L= il
=1 Tam, %(Mz_’) - T‘*—'ﬂ_ MZ—I

The constant of integration! has been arbitrarily chosen so that'Prz 0

6



corresponds to M = 1, Numerical values are available in many publica-

tions, e.g.(10).

3). Calculation of Steady Base Pressure: Using Korst's (1), (4), (6),

theory, the calculation procedure is as follows:for angle of attack = QO:

(8)
(b)

(e)
(d)

(8)

(h)

Pick an arbitrary initial M, (Configuration shown in Fig, 1).

2 M'?f
Calculate the Crocco Number, (,= 53— &
%=1 T Me
If K= L4 for air, thus, Cf =
5+mM3

Find ?_1 value from Figure 11-,9)1 versus Cg curve,

Since Non-Bleed wake flow prevails,

(9sf = (9] = (dldms Y = (1)

UJ-/Ll max
. 2 2 .2
L Y Cd = @j CE
From isentropic relationships, and My = M3 and Cp = C

B&d: ‘ -~ l =_P_+‘
B Q- m—c:n”( ")

3

Using PL value from oblique shock chart will give Oy (9).
P3 3
Assume stream flows from region (Dto region (B) (Figure 1) by

Prandtl-Meyer isentroplc turn with the angle 182 = 391_,_.
Using Prandtl-Meyer corner flow relation, ’Ql ="Dg_ = _;94

and find My, (10). Also find P /P2 from:

PF_= if % Pe using isentropic relations,
-Pz P° MI’ PZ Mf_
So, base pressure P, is found as,
I
= = x
Po=Fe= PiX 35

The base pressure ratio Pb/Pl was plotted on Figure 8, and

its calculating procedure is shown in Appendix 1.



4). Moving Blast Wave: In order to deal with the blast wave, which is
assumed to travel at constant speed, a relative moving coordinate sys-
tem is employed, in which the moving wave becomes at rest; and the shock
relations already derived are then applicable to the fluid properties

in this coordinate system. (8). The same result is true to a very good
approximation even when the shock strength is changing with time or
when the shock speed is not constant, This is so because the shock
thickness 1s minute, from which it follows that the time rates of change
of mass, momentum, and energy within a control surface surrounding the
shock are negligible compared with the changes in the respective fluxes
of these quantities passing through the control surface, 1In our case,
the blast wave is considered as a normal shock wave passing the body,
and referred to as 'prime'" condition in nomenclature in the transformed
plane,

5). Calculation of Base Pressure Just Before (Subscript x) and After

(Subscript y) the Shock Front Passes:
e
L= Tan 6«
Pax W (width)
_ PV, = :
mx= £ Vix R Tox X Tan B«

‘Pbd‘= ¥21

We use trial and error method to determine the base region situation
just after the shock front passes,
Balance Pby = P%y,by P-M turn and by isentropic compression of the wake,
By isentropic compression of the mass in the wake: my, = My
and from geometry,

-
Vi K Vi _ Tanby _ Py Tx _ PSR

and

(Width) — hﬂd': Ta.n.e-} ) \/ﬂr T Tembx Px Ty Px




: Tom 0
therefore, ‘ij = Pbx ('Twmei )

By Prandtl-Meyer Turn: Py = f (Mly, y)
Using Oy as a parameter, a solution which gives Py equal to Pop can
be obtained, An example of the calculation procedure has been performed

in Appendix 2,
B, Transient Blast Wave Passing

A more realistic blast wave front than that of part A. is a shock
front behind which the pressure decays, Thus, after the wave passes,
transient conditions are impressed.

For any instantaneous flow conditions along the body, a particular
steady state base pressure solution can be found, If, due to the tran-
sient nature of the flow, the base pressure differs from this, mass
will flow into or out of the dead-air region (''wake") to make the base
pressure tend toward a stable, i,e,, steady-state, condition., This
change in pressure due to mass exchange may be opposed or augmented by
a pressure change due to the gradually lowering ambient pressure. Thus,
base pressure is altered due to its difference from an equilibrium con-
dition and due to a transient impressed pressure field,

1). Mass Transfer into the Wake: Mass added to base region, Gq, by

each mixing stream, (11),

3.5
__RGU-G) mR_ »
Ga= " F Rsm e Jrek) (1, -14) (Equation k)

The total mass added by upper and lower streams is 2 Gj.

P"x

W
width
- TamGX( :

(mass in wake) = V. =



10

Mass transfer rate, _E $

dm _ Pll vbn.se dvb d?b
aE= Hay = dt( R Ty I= aT (hax Vo TF
if the wake temperature, T,, is about constant and equal to T,
h
AP, _ 2GRT _ PodVe _ PoGa P d(Tup)
e Ve Vi AE (e mwike) (2 T
TemO
Tom 0%
~ P G4 _ (T&ne k+at )?\’ (Equation 5)
—;_'(W'Inss in Wake) at

2). Trial and Error Solution for Base Pressure: Assume a
value, choose a small time interval At, which will give us

APy ' ;
Py T‘b*_ i AY and P‘”m‘atby an empirical blast relation, For a

k4ot
blast wave, it was suggeated by Sandia Corporation that

o t x
AP =a Prnas (1= 1+ ) e (Equation 6)
where t7 is shown on the following figure, and can be obtained from

Sandia Corporation publications, (17).

a®,

bt Positive M
! * Phase at Time

o

"Pressure change with time for a blast wave passing a stationary point,

Since, :P“"t+at = :Pm_,( +AP , we can find Tawm 0 4 ,.% by the

calculation method outlined previously, and therefore can check our

assumption for Tam Ot /Tam 0 The problem can be solved by itera-

**At_

tion, An example of calculating procedure is shown in Appendix 3.



The results of Mach number equals 2, at the altitude of 20,000 ft.,
and blast strength of 100 kt are plotted in Figure 9, 10, and 11,

where A"P.,M,t is used as a parameter.

11



CHAPTER IV
BASE PRESSURE OF AXISYMMETRIC CONFIGURATION

A, Introduction

Dealing with axisymmetric configurations, a particular complica-
tion arises in that the coalescing trailing shock would vary with dis-
tance from the test body because of the complicated interference of
the three dimensionality of the flow., Close to the test-body surface,
it would be approximately two-dimensional in character; and at suf-
ficliently large distances, it would be nearly conical. Thus, an addi-
tional consideration would be required, Due to the difficulty in
theoretical approach, several approximate methods have been developed
based on systematic studies, (i.e,, experiments). The following two

methods have been introduced,
B, Zumwalt's Method

Zumwalt (2) tried to solve the axisymmetric base pressure problems
with two separate treatments, one for internal expanding jets and the
other for external jet boundaries.

1). Internal Expanding Jets: For flow inside axially symmetric walls,
Zumwalt concluded that:

(a) The use of two-dimensional expansion at the separation corner

is satisfactory,

(b) The assumption of jet mixing at constant pressure is experi-

12
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mentally verifféd.

The potential flow solution for obtaining the '"corresponding
inviscid jet boundary" as a reference system of coordinates
is useable,

The two-dimensional error funétion velpgity profile for mix-
ing is still advisable,

The use of the oblique shock recompression, based on the
adjacent free stream flow, leads to serious discrepancies
with actual, measured recompression pressures., Also, the
isentropic recompression process for the discriminating
streamline appears generally to be too stringent an assump-
tion, An empirical expression for the effective pressure

rise ratio was derived from experimental data,

Since in this present thesis, only the external flow has been

considered, the internal flow cases will be omitted.

2). External Jet Boundary Flow:

Concepts and Conclusions:

Dealing with external flow past axially symmetric bodies having

sudden reductions in diameter, Zumwalt (2) reached the following con-

clusions:

(a)

(b)

The use of two-dimensional expansion at the separation corner
is satisfactory, unless boundary layer thickness is appreci-
able, in which case a modification was presented as a "lip-
shock", (12),

The assumption of constant pressure mixing cannot be main-
tained, as may be seen from results obtained using that

assumption, (Figure 7). Instead, the potential flow past a
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cone is utilized for defining the pressure field impressed on
the mixing region.

This conclusion is due to two substantiating types of evidence,

One, Schlieren pictures from many sources show cone-like streamlines
after suddenly-terminated bodies of revolution. And two, E. S. Love
(12) measured the pressure in the wake at axial locations and found

these to be very similar to the pressures on a cone-tail,

(¢) The cone, as utilized in (b) above, also serves as the
""corresponding inviscid jet boundary'. Since a pressure
graddlent exists along the streamlines, further modification
of the flow can be expected. These effects will be evalu-
ated later,

(d) The use of the error function velocity profile proved advan-
tageous, Area (radius) effects due to axial-symmetric flow
are conslderable and were determined by analytical means,
Some detalled descriptions are presented in the next section,
Analysis of the Jet Mixing Region With Pressure kise.

(e) The oblique shock recompression was used in calculations in
conjunction with the procedures outlined above. Agreement
with published experimental data on sting-supported cylinders
was satisfactory and showed marked improvement over the pre-
vious attempts to apply two-dimensional mixing theory directly,

Analysis of the Jet Mixing Region with Pressure Rise: (Figure 2).
Defining the coordinate systems in the same way as Korst (1), Zum-

walt (2) added two more considerations, One, the pressure change along

the mixing region is the same as that along a conical surface coincid-

ing with the "corresponding inviscid jet boundary", and the pressure
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gradient normal to the "corresponding inviscid jet boundary" is zero
within, and in the vicinity of, the mixing region., And two, the veloc-
ity of the jet adjacent to the mixing region is that which would prevail
along the conical '"corresponding inviscid jet boundary'. He wrote the
momentum equation in the axial direction with some geometrical and ref-
erence coordinate transformation and solved simultaneously with the com-
bined viscid and inviscid continuity equations between the separation
-corner cross-section, section 2, and a downstream flow cross-section 3,
for the mass passing alogg the annular stream tube bounded by stream-
lines j and a large value of /’?_m(= 3). Finally, he got the governﬂ;ﬁg

equation as follows:

(8-33+e0-c(1] - IHB 2(1- _m)[jl -3 ]= )i

$ o p
where o J|J_(1_C_Z;)]—|‘ _C_m

Czﬂ)l‘ CSQ(I I) K Caacsa(\_%)

2
I, Ip, J;, and Jy are integrals which are fjunctions of C3g, and the

-0

working curves of these were plotted in Figures 7, 8, 9, and 10. (2).
The subscript "a' represents flow adjacent to the mixing region for
base with pressure rise condition.

To give some physical understanding of the above Equ;£ion, note
that R is the radius of the mixing region and thus introduces the axi-

symmetric aspect into the solution, If ﬁ}*°°, this reduces to the two=-

dimensional solution,

C. Beheim's Method

Behein[(3) in interpreting a series of experimental tests at Lewis
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Research Center, Cleveland, Ohio, assumed that, for axisymmetric config-
urations such that the basesbressure ratio is less than 1.0, the free
streamline is one of constant pressure, For a cylinder with sudden re-
duction in radius, this jet boundary streamline curves toward the axis.
As the smaller cylinder's radius is decreased, the constant-pressure
flow must approach it at an increasing angle., But there is a limit to
the turning angle which can be obtained by a trailing shock., Therefore,
he suggested that it is possible that a minimum effective radius ratio
exists and that base pressure is independent of teat-body geometric
radius ratio for values less than this minimum,

The experimental data shows that the minimum wake radius ratio was
between 0,4 and 0.5, where his theoretical calculations show a minimum
radius ratio of about 0.55. At these regimes, the trailing -shock pres-
sure rises were very close to the planéiahock value, Thus, Beheim (3)
suggested using the minimum wake radius ratio of 0,5 and solving the

trailing,ghock pressure ratio with a plane shock recompression,



CHAPTER V

EXPERIMENTAL INVESTIGATION

A, Objectives

Since there is no exact theoretical solution for the base pressure
field in axisymmetric configurations, the objectives of this chapter
are to investigate an approximate analytical method to estimate the
response time and prescribe the geometric requirements for a wind tun-
nel test to verify the validity of the mixing theory's application to

axisymmetry,

B, Theoretical Considerations

For wind tunnel tests, a real blast wave may be difficult to pro-
duce. 1In order to verify our approximate calculation method, a differ-
ent type of transient condition will be generated, A low pressure
(1.57 psia) air chamber with a diaphragm-closed end is provided. This
forms the afterbody of the model, with the diaphragm at the base. When
the diaphragm is burst, the pressure of the base is suddenly lowered
and creates a transient state similar to that of a base after a sudden
blast wave has passed the base., Since this evaluates only the transient
phase of a blast wave, the sudden pressure rise phase must be tested
separately, Tests of instrumented rockets flying through high-explosive
blasts are being devised separately to investigate this effect, Only

the transient tests will be dealt with here,

17



1). Base Conditions Before Diaphragm Burst; (Subscript x)

.
®j/ @

82

— - =

Base Cone ~
N Tbx = Tooq“
Diaphra —_— ] —

(Y
Y

volume of air in the base cone, Vpx

| 3
MY
Vbx= '_Trrzix-_- o

3 Tﬂ."ﬂ- Q'K
mass of air in base cone, Mgy
3
Pex v ¥

Mec=F Vox™ R Tox 3 Tan On

18

2), Base Conditions Immediately After Diaphragm Burst: (Subscript y)

Assuming instantaneous equilibrium when the diaphragm bursts, since

the air in the base cone has no velocity relative to the body, it ex-

pands into the chamber:

m(_w+ mblﬂ = Mepx + M

where, Pou Ve Poy Vi
chy R Teny P Mey R Toy
Pehx Veh _ Pox Vix
Mehx = ——-Rch‘_r;‘ i Mex= g =,
Tbx = —’-C.kx-—-' To
=i Xl

P P
1:».4.:7;(-;:,)’( ) T55=To( p:jc) ‘

Ve Poy Vig - ’Pcth;l._'_ Pox Yx

therefore, ®RT, (’Ps,/?.’-_‘.,‘)(mw + (RTo(Pb}/Phﬂ“-D/‘_ RTo R Te

Peby b2 Py L
or, Vo (Pug (BT Peree) = Voo [P Y By (35)°F )
where, Vey _ ()M (Y Tanby) _ _ToamBx

Viex (V3 wr3(1/ Tanbx) Tom By -
3). Mass Transfer in the Mixing Region:

(Equation 7)

As the flow approaches the axis in the axisymmetric configuration,

two things occur:
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(a) The flow width circumferentially for the j and d streamlines
grows smaller. Thus, Gy would tend to be less than the two-
dimensional equation shown in Chapter III, due to reduction
in flow area [(ﬂj-ﬂd)Zﬁﬁocd ,where T]ocal tends to small value],

(b) The mixing region thickens to satisfy continuity equation,
Thus, (yj - yd) should increase,

Apparently, (a) and (b) should off-set each other., Accordingly,

using the figure shown below,

Base pressure response rate is proportional to mass addition per unit
volume of dead-air space, Gd/V. Mass inflow depends on the size of
the jet mixing surface, that is,Gd/S tends to be the same for all con-
figurations under similar imposed conditions,

The volume to mixing-surface ratios of base regions are:

For two-dimensional wakes,

Vv _ (hz/TmG)ﬂ — h .
S (2h/s%inB) L 2 e Se)two—d:m.

where h is the half-height of the base

Gd _ Ga S _ Gua _Z

V - 5 Vv S h(Cose)two-dim.'

For axisymmetric wakes,

P and

3
T
V_ 3Ten® _Y : Ge_Ga__3
-S—= L"—"—T‘_aqrza(Cos G)Q,d-s;m. .. v S r(cng)ax‘_sym_.
SinB 2 :

Since (Cos ©)tyo-dim, 18 less than (Cos e)axi_sym_, G4/V and V/S for
two-dimensional cases are about the same values as Gg/V and V/S for

axisymmetric cases. Thus, it is suggested to adopt the form of '"Gg"

equation in Chapter III for two-dimensional cases to be used in axisym-
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metric configurations as: e

Fou 2T (G [ok (T -1 ,)

J__ Sing G, R(K 1)

Let us consider the blast wave and cylindrical body problem, with.

(Equation 8)

the additional chamber wolume in the test design,.

mass in the wake, mwake is
_ P4 owr®
\Ma»(e {O v = ®R 'I; 3 Tan e
mass transfer rate, SI_E :
dt
dm d/ PV I dVv dp
=& (FT )= g (REVER)
pdy A _dP _ ~ RT  PpdV
(GeRTo-Pax )y =ak = G~ ~V of
where ,
RT _ ; Po — Py
A" Mass in Conical Wake + Chamber M pake + ch

and V = total volume of base and chamber (subscript, ch) as present

design. | _
- dpy, _ _ Ga Py . _ Fi [_,.n,,r?z d(TamB }
dt "M vake +ch 'T_T_‘__Ys__{_vch 3 dt _
or, in finite difference form:
| Tamet _
_A_Pj,_ - G’d 3 Tan 91: Tan exut b
At R TR (31_“9* ‘nT‘-‘) (Equation 9)

In the same manner as Chapter III, a trial and error solution can
be performed by assuming a particular value of TanB3 7 Ton Op 4 ax
and balancing the base pressure by isentropic compression and by Prandtl-
Meyer expansion, For the isentropic compression, as for blast passage,
the pressure relation can be derived. Assuming Tpy = Toeoy, We can

write an equation far mass balance of the air trapped in the base region,
_ Ry o r? _ Pu o r’
=M= 3 2
fRTb#. 3 Tom 8y R Tex Ton O«
£ Py |  Pax l
Tb’. Tan 83 Tex  TanBx
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isentropic relation gives

(Tw) ( Py YK

K=l

Pzz _ Py K Ton 0%
p;_x‘. - ( Pax Ton 9)(

ox P2y _ 7/ Tan 95 )K

Pax T am Ox

- (Equation 10)

It is noted that this result is the same as a two-dimensional wake,

C. Apparatus and Calculations:

1). Test Design: a) Annular Nozzle

Alr GO Psia Axisymmetric Base)

80°F
~ Pr_h: IS_T PSEQ. \ ) i\ )
V,, = 2325in> s
‘\\-_-_———-_..

d) Diaphragm

(b) Air Supply \

For detail dimensions, see Figure 12, The principal items required

N
Ye) Chamber and Base

are as follows:
(a) Annular Nozzle: Coordinates shown in Figure 13. (13)
(b) Air Supply: A supply of air at stagnation pressure 60 psia
and stagnation temperature 80°F, and air flow rate of 38,98
lbm/sec for at least 20 seconds.

(¢) Chamber and Base: Evacuate to pressure of 1,57 psia, Total
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volume = 2325 in3, see Part 3).
3" diameter annular base.

(d) Diaphragm: capable of being punctured remotely,
Pox o ¢22 P, =T7TPsiA
(14) =, =6 E)PI

2). Base Pressure Before Diaphragm Burst:
therefore, Pox =.622X 7.77T = 4.769 Psia

?b 4‘769 =Y - = — =a°
P:‘ =L 22 =,07949 —34.38, .". |6, 'I?z ‘91—34-.38 26,38 =8

3). Base Pressure Immediately After Diaphragm Burst: Calculation of

total volume of chamber, V., . See Figure 12,

2 gAY 2 2
Veo = (11, 5) %1975 + i (2.6257+ 1.5+ 2.625 % 1.5)x4.25

o B
+J(2.625 %16 =2050.3 1 188,3 +86.5 =2325 i

.3
Since 'I]’Y‘3=’n’(l,3|25)3= 7.103| in

2325
S VenT 703

|
Vix™ 3T Tamox
From Equation 7, we have: Jz; 35

:'.h E('Pb'd)JI(Pchx) = Pr-hf.] Vbx[ _-FT“ g;(Pb-z) Pbx ]
3&732[?1.3 x1.137-1.57) = 2.372 (477 - MO_&@ 7F . 57]

Mr3= 327.32 7r?

=p.23027r

or
or by = (07096-1-0 000 9* ) (Equation 11)
from the Prandtl-Meyer expansion relation,

'Dz = (26.38 + 9.1)—-—- sz} = Pl"ﬁ' (Equation 12)

Solving equations 1ll, 12 simultaneously, we obtain

6y = 23.24" and P*’i = |.64 Psia
L), Pressure Rise at "End of the Wake'" by oblique shock: Characteris-
tic free jet boundary results show that the 36415 variable, (15) See
Figure 1, It is suggested by Beheim (3) to use r/R = 0.5 to get the
angle 3604 from characteristic results for constant pressure jet bound-

aries, (15), We can continue, however, to an acceptable degree of

aceuracy, to calculate the base air volume by conical wake geometry,
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Calculation Procedure: Basic equations: Equations 8 and 9,
t, choose increments of time,

Py, @ previous vdlue + @ b @ previous calculation, @=AI.
Pp/Poy

Mg, @—-@ by isentropic relation. (10),

Va, (& —= (5) by Prandtl-Meyer relations. (10).

102, @ -7

Sin; 02

Tan; 62

g, M5+ ®2

Iy, @ — @ from Figure 5

3914-: (15)-

P,/P>, (Mz and 394)-»?4/ Py by oblique shock curves. (9).

cg y 1= —@b"m

%, 18/®

I4s [@ and @ 1 --@ from Figure 5

POl 3y g:l.ven

. ,]T o1, glven

2,758 x ®

., 12+ by Tripp's equation (5).

C2, /@

1-¢,1-09
35 3,
(1-&), &

Gg/ft. of base length, (©)xE)xE€2)/ (DxEI*(D
Ij - 14, @ — @

* Initial value is Phy as found in 3),
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K
@ i Gd/21rr2, -296, 1 x@x@ , where 296,1 = 14l RZ(K-I)

€. 1/3 Tamez, 1/3(®
€D . (Vch/:tr3) + €9
€8). mass in wake/nr3, 1k x EDx@)/ _@2x R

@) . Gg/mass in wake, 2 @/rx

Tam 0,
@ ) TN"-(!Q;)};-& ak

Ta-'n. |92 _ I
@ . T&'ﬂ('.gg)*+4t @ - I|

At ’ Af
; ToniBs ..
| TanlP) 44
@ i 3 Tan lg,_x YGQQ*; . @X @
Ven + | > @

w3 3 Ton6;

83 - (Gd/mass in wake)- 32 , €9 — @
6D . arp/At, @




CHAPTER VI
CONCLUSIONS AND SUGGESTIONS
A, Axisymmetric Results

Calculation results of Chapter V are shown in Figure 14, The
approximate time, in our case, is about 0.4 seconds for Py, to become
essentially equal to P, stable. At that time, ;0 is about 8° and
(Ij - I4) is about zero, that is, conditions are identical with the
beginning steady conditions, This result verified the accuracy of our
step-by-step calculations,

The author regrets that there are no experimental data available
at present due to the time schedule of the research contract in which
the author is participating, This thesis is then limited to theoret-

ical evaluation only.

B, Suggestions For Further Study

1). The validity of the simplified theoretical method is expected to
be experimentally evaluated by the test described in this thesis. It
is suggested that these tests be performed and the analytical method
reviewed in the light of the test results,

2). The transient base pressure of a flight vehicle due to a moving
blast wave is affected by transient atmospheric condition for a finite
period of time, A wholly reliable picture can be obtained only by

actual flight testing with full scale models and blasts. Such blasts

25
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are presently prohibited by international agreement,

3). The wind tunnel test can be run for several steady state conditions
using base bleed rate as a parameter, Results of these will be helpful
when plotted as Py versus Gp with a given outside flow condition. Thus,
we may have a better ability to determine the effective base bleed sur-
face instead of utilizing the unproven models used in previous theories,
L), The empirical equation for free jet spreading parameter, & , sug-
gested by Tripp (5), rests on a very poor foundation, This linear rela-
tion between © and Mach number was derived by passing a straight line
through the available data points, shown in Figure 6, This data is
grouped around two Mach number regions, O and 1.7. The linear form is
thus only a conjecture. Also, the data are strictly applicable only to
two-dimensional jets, and may be expected to become inaccurate when the
mixing width of an axisymmetric jet is an appreciable fraction of the
radius,

Therefore, experimental work is badly needed to determine the ©
values as functions of Mach number and mixing width to radius ratio,
Suggestions for this have been made to Sandia Corporation and the Aero-
physics Division is planning to perform measurements to evaluate the
spreading parameter for Mach numbers 0.7, 1.0, 1.5, and 2.0. Plans are
being made for Mach 3,0 test at 0,S,U, All these will utilize pitot
and static pressure surveys at various axial stations of constant pres-
sure circular jets to permit calculation of velocity profiles and thus

of B .
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From Ref, 2, p. 82
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X r X r H r X T
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Figure 13. Mach 2 Annular Nozzle Co-ordinates
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TURBULENT, STEADY FLOW

APPENDIX 1

CALCULATION OF BASE PRESSURE FOR TWO-DIMENSIONAL,

Ol ®@ |16 |® | & | ®|O® @
’ 2 1 Py
G Me 99:‘1 Cs (4— C;js 364 'Da ‘P‘I M, P,
(P4, |04
.36 | L.677|.6405 [.1480 | 1.75 | 11,25 | 17.15 5.90 [ 1.290 [.5575
Jub | 1,982 | 6475 | L1845 [ 2,04 | 13.70 | 25.90 12,20 | 1.509 |.L4880
.52 | 2.327 | .6554 |.2235 | 2,42 | 15.45 | 36.10 20.65 | 1.789 |.k4200
60 | 2,739 | .6646 |.2650 | 2,94 ! 17.00 | L4k, b7 27.50 [ 2.041 |.3380
.68 | 3.260 |.6755 |.3108 | 3.68 | 18.20 | 55.0k 36.84 | 2.405 |.2730
£T6 | 3.979 |.6890 |.3612 | 4,80 | 18,80 | 65.51 46.70 | 2.847 |.1970
.84 | 5,124 |, 7069 | 4200 | 6.73 | 19.00 | 78.05 | 59.05 | 3.532 |.1313
.88 | 6.052 |.T7190 |.4550 | 8.35 | 18.60 | 85.33 66.73 | 4.073 |.1010
.92 | 7.585 [.7310 [.4920 [10.73 | 17.80 | 93.83 T76.00 | 4.900 |.0679
.95 | 9.500 |.7430 [.5244 [13.4%0 | 15,93 |100.89 | 84.96| 6.000 |.0523
.97 |12.700 | . 7540 |[.5515 |16.53 | 13.35 |108.15 94,80 | 7.805 [.0393
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APPENDIX 2

WORK SHEET FOR BLAST WAVE PASSING TWO-DIMENSIONAL

BODY AXTIALLY HEAD-ON

Altltude Mocm( API“I"\O\.X Poo,( Tuo‘x w&JBBHO-LF-Ande awx
30,000ft 2 3 psia | 6754 psia|448R| § = 0° 1037 £PS
x = before shock I/ ™, 7
y = immediately after M. ___"f‘_f.— }'? —---i M,
shock passes L h |® o .ﬂ@;...
y \\ i
\ N
(&1 \\
Condition x:
e =g M = 2074 §75, —Eﬂ— = 1278
Ocox | Moox
Obliclue ShocK on _ B . P ;
Nose, for Mugand 5 T 1= 164 Vpx =16.05 ; Lﬁ; =.980
" Pix _
'1>|x =V t8 = 26.05—>™,,= 1988, and B 13
Pix X &x
Pl)( - Poig pobox — 3K 9986 = [.003
Poox Poox. 1278 '
POMX
Pox | _ Pox _ Pox , P _ ‘13—
- M|_ 355 P S Bos =.355X.13 =.,04615
M, = 2.654 ; V,yx= 42.60

Pox = Pix ;
Pox = Do X P Pex =.355x1.003 % 6.754 = 2.4048 psia
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Condition y:  Pesy = Poox * APmax = 4.754 psia

Poo-& _94.75%4 _
Poy G358 L4442

,6 Re |

= | 037 ox 14442 + | =|218.5

’ [ 5N 3 _
Uy = My(@umx 5 =4)= 8582 % 1037 1055 =938.9; (Qmy=1094 fs)

Uey= Ucay + Us = Uy = 2074 + 1218.5 — 439 = 2354
a o U Qex _ 2354, | _
M"“'&_ amzx Rooy T 1037 x|.055 2.15¢ = F‘o.,.ﬁ . 1000

Ob-c\me shock on ) _  Pora

Nose {qr Mm‘ﬂwa S M,fj_"—| '?8 ?.Ft}" 20'5! Ww}—.,QBE}
- . Py

Diy= Vpgp+5 = 3015 —= My =2.139 5 3 =.1025

Py _ (P/p ) (Poy /Poy) _ L1025 x.983

= = l.007;
Pooy (Pt /Pouy) 11000
Pt _ Rowy P _ | qa42x 4281 = ci82 ; NTeoy = T, =2233
Po‘# o x POu’md._- - * . ) cod o-m;( uoK
Stable y Splution :
Pe| = 0.326
Pi Miy

Pbg(stabe) ]:T* Poeg ik Poo oy = ,326 X |.007x9.754 = 3,202 pPsia

Trial and Error Solution for Ppy : P, =30.15 ; B,= 16.55; Py =2.4048

P
By =18.62 ; 1)21=1>‘+e? 48ﬂ7—+ﬁ%-?=_2q4

1.4
Poy = Pux( Ton383"_ 54048 (32622

1.4
= 0
T&L‘r\e,( quq_,? 2.8 4‘

Po. Poo 75 _
T Mz‘ﬂ—= 2.949 3 Po,l,j:T::;—X _&“_3 = GIB?:)(q 4 =Q5.88

Powy




APPENDIX 3

TRANSIENT BLAST WAVE PASSING TWO-DIMENSIONAL BASE

(SEE PICTURE IN APPENDIX 2.)

Based on Equations 5 and 6,
t

Pys @ above + @ X @, where ®=At

B/ , Poo = Pooy + AP, where AP, obtained from equation 6

R; @ Pooy
r x =, where =P 4 =
E}w-{ @ } ooy @ P.,;;,y

M , @ = (5) by isentropic relation (10).
Peo | O 143 0.143

Pooy) ? a

oy @ X @, where ©=amy

w5 @ X @

U, @ - @: where @ = UYpody * Yshock

Moy, @/ ©

Pwo /Poe 5, @0 — (@I isentropic relation (10).

-

-

« Tew/Tew , {0 — (D isentropic relation (10).

Mg, @ and § (given) — @3 by oblique shock curves (9).

OGPOOOROMO ®O OO

@. P /P, , @O and § (given) = (L) by oblique shock curves (9).

@ . 1>f, @3 — (@9 by Prandtl-Meyer relations (10).
©. Vi=7g+5, ©® +9

@. M, @ — @) by Prandtl-Meyer relations (10).
@. P /Py, ) — @® by isentropic relation (10).

@- Pl/Pm’ @ = ®/@

48
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Pp/Py (Stable), () — @ £from Figure 8
P, (stable), €9 x € x (3

P /P, @ x ©/3 x ©

Mz, €2 — €3 by isentropic relation (10).

Va, @ — @ by isentropic relation, (10).

102 =Pz =V1, e — ®

Sinleg
tanleg
5tz 7 5+ E3P

Ij, €0 - 69 £from Figure 5(a)

$i=d-G J_

Igs €d and G2 - @ from Figure 5(b),

p,,, Q)
%)

. JT_,Q=—-—'¢‘;—WXQoo ,% x@, Where®=/JT_yuo

o
[T = AL 2
=4 e

2.758Mz, 2.758 x 23

2= 12+ 2,758Mp, 12+ @)
cz, V 63
1-¢31- €3
(1- @35, @3F

Poy x Cp(1 - CB)3-0  EDxE)x@
Toy U2 Sim0p ’ (OELIOES)




® ®® 6 ©¢

©

I -1a @ - 6

Gg/h, -296.1% (DX (3, where 296.1 = 1uk £a

R(K-1)

is a converting factor of pressure unit.

Mass in the half wake, Py(psia) X b 1.35 CD :
T 1 tan® _C-é_ @xéa
2 Gg Pp @D x"%%g x h
Mass in wake ?
Tand choose and cheek by succeeding result of item @7
Tan@pynt 7

and 14k

f— % (-1

At At

[L_e_ . ljp
2GqPy, _ \Tam®erat b , ® - ®

Mass in wake At
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