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CEAPTER I
LITRoDUCTICN

Tie equation vhich 48 investigated in this paper is the frictione
loon egutlion Sor onesdlmomsionnl duct flow. The equaticn investisoted
1o dorived in reforence 3 ond o plven by the emprossion

@ - 162
2o (11)
izt %E) ae + - amPof) = 0

Equation (1)) s o equation which 18 o meobor of the group of
e@mﬁma L the gencral forn

Polx#+ Qidy ¢+ 802 0 0 (1-2)

wiere Py Qs ool Ry mmﬁm?mcﬁmcf-#,y,w z
pocsessing contimous first partiel dorlvatives with respect %0 %,
gs 00l e

Pran veforence 1, 45 an equation of $ho fum given by
eqation (1+2) 29 intesrable thore exiots o fmction (%, v, 2)
such thot tho caprenslon BePadx + BaRuly + 1Rl 10 cxactly the
Gerdvative of soe fmetion owy fals, ¥y o) oot tms

%;fa - “«zl’a: * 4eQu %i—t“ & 1efig (2-3)

Since by ypoliwels Ppy Qe ool B, hawe contimyus first

e
poctiel Gorlvatives vith respoch 0 Xy el 3 thon B e eech
ond fron equation (1e3)
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bt e Py PR ey, Ty g, T (1)
3 & R 3

“ag%‘%g%‘“agf‘*%gﬁé (2-5)
3 S oP M

%é%*aaﬁgagaﬁf*%g—:ﬁ (1-6)

Mltiply equation (1-4) by R,y equation {1e5) by P, and equation (1-6)
by Qn eond old the results to cbialn after rearrangement,

P’&@%}'g:;%*%@%‘g%)‘%@?'%)uo. (1-7)

Taig e@am states & nocessary condition that equation (1-2) hawe a
solutions How it remeins to provothat equation (1-7) is & sufficlent
condition.

Since the equation Pydx + Q8y » 0 15 alveys integreble 1 2
15 considered constant, there will be no 10ss in generality in
sosuming that Pgdx + Qdy is an exact differentisl with recpect to
%z and y. The solution of

Podx + Quéy = 0 (1.8}
considering ¢ o8 congtont,; muyy now be written in the form

£.(xs 7» 2) +94(2) = 0 (1-9)
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where ¢, represenis an erbitrary funciion of z. Since Podx + Qdy
has been assuwmed to be en exact differential

= ?-%, Py = 38, G = 528 (2-20)

Substitute the expressions for Py aond Q, of equation (1-10) into
equation (1-2). After rearranging the expression obialned for
equetion (1-2) the following equntion is cbtalned:

et et Eia,-«--&zaa (2-11)
Since dfp = ::: %‘3 f"‘ o= dz, equation (1-11) can be written
as follows: .
AV
ar, + (nﬁ - gg—»)dz = O, (1-22)

Equotion (1-12) con be integrated 4f taere cxist ts a relation
- independent of % end y betuwoen By - cnd g3 that i1, if £,
and Ba - %—1:‘3 considered as functions of x and y(2 constant) cre
dependent (for 4£ therve 13 mot guch a dependence then there will

exist three unimowns in the ecuaticon). In reforence 2, pege hes,

et K2
al;b

1% sxys that for two functlons of x and yy, sy & end Ly to be
dependent £ ond O» must oatisly the velation,

afy O  Ofy O
Z}%é;g-#gfﬂ()o (1"‘13)
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b .
let £ =7, e fa=Res3 then for there %o be a solution of
eqation {1-12), equation (1-13) requires the Sunctions s ool
Re ggﬁ o satlsly the reletion

, - 2% . 2 ,
/OBy 3ty | 3MpfoRy Pdy ) (228)
ax \3y 3z ox oy \Ox Oz ox

Differentiato equation (1-10) to obtain

2%s,, 2 gfﬁ) 3% “‘"fa .2 Gm ¥y
ﬁa

w5
o (v}‘d’ (;;: 3.. > ax (3- 3-))

Substitute equetion {1-15) into equetion (1-1%) to obtain

( é} (ﬁ-— - %%— = O, (1-26)

‘Since from eguotion (2e20), =% ayﬂ g&"-o = 0 it oppeors thad
cgastion (1«16) 48 the caxe os equotion (17) with the signs changed;
hence 4f equation (1-7) m&s equotion (1-12) ezn be expressed in
toxms of tho two verisbles Ty a2 2 md tho result is dn e
solvible fom. Since oguations (1-12) end (1-2) are the sooe eountion,
this solutlon with £ replaced by ito welwe dnterms of x ond §
w111 be the intogrel of equetion (1-2). Equation (1+7) 1s tus e
mcessmv and pufficlent condition for equation {(1-2) %o be integradle.
Bquetion {1-7) vos found to be o necessary ond cufficlent condie
tion for equations of the forn given by equetion (1-2) to be integrable.
Thus, upon gpmlying equation (1s7) %o equation (1-2) 1% 1o found that
for equation {1-1) o be integradle the wvelue of (@?ﬁ) st be
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2ex0. Only for the toivis) cases 1o the vwlue of i'-’%?-—f
TOTO.
Iot us sooume thod the equation of the form glven by equation (1-2)
15 not integeble. Vhen en equation of the form piven by equotlon (1-2)
iz wi iztograhle, the Miernbture glves $wo gonerol methods which con
Ye mplied to cbtaln o salution. |
Tha {1rot of these mothols 15 that of obtaining particulor
solutions, Porticuler salullcons ove obizined by ssoming eny cccond
relation of x, ¥y, ond 2 ond sclving 1% similtopeously with
equation (1-2). In order $0 obialn porticvlar solutions of egetions
of the fora glven in equation (1-2) vhen equation (1«7) 45 not
gutlslied, cscure ooy arbitvoy relcotion

Wzsys2) =0 (1=17)
and differentiste the relstion to cbiain,
3 ¢ DY .
&%éx't%aya-ggmuo (126)

Vhen the fora ¥ 4o spocified, theoe tuo equatlons wild Cetermine o
and <4z in torms of X, ¥y O, end &y (or generelly, one of the
variables ond itz ¢ifferenticd n %orms f the ofter o end thelr
difYerentinla); vhen they ore mmrm in eqeotion {1-2) they
moke 4t of the form |

Bodx ¢ Doy = O (1-19)

The parometors ¥y and N; ave Dnctions of x end ¥y, the
values of which will depend wpon the foxm of the chogen funcilon ¥.
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Dow equation (1-19) may be solved and tie result, contalning an
erbitrery constant will, together with equation (1-17), constitute

o particular sslutdlon of equation (le2)e By glving all possible foms

o V¥, every possible sclution of equation (1-2) will be obtained.
The fitting of all the exasples of imtevest when applying thls
method o equation (1-1) wold prove to be o long and tedious Job.
By elisinating the differentliel clesent Jde betweosn the two
equations {(1-2) cod (1~18), to cbitaln the form of equation (1~13),
woe con soe the relpblonship the equatlon of comdition (eqe (1-7))
imposas on the solution to equablon (le2)s Tue varishble 2 which
ocours in equnticon (1-2) must be replaced by its value derived from
equation (1-17) [‘#(x: ¥y 8) = O]‘ Sow guppose the eguatlon of
condition, equstion (1«7), is sutisficd oo that Ppy Qs & By
axe groposrtional 4o the differentlial coefficlents of 2, y, ol o
of somo Duncticn; if this function be ¥(x, ¥, z), then ve hawe
ond the equaltlon dnvalving dx ad dy is 1dontlenlly saticfied.
There wiil tms, on thls conditdon, be no cther eguaticn necessarily
vepociated with the egatdon ¢ = 0; or whab is equivalent for this
cust, ¥ = €3 thils by 1ts8ll s sulficient for the soliution of the
Clfferentlal emetlion, end any otler equalion cosocliated with ¥ » C
moy be perfectly awbitrary (such es ¥ = 0), for its egresaion will
not entor Into the differontisd equation when formed from these
integral equstlons. I, howevar, the cguatiocn of conditioa belween
Pos Gop ond By 2o nob salleflied, there is no funclilon v such thatl
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the seletions of equatdon (1.20) holdy ond thus, Mydx « N0y = 0,
is not an identlity but leads 10 en intogral, the form of vhilch Is
&mefmwmmmwyemmmmmm
end vhich muot be acosocligted with thad equation in order to
constitute the integral.

Tho second geoeral method of oblaining o golution to equae
tion (1-2) vhen the equation of condition is not satisficd is given
in e pemoly by Pfeff. I no single indogral equation existo shilch 1s
eguivalent to the differential equation, thon tho method of dotere
wining the integrel equivalent 15 colled Pfaff's problem, end the
Clfforential equation itoelf 1o often called o Plafflon cquation.

Pafl showed thot an integrel equivalent of o total differentlal
equation, containing (2n, « 1) or 2n, vorlobles, can alwoye be
constituted by a gyotem of integra) eguaticns rob move then n, in
mmbers. A full éiscussion of Pfaff's problem and its reowlt coan be
found in "Theory of Differentic) Equations,” wol. I by A. B. Forgrtha.
Here o discussion of only tho three verishles case will be glven.

the equation of condition (ege (1+7)) is not satisfied
for equation (1-2). Then let

Peix + Q07 + Rodz = Qu, + i, (1-22)

1dentically. Shadd 1% be possidble that o uy, vy, ond v, oxist
vhich ave functions of 2y ¥y and 2z then Pye @y and R, must be
ghwen by
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refBends

ﬂa“%”&@fj

TN

Lot Pl QU and B} be piven by

30 SR |
Py = 3;-5%-»&%
. ap
QasR.gR )
, a@ 30
By= 5"’J

Upon cubstitution of equation (1-22) into equetion (1-23)

Pls Qly ond BY cre cxprossed oo

\
vy OWy  OVy OW,
R S
dvg My v D
Rl bk T
AV, OV, OVa OV,
Reg = S EQJ

(1-22)

(2-23)

(2-2%)
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Yva O o
end ofding the recult end by gﬁ,w&,m é-'gﬁ,mmmw,m

adding the result, the two folloving partial differential equaticns

inwlving v, wd v, orye obloined.
~

dug .y i ~
BE e R ‘“°$

¥

=
&

(1-235)

et L?f

3
2 oV ' 3
Pax G +3

= 0
v

(P-& - g-:ﬁ)?é * (% - %)@é . (Ea i %B;

éw .
“’a("ééf‘%?f*%%?)“ﬁ k-2)

~

and thus the following expresscion involving u, is obisined.
PR AR ARG RA QU eRy ()

As the origlosl equation (eqs (1-2)) wos scoumed not to soblsty the
eqatlion of condition then the rightehand side of equaticn (127)
does ot venich ond thus v, does oot gotisly the sane generad type
of equation a3 v, end w, that is

et B TR0 (1-28)
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Bvery integral of the eguation in Iy iz o funcilon of two
indepentent Ductlons soy,

oalx, ¥s 2) » constant

(1-29)
Ba(xy ¥y 2) = constant

fecoréingly, Loth vy, ond v, eve only functions of ap end Py
Suppose that Wy oqual a functlon of @ ond Byy 82y Vg = Gpe

eolzy 75 2) & 2, & constent (1«30)
witch couges emuntion (3-21) to bacome
Pylx + Qly # Rpln = dug (1-72)

thet 1s, for this relotion auong the varlalles Pudx ¢ Qdy + Bda

is o perfect differentisl, Accordingly,; vwo use the relotlion

ez, v, 2) = a %o remove ooe of the vaadables end its differentisl
elenont; sgy = and dz from Ppdx ¢ Qfy + Rod2; the resulting
expression 35 a perfect differentisy, ey (fu(x v, 8)e In

@.(x, v» &) wve reinsert the varisble z and remove the constant (a)
by substituting o = oglx, ¥, 2); ond then @alx, v, o) bocomes ua.
Tow v, cen be obtained from any of the cquations in equation (1-22)
end thus since sy Yoy 3 % &0 known then equation (1«21) holds,
that 1o

G, + Vv, O (1-32)
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How the eolution of equation (1-32) can be represented by sb most,
three pairp of integrel eguations

r(J.) g = constant, ¥, = constant A

<(2) uaumt:m,vano >

S Ji}
) ¥ugy wa) = 0, v, - » 0
k_(ﬁ (vgs va) s a.‘,g; g; g
The ghowe is wory elegant mathomatically but, es the expresslons
for ugy Vg and wy obtaired fur equation (1-16) are so corplicated
end awkward to use, the presont method wes dowveloped to perform the
integrated friction losses through o supersonic inlets
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total exea at M = 1.0

vidth of surfoce
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point friction factor :
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(“ perimmeter
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effoctive friction factor (u %)
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' (1 + #8)
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cres velghted total pressure

exial leagth fn the = dirvection

moos flow per unlt ares in ¢he boundaryllsgyer
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wass flov in the boundary loyer

uoss flow in the core

moss flow per unit area in the free streen
masg flow in the inlet

toch mnber

functicn of x end ¥

velocity wofile paraster |- = @1/23]

Dmction ol & and ¥

statlc precsure

perimeber

contimous function of 2, ¥y ard 2

dynamic pressure (a % gwﬁ)

contimwous function of 2, 7y 63 3

edlobatic wall recovery foctor (= 0,096 for tuzbulent
flov and 0,851 for laminer fiov)

gas constant (.,. 5543 g)

Roynolds muber bosed on =

Seynclds muber based on O

continuous function of x; yy end 2

slope of & line

otatic temporature

glognation temperature

tronsforned coordinates

wloclty parallel 4o the inlet wall

rectongaler coordinates
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X distance in x direction

ratlo of the gpecific heate (= “C?
& boundary~loyer thlckness

- ;8 v
o , ¢igplacement thickness % = (1 - PEJ?)@
Yo PV

s By Mctimof x,y,e.ml:a

&
9 comentun thickness 9 =  ; 91"’&( %)Qy
O encrgy thickness 0, = ‘f’a&‘.’h( E_

Jo piVz V€

By function of =, yy ond 2

moss denol 2.

v (%)
T gheoaxr stress at the wall
¢ total momentizs per unit orea in the boundary layer
#: total momentun por unlt erea in the froo strem
r 4

? = JO pbva )
) s V2
Pa arbitrory function of 2
o total saoentun 4n the indet (= p + 7pi)Ap
%y total momentun 4n the boundary legyer
%0 total pomentun dn the core
v function of x, y, and 2
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A srea

&ve average value

b boundary leyer

c core

e eliective

end end

. 4 incompressible

inlet condlitions al the inlet leading edgo
: at the edge of the boundmy layer
Jezte Yeminar

nid ciddle of the

n element mumber
-0 stagnation conditions

P point vwalue |

ref. upstrean of the inlet

shock

5 total

b, twbulent Tlow

X besed on X or at statlon X

1 overage of the element

2 end of the element

9 based on the momontun thickness, 8



A brief investlgation Indicated thot o continuous integration
elong o supersenic Ciffuser's length to obtain the Moch murber looses
due to simdtoncous elfects of shocks, area change, and {rictleon is
next $0 lrposeible due o the nonlineordty of the differential eguatlon,
equation (1e1), inwived. Thus, o slaplificd flov model is essumed
wvhich pernlts the accaplisiiment of these integrations ceparaiely in
finite stepe. For the purpose of cnsedimensionnl enclysis, wvhich is
aloo the effect of the clze of the steps, the steps or clecents are
chosen g8 0.25 /D, 0.5 1/D, ond 1.0 I/D in length. Those stations
cre located by intecrating o curve of 1 wvevsus (1/D) eand plotting
tho results cgninst I. On the cwrve thus obtained, the stztlons are
chosen ab every 0.25 /D, 0.5 1/D, or 1.0 /D ond the corresponding
oxial locations tohken, The model used for friction calaulations 1s
esoured o be two-dizensionsl and a chock patiern wes cttalned using
ghock tobles and the actunl inled walls as the robounding surface
for tho chocks (fiz. 2 glwes moded woll ocutlice and chock dlogram).
5o aspumod 49 the opproxdnate eguality of total and chock arces.
Upon examinlng figure 1 it can be ceen that Ap » Ay ¢ 5% ond thus
17 epproximete equolity of Ap and A; 12 not the cese then plate
flow friction factors developed in eguntions (A1) tharough (A-11),
sopendix A carmpo? be useds
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Baged om the shock dlegren sssumpllon on areq, an area welghted
core total pressure recovery versus distonce from the inled leelling
edge con be oblalned. A cncedimensional shock Moch mmber (without
boundary-loyer eifects) can be calculated and plotted versus distance
£rom the leading edge of the inlet by using the ares velghtod total
messwre recovery along the inlel, orea changs along the inled, end
the essuwption of coastant mess flow along the inlet. Thus having
dotermined the effect of the shocks oo the flow, the effects of
friction are hoandled uslng cue-dizenslonal flow equatlions of
veforences 5 and 6. Using the coubined effocts of chocks and friction
up to a station, it ia possible to deteruine the boundery loyer end
éisplacerent eveas using commod values of 9%/9, 8%/3, end 0./5. The
| porsmeters O%/3, 8%/8, end 0¢/o ore determined for leminar flow using a
mthsdm&i‘or&hinmm’h but instead of using the tompersture
profiles of reference 7 the terperatuze profiles put forth in refe
erence 8 are used vith the laminar recovery fuctor (0.051). The
paromwrs 8%, &[5, end 0./5 for twbulent flow ere determined
using & rethod put forth in reforence O (eosuaing reasonsble values
for the twbuwlent boundary-loyer veloelty proflle parmeter K.
Adlobatic wall curwes of (5%/9), (3%/5), and (0¢/8) ove presented
in figures 3, 4, wid 5, respectively.

In esscuce there are Hwo maln equations plus shock logses that
must be satisficd to obtaln the friction losses and zrea change
effects throvghout an element. The two equations eve (from opp. A)



f&(i‘ Cfa(d‘ ) ( 8e12)
‘-m
) 23 (1 + M2 + (z - 7P %}?ﬁi
(1) - £(i. ' '
) =) L - (2-29)

f{b%) (X‘ - l)w Mc.;_ ,_g, - 1/2
(2 + ME) (1 e - Y ﬁ
Feerztng &

It remoins to Cetermine the velues of the pevensters which 2o used
in eguations (A«12) end (A39) end the momner these equatlons are
ubllized.

. e paremeters 5%/3, 0/3, end 3%/ noeded in equation (A39)
are doternined 1f the core Mach muder and type of f£low is known.
Thus 1t remning o Cotermine the values of the core Mach mumber,

U, ond Bp*/Ag thot ove needed in the equetion. Using the fact that
the total erea ot o otation equnls the chock ares plus the dleploce=
ment ares it is comcluded that eny chenge in core properties ezeept
thet coused by chocks and total erea change 30 ccused by the dlce
;alacemnt‘ma, &p%. I the displocenont cres was zero the core
Mach mzber would be thet of the shock dlogren imposed on the total
oresy Apsy bub this not being the cooe the core lach nuzber rust be
altered by the effect of decrecsing the $otal ervea to that of the
shock area. Poom Digare 6 cvtaln apfarls afar 1n figure Qend
A/ax G A/a% in figare O corresponding to the core Mach muber
(vith B4* = O) cnd the clfered core Mach muber asoumed. Using



MpfA®  the volue of 8p%/A; is obtained correcponding 6o cach sommed
eitered cove Moch muder.
A . -ﬁ% .1 (2e2)
A#®
Subotitute the 53%/A; waluves of equution (1) ond the core
regponding eltered Il into equetion (4-39). Fron these substitutions
o aewe of M twersus I con m cbtained for the station in question
using flguwre 7 wvhich glwes cwves of [f(}?e) - f(%icil/f(ﬁa) vorsus Mo
for constant wvoluas of (M = I1L)e Tho sccumletion of shock losces
ond friclion losses up to the station in quostlon must result in o
point oo the curwe of M, wersus Iy obtalined correspending to
equation (A=39).
e chonge 4o Mo ond M, due to the ccoumlotion of shock and
friction losses is expressed Ly

Ho = He, = Blarea o - dlgy (2-2)
inlet rea chang 5%
end s&ﬁm A
loszes
end
o = Yoymet = Meurea chonge Hosriction (2-3)
end shock loso

o element offective Hoch muber losses (N, ea st sheik Toai)
duc €0 chiock losoos and cron cluiges cre obteined using the {low poroeeter
' B+
ssv/pgag glven by the relafionchip ii?'/ﬁcﬁo & -% sad the relationghip
T



e vatue of (oeVe/Potg) cbtained in equotion (2=3)

el of elerent
corzesponds o the effectiwve liach muber ot the end of thae clemont.

Tho elffective ioch momber ob the beginning of tho elesent lg coswaed
Inown end thus the M loso & to wres changoo ond choch looses

con be obtained. The recultlng Moch muber losses calewlated dus W
chocl: loases are lovpey thon in sctunlity becouse the free slrem
twotal prosouwre loso through the shoek is imposed all ocross the
bomdary loyers

The effoctite Mach muber loss ue to fricticn Bergotion)
1z obtalned fron John Be Homy's ono=dizencional equetdon (resf, €),
equation (A-12), copondin A, for effective Moch moder loss ina
conatont ares duct. Homry's oquation 4o o oolution of the section
of the nonlinear differentinl equation

(1 = 15°)
AREEE)

vhich exciundes the ares chonge tornm. Tho moalinear Alfferential

&l + -"3».;‘ * mgﬁm@ =0 (1-1)

equation expressed in equation (1«1) 1f sclved would simdtenecusly
tale Lnto account the effective Mach nuzder changes dug 0 ores change
pal £rictlon bub would exclude ghock lopsess Tres, the nresent method
of chtalning the coxbined effects of friction ond ares chonges on thoe
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efdoctive Moch mober voild aloo give the reonits that could be obtalped
from the solution of equation (1) 1f /i, weo ascwmod equol 0 cog.
In order to opply equation (4=22) the fxiction coefficient is
necdeds The friction facltor COp Dfor cloment oze is oblalned using
ctetion one essued volues of M, Mg, oxd 33/A, (obtained from tae
curve constructed from equution (Ae30) for station ome) %o coleulote

Ba .
cnd
The mementery thickness, Jg,4, ot f2e end of the element 1o cbisined

&)

e

&) |
A end % end inlet end

Tho parzoeter (04%/04) opa 10 commed emal o /) corresponding to

Sron

2\ Iymes
bp, o Pymet
ra\ *inletens

%na =

tho ascumed ctetlion cne M. oand ¥ 47 the flow is turlulent and jJust

nomuned station one fe i€ the Dlov is lonminore The value of Ry,
is then given by

:8 %
B gps (g;) Qeaaﬂmf(gﬁf (2-€)
“Yend vel Jona

vhere (By/9l) comes from fipure 8 using Tp ond ascused siatlon coe
or element one end point Moo

The value of (:p/cpi for element one 15 chtained from Bchert's
reference temporziure rethod using for turulent flow (zof. 9} the

element cme midpoint wlues of My and Tp colong with R-}ﬁ nd
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{=01cbatic wall curves of CF,"CFi exe given in figure 9 for turbwlent
flov and figure 10 for lominar flow) ond just element midpoint values
of Mo end T3 for lomino» flow (ref. 10). Using the fact that
CpfCpy = 8/3; (for leminor ond turbulent Qow, appe A) Rigyy con be
converted to I ;

33'31'&1 vy

L T
33% o o ﬁl (2=7)

e id

Cpi '

Using 23 en averere incorpreseible friction coefficient for

ﬁwtc;?ﬂmbechmw&fmﬁ@mn coyresponding respoctively
oo %0 whether the flowv 1o leminar or turbulent.

For all clements folloving the fnitlal elerent, the Reynclds
wmober is obtalned froo Pigwe 8 end the element midpoint walues of

Hey Ty end  HfHper, ete. Bonaticns (2+5), (2+6), and (2-7) become,

regpectively
Cw) ( Ap LT
&p Pim
& o Vg N Pimet /)y, Finlet
Y, ® o (2.5)

(?.&t) 5 & ﬁ&_) (r )
8 Jma. A3 Jmaa, [\Pinlet/pia,

Ry H
Ry, ®|=2| Opta Heap—2ee 2e0
*nic. (ﬁﬁ)m&. = mf(ﬁmﬁ)ma. G
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(?"3):5;7:,& . (2-10)

803 20, = 7Cn
%1 ),

Tha fricticn coefiiciont corvesponding to tho Reynmolds nmuber

Rgi ald. of elemento other thon the inltlal io en incomprescible
local frictlon coefficlent Cpy (token from tho curve of incorpressible
loesl friction coelficlent for landnor, or furbulent, figure 11, flows
a5 the case mey be)e The resulting polnt friction coefficient is
cocumed equal to %e everege Incogressitle {riction coelficlent for
e element In quosticn.

For any elemond the yesulting incapressible friction coofficient
can thon be conwrted $0 o conpressible value by mdtiplying by the
chcF:_ - cf/cfi cbtotned during the calculetion of Ry, ., for element
coe or ﬁ%zi&. for olemenbs Jollouwdng element cone. Oubstitute the
Cp or Cp thus obleined clong with the conued widpoint valueo
of Mo My, axd 8p%fAy into equation (A-16), appendix 4, devived for
tho conversion of Cp to J« B. Hemxy's (ref. €) effective friction
factor, 1.

Incert the valne of £ obtalned chove 1n eguntion (A«12) olong
vith the cosumed nldpolnd walue of effoctive lach mumber and the
effective Mach muber loss Gue to friction in the element cen be
calculated. Tho element oldpolnt value of effective Mach nunber must
be cosumed beouuge Je Re Hemry's (ref. €) equation for effective Mach
mmber loss due to friction, equation (A-12), is for a constont area
duct and thus an owercge My mucl be csoumed for the element 0 os to
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eliminato the effect of e sres chonce iz the Indet. Flgures 12 and 13,
cbtained using equetion (A=12) ompendix A, gives the effective Mach
muber loss for on clezent with /D = 0.25, /D = 0.5 end 1.0, vercus
clement inled Mo (1o this case coouned olement midpoint ) ond
constent frictien factor, £, vxlues.

The value of the effective Moch mumber, (1) ona# Ob the end of e
elenent 48 glwen by equation (2«3)s The e ren change and ghock loss
ic obtalined corresponting to emuation (feh) and the 1, ot the end of
the previous elezent. T MMopunion 19 Ovteined from figures 12
or 13 oxd the sooumed olement midpolind value of Iy along with the
colculeted frictien fortor, £, Resotition of this procedure glves o
curve of (Me)y,; cocued versus (Mol coleulated end the intere
pection of this curwe with the curve of My versus I obtained from
cquation (A=32) gives the corpect Mo, Moy end 8a%/A5 far.tm gtation
in question.

Polnt tronsition from laminer €o tuwrbulent flow fs scoumsd to
occur in conlunctlion with the zooumption of constant effective Mach
vaer o, through trensition. After trongiticn o nev curwve of I
vercus e <o e ealadleted using equations (A-39) end (2e1) clong
vith o ressonchle assumpyiion for the vlive m:%"thc: selocity profile
paremeter H. Using the esoumptlon of constant effective Hach muber
through transition the turbulent velue of M. (and thus 55" A;) can be
obtained fropm the Rubulent M, worous My, cwve.

Appendiz B plves ¢ genoral oulline [or the engincer to follow in

hip ecalowlations.
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CHAPTER IIXI
ITERATIVE PROCEDURE FOR SOLUTICHS

The possible value M, versus M curve is generated,
corresponding to eguation (A-39), for the end of the element being
calculated. At the same time the possible values of (9g%/A;) versus
M, is generated corresponding to equation (2-1).

%

o

M,

Then a value of My for the end of the element In question is assumed
end o curve of this sssumed M, and the corresponding B8p%/A; and M
{teken from the possible velue M, versus Iy curve end the possible

value Sp%/Ag versus Mg curve) versus integrzted /D is drown.



m") end

(%) 0

The clement midpoint valuos of Mg, Moy and By®/A; eve then
picked off cud the element everege frictlon factor doternined. Then
using cquation (A~12) the 4, due to friction is coleulated. The
o for the end of the clemont 1o then glven by equation (2-3). The
resulting (Modona, catculntea L8 then plotted versus the esewed
{ic)pna on the come plot ns thot which hos the curve of the possible

values of M, and M.

(Fedena,
exleulated

Poooltle v2lue i




-}2*

i the resulilng polnt plotied on the possible valuve I, werpus
e plot doce nol 1lo on tho ponsible walue Mo wersus I curwe then
o nev Me most be chopen and tho procedure repeated. Tho ghope of the
possitle Mo versus Mo curve showved to be (for 2ll cases consldered)
practically & stralght line. Thus by rosvesenting {he posclible voluve
curve by o straight line, s porpendlcular can bo drosm from the {irst
(edens, aemmea 7688 (Modony, corcutateq PO to the otraight
1ine represonting the possible walua curwe. As the clope of the
posalble velue awve ic knmown and tims tho slope of its yerpendlculer
thon the dnberscetion of the perpendiculor line from the ealculated
point with the moprescniatlivwe lins 4o given by

(l*ie) i (ﬁe) % oaston
Me)n = (X ' 2 apsend 1 crlomiotes -~
(e = () + Sge;genﬁicul&v - Wmﬁm (z-2)

The representative line is made to pass tizouzh the (), (%),
point sosumed for the fired caleulation. The (M), glwen by the cbowe
formuls o the Mo ©0 Do asoumed for the now colculation.

The cbowve lteraiive rmethod 10 obsorved €0 converge to the
intersection of the possible valve M, wvergus Mg curwe and the
colewlated e wvorsus M curves. The yenson for this is inherent
in the chepe of the two curwes over the range of toch mulors
cansidored.

(1) The poosible value M, wvorsus M, curwe is clways of
positive slope.

(2) Tue poocible value My vorsus lp curve can be spproximeted
by o otraight line.



(3) e caleuwloted M. versus I curve Rluays hos a negative
clope and 10 2 zoollh CLrve.

Utildzing facte (1), (2), =né (3) sdout the two curves in cuestion
the method dlocussed converpes on the intorcoctlon of the two cumves A2
)y > (1), ut

Ve (re)5
]

W)y, coreutetoa

(ﬁ&)l, asguned |

|
|
(e)y, eatewtetea [ {— ———
| |
|

12 (I»i;;)3 < (t1c), theve 1z mo guaranteo of convergence to the istorsection.
It (z%)3 < (*‘5@)1 then the polnt



G’Q’a, coloudoted

{%)1, gosumod

()3, corcurotea

(%’2, calediated

[“%)a’ (), ca:;,] lies on the opposite slde of the M, wermus M
possible weluo eurve from thet of the [()s (o), .| Polnte
Convergence waa then aceorplichiod by the Jolning of the (E‘ZQ)& cale
end QUo)p on1, Points with o ptraight 1lno and obtaining its intore
gection with the stralght live representing the possible valuo curve.
The (1%';)5; (1%)s» ete., would then be piven by

(%)) coquma = ()3 oo,
() o1, = )y o,
(3’3&)3 - {3%)3

(i) = () (ner) * (3-2)

-

“wenresentative
1line )

vhich wag cboerved 40 converge to the intercechlion of tha 4w CUrves.
e previous discupsion for choosing the M. co ag to conwerpe
1 the intorsoction vas for the censg in vhilch the first calculated
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polnt 1oy chove the possible wilus M, versus I curve bub & slniler
¢iocusscion holds for the cose in which the first ealeoulated (Mo, o)
polat lies Dolow the possible vlue cove. The differcnce is in thot
convergence 1o scoaplished 12 (Mo)s < (Mo end £ not the eccond
method mict be opplied.
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CLAPTER IV
DISCUSSICH 41D COCIUSIONS

Discussien

Plgure 2 glves cutlings of four inled modelsnm, I, I, IIT, oxd IV,
walch hawe 1y 2, 3, zsd 4 shocks, respectively, and glve epproxiusiely
the sz Mach mrber change, %.0 t0 3.0, due o shocks. Frictien
calewlations were conducted on modals I, I3, III, =and IV using thoe
present mothod bub before performing $he friction coleulatlons for
1l four models coleulations were condusted for molel I o dcterming
¢ ores change effeet and thus the olouent giee, on the calonletions.
Tabhle I gives the nocvessary information for the {riction caleulations
of a1l four models.
2riction ecaleulations, cclowlotions eﬁ" 527 [Ags Yoy ond B wre cone
ducted forr mofel I corresponding 40 increment olzes of /D = 0.29,
0.5y tnd 1.0. Curves, for tho tinzeo incrcmont slses considered for
model IT, of By /As werous @ ove presented in figwre 1 end cwrwes
of 1o and M worsus 1 mre prosonted io Digure 10. For all the
yresent calevletions tronsition from laminesr €9 tabulent flow wvoo
sotmed $0 ocour ob the axial stoiion where I/D = 1.0. Rigures 14
end 15 chov the throoedimensional effects nosr the lesding edge of
the model €0 be olpndflicont but within the sccuracy of the mesent
rethod they dlsopponr 2% the axlial statlicn where clement glations for
the three casea considered colneide. As the exlt values of 8p"/Ag)
Moy and My oxe Independent of clemmb olize, ond Uhus slso the asrea



change effects, the clemomt glrze chosen for the Iriction caleulations
of models I, II, IIT, ond IV wos /D = 1.0,

Plots of Bp"/A; worsus 1 for molels I, ITY, and IV are
precanted fa figuve 16 ond plots of My ond M, wergus ! for
mﬁa}..a I, 11T, cnd IV ave presented in figures 17{(s) mnd ().

Figuve 18 elves the compord o of the ealeulnted mode) (X through IV)
exit velues of 8p7/Ag with experizental model exit values of B5"/A,
obtained in the Se by S=inch Hach mwber 4.00 mupersonic wind tunmel

ot the Hationol Acrcnantics and Space Adminlstration's Lengley Desearch
Centor.

Conclusions

¥ithin the accurecy of the present method of caloulation the slive
of the increment or element chiogen for the frictieon caleulations is
nob of importaonce except c¢lose 40 the leading edge. The ipportonce
in this region iz due o the lerge chonges in frictisn fsctor, £, very
close $o the lending edge and pot to the srea chomge and shock effects
ugen incresent slzes chosen. Thus, the size of increment chocen fov
the friction caleulatlons dopends upon the ceeuraey wmnted in the
region of the inlet wry close 10 148 leading olgd. Additional
caleuletions using clement glzecs of 4he order of the totel (/D) of
the inlots conalderod showed that the abm;'e concluslons st be
restricted in that the element size chosen must be emall uo o the
overal) size of the inlet. Fizure 18 chous the ealcnleted model IXT
and IV axdt wniuce of (55“/1@)@ i differ by chout 10 porscent fyoa
thelr corresponding cxperinental values. As the chock strength lecomes
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lerger, in passing from model IV 4o model I, the differonce (percontsgevise)
Yetveen cslouloted viues ond experimentel velues of (5&*/59)@&# becues
lerger and lorgers Thls deviatlion between calowlated values nuld experie
mental volues of 557/A; 4t coused by shock: baundnryeloyes interaction

effects.
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APPERDIX A
LIEVELOPHENT OF THIORY

In reference 10 for laominur flov end reference § for turbwlent
flow, 1t 1s ghowm that the values ealculated for Cpfip or Cp/Csy
ere found to correspond best to dato & Eckerd's reference temperature
rethod for laminar flow (ref. 10) end Van Driect's 1956 method for
turbulent (ref. 9) flow calculations. However, for consistency es
well zs expedloncy, Bchert's reference temperature method for leminar
flov ond his reference temperature mothod for turbuwlent flow (ref. 9)
sre used in thls paper.

Eince by definltion

13 (o1vy = o)
vo oY e}

then

8 (og¥y » %Vb) Cr

Cp, = Jo ey Viely - (A=2)

wvhere chcgi values are Eckert's values. Pchert's method gives
Cp/Cpy = Cp/Cpy with Cp und Cp Yelng the oversge friction
coofficlents and C¢ and Cpy boling the point or local friction
coefficlents. The frliction foctor Cp; 1s defined s o functlon of
Boynolds mumbor based on X (the distence of laminar or twiulent
flow as the case moy te). This 4s 1) fing theoretlcally but in ectusl
ﬂwawﬁmﬁﬂwﬂwaﬁﬁmhﬁ%eﬁ@aﬁaﬂ%;ﬁm ic
loxdinar go that to take this 1nto account 4a the twhulent flov region



- bl
en effective length X, mugt be derived which in effect says cll the
fiow preceding the station in question by X, is twbulent. This
effoctive Xe 1 practicolly imposcidle to comm by.
Von Karmen's momentun equation co stated in equation (226),
467 in reference 11 (for both laminor end twbulent flows) is

exf(ﬂ#ﬁ)ﬁﬂﬂw (&‘3’)

With no pressure prodient

x™0
and thus
LR S fx.;*’f A
& Ve 2 (a2)
and B4 b4 .0
i f &3 f
: g i 3R 49
Vo o Jo aﬁx_ Jo _
. 29
cFm n . - 2 B s
b4 b4 X b4

Beplace X Yy X, then for lapinor or tuxbulent flow,

=

Cp= '?f; (a~5)
and
&3
R (a-6)

Using ¢he resulbing espression for c;-i 1% can be ghoun that ny is
aloo a functlon of Noynolds mxmber bused an 93 end Oy 15 o proposty
of the stallon in guestion.
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Refereance 12 gilves the caprecsion for the average incopressible
friction coefficient, Cpy, in turbulent flow o

end thus usling the expresaion of equstion (A«0), oquotion (4+7) becaws
Sﬂ . 0.5376
oty = I -5~ = ["“‘"56 ‘é‘%;] (a-)

Frem this expresalon, a curve for Rgi verous c& can be pbtelined
Lor hamxtulent flovw. The equation for twbulent incopressible polnt
or locol friction factor (ref. 12) after rewryengement to Ry 19,

o472 1.12

Czy » . s XL - (a~9)
, B ¢
[Eoyghoy = tmyo 3] oy = Tayg 25

Uzning tho . Raosiuas expression for incommresaible aversge friction
coafficient and the fact thet c&nchi in lomina> flow, the ewverose
fncompressitie lominny coefllclent 12

Cpy = == (2~20)

end the pofat incaepressible lapdnoy coefficient is

Csy = 9‘%’% (411)
3
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The above discussion is for plato flow bub upon cocuming that plote
fov exiets 1n the et untid 4t 4o L4113 with boundary loyer, the
discussion soplies to duct flov. The twinllent exprossion of Cry
dogs not colnelde with the one used in Eckert's yoference demporatare;
hmever, the ¢ifference in mmeriead veluge s not of significsnce.

In meference 6 J. R Doy drepped the oren change tom of the
oneegimonsions) flov equation, cwation (1«1}, mnd integroted the
resulting differentisl ecusticn, The intesrol expreszicn obinimed
. by Doy for the one-8ilzenslonsl cquation fo for the effective MHach
meiber chonge due fo friction in o conplont aven ducte Homry's
ccuation i§

£alti)
Fr i)

In J« Be Honvy's ropord the friction foctor £ idsbeased on o
snd the friction foctors Ce and Cp from Rubesin's report (twbulent
values) end from the Blesius expression (lemines wolues) e baned on
Svee otrea g3e Tho dorivetions of Cp end £ are bosed oo the

La(ttg) = {A=12)

Thv "% ToT Op (Aa23)
(whore g, = qp in this case) and
Tae, ® fgy for £ (225)
The above ghear slresses T ond Tap, eve cosuned equal ond thws,

o Op 25
£ cg% (2=15)



- l}? .

Swbstltuting g, = % ng!n‘? il gy = %Iic glwes £ .5?5-’- gﬁg Cr;
| (3. + M Heﬁ)z‘/ <
whereby Wyott's report (ref. 5) glves %‘3 X’ &2
Do

(1 +Z---" = ﬂ.“')liﬂ
end thus asguming %ul*ﬁ end 7 = 1.4 then en exprescion for
£ s obtalned.

SCEREE e

Correcponding to reference 5, an cxprecsion inwlving tobtsl moss
flow, totel meweniin, oxd effective Mach muber i cbialned bul; in
tho precent poper o constant stognation topersture seroos the boundwey
layer 1o not asoumed. Blnilor 4o the cquations froo reforence S
(nich are for eonstant total tempersture across the boundery layer),
en expression fnvolving total mnas flow, total mooentinm, effective
Mach oumber, and mn effective tolel tempersture (comes about dus to
total temperature not bolng constont in the boundavy layer even when
the woll 4o odichotic) is obtained.

| , zg(: + 223
Diotn) [6RTe - | o .
Sotar | 7 @+ 72) £(1) (a=17)

But

{2~18)

which by eigebrale monipdation becomes



(4~19)
and upon seiting
ﬂ»% aud mzaxg
Pogd d =gt (4-20)
equation (A=19) becomes
B me Do A
Wumg*,%% (a-21)
ot "F 3 Sk
Prac Ao iy
Sbstitution of
-
Be  [nfA %,I
A \Pofg/, " \&Rle
To/m/a & (am22)
L/ Po\PORQ
.-.Qg 2 4 - [
To pel2 + 225:°), £2(%) (1""7'3‘4&2)J

into equation (4-21) and £ resulit sbstituted lndo equation (A18)

glves efler resrrangenent



AL\
@f) - (ab %;L[‘i“‘z}] ) (#e30)

The ratio §/f; 1o the ratlo of the total momentums per unit
arca ond, therefore,

1, %P
e pelt * 742 7"
i

-

pell ¢ MB) 2,
"

2 . (@Vg)b - ?‘1?&,9
P (ﬁvg)c 73502

end, therefore, substituting into the equation for §/f; glves
12

4 ?;
o Gk o :
T M2l

Substitute the reculting expression for §/@; in equation (A-23c)

to cbialn
2. 1 OV
&)
To \b  I+ALE ) () ?
o

) (93 . _&)g [£Gt)]
L

(A~230)

Flgure 1 gives the relotionship of A, and 4 a5 well as other
greas of interest. By definition (m/mp) is tho moss flow por unit
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eres in the boundary layer ¢ivided by the moss flow per unit crea in
the free strecn or cove flowe I the flow vos one dinonsionsl and,
therefore, the boundery lgyer hod the sooe totel pressure oo the cove
Llou, the amount of core that wodd be required to corry the mess flow
in the boundrry leoyor tnder these core conditlons would be

Solving for Aclh
N K om (4-23)

The boundary loyer 1o ot o veduced total pressure due to friction
loosen, therefore,. in oder to paos tho saw fiow oo can be passed by
the chock ares A, ot coro conditlons, cdditional eroa over end beyond
the ghock dlagrea erea fg 1o required end this odditlono) exes s
by definiticn the displecoment ares 8, s Since the fraction of the
boundary layer aves caxrried within the shock avea 18 [(%Ah] the
dlsplacenent oves 3,° must be

8y = (:. . g;)nb (2-26)
or rearranging | »
o i

Substitute equation (A-27) into equoation (A=25) to obiain

&
%u-}%’%-l {4e20)
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By assumpiion the fllowing reletlons ore suguired

(?)“%3'@"% \

) {2-29)
%ﬂg”ﬂs
e~ (
oA fm) . n
_‘?;: 'l =
J

Substituting equation (A8) for A/l in equation (A-23b) end utilizing
cquation (A-29) then eguation (423D) becomes

"  9\08
?ﬁ R [(l * ?u:") + (.z. w M, "’"’) k ] [—f(z’ﬁg)] (a3c)
T Q@+ 7.2) HON)

The enorgy oquation upon esounlng allcbatic £low von be expiossed os

S.if.;& mriRe .‘2’33& * &(,Qﬁc Colengote (4-30)

Upon reesrencing equation (4=70) beeones

el () @R - 1E -

,.%%G”%)%éég%ﬁ%%*%%%ﬂ%ﬁm (EIARY

$



(zh) aﬁ; ( )((Eh) ) e sﬁa " e 3‘!&“
A M b+ (2 fo "o 2h By @ Ao By &
*%kn%*gfﬁc*%&;’acﬁcﬂemmm (a-512)

Persh's tempersture profile (ref. &) is expressed ss

t =ty + L5 22 - mE) (4-32)

Bltiply by the local mass flow per unlt arec and integrate across
the boundery leyer %o cbialn

ey g"'a 7=1\(r ¥ -
cp Ei.ﬁ(% - t)y = Jo cﬁ("p’f}m)(ﬁ)(%g - Wllay  (Ae33)

For haCpt and RaCp=Cy and ?ug‘% equation (A=33) becomes

& Qﬂ-zh— raM&( - 2)
!ugo pVI\lL hd 2 .Jg mVi %géy

oy = ig"z‘* O¢

o | 0
e it an? L (ae3%)

Substitute equation (A-34%) into equation (A-32) after dividing
equation (A=32) by Cpte % fp and letting g-e- e (7 = 1)1, Bquaticn (A«32)
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then becanes sfter rearrangorent

(r~1)(1--~ Mc" ( )(1 o222 z&cd) "‘"‘”mﬁ (A=35)
te g
e Te
Since WM“E%*E%:%“ g 20l To a1y
telging

ecuation (A-35) con be expressed oo

' ) *
02w (20 e 25

:gml-t- ; (k"%)

F$ (1*%4- )(}. Q»Z..u-.-.zgca)

Substitude in equation (A=20) for A /A, ond rewrrange to obtain

)
,(r»l‘?'“ lyg Ae

%““‘ Ae - : ik'
Ae )

Wwon utilizing equation (A-25) cgaln the expression for (T./7;) btecomes



. 5% u

:;R =1+ : : 1)(2»%%%2@% 3"
bRt

Cocbine equation (A-23c) ond equation (A-37) to obtain

| | (r.;)z..mg.a‘i%
(14 702 + 2 T35
i Foerztad) ™

ff(z»%e] o
=01 (2 +20) + Kx - 72 ;@éﬁ]e

Ay

or

#

o _ I

e | (r-12sdy2 ,1{3
(2 + 71E) 1 + e ol
£horgtnd)®

(237)

(4-39)

(4~359)
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APPIIDIX B

Folloving is en outline of an englncering method that can be used
in the celoulation of effective Moch muber loss through a superscnle
inlet ot o frecestrean Mach muder of 4.00 and with wall ocutlines oo
pregented in Cfigure 2.

Cutline of Method Used for Frictlon Caleulations
1. Cbtatn (Ap/a®) (fig. 6) from curwe corresponding to (12)ena
vhich 15 given later in this appendix. Aspume different velues of I,
after orea chenge due to 3% (for exmmle, (12)gng « 0.0% 0.06, 0,03
and greator or smeller os the case mey be) and cbteln A fA* (£ig. 6)
for M sssuned end celculate

% o 8x  Ap

A o e and «wtémﬁ . -
A TR Ay Ag »
A*

Using this end the M.'s cosumed, wluss of (Mo = 1) can be obtained
using |

o Y ETCRW
) = 20) @+ 7ic%) ’(" e (3*))35

1=
() (r = D23k n? 38 o0\
(3, + ?‘Mez) 14 — _ : ;
T e,
and the gm;m of 2U) = 1) (fige 7) cdong with 7 = 1.4 oot

£(1%)
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r = 0.05% for tuwbulent DNov end r = 0051 for lominsr flov.
Correcpondingly, @ groph of M, versus I, con be dram. The
poremeters  (5%/0), (8%/8), cmd Oe/S (figs. 3, 4, and 5, respectively)
for turbulent flow ere cbiained from grophs of 6%/9, 6%/8, cnd 0g/5
versus B & {11)ong ond (ﬁc)ma s (asomed Me's cbove) 4f 46 is the
first element of the model end Ha (L), w08 (Mc)gpy = (voomed
Mo's cbove) 4f it is elements following the firct element., If 1t is
leminay flow, use (6%/3), (5%/3), end 0c/3 wolues from the lomiper
curve correcponding to the asoumed M 'o.

2. Alabatic wall.

Je 23 = constont.

e %f’ma,em & (¥)mia,ena = orea velghted or other means of
cotalning the awveroge tolal prote
sure recovery bt o station (loss

| ¢ue to chocks only)s

50 (edma,en = [(Vma,ent = (ena)] = (Hodona 25 obtatned frem
piot of M, wversus M, cobtaloed
15 (1) w2 (S)pa = (duta
comes from plotting ().py on
curve vorpus ¢ ond reading off
value of I, from the canber of
the elenents

6. Identification of the rdddle cnd the end of the elcment.

T+ Increrent or element muber.



I

i

*

(g ena = X = {B)nia,ena = The location of the middle and the
end of the element (constant for
ench element).

9 A a {3) the totael wrea rotio of the

- PR AR ‘i’p P . - : & A A
Mimet/ug,en o

elecend nidfle and ond divided by

e Inlel ot mea Myyag

: (constont for each clement).

10. (F&?)ma,ena = (2‘0)ma’m » the total perimeter ratlo of

t’-.ml eloment middle and end divided

by the inlet totad poerimater,

Pypmiet (constont for each clement).

(E)md,mﬁ“ (u}ma’m » the valocity profile parumeter,
B, ot the mdddle end end of the
elezent for turbulent elements.

12, cac)g&’m » (12)py0ena = Wie core Moch muber vhich includes
only chock losces (no friction loss
effect) .

Udnigena ® [(Dusgjens = dena] = (3)ong 28 cbtetood
correspanding to (Mo),s chosen
for (S)ena o (M) = (W3)4g
13 obteined by plotting (Mc)eng
ccatnst [ (B)gny) ot plettng
off tho element nlidle value of
Moo

e Obtatn (2g/2%), ., {218, 6) for (zz)m ond correspondingly

(fe/t¥)ong (fige €) for (13)gpy+ Then

13

[ )



¥
e
{847
¥

(lh)mﬁ a (34 /Aﬂ'}en& (ﬁ—;%). -} ond (llb}m = (ﬁAgfﬁa)m is
ond '

‘obtained in o pintlor mawer using (12)pe ond {13)p14,
. (2/50) ma end {“ljra&& eng 1® obtalned frm figure 8,
using *33:5&&,@:%& end (3) =T in°r.
o (/910,000 = (6edpag enas (5%/0)ua,enn = (166)n1g,0nas
(aaj’é) ™ ('&{:@}gﬁd oni S0 obtained fron é‘igm% 3’ ii’, ol f};
respectively, using (13)ga Jond 204 (A}mﬁ e

Otd,end & (1T)n1a,0nd = ("Aﬂ)( z )g;lei
(s

a-g niet
Pintet

" (maemals + () 2g 02 100tz oma

()10, 0na(NData,ene 5

() Y
18, Rﬂm& end © (1U)mié,am e (a :)mié " *ai&,ﬂe-ﬁﬂref(ﬁ ) ema
Fi >

= (lﬁ)m@ ’em(17’m& ’m(& )m:nﬁ,enﬁamf

19 {Cr/ory)ona = (19)ena = 4t 15 ascumed $0 be the average walue
for the vhole element vhen obtained (frem f1g. 9, if turbulent or
£1ge 10 1F lomtner) using (Me) gy = (13) 440 Tr = (3) and £ twbulent
(Badena = (18)enae The (Cp/Cry) obtained 25 reslly en avercge veluo
of Cp/Cr; relztive to the varintion of Mg, through the elements
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20. (Roy) , = (Ro) /Czlopy) = (18) /C19) ., = (20)

2le Cp, = (21) = 1o cbtelned from figure 11 corresponding to
‘333.) w (20)ena ond whether the flow is leminer or turbulent.

Cr
P s
(¢) (Dgnq = (120
(&) (), = (st = (ena] = [Maaor = (12)ens] woero
Hmet 45 the inlet Moch muber.
23e (Me,1)4q = (23) = evercge effective Hach mumber
(Mo, 1) 50 = (23)na = (pae

; (13)ma (5 + (23)51a
24, £ (28) e |1+ (24) : == (22a) or
[ = (2ot |5 + 030210
5 (1) 5+ (He,1)2;
Pall ¢ (—-&-— m—‘?-..@ué Cr
[ As aiJ &’e:i’mmj;«- (Me)214

The niddle values cre used in order to obtain an aversge £ fur

the whole element, oo this £ is 40 bo uced in the one-divencional
caleulotion of Alla due to frictiom.

25« (al)p » (29) « uaing (24) ond (23)pq the (Alk)p is obtotnod
frem flgure 12 or 13 depending on vhetber the integrated (/D) length
of the element iz 0.25, 0.5, or 1.0. These curwes are obtoined |
corresponding to the onc-Civensional flow eguation.
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26e (M,2)gng = (2)ppg = [’*%.nlet - (25) - (%)] or lVo,2
= [Mimet = (ae)y = (a%),]
2T« Plob lg,2 = (26)end on & graph versus the Me sscumed 4n
(23)enae
lote: Repeat the procedure wtll o curve of (13)ang = (He)ons
esgunod versus Mg o = (20)ena 15 obtalned. The polnt of
intersection of this cwrwe ond the curve of Toe 1 glives
e findl ()., ond (o,2) end corvespondingly the
Ba%/hs for the clement. For 5p%/A; com be eslouloted
in the seoe panner as (1) using (18)gna ood the finsl
(o) g
2. Outeln (ogVoloohg),,, from aV/epg = %3?3- corresponding
to Vo,2 of (D). o
29v (a) tp,» fincd, (b) My finad, (o) 84'/A; fimad

Treatoent of Transitlon

20 fasam (Mg, = )y, = (20) = finad Y0 of (22)

50. Calewlats o curw of M weeous i in the sono monuer
es (1) using the U for the cletlon of (M)y.., to obtain (59/9).

3. Enter tho ewrve of My verous My obtalned for (30) with
(29 ona = Yo,z ond oblaln (Hc}m, ad ® (BLagas

52, Caewlate (8s fAcdy » (52)gyy 1n the come mamor eo (1)
ueing (12)ena o Mg, ana © (32)enae
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Bleests Folloving the Flrot Dlenont or 4n Cenornd,
the HW Elemont for §>1

Cadeuletions Hos (3) through Wo. (18) sedn unchongeds

19¢ (Cofoeydag = (5)pq = (Cofogy) s 10 obtained by plcking
off o velue of C2/Crys corvempndlog to (Rodpyq » (18)peq and
(Mo)paa » (33)pma =2 Ty = (3), from flpwe O vhlch 1o the turbulent
flow plot of (Cz/Czy) or figuwe 10 corvesponding to (Modpug @ (13)pa
end T = (3) 47 &% 1o lepdoer £love Thls 1s really ca sversge volue
of CpfCpy olotive to the varictlon of I end By through the
eloment .

g : '

@+ Cry = (2)ma « cbtalned from the point value awrve (fig. 11)
of Oy wersws (Boy).,, = (20),, for leminar or turbulent flow s
the ceoe oy bo. This point wvalue of the incorpressible, fricticn
foctor 4o cosumed to be equal to the averege incovpressible walue of
the friction foctor for the element becouse 4% woo chopen covzesponiing
Lo averogn clement foctorc.

22 (o) Cr= % Cry = (19)pqal@)ng = (228) 04 Too comprecsitie
point Irictlon foctor do nsoumed £o be cqual to the compressidle ovorsge
£riction foctor of the clement becauce average clement factors were used
in its dpterminatlion.
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(o) (ﬁﬁfﬁ) o (o) » ST Mot G2) et (T
e T () ()
: M1met/fopa\"ref jend

R et

(29) ena (9) ena (%)

(ﬁ@)ﬁﬁﬁﬂtﬁ’}%ﬁEa

The total presswre loss through o ghock 18 less as the Mach muber
becomes less end the value obtained for (&”*%?a does mot teke
i

(o

this into account. The method of obtalning (m)&ﬁa imposes the

freewpirean ghock loos all across the duct, and therefove, ta%wé into
asccount, to come extent, the morentun 1o§s in the boundary layer due to
shock boundsry~loyer interaction.

(&) (4op) —_ (aac)&ﬁd « 18 cbialned frem & curve of pV/ogeg

0
this value of Iy colso includes the shock boundaryelaoyer interaction
logees polnted out in (22b).

(@ (e20) = (4, = [(%)(em) - (m)m] = [@)(m) - (m)m]
Bl n Tl B

versus M (mmm& from oV/poeg ?ﬁ%} using (%)eﬁd and

B (B Vealgg = By



ohe ¢ a G + ‘%Hﬂ:ﬁ. "2’% {228) = (2h)

o () = ~ (13)mia (2 + (23)fuq
£ () 1+ @y (Bhma |5 + (2 3)mm(

wvhere £ 45 the sveroge effective friction foctor for the entire
clenent. |

25. (allg)p = (25) » (M%), 1s obtalned from figure 12 or 13
uping (24) end {23)4a ond choosing the figure to use os to the slze
of elemont chosen, that 15, vhether 12/D 1s chosen to be 0.25, 0.5,
or 1.0.

Caleulations 27 tirough 29 hold slong vith the note inserted bobtweon
17&!313.3&



TABLE 1
' . o o . ATO
Calculations are for Ty, = 100°F or 56° R, Hy = 220 psi, 7. 00833,
o
and (%Z‘:—-) = 0.0512. Transition was assumed to occur at
0% Sinlet
(—%) = 1.0 for all models except model I.
MODEL I
1 (inches) Element no. Av. shock "M"
Mid. Beg. End :mr69=3”o Beg. | Mid. End
0 1.88 3475 1 4 .06 3.68 3,088
3.475 0 L.o11 Part element 3,288 | ---- 3.098
Ar
N Sp—
®.. | ®
Mid End o/ end Pl o Mid. End
Laminar Laminar 0.782 0.8565 0.76k4 0.572
Laminar Laminar .758 .8123 .528 504




TABLE 1.- Continued

MODEL II
1 (inches) Element no. Av. shock "M"

Beg. Mid. End For (%) = 0.25 | Beg. Mid. End
0 0.5575 | 0.970 | 1 L.06 | 4.015 | 3.980
.970 | 1.450 1.93 2 3.980 | 3.939 3.896
1.93 2.385 | 2.84 3 | 3.896 | 3.8525 | 3.812
2.84 3.284 3.73 Iy 3.812 | 3.770 3707
3.73 | 4.085 | L.k 5 3.727 | 3.690 | 3.652
Lok | 4.890 | 5.34 6 3.652 | 3.6025 | 3.551
5.34 .75 6.1 7 3.551 | 3.501 7 Ji5p
6.12 6.48 6.8k 8 3.452 | 3.401 % w3
6.8k 7.19 T.54 9 5.551 | H.300 3.248
T.54 T7.865 8.19 10 3.248 | 3.198 3,144
- 8.19 8.34kL 8.498 Part element - | 3.14k4 | 3.123 3.099




TABLE 1.- Continued

Model II - Continued

A
Element no. ' (%E) (%;) (éaé)
end O/end

Mid. End Mid. | . End
1 Laminar | Laminar 0.970 0.990 0.962 | 0.939
2 Laminar | Laminar .9ko .982 .906 .878
3 Leminar | Laminar .910 .975 B8h7 .820
Y Leminar | 7.5 .883 .969 .790 7621
5 7.25 7.0 .859 .960 .738 7109
6 6.5 6.5 .833 .955 .684 .658
T 6.25 6.0 811 .948 .630 L6064
8 5.75 5.5 .788 .9k15 | .580 | L5549
o 2.25 5 .T6€ <935 531 2097
10 5 = .T46 .931 488 461
Part element| ==-- 5 .736 .929 450 L3
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TABLEbl.- Continued

MODEL ITT

1 (inches) Element no. Av. shock "M"

Beg. | Mid. End For (%) = 1.0 | Beg. Mid. End
0 1.75 3.0 |1 k.06 3.975 | 3.883
3.4 5.01 6.61 | 2 3.883 3.789 3.686
6.61 8.17 9.66 3 3.686 3.582 3.470
9.66 | 11.07 | 12.39 N 3.470 | 3.345 | 3.215
0 0 12.649 | Part element | ----= | =-=-- 3.190

@ | @, |
YoJend o/end

Mid. End Mid. End
Laminar Laminar 0.933 0.995 0.927 0.857
8.0 7.5 .870 .987 789 T2
7.0 6.5 .809 .978 .65k .590
6.0 e P To8 .970 .529 L73
0 5.5 749 K- T L62
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TABLE 1.- Concluded

MODEL IV
1 (inches) Element no. Av. shock "M"
Beg Mid. End For (%D =1.0 | Beg. Mid. End
0 1.95 3.85 | 1 4.06 3.99 3.930
3.85 5.70 7.50 2 3.930 3.820 3.788
7.50 9.23 | 10.90 | 3 3.788 | 3.710 | 3.620
10.90 12.45 135.87 4 5.620 3.550 3.468
13.87 15.26 16.58 5 3.468 5350 271
---------- 17.07 | Part element | ==-=- === | 3.238
' ® () ()
o/ ena Ho/ena
Mid. End Mid. End
Laminar Leminar 0.947 0.9975 0.945 0.983
8.0 75 .900 .9930 837 .78k4
7.0 G5 8575 .990 152 676
6.0 5.5 817 .989 635 .588
5.0 5.0 .780 .983 .559 L4o2
— 5.0 775 982 | emee- 478
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Figure 1.~ Relative relationship of flow area parameters.



. T0 »

9°T — 6T >
1 ;|
mw \ _ /
- V'
"*ll = — ,60° f§ —>
/g
8 \ ‘
3 /7 |\ :
N ]

Model III

- 2N >

e— u0" f{ —>

<—,0° % Illj

.Al:m.mfz —

¢ ..O.+~||V_

Figure 2.- Shock diagrams for models I through IV.



60

aEisisaEasasyi e
i e et hig i
7._53‘55 s G £
‘3%: $ 2 ':
56 L.E :
;L;‘ i Hr FRites
e = - - -
: i
B -
i o
> afan: 1 = 1 3
48 : : i "
44 : : i
i £ £ H (1
1 THE T 1
g £ ik e
40 - =
: : it i
i i i i
- it
36—t §
: ; ;
= st )
i : b 4
il i o
i it ;
Hit] 1r Bj§seEs 3piL)
- = i
i : 7 il 125
I Laminar st AN = |
1 i 1 -r{i 1 13 iy nR
o AT P A% = ! H
] L tenden NS
= L a
: H i | i 5
HEHE H { 1&
HfE e ]
20 : ik s :
2213 H i t 4
b T % —; /" }: ] 5
i i "
i P i
16 il L ‘
A 155 /
L 7 ’
I A i
12 9 ezil
+
%‘ i
i | i
ikl I TR
f il i I
- ! i 1 i
T ‘ 1 ’»E !
et L
o HT ' !
" STl i l
L ‘ i i :
i = 551}@ il i i i
Al i R R i i 3RS0 s Y e e I :
Y 0 20 30 40 50

McorMOc

Figure 5.- Adiabatic wall values of shape factor (§f) for laminar.
and turbulent flow.



- T -

T

HT

HoiT s

f

T

T

efaspess

T

SE

pEst
F

Hbessetasl

t

i

Fm

t

T
HH

e

i Turbulent B

L

N

HT

HH+H

[

H T H

:.;,L
;
N et
NG :
N i HE
T + T
TN
s N =
: T
;
N T
: 5 ;
} Fri
R i 8 i H 3513
i : o RS e
; 1
i \, I i
; =5 i b
SSITEEm s i s f
=1 SN ! i aEEat
v s : T ot
ot ; Hi i
= : : ;
; I I t 8

1t

557!

B2 e

1.0

x
[2e)

@

I4£O

versus free-stream Mach number

o%
o}

iabatic wall

Ad

Figure 4.-

or core Mach number M.



H T T T T T
; : T - 3 thH
24 Hi i bl
i i [ i
22 o SENT Rt ISR A LS L H
;
.20 SR aEEl T b i
H b 11 H e
; T T 1
e s i
.18 : i |
i
i b i r FTHHEEL H
R[5} il b |
sua T+ = ui ‘ £ __ o
14 EERHHH : 4
1 Tht o
12 = el i i 4
6 : !
{H AN EHH N H [
8 & i‘ o HEH 1T i o i %
1o} R e e .
g : b Turbulent 3
N e i
- N S AN = 5
08 s B il : i
N 1
o8t T N HE A
H i HH 3 %& ~~~;~ ‘\,:
HTH H E IR N R
08} | , LN i
: L it B TR H
2 e H
H i i e Laminar = |
.04 i H I
i : i 4 i
H HH T i d 14
H f H itk Hh R
02 . e ‘
jul H = na | r i
i T
Lol i i _f;, i il i } i 1R il E\’ L

o)

Figure 5.~ Adiabatic wall values of

turbulent flow.

10 20 30 40 50 60

)

70 80 90

for laminar and

0.0



- 7’3 -

50

il

=t

peresc,

Pt

il

260

240

220

20.0
18.0

160
140
120
100
80

A-I'

60
40

20k

Figure 6.- Ratio of local area, A, to the area, A*, which would occur

if the flow was contracted isentropically to a Mach number of 1.0.



0040, ,
% -+ X :
:
.0036} - - ‘ : e =
: %% I ZEER
.0032 e e =i -
i 3 SN =
i
.0024 ek \

R

]

f(Me)—f(Mc)
__f(Me)
o
o
no
(@]

i
-
00 :
b i ) i ‘ :
[ 00 2 il g '
he
0008
.0004 e : =
+ T
i i
0 2.0 4,0 6.0
MC

(M) - £(M)
£(Me)
(MC - Me) used in friction calculations.

Figure 7(a).- Curves of [ ] versus core Mach number M, and constant



*(a)L @3ty

°n

Y .
: T 9€00
. 0¥00°
,v £
B i i i ! 1 i
A S
B 1 L § , :
ESE 31 S : : 7700 °H
= B i i
i SR f ; : HHE R
; e § i 8%00°
Rt SRR u t
: : i SR 2S00 "3
\ ; S e
T A 24 N
; | @
: ¢ it o X
: = “ ~— —_—
HE ; : R =
e s il ; i
h W i S —
, B Hihi 0000t
Gt i i i ki : i
oA | g & J
+ , : ; ; ¥900°
1 \e . T
: R i | mO : :
HE T i i :
: S £ 8900
{ i3 ] | i
B = G _ 0 :
i : == IR et 2,00
: i : =i : = i Ea| : : I T : T
i : ,”” = : —— : H 01l°
: : = Ve = : : 3¢ : =] _ 9 H
= : R e et S : ShE W W : :

===9/.00°




peis!

|58} 8 11 b H H HH P

HER TN 1 TR O_ _ O Sas:
Jgannasa 8 :
3 Hh T HH
3 88 th e H H . H
: T | O £E3i
T i
m

[ i R

H i [0 i
+ 7t HEHHHE
R
.Jw#\ 20 pean; H” lT
T 13111 H1 T 711 oI~
H 28] T NNO T 3
N i g FY
: I 4 | @ 3
L ik e [~
T i [
NHITH ; : } = || f
: m | = =5
A RS it i) e [e2E::
f - ~— 11
: L i () :
{ X EEE] SSSAYamNRevRa Sell :
b T\ T amatdany m: :
AR N T 555 cset SRas ceaNd pinus cocan SaRts pEoen
Ly t SRS Snasaseny T
- T +
HH i HHH
: 5 Banas RiSaa Susn, Eaa s vM T
] - b e H- smmue as
i : 0 &
T Y § T
888, . } I f T
= : : i e
2 i
0° i
; e n
e e
: :
Shmgas a2y 0 e
sac i 5s: L 1 i
Yot : i i i E
x 51808850 ons §Naan isans H +
T o : : T : T : T t
han) vARES S isa5siBass sn H I e
By L T sous Eetes
t Hy T s T * <4 -
9t0




*(p)) @an3tTg

°n

T T A'e T -
T tezeEny T 20
it + ! 73
R T AN
i TN i B & £
: & \
N
T 1 X X
1 TS jEas o
Eiias: SEEE H SN o $HHHT i 5
! = O 9¥0
; i X i
i ) |
= !
e = S :
: i ! # :
it , G M
o = : \ ! \
3 = aa] hawia an \ e i Pieass:
i : \ \ : 0G0
= : : T B : 5
T e 1 A X +
; 5 Hh i i
== 1 daasee: NS PN H it
. i : : X = it -
R L o : : : H B FH GO
] i Sl G i Hv
T 1 T X = ns 1
I i ; 5 ! 4 ! kst
= : - A H +
L t4 I had ouy T
i : = - i
=t : anedatenased F2350 Tas = ™ b
T g T T nasas|
S T T § T 11 I—J +
st Y i J45 aaass
X T T roh u T Jrt —
: o = : ; H
: i3 T o 33 o T Sesds|
- I 4 ! =< B
fe : R : : i T Th| ®
Rt i BB EEi e B . i : 3 ~ i
I + : E8a: o [Ih L oy [ pasas oL _ a8
: 0L o 0§ 4290t =
i : TN i T : ; ] —h H
x 1 v 1 ¥ 1T T T ~— —_ amess
: : i t Ho ) eie t ; ! = i
: : == W W R i
: e I i o i
= H s ssmamss oy s ~
s ; = T : § i g i
, = : : E -
= , , 990
b : i ;
EEE !
T hee ; t + HE
T H T jigRl il t E :
e :
EEEEE 5 Y i st iBE
e _ i m10L0°
T =1 Hi 7
7 ; ; i ; BE| ; ;
T N IS 1
i ] : ; : i i : i
sou pu + T THY
; By Y
£ T X i H
+ T X T
= 3 \ ] i
t \ ;
: X
IBHEEE e 1 \ T
jS3aasesan i) i EE LY jasss: T
ety T T et T INTIE T T T
et : k = it E
- ; : : f
;
:
- i E o . :
: b \ ; : i :
\ : e




1.0 x 108 Ol x 108
.80 H A 1008
60 o S 3t (1006
40 A : = SAEAY 004

1 1 13~ : AE‘ EEZEss SaatEn NG e wiEaE
Y CEIRGEPNL ES SESSE=Sc. P
<.. X i’:: : il g \ N
© 20 IR e (Y002
= & K fiE JENERNES
B i (IR AN i
C i L i S5 5
2 zasiasi) o N i H \ \
510 ? s NN 601
o = JEER
o 084 0008
5 ps 3
£ 085 AN 0006
=1 EE NN,
c E8: = crt
» p 3 e
'-g 04 . it 0004
c I
=4 IR =
& Bas=idnddradried) i b IHJu r \ B
Sy A expanding isentropically & e N
F A ,g% from p,=lpsia. Values of R/l in === 00025
A A e el proportion for other values of 4Es S
02 H - w;;;;ﬁ; p . RN
/ e il e S & i
i Ml ccabEiEiL BN £
- J\lﬁ m AVEAY
il |
olf : L
i 2 4 6 8 10 2 10. 20

Mc or M

Figure 8.- Variation of Reynolds number per unit length with Mach number for various total
temperatures. Perfect gas, 7 = 7/5.



_E?Tb

[ATESERaeT

5.05

T R i i §
HH ! okl H i
[ i i

& H |

L ™ H i nU.v H

“_n_U_,LI:“ s n|U| £ r~

554 0 X 1

1 O Bt i Ho0
—_— -y 1 + L] ;_F i

fon i I~ no 1 Al O

o m ©:

ISETIRRNSUNURE FRUNE|

4
H R

for turbulent flow at a stégnation

=
H Y £ e
i o
i £ ol
1IN i | > 4
G i e
b <
Bl ; o
™
EH
Q
1 “ O_ HHHH

I

.6

Figure 9(a).- Adiabatic wall values of

HA
=
I

Cr /Ct;;

S
Cpy

temperature Ty = 100° F.



| OFiD OfiHE3, 05 4, Okiiii5 , Oiifilg , Ofkkal7 , Oflig 0249, O

(b) Adiabatic wall values of % for turbulent flow at a stagnation

temperature Ty = 400° F.

Figure 9.- Continued.



Sasss

HT
Tt

smnss uam;

T
H

T
Tt

mame
T
T

1 sEnssanan:

t Tt
iNESSIEESENEEEI EESEESEING SEARESEEE)

SEu8 SuRENESRNE SRANS ENNNS SANESSUAR)

ISSaSEEANENANNI SaaaSEEEEE RNERRENS

T. =800°

F

o 3
Re =.5 »x |0°%

INESREES NN

issamans e
H

Rg

a0
HH

Rg

5.0

o il
o Hl
O. TEEH
o HEE
: o bl
o o e
O i
e - o

Ce

Cei
temperature T = 800° F.

Adiabatic wall value of

' for turbulent flow at a stagnation

(c)

Figure 9.~ Concluded.



i
Laminar Flow

"‘83""

Fh
i
i

: Adiabﬁtic

:«4; .x.ef
i i
:
i
T ih
EHHE
e : :
e
e eseagyd
i E
P
H
: 3 5 t T 1=
; S : 2 I = : H ! ]
HH i : | SSEMEESaey Ansentiressans : 1 i I OW“!*

11O}
08
.06

mol} Joupwo |

.uo
r : bo

for laminar flow.

Ce

Cei

Figure 10.- Adiabatic wall values of



BHTRIN,
== Turbulent
aved: EEs

HFAATH il ﬂﬁ‘iﬂ i

Figure 11.- Incompressible laminar and turbulent average and point friction factor curves.

u{-‘aﬁ



.65-'

48 K ‘
Evaluate fo L =,25 at ;
EEcE i ?7‘ i ik i e :
.44 ‘ i %
.40
36
Mi32
.28l )
124
AM,
: ‘1{20
16
{ .00l
12 %
08 0006
04 i
: s i 00024
Of | o R siiie 7 8
54 f T s HHHE il
: B |
% = 0.5 at constant.

Figure 12.- Effective Mach number loss for

friction factor

f.



- s ?
52 odt -
I =~
, e
i
: % gl ;
52 :
TR
ag =
48 T ;
i |
44 S -
i ST :
A0 fr i : T i i :
i e
= 53] 3 T
& I: :
i
i
Y
s
fa31 5441
!_
i
|
E
i
-
I
T
5
i
i
E AL
Bl
HH)
i
i
| I
f i
i i

Figure 13.- Effective Mach number loss for = 1.0 and a constant

friction factor f.



<06 - % value_‘. [ [ curve
FFHH B
1 .25
1] P
i Iéol 4
% L I,
-05 et
[T »
1 _l.OQ T
- 4
.Oh # P o
v
£
1 7 g // ]
Fboo
TN :
T T +03 y
-8
=7 A
L A
4
in PARY. 7
pd y )4
/V
.02 A V. y,
4
’/
y y
yd 2
Transition to turbulent flow
.01 - |
, T I
4 - = g
0 1 6 8
11 11 L1 1T 1 L1
; op* . 1
Figure 1k.- Model II curves of 4 versus (in.) for 5 = 0-25, 0.50, and 1.0.

]

“LQ"‘



I _.4..{

S D N N ) )

AN

AN

N

=TT

111

1

N\k

Transition from laminar to turbulent flow ]

curve

NN

/1]

kﬂg\

\\\

.25

1.00

D value
EEREN

-

L4

]
I

1

1

3.8

3.6

3.4

3.2

3.0}

2.8

= 0.25, 0.50, and 1.0.

~|A

1 (in.) for

versus

Figure 15.- Model II curves of M, and M,



nﬁgn

1T TTTTIT TTTTLL
T 5
12 Mol e
I
it
III 71
T
- IV pd
.10
y Yy
.
7| v
P '
.08 —
7]
p.d A
* _Transition from ] P 3
8A laminar to turbulent flow
s .06 - 7 d
A, P
S y.d P
- L. // }f
8 V/ P
3 ot
- A r A Note: Laminar flow was assumed
v - all through Model I.
Nol'® . P4ARED ,
y, 1
4 A
4 14
7 -
/) ]
Y
.02 5 i
yARd
4
/
]
.
B 1 2 4 6 8 10 1T 12 14 16
T1 L1 ||r5<.. IT11 1 e Ll 111 L1l

s P A
1
Figure 16.- Curves of 7\1;\'-— versus ! (in.) for models I, III, and IV for 5= 1.0.
< S :



|
4.0 F\H - : :
ANS =—=Transition from laminar to turbulent flow F 1
\\‘ \\
\\
N
\\ \\
N N
3.8 i 1
\ N\
\ N S
- 5
AN
[\
_: 3‘6 \\\ \‘\ ~
\ Me
\ N \\
ki ¥
M
4 A T -
3. \
\\
\ \\
. .
\ \ \\
A \\
3'2 \\\\ N
[ r N
. Y o N
. M \ N
c
)
\H£ Model T Model ITI
3.0 { {
),
-4
2.8 - - -
O 2 A 6 - 8 10 12 1k - 16 .18
IEEREN| L L LT LTIt " TT1 iR B! 111 111 1

Figure 17(a).- Curves of Mg

and Mg versus

1

(in.) for models I and IITI.



18

IHEN

N

16

hN

T
1711

AN

14
117
11

] T A

12
T
11

T

TTTTTTITT]

10
(|
1

z"

TP I

I
11
I

AN EENEEEEEE
A e L

TTTT

LTI

™~

Transition from laminar to turbulent flow

LTI T T Tl

y

11
11

et

L]

1T
11T

10

4.0

3.8

3.6

3.4

3.2

3.0

2.8

=1.0.

~|AQ

(in.) for model IV and

1

and Mg versus

Curves of Mg

(o)

Figure 17.- Concluded.



11T
1
12 =]
N\
[42Y
t o
«10-
« >
.08 - llfl lry'l_-— in
/ iR NN -
; / b ] Experimental data
4 i TIT T T T T T T T
T % Model t1 Symbol
* I 1L N
5, + .06 I D
A+ [t
A IT L2
exit T
III
D a LiLit
.ok A o >
.02
- 1 2 3 ¥ HH % Tt 6
iz |
), | |

6 *
Figure 18.- Plot of experimental and theoretical model exit values of o versus

s
model total over-all -71 .
H T



APPLICATION 0 SUFERSOUIC DIFFUSIRS OF A
CIE-DLEISIONAL FLUID FLOW EQUATICN
OF THE PRAFFIAN TYPR
By S. 2. Pinckmoy

LOSTRICT

The equation inveotigated in the prosent poper o

(1 = 1%°) A _ o BB
ag + -m@-m()uo
- A D
M(}.‘-Z?i%a)
wialch is the frictioneloos equation for cneedizensional dued flov.
M Lovestigetion into the complete solution of an equation of the
formy,

Pl Qiy ¢+Réz a0

ubich 10 the forn of the cquation consldered, rovealed two mthods
of solution. Tho £irct method of salution epplies vhen the equation
of condition 1 scticfied end the sccand method of solution gplies
vhon the eguatlon of condition 1o nobt soticficd. Tho cquotion of

condition 1o
SERCE R

fn eguetlon for which the equation of condition 1o not cotisfled is
ealled o Pfoffieon equations The oguotion investigated in the precent



peger 48 of the Pfafflan type. Upon cpplying the mothod of Paf?
to the equation, the solution wes found to be cxtremely corplicated
end eukvezds

In oxdor to slrplify tho solution tie tom & wos drapped et
the reculting equation inbepraled essmlng the mqtim foctory £
constant through the fntogrotion. In arder to coply the resulting
constant evea frictlon loss eqetion %o supersonic inlets, heving
tirough & varichle sroa Guersonio !
the friction losses thucugh o sorles of conctant mrea clemento. The
ceoplicatod mmerical method uned o epnly tho constent svea frictiom
loss equation to o wnlable areo supersonic inlet 1s deweleped in
leo vore calculated o dotorming thoe elfect of elemont
slze on tho caleulatod realts) eleoent olzos & ® 0u25 0.50, end
1.0 vore considerod. For ¢he exuples conaldered, the resulbing
conclusion vas that the cholce of elemnt plze doos not affect the
calculated elivotive toch mubor, Iy change dus to Srdetlon fhuough
& twosdimnalonal cupersonic ialet excopt neor e leading edge of
the inlot. After furiber calculobions using elemont sizes equal to
tio total (§) of the inlots considered, 1% was found thot this cone
clusion oo to be restoicted in that tho clement slze hos to bo token
mall o5 for &0 tho total (§) of the dlet. A corparicon vith
coparinental data tokon for the ialet models coloulated chov o
caleulatlons 0 coxvespond woll with cerporimental roemudts whon ghock
ptrengths are call.
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