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FOREWORD
The work described in this report was supperted by the National
Ae ronautic.s and Space Administration, Goddard Space Flight Center,
under Contract NAS 5-9978, The author wishes to acknowledge the use-
" ful discussions withﬂl"Dr. M. G, Dunn, andithe assistance of Mr., J. R,

Moselle jn obtaining the numerical solutions.
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ABSTRACT

The effecfé”ﬂof mass injection on the' ‘iscous hypersonic shock
layer in the forebo&y region (downstrleam as well as the ,’/stagnatiox}}gginf)i"
of a blunt body are theoretically analyzed for a non-reacting gas in the
incipient-merged layer regime. Both the normal and the streamwise
components of the Navier-Stokes equations, along with the enefgy equa-
tion, are considered under the thin shock~-layer assurhption. After a
suitable coordinate transformation, nonsimilar splutions are oi)ntained by
5pplicatio.n of an iﬁteéral method for bloWiné rates ranging from zero to

as large as the f._ree-st;réam mass flux (fm_U_w > Significant influences

of blowing on the character of the viscous shock layer are observed,

1
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1. INTRODUGTION

The purpose of the present analysis is to investigate theoret~
ically the effects of mass injection on the viscous hypersonic flow in thg
forebody region (downstream as well as the stagnation point) of a blunt
body in the incipient-merged layer regime, The rates of mass injection
("slowing') consgidered in the present paper range from zero, i, e,, solid
wall, to in some cases as large as the free~stream mass flux C.Pw'U:o) ,

Aprief description of the physical characteristics of the hyper~
gonic low~Reynoids number flow as well as a .sho;:rt review of previous
analyses will be given in this sectiori, while the method of solution
adopted in the present analyms and the discussion of results will be
included in Secs. 2 and 3, respectwely.

The viscous h'ypersdmc flow at low Reynolds numbers has been

—a-subject of i nterestl ~18 4 in recent years because the thin boundary~ 1ayer

apprommatmn can no longer be used in analyzing the flow around a blunt

1-4 1-3,7-18

body at high altxtudeas. Many analyses: of the low Reynolds

number flow are available for restricted geometrmes. While most of them

treat the stagnatm‘n region of a blunt bgdy, others are concerned with the

}/
i

“ sharp leadin ed e of a flat plate. No ‘i?anal ‘ses‘a:z?e currently available
‘ P g g P y y

for describing tms low-density flow about a practical entry body, The
problem is, however, importa.nt in"that for the case of an Apollo body

under typlcal 1eentry conchtwns, the thin boundary- 1ayer,ras sumptmon

t‘breaks down at altmtudes greater than about 250, 000 feet. At higher ‘

]

a1t1tudes the influence of the transport properties is sPread across the

shock layer and even the shock wave-:xtself may not be thin compared to

eyl
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the shecal standoff distance, Thus, a different type of flow will exist at
these rarefied conditions, Delineation of the various flow regimes has

dl' 5 in terms of the degree of the rarefaction of the flow,

been propose
Chengz introduces a '"rarefaction parameter!, K.z , in describing these
flow regimes, It has been found from the analysis of the stagnatlon region
that the parametc«r K may be used as a meamngful parameter even

for the case of mass injection,

As the degree of rarefaction increases, intermolecular collisions
become legs frequent and molecules arrivip:g at the body surface are
unable to come into equilibriura with the surface, As a result, velocity
and temperature discontinuities (''slip") may develop at the bév{iy surface,

15 ,

The effects of these wall- shp phenomena have been analyzed by Liu > and

have been found to cause onlv a small change in the heat-transfer rate to

the body and the shock standoff distance,

One aspect of the rarefactxon of the vxscous .flow‘s, i.e,, 1ow val;,:;es
of K , is that the shc‘;ck W&ny" is no 10nger thin or discontinuous, As
é, result, the usual Rankme -Hugcniot relatmnshlp should be modified in
order to account for the transport effects immediately behind the now-
thickensd shock wave. ’I‘hms has \\been ana]yzed and the mod1f1ed Rankme-— "
Hugoniat relationships have been obtamed by f‘heng. 2

'Ihe effects of mass mgectmn in the stagnatmn reg:ton of a blunt

10,11

body have been conmdered by Goldberg, " by Chen, Aroesty and

MObleYz 12 and by Kang and Dunn, 13 Their results dgmonst;até increas -

ing shock standoff distance and decreasing heat t}»_ransf,efr with increasing

injection rates. However, these changes _‘airé not as g;reat at higher alti-

12

¥y
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tudes, Thus, for the rarefied-flow case, larger mass-injection rates

are necessary to reduce the heat transfer coefficient by the same per~-

centage as that for the thin-boundary-layer case.

No previous analyses are known to exist which treat tha cases of

blowing at locations away from the stagnation region of a blunt body, In

the present paper this problem is formulated and analyzed by application

of an integral-methdd approach. In an earlier paper, 13 this method was

applied to a specialized case of the mass injection in the stagnation

region,and good agreement with previous analyses

2,12

was noted, The

present paper constitutes an extension of the integral-method approach to

the cases of mass injection in the downstream region of a blunt body at -

low Reynolds number,

Tha
(2
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2, FORMULATION OF ANALYSIS

2.1 General Discussion and Agsumptions
An axisymmetric (or two-dimensional) flow over a blunt body with
large blowing at the body surface is considered, The flow will be in the

incipient merged-layer regime in which the Navier-Stokes equations may
1,3,5

-

be used, and the normal-momenturn and the streamwise-momentum
equations are si,mplified by as sum_‘ing‘ a very thin shock layer compared
with the body radius, In addition, the body is te}gen to be spherical' SO
that the radius of curvature Q. is a constant, The sfreamwise velocity
component at the body surface W, is assumed to be zsero, implying
no-slip condition which is ~reat“\soﬁe.bmle »for ar Céld*W&ﬁB case, i.e,,
“ﬁ,.:-» 'O . However, it can be included as a nonzero "quaz;tity witholt
</

difficulty, " c \ o

" - ) a

‘The. equations thus simplified are similar in form to the conven=

tional boundavry-lz‘a.yer equations with the important ex‘c.eptions that the

entxre flow field is now viscous, instead of. only a very thin layer near the

K1Y

VWallw, and that the normal pressure gradient may not be assumed negli-
gible The latter condition is associatéd with a non-rie'gyfigible momentum
change in the du ection normal to the body surface.

In analyzing the present problem, the 1ntegra1 -method approach

e 7

has been used in order to obtam approxlmate solutions because of the

advantages of the method over the rnore complex exact method (whxch

e - {T\

requires in most cases solutlon of the “two -point' boundary-value prob-

1em, or the use of arn expansmx} scheme). -Thege ,_advanta,ges are the ea,.Se .

i

a9




introduced: 1) a thin shock layer, 2) hypersonic flow, 3) non-reacting
gas, 4) constant Prandtl number, 5) Iiﬁear viscosity~temperature law,’ ‘
~and 6) axisymmetric or two-dimensional flow. |
2.2  Differential Equations HT‘
, .With the above assumptions, the Navier-Stokes equations for the
visc,dﬁs shock layer in the incipient-merged layer regime i:ecome3 (see %
Fig.j 1 for a description of the flow field): |
Continuity:
- I -
S (SUF) + s5(sevtd)= O )
StreamWise Momentum: B | |
o pudd 4 opudh §_e,(/u u ) P R A
= R ! ) jatﬂ . aﬂ I a,j ‘ (?'3‘ o
il 5 ]/’““ i "

= !

»
of application and relatively small computation time, . In addition,
épp"lication of the integral method to the stagnation region with and-with-
out 'blowing13 and to the flow ipast amé;harp flat plate with zero mass | (
| i‘njectionl‘s yielded reasonable results, further establishing the usefulness '(
of the method, . In the present analysis, results are obtained in the down- ‘
stream as wel‘i as in the stagnation region of a blunt body for various )
values of the blowing rate N (§) , and of file “rarefaétion parameter'' - %ﬁf’f}.

k* . Significant effects of mass injection on the viscous flow field

)

are observed. J
W /)

i

In order to simpiify the ahalysis while retaining the essential

features of the physical flow, the following specific assumptions are




(it {//A =
T e
Normal Momentum:
2
pw _ 2P (3)

a 2 , .

. !
Ene%‘rgyz | —
where the symbols are defmed in the Nomenclat;ure. It is noted that |

Chengz’ 3 retains in Eq. (2) the ap/ax term, Wthh is second order Z
in the incipient-merged layer regime, in order to all;)w extens?ion of his
analysis to the higher Reynolds number flow regime (details of the derir
vation of the above (éeq}iatiﬁons may be found in Ref. 3). The boundary
conditions obtained {iéing the modified Rankine-Hugoniot condit:lons2
across the shock wave and taking into account the blowing at the body

surface, are et e o :
at y=0; WU=0, U= U‘gx) H HLC") 7D= k)

afp 5::A)“

In the above boundary cond1t10ns the streamw1se veloc1ty component at

- | - BN
the body surface ub 1s assumed to be zero, It is also to be noted thi&i{) -
AL '» B :

5 ) ol i
the pressure: dlstrlbutlrn 1rnmed1a*elv behmd the shock is. Newtongan, in

- I



The above differential equations are now transformed from the

physical coordinate system to the & ~F coordinate system bj} defining

Y ) AX)
- X _ ,Ljﬂ-ii.’. j £y
§==x 6 T= )t a G = (6)

In addltlon, we mtroduce the stream funct1on \,1) such that
Sbx = — () (T pUm and 8Yhy = (1+4) (T pU
automatically satisfies the continuity Eq. (1), A dimensionless stream
function 7CC €,F) isnow obtamed by putting L// = (/+;)f 'U r(’n‘r)?f
which yields the relatlonshlp 675/37‘—‘ = U G , where = LL/(‘U; 5)
and  E =la e cod f3

as either the shock surface or the body surface under the present thin

, which

Cheng3 noted that £  can be taken

shock-layer appi’oximation. Therefore, so long as this assumption is

valid, the error introduced is small, especially for flows around a blunt
” béd‘ﬁr 3 1t should be noted that the va11d1ty of this approximation should
be verified for analyses treating mass mJectlon, since blowmg tends to
thitken the shock 1ayer and change the shock shape around a body

i

Introductmn of the new varlables yxelds
o ‘
TP ('M) 75 —rz f + r(2 )( . m

and, from S—F/Q'F UG— , we have

i

75(:% F‘) 7‘3(?) + G §)JUCIF L

i PR i b g

o

- {41




Transformation of Eqs (2), (3), (4) yields, as’sumingz’ 3
/L = /l;( ('T/T*;) :
Stream’wirse Momentum:
2 af\? SF\s(L2F\ _ ¢ 142 , 8]
KG[%‘% (B8 +zcGRR(EaF) — (19)% £
of of Gl | ,
— Zgg = ] = 573 | . (9)

Normal Momentum:

2 2 ‘ .
E-efECE

Energy:

:/:/:
/

Lt;
%185

) (14 )("‘ts)gg fﬁ%

~Ree o T R e o Fae (11)

2,3 Bounciafy Conditions and Other Pertinent 'Re'iati‘onship‘s |

The boundary condltlons in the physmal coordinate. dystem, i, e.,
Y= fjf plane, can be e)cpressed in the transformed §_. F coordinate
system. From Eq. (7), spaqm‘l’wmg to tpe‘ body suriacé, ie.,, Y= O
(F= \O) ) We obtam e o \ L

8, 3 dh
5,753 = (”o‘) F + ZB-E"— ]

~ where ‘[}" - at ’F c;) is appl d 'I‘h - dif eren lEq(lZ)can

be solved to ylelu s

e e et
PR - o T
RIS VT N M S




= # g PR ! ) ) X\\

Cand (13)F

—_ Q ' (13)
z'"%

£ .
AT,
{_b@____; Iz N(§)d €

For the special case, & —» O, i.e., the stagnation point, 2Z —> O,

Eq. (13) gives ;

ﬂ(O)z-—— N (14)

I+ &

On the other hand, application of the definition of 170 at F= | ,

* i, e., outer edge of the shock layer, yields 'Fe.f" = | /(H‘J‘) . Also,

from Eq. (5), we obtain, at F = | :

T = | — —o (28)
w’_/au'icl | 6

’PK.GT.J

From the relationship G T = (a'F/3F> , we obtain, uéing Egs. (8)

&

.4~ 2 r—

l+3— g”a'k

vc i

where = ‘(“C_TAF is introduced,
The phys1ca1 coordinate ﬂ normal to the body surface is expresmble

in terrns of the transformation variables such that ‘:f/OL G'S(_ﬁ,/f)dp

Using the ideal-gas relatlonshlp and after some rearrangement we obtam

——
o

t l-t SONEDRE (*ﬁ)

- a

i By e e e B
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where, from Eq. (10)

| \
\

(18)

Thus the shock-layer thickness is

JAN

ST —

ac

’ t,+ (-t e JAF (19)

It is noted that a -mu,é?":h simpler relationship exists at the stagnation point,
since X 1is zero a?f’t; E = (O . Then we have, at the stagnation

point,

[
2= eofrhr0-neldr oo

. which is equivalent to the results obtained in Refs. 2 and 12,

~ The streamline patterns as a functionof £ and [ maybe R m "

conveniently expressed as

le ' 4 | j | o | I
: G4g)TT £ ood?‘. - Z(§ [ﬁ,(? +G(§) UdF] ey .

The heat transfer to the body ié given in terms of. thﬂé Sté.ntoh nﬁmb?r CtH’
by: ' ' . ‘ “
dH < (IeaT/ag) T B (8) e
2 | '

ﬁU (H Hy) R K GC?)

Fmally, the skm fr1ct1on is expreseuble 1n the present ana1y51s to be

I i

\\\e\ ({

/u,au,/awb - “’= |
Coo/B L\:JEOUE:/2>

¢! = Cw/g

fi

10

o

K,C—;(E)

2 A(E)

(2 3)
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2.4 Application of Integral Method

The streamwise~momentum Eq, (9), the normal-momentum Eq,
(10), and the energy Eq. (11) are now integrated from T = O to
F =1 . Byuse of Egs. (12), (15), (16), and after a series of rear-
rangements, the integration yields, in addition to Eq., (18) for the

press}ure distribution,

Z.f&

g (Fam)= (L sn1ol)

and

j%[cwt,,)z”‘*GMJ - <:-—~tb)z""(~..§__.._ FN) o

B KG
where | |
v = (o (mdr TR
S R -»Mz E‘jU(la-e-)dF :
] . ° ] '
L ST’U; | o ]
NEO=ZE A=ET) =)

.BAy substitution of the profiles of the streamwise velocity "['_T
and the total-enthalpy © (see Appendix for deta‘ils of d‘erfiv‘at,ioh) in
the defmxtlons of M, and Mz , we obtain expressmns for these
quantdsles in terms of two unknoWn pa.rameters <& and R »Other

. ° 0N z N . .
terms suchas N , K° , "tbf , e'tc., ‘are s‘pgcx,ﬁed as known

quantitriés and are functions of the stre‘amwi-se-'distance & ., The -

quant:tty L_, is’bbta’ined from Eq. (16) a.s a functlon of N , | =z .a.nd

G‘ . Thus, the problern 13 to deterrnme frorn Eq»s (24) and (25) the '

£0 EE
L
; 4= w




y
two unknown parameters (- and B which characterize the flow. Thf}”

‘ term (& describes a measure of the shock~layer thickness in the
i transformed plane and the terrsn I3  denotes the local heat-transfer
g parameter. Details of the determination of these quantities for variqﬁs
{ valyes of the mass-injection N (&) and the rarefaction 'parameté:v
| Kz' and the discussion of the results obtained will bé ﬁ-rGSenﬁég’t iin the
following section.

3, SOLUTIONS AND DISCUSSION OF‘.,RESULTS |
; 3.1 Integration Procedure | o |
by For given values of the rarefaction parameter, the mass-injection ? :
} rate distribution, and the surface-enthalpy ratio, the Egs. (24) and (25) 'f
were numerically int"egﬁi-atéd along the streamwise distance to yield solu-
i ~ tiong in terms of th.e unkno;avn parameters G- and B . These param- ;
i eters are used to describe other characte i‘”iéti”é”’qdaﬁﬁﬁﬁ:é of inféréét in \_‘
g‘ the viscous hypersonic flow, such as the skin-friction coefficient, the )
i ' .
%’: Heat—-transfer coefficient, the pressure d‘istribut\i‘on,ithe velocity and’ the {
kf total-enthalpy profiles, aﬁd thé str!eamli,ne patterns in the viscous shgck | /j
% 7l-ay§1‘». | o ;:
f; The humerical-integratior} sg‘heme a’doptedAwas the Adams-Molton ' é

predictor-corrector method and -thf?‘i;tpqmput:a;tion time for integration along

§ upto £=2£0,9 for a single typical case, ji.e., given values of

K'-z ) ‘tb ' 'and N  was abq.r:i't 0.7 miﬂnxi{tés‘ on the IBM 360 computer. foe

,§oluti‘ons were obtainedj‘fcmm -tb"“' 0. 05 (cold wall), KZ -.betWeen 0.1 ..

and 10; 0, and N - varying f;'O’m zero to as high as l 0. ‘Ii:’is noted ,thé,t;

- the examples inclufied in the present paper are for uniform mass-injection -

el o

J -
Y .

o




cases along the body surface in order to emphasize the applicability of
the present approach to the norsimilar flow cases, However, the present
approach is also applicable to arpbitrary mass~injection distributions
along the streamwise distance, All of these results display similax
behaviors in response to mass injection, and only the results of a typical
case ( K* = 1,0) are presented in detail, However, the discussion
encompasses the entire range of results obtained in the present analysis:

in the incipient-merged layer regime,

3,2 Heat Transfer and Skin Frmtion

~ Figures 2 and 3 show, respecnvely, the distributions of heat~
transfer and skin-friction coefficients for uniform mass injection along

the body surface for K =0,1, K =1,0, and K =10.0, It is

seen from- the figures that mass injection reduces both the heat trans-

fer and the skin friction, a physmally reasonable result which holds true o

19-25

/also for thin laoundary~la.yer flows. It is mterestmg to note that at

a 1ower Raynolds number ( k* = o0, 1) ; the effect of blowing on the heat

transfer, }expressed in terms éf the Stanton num}?e;r‘ CH , and on the
skin friction C’F/. is small compared with the effect of blo’wing at a
higher'Re:ynolds numaber  ( KZ’ =10) . Thus, larger blowing rates
are reqmred at K= 0 1 to reduce the heat-transfer coefficient by

the same percentage as that for VK = 10 . This result may stem from

the relatwe ineffectiveness of the 1ow den51ty {luid ex1stmg at hlgher altxw |

tudes to respond to mass mgectmn at the body surface Tlns is more

clearly seen by takmg the i'ree molecular 11m1t, e, K —> O

- . . ‘"zh.’ -
S ey R
. )

13 A/
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Ry eIy
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3.4 ‘Stre'amlfi'ne Patterns |

the ’VlSCO\lB shock layer for various mass-injection rates, Examples are R
shown in Figs. 5-7 for the K =1, o case, - "These results are both 4
‘interesting and 11-sgfu1, _since the,y‘ afford a means of assessing the /

lbmeamngfulness of the physical flow, and since the reasonableness of the

Since there are no intermolecular collisions in this regime, the effect of

mass injection on heat transfer from a cold wall is zero for a unit thermal

accommodation coefficient, This trend has bsen found to hold in the
stagnation region from previous analyses, 12,13 and the present analysis
shows that it also holds true in the dcwnstrearxi region,
3.3 Surface Pressure Distributions
The surface pressure dlstrzbutmns along the body at varmus
values of k% are shown in Flg. 4 for uniform blowing rates, The New- '—
tonian pressure distribution is also shown in the figure for comparison,
since in the present analysi‘s"? the pressure distribution at the outer edge
of the shock layer is assumed to be Newtonian, in keeping with the thin
shock~layer conce;‘pt; 3 The surface pressure is less than the pressure
behind the shock given by the N‘ewtonian' theory, because of centrifugal
_effects, even for zero mas s,,inis,ctipn.,_ Another interesting result is the ,,;»?T l\

1nf1uence of mass injection on the pres sure at the body surface. Physlcally,
the mass is mgected normal to the dey‘ surface, further enhancmg the

cent:mfugal effects of the f_low. Thus, -the surface pre’Ssure decreases with

increasing mass injection, as shown in Fig, 4.

The present analysis also yields the streamline patterns within

i

P B

~‘T~Q “

streamline behavmr should tend to con.flrm, at 1east quah’ca,twely‘, the

14
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appropriateness of the present approach. Figure 5 gives the streamline

distribution for the ze!io—blowing case, that is, solid wall, In this case,

~ the mass flowing in the viscous shock layer consists entirely of the free-

gtream mass entering through the shock wave; t’hus the stagnation
streamline becomes the dividing streamline along the body and coincides
with the body surface. When mass is now injected uniformly along the
t.>dy at the surfacé, the layer in the immediate vicinity of the body surface
consists of the injected mass and the dividing st‘reamline‘ is now pushed 7
outward fr?m the body, The blowing case of 10 percent of the free~stream

mass flux is shown in Fig., 6 and the case of 50 percent injection (M =0.5)

' is illustrated in Fig., 7. It is seen that the stagnation streamline is located

on the axis Si"'f;symmetx~y (stagnation line) and then follows the dividing |

streamline in the downstream dire‘ction, with the injected mass on one

‘side and the freestream mass on the other. The thickening of the shock

layer and the notlceably changed streamline patterns as a reault of very
large blowing are observud in Fig, 7, Smce the present analysis is based
on a thin shock- 1ayer assumption, it should be kept in m:.nd that the JllS-

tification of this assumption comes into questlon when the viscous shmck

\“1

layer becomes very thick (due to blowmg) compared v.v:xth the ch,aragterlsti‘é

length of the body, which in thise caée is the body nosé,radius. In the
absence of a clear- cut crlterion which vahdates or mvahdates the thm
shock-layer apprommahon, the typical resulﬁ is 1nc1uded m F1g ’7 to

illustrate quahta.twely, if not qulte quantltatwely, the changes 1n fhe vig~-

(1

cous flow field due to very lajgge rates of mass mJectlon along me body
4
surface.

)
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3,5 V eleycity and Total-Enthalpy Profiles

‘Based on the values of the parameters G and B obtained
from solution of the Eqgs, -‘i(24) and (25), the profiles for the streamwige
velocity and the total enthalpy have been constructed using the expres siohs
given in the Appendix. These profiles are shown in Figs, 8 through 11
for NN =0 and y\\l = 0, ] caSes. Déépite the polynomial approxima -~

tion that has been ué"ed‘ it is seen that reasonable proflle desc riptions

i

~are obtameé. for both the streamwise velocity T and for the total

enthalpy & . As the ‘Bhock"-laye,r‘ thickness increases in the downstream
direction, i.e., increasing € , the edge values of TJ° and © show

slight reduction, signifying the increased Vﬁiscous and conduction effects

TR

i/

in the shock=-transition zone which modif); the Rankine -Hugoniot conditions, 3

3.6 ‘Comparison with Other Results ’ |

~In an earlier paperlj? treating the effects of bJowmg in the stag—

i —
V2

‘ nation regxon by essentially the same integral approach, comparison wag

made with the more exact analyses (analyt1ca1 or ’£1‘n1t,e-d1fference method)
for heat transfer and shock standoff dlstance in the stagnatlon regmn of a

solid body :stu.rface2 and also with mass 1n3ect10n. 12 These comparisons

 are included here (F1gs. 12 and 13) ior the sake of completenesr~ A

. ]

further compar1sc>n of heat transfer is gwen in. F1g 14- wh é s hows the

\

effects of bl»ong- for \\@rmus values of K- . Iﬁ: may be seen from thGSP

‘W L

= . flguxes that the present resu]ts agree well with. the more exact resultslz

-in the stagnat1on :reglen.

i in e M{: e
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Since no other downstream analyses (either exact numerical ox
‘experimental) have been found which tieat the problem of viscoﬁs
hypersonic flow over a blunt body withwlarge and small blowing ,u was
not possible to make comparisons in the downstream region. However,
Chawl8 has analyzed the rarefied flow past the sharp leading edge of a
flat plate using the integral method., He cormpazjes his theoretical results
with experimental data and finds good agreement, Although the validity
of the integral-method rests on the soundness of the assumptions and the
agreem»e'nt with experiment or exact solutions, the lack of enperimental
datra for rdreufied, viscous £iow downstream of the stagnation point makes
extensive comparison with experiment impossible at this time. Never-

theless, the purpose of the present analysis has been inéight rather than

precise numerical calculations, Thus, based un the comparison mentioned

previously and on the results obtained in the present analysis as shown

in Figs. 2 through 14, it appears that the integ‘,.r’al—mé‘thod‘approach

presented in this paper ;—proivide:s a simple and useful method in analyzing

the rarefied, hypersonic, viscdjus flow over a blunt body with large and :

- smail rates of mass injection, X
' ' - k R k 1
S g . -7
L ; . -
C N ; R R /A
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4, CONCLUSIONS

In summary, an analysis of the hyperaonic,,»lov‘v Reynolds -number
flow over a blunt body with blowing has been presented for a non-reacting
gas in the incipient-merged layer regime by application ofg,ian integral
method. Both the normal and the streamwise components }}of the Navier-
Stokes.-equation and tl}e energy equation have been considered under the
thin shock-layer as sumption, Solutions were obtained for various blowing
rates and degrees of rarefaction in the downstream region;:ts well as in
the stagnation region. Theée‘_results indicate significant effects of blowing
and rarefaction on the héat—transfer rates‘, the skin frictiOn, the stream-

- line patterns, and the pressure distributions within the viscous shock
layer in the forebody region of a blunt body. One major result is that,
as the degree of rarefaction increases, larger blowing rates are required

_to produce significant effects on the flow. X
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APPENDIX

Streamwise Velocity Profile

For the transformed streamwise velocity profile TJ . assume

a third-degree polynomial form :
U = aF a,F + a,F
- l + A, F A+ 37: (Al)

where the coefficients a, ) a, CLs are to be determined from
the boundary conditions, The boundary conditions used are the conserva-
tion of mass flux, Eq, (16), the streamwise ~momentum equation, Eq. (9),
specialized to the body surface (F = 0), and the modified Rankine— :

Hugoniot condition, Eq. (15). They are:

j@lv dF = L

BT
ST

72) = KZG,—M (g%)

Ue = | — i (:22 (;97='

where Qz = K*G 2‘ . Subshtutlon of Eq. (Al) with the
first two conditions in Eq. (AZ) y1elds, ~for the stréamwise velocity pro-

U—-‘—: 4L F° "bf\ (F + '\)aF — ’\l T: ) (A3)

,'where Na = KGN/Z, and M‘] 2_( l+ KGI\I/.B) Combmatmn

A

of Eq (A3) with the 1afst cond1t1on in Eq. (A2) gives

A= (égi) 2L + Qual - 1)
b 5*;~@s+-@z(i»+ Ng/3)

(A4)
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Total-Enthalpy Profile

For the profile of the total-enthalpy, we put -

® = bF + bF+hLF + bF* B

- b 2 N B o R -
e A SN NS NN <P eSS

; where bl ) bz y ++., are to be determined from the boundary condi-
| tions, These boundary conditions are obtained from matching Eq. (11)
at the shock interface with the results obtained for the shock~-transition
zZone, ’ from specializing Eq. (11) to the body surface, and from thev modi~ |

fied Rankine-Hugoniot conditions. Thus we have -

<9'F2> +‘ Q, (g’%e‘m @)

6, = | - — (28 (a6)

2
g0 _

™,

v o e
S s Yo Sl 3K M et el SN atd oty A SO G Sl U
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e

e
7
s

-
ol
Lo

wheré
I
QRER K G
Q, = Q :-—? L T

Combination of Eqs (A5) and (Ab) y1e1ds, for the total- enthalpy proflle

O = in(r\! NT—‘) S (an) o

I’\

o +~-[w ._@.L"_N'F ® +QMN)F+(N +QMN)FJ
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where

Ny= 12+ GQ' 'K‘Q? P ’T\}z_‘.::; 4.Q, (34‘@,)
Naf"'"'"' 3@,(2—{-&,) 5 M4:3(2'+Q'>2

Ny = E,B +85Q +Q 5, Ne=2(3+3Q, + Q)
Ny=%(6+4Q +Q).

The integral terms M, M, are now obtained by using Eqs,

(A3) for T anqu (A7) for @ to give:

5*0“( T
= L(l—--—-—t.)*f* AL(5~+N3)— (22_+13/\) +2Ng ) (A8)
and

M, = fU(z.—e)JF‘

= :No +ANy, B (A9)

_ | - u/’ _ W[N,ﬁz\m,ﬂczmm,a] -

N'O:%(fe+|oa+ )
N,, e %,_(35 +2N8 + 12 Q.| Q._ )

N ‘
o= = 85 (4 1) + (?—+ )~ (.; ’\3,8
_ . Ny Ns N M N
Nig= = B+ 1)+ (2 1 58)- “7(2 +7
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Figure 5 STREAMLINE PATTERNS WITH ZERO MASS INJECTION
(N =0, KZ = 1.0, €= 1/8, t,, = 0.05, Pr = 0.75)
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Figure 6 STREAMLINE PATTERNS WITH 10 PERCENT UNIFORM MASS INJECTION
(N=01, K2= 1.0, £= 1/8, t, = 0.05, Pr = 0.75)
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Figure 9 DISTRIUUTIONS OF THE TOTAL-ENTHALPY PROFILES ALONG THE
BODY SURFACE WITH ZERO MASS INJECTION
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Figure 10 DISTRIBUTIONS OF THE STREAMWISE VELOCITY PROFILES ALONG THE
BODY SURFACE WITH 10 PERCENT MASS INJECTION
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Figure 12 HEAT-TRANSFER RATES AT AN AXISYMMETRIC STAGNATION POINT AT
LOW REYNOLDS NUMBER FOR VARIOUS MASS-INJECTION RATES, AND
THEIR COMPARISONS WITH EXACT (NUMERICAL) SOLUTIONS.
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Figure 13 THE SHOCK STAND-OFF DISTANCE FOR THE AXISYMMETRIC STAGNATION POINT
FOR VARIOUS MASS-INJECTION RATES, AND ITS COMPARISON WITH EXACT
(NUMERICAL) SOLUTIONS.
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Figure 14 COMPARISON OF CALCULATED HEAT-TRANSFER RATES WITH
EXACT (NUMERICAL) SOLUTIONS IN THE STAGNATION REGION.
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