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STREAMLINE CURVATURE DESIGN PROCEDURE FOR
SUBSONIC AND TRANSONIC DUCTS

By Raymond L. Barger
Langley Research Center

SUMMARY

A procedure for designing ducts for subsonic and transonic speeds is described.
Examples discussed are a wind-tunnel contraction cone, a supersonic nozzle, and a dif-
fuser. A listing of the computer program is included.

INTRODUCTION

When the design parameters (length, maximum diameter, and velocity variation) of
a duct permit a very gradual area variation, the one-dimensional approximation (ref. 1)
can be used for the design. Such is not the case, however, for many applications, such as
wind-tunnel contraction sections, nozzles, and engine inlet diffusers for which there are
severe restraints on allowable dimensions. For ducts of this type the radial variation of
the flow parameters is often not negligible, and so the one-dimensional approximation does
not suffice,

If a duct is intended to be used for low-speed applications, it can be designed by a
generalization (see ref. 2 and its references) of an incompressible flow method originated
by Tsien (ref. 3). The usual procedure for the compressible case is to utilize a series
expansion in powers of some parameter (refs. 4 to 7), but such solutions rapidly increase
in complexity with increasing number of terms, and therefore must be truncated after a
small number of terms. For example, the solution of reference 5, which utilizes an
expansion in powers of r2, becomes unmanageably complicated even for the first five
terms.

The problems associated with series expansion sclutions are avoided by the method
of reference 8, which can be used as a design procedure. That method is a relatively
complicated direct numerical attack on the problem, involving a continuous transforma-
tion of coordinates and a finite-difference solution of the differential equations working
outward from the center line.

The present analysis, in comparison, makes use of the streamline curvature equa-
tions, which represent a natural formulation of the equations for this type of problem
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inasmuch as any streamline can be taken to be a wall contour. The streamline curvature
equations have also been used for the design of centrifugal impellers (ref, 9). The pres-
ent method differs from that of reference 9 in several respects:

(1) The design velocity distribution is specified on the axis rather than on an inner
hub profile

(2) The equations are formulated directly in terms of the streamline curvature
rather than the radius of curvature, which becomes singular at an inflection
point of a streamline

(3) The graphical method of reference 9 is replaced by a mathematical model which
can be programed for machine calculation

The streamline curvature equations, as used in the present analysis, represent a
form of the exact, compressible, inviscid flow equations., The method is therefore appli-
cable from low subsonic to supersonic speeds, but no treatment of shocks is included. The
equations, and the computer program in the appendix, have been written for the axisym-
metric case, but the analysis can be applied to problems of two-dimensional design sim-
ply by replacing the factor 27r in the continuity equation with the width of the duct. Then
a symmetric duct can be designed by specifying a velocity distribution along a center line,
or one wall can be specified together with a velocity distribution on the wall.

SYMBOLS

The International System of Units (SI) is used in this study.

a streamline curvature, de¢/ds
C contraction ratio

c speed cf sound

M Mach number

m mass flow rate

n distance normal to streamlines
q total velocity

s distance along streamline



v center-line design velocity

XR cylindrical coordinates nondimensionalized with respect to estimated entrance

diameter
Xx,T cylindrical coordinates
¥ ratio of Specific heats
fo) density
@ tan-19 for a curve r = r(x)

dx
Subscripts:
c center line
i ith point on a given streamline
k kth streamline
t total conditions
wall at wall
O + Oy
A bar over a symbol indicates average value: —

ANALYSIS

Flow Equations

When the circumferential component of velocity is neglected, the compressible
inviscid streamline curvature equations for axisymmetric flow consist of the continuity
equation in integrated form,

n
m= ZWS pqr dn (1)
0



and the velocity equation,

10l
1=q, exp(go a dn) )

where the density is given by

1/(y-1)
—pl1 .14
P =0 5 ("t) (3)
and the curvature by
a= 1(2 (4)

ds

(See ref. 9.) The streamline curvature is the rate of change of flow angle with distance
along the streamline; it is the reciprocal of the radius of curvature.

Method of Solution

The calculation is initiated by prescribing a velocity distribution along the center
lne. For purposes of calculation the velocity on the kih streamline is determined by the
approximation

aA
g = Ay 1ea " (5)

The mass flow between streamlines is estimated by
Arn = 27Tpq An

In order to compute the curvature a;, A¢ is determined as the change in angle of slope
of the straight lines joining the ith point to the i - 1 point and to the i + 1 point and
then Ag is divided by the corresponding As.

The equations were solved by an iterative numerical technigque. First, the shape of
a stream tube having a small maximum diameter is estimated from the one-dimensional
flow relations using the assumed center-line velocity distribution. The normals to this
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streamline are determined, as well as its slope and curvature distributions. These func-
tions permit the velocity and density distributions to be computed on this streamline by
means of equations (5) and (3). Next, the mass flow is computed through each normal
and compared with the required mass flow for this stream tube. The streamline coordi-
nates are then adjusted slightly in the direction that will reduce the error in mass flow,
the error is computed, and the coordinates are readjusted, and so on until the desired
mass flow is obtained within a reasonable tolerance. This procedure is carried out at
each point on the streamline. Then the curvature of this streamline is computed and used
to obtain a new estimate for a to be used in equation (5). With this new estimate the
entire procedure is repeated to obtain a better estimate for the streamline. The velocity
along this streamline is then taken as input data to compute the next streamline, which is
first estimated from the one-dimensional equations, in the same manner as for the pre-
vious streamline,

The successive streamlines are computed similarly until a specified mass flow is
obtained, unless the solution becomes unstable before the mass flow condition is met, In
such case the last stable streamline can be taken as the wall contour, unless the solution
displays an unacceptable pressure gradient along the wall,

Stability of Convergence

One drawback to the use of the stream curvature equations is the tendency of the
golutions to become unstable relatively easily. This tendency is a direct result of the
use of the streamline curvature. A small change in r can result in a relatively large
change in the curvature. Since the curvature is in the exponent in equation (2), the veloc-
ity is sensitive to the curvature and thus to small changes in r.

This sensitivity can be counteracted to a considerable extent by the manner in which
the calculation is performed. In the present method, a smooth distribution of curvature
is used in the initial estimate for each streamline. Then when the actual curvature is
computed, it is not used directly but is averaged with the curvature of the previous
streamline for use in equation (5). This procedure tends to stabilize the convergence and
has been used in the calculations of this paper.

There is an alternate procedure which is mathematically more stable, but it
requires somewhat more computing time, If many streamlines are computed, the follow-
ing approximation will apply in equation (2):

0 kp 1"1‘1'1
5 adn = Z ak(An)k = Z a,k(n&n)k
0 1 1



Thus the coordinates of each streamline can be computed from the distributions along
the previous streamline, and it is not necessary to determine the coordinates of a given
streamline from its own curvature by iteration.

Design Velocity Distributions

Some of the existing design analyses (e.g., refs. 3 and 5) prescribe the design axial
velocity distribution in terms of a particular analytic expression., Where high-order
derivatives are required, this analytic expression must be selected so that these deriv-
atives do not become unmanageably complicated.

The present method, on the other hand, is not restricted to a particular type of
design velocity distribution inasmuch as the input data for the calculation can be in the
form of values specified at discrete x-locations on the axis. This system facilitates
"experimenting' with various designs by making small local variations in the design dis-
tribution. However, the input data should be reasonably smooth in order to obtain wall
shapes without excessive curvature, as well as to insure stable convergence of the cal-
culation. For some designs requiring large values of the stream function and rapid flow
changes, the design velocity must be extremely smooth. This requirement can be met by
inputting a smooth second derivative and integrating it twice.

The selection of a design velocity distribution need not be simply a cut-and-try
process. The one-dimensional equations are often useful to provide an estimate of the
flow relations. Moreover, in those cases where both the upstream and downstream flows
are uniform, the one-dimensional equations give correct relationships between the flow
values in these two regions, even though the flow between these regions is nonuniform
{provided, of course, that no separation takes place).

For example, suppose that a wind-tunnel contraction cone is to be designed for an
exit Mach number of 1 and a contraction ratio of C. Then the uniform entering velocity
would be determined by the equation

(+1/20r-1) e

e sy

(See ref. 10, eq. (82).)

Since in the entering flow V/ct is generally much less than 1, the nonlinear term
can be neglected in an approximation, and so, for y=1.4, V / ct = 125/216C. The veloc-

ity at the exit would be given by V/c; =\i5/6 (ref. 10, eq. (68)).



Examples

Three sample cases have been computed: 2 wind-tunnel contraction section, a noz-
zle, and a diffuser. The contraction section is shown in figure 1 together with several
streamlines. The most critical part of such a duct is that near the exit, where the flow
becomes parallel and, correspondingly, the wall curvature becomes zero, A wall which
is otherwise smooth but has a rapid decrease in curvature incurs an adverse pressure
gradient at the wall, with the possibility of flow separation and the certainty of a severe
radial velocity gradient. For the example shown, the curvature variation is gradual, so
that the flow is fairly uniform radially, as indicated.

The other critical region for a contraction section is near the wall at the large end,
where the slow-moving flow enters a region of negative curvature, This adverse gradient
may separate the flow locally. However, for the sake of obtaining a short contraction
section, some separation might be {olerated in this region with the expectation that the
subsequent favorable acceleration section will reduce flow nonuniformities,

A nozzle design is shown in figure 2, Observe that where the wall curvature is
slight, the variation of Mach number along a streamline normal is slight, although the
duct may be sharply contracting. On the other hand, the radial variation is relatively
large in the throat, where the curvature is greater. The supersonic Mach number dis-
tribution at the wall is smooth because of the smooth variation of wall curvature. This
result may be compared with that obtained with a cone—circular-arc—cone nozzle, which
displays a drop in wall Mach number at the curvature discontinuity in the expanding sec-
tion of the nozzle (see ref. 11, fig. 1).

Figure 3 shows a design for a subsonic diffuser. This case is more sensitive than
that of the contraction section because the negative curvature at the wall occurs where
the flow is already decelerating. Since this critical region is near the terminal end of
the diffuser, the results of any flow separation will be seen at the end of the diffuser.

To illustrate the influence of the curvature on the solution, the wall Mach number
distribution for the nozzle is plotted in figure 4, as calculated from both one-dimensional
and streamline curvature equations. The differences are larger in the vicinity of the
throat, where the Mach number is relatively sensitive to flow geometry. The maximum
difference in Mach number is about 0.06.

CONCLUDING REMARKS

A computerized procedure that makes use of the inviscid streamline curvature
equations has been developed for designing compressible-flow ducts from an assumed



center-line velocity distribution. Three examples are given: a wind-tunnel contraction
section, a nozzle, and a diffuser,

Langley Research Center,
National Aeronautics and Space Administration,
Hampton, Va., October 4, 1973,



APPENDIX
COMPUTER PROGRAM

The program language is FORTRAN 4. The input, by the NAMELIST format, con-
sists of the following quantities:

X an array of axial positions for which velocities are specified
Q an array of the design velocity values

RMX the desired radius at X(1)

ROI Py

CT Cy

KMX number of streamlines to be computed

N number of X and Q values input

Before beginning the calculation the program prints the design center-line velocity
distribution with the headings

J point index
X axial coordinate
Q velocity

After computing each streamline the program prints the results for that streamline
with the following headings: '

PT, point index
ITER. number of iterations required to satisfy continuity at Jth point
X axial coordinate



APPENDIX — Continued

radial coordinate

SLOPE streamline slope

CURYV.

VEL.

P/PT.

C
}
?
44
41
[
C
C
7
R
C

10
11
1?2

13
14

10

streamline curvature

velocity along streamline

local pressure divided by total pressure

local Mach number

Computing times for the three sample cases ranged from 2 to 5 seconds.

PROGRAM MARADUC{TNPUT OUTRPUT.TASF 1=InPHTY )
DIMENSTAN X{53) «0(S0) 4SLISA) «R (SN 4 X J{S0Y « 2. HEOY s T (SN s SK IS0 »

IHDGCY s GKTLSH) PRGN QT (EM)

BAMEL TSTATNRPT /X oo RMYX gROT o Na T o KMX

FEAD THeUT aND PRINT VELOACTTY NISTRIRUTIONs MNONATIMENSTONALTZE VFL,
HEANCL S TNRTYSTFLEOF 4 112T 2

PI=3.14159 %K=l

PHINMT 4(

FODMAT(IHT »9XTHI L1IXIHX YL XTHA /Y

PRINMT v (JaX (I 300 4 02T o M) )

DG A J=ien BN =0 /CT SSKTO =0 $0TLDH =004y 35K =,0
FURMAT(ILIN2F12eA)

RIt ) =40

FOR KTH STREAMLINE » COMPUTE PARAMETFRS AMT TNTTTAL FSTIMATFS FOR
CUORPINATES AND SLOPES
HIT=FLOAT(K)#*RMA/FLNAT(KMX)ISAT=PT®#{(RTI#RTTI=-RT(IVHRI (1))
FeRAT#AT#G (138 (1=, 2400220 (]11Y S N0 R I=1M &ARS=Q{ N HQ (I
RO ZROTR{] = 2¥URGI##2 .6 § A=Q (1Y #AT /(RO N #*Q 1))
RUJY=SQRT (A/PT+RI(NRIT(4Y) FSL(1Vy=,0 ®N0 9 J=2,N

COMPUTFE NORMALS TO KTy STREAMLINF
SLIJYs{R{N=RFLJ=1112(Xx{N=X{J=131& ND 14 d=2N

[F L FAMIGO TO 13

TFISLE D oG T e D AMD,SLIJ+1) ., GT,.0360 TO 10

TFASLAI sl TaeDaANDGSLIJ+ 1) JLTL QIR0 TO 11
TFESLONHSLIJ+ 1Y (LF . 0¥G0 TN 113

SM=SL (Jy $R1=R(J=1) $X1=X{t=1) SRL=R{JNIBXL=X(J} $GO TO 12
SM=SL{J+1) $RI=A(J) BXV=X (S BXL=A(J+ 1 SRL=P (J+ 1

TF{SM NE . (U)X S =S/ ISMASM ] (Y #{RT{ ) ~RT+SMREXT X (J) /5M)
[F(SMFN, I XJ0H =XK1

It =R +sME(XS()F=XEY R0 TO 14

RI(=R{D D XJLH =X

CONTINOF §XJ(1V=,L SRJ(II=RTT SSKIl)=.0
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APPENDIX - Concluded

COMBUTE CURVATUREe VELOCTITYs DFNSTTYe aMND MASS FLOW
Li=1

15 (30 17 J=2.N $p=1

1Ak IF{LL4ENs1 « ANNL K GT 1ISKE N =SKT{ N RFLOATIKY /FLOAT (K=1)
DN=SART L IXJ Iy =X (JINN 2224 {RPJ () =RT (I ##2) FSKMz (SK LD +SKT(J) 1 #.5
G N =QT1 () FTEXP (SKMENNY
GM= (AT (2«0 #*,5 GROM=(1,~,28NMEQM) 82,5
Rz S#{RI(II+RT (VY SFHMM=P AP THRMANNEROMEGMFER= (FM-=FMM ) /FH
TF{ABS{FRY LT, «20LA0Q1IGN TO 17
ADJUST CONRDINATES OF KTH STREAMLINE ALNNG NORMaL TN SATISFY
CONTINUTTY
HILD =RT () e (1o +ER¥F IR ICID=RT I
TFLARS (NS =R (=11 LT, 0000001 RILND=RILI=1}

IFtJLER, 2yRJI{I=1I=RICN)
AJEY=X(Jy+{] +ER#F S1 (X J{ =X (J)y SL=L+] SIFIL,.6T.99360 TO 27
GO TO 14

17 CONMTTINIE
PRIWT gas (JeX (I e ILIYaSLAJY +SK O s =1 M)

44 FOPMAT(TT.4F12.5)
KECOMPUTE CURVATURE FOR ANJUSTEN CONRNDINATES ANn REPEAT
CALCULATION FOR KTH STREAML INE
Li=LL+1 $IFILL.GTL2}G0 TO 25
0 14 J=2«N

12 SLIN={(RJENDN=2J (=1 A{X LN =X)(I=11)
WMl=N=1 &NO 20 J=2eN]
IF(RACD «r I (U= 1 (R J(I+ 1V =RI(I1YJGE L, 00 TO 19
Fllhr =, 8¥ (rJI+1Y +RI(I=-1))
SLIN=RI(I+ 1y =25 0d=11 Y AUX TS+ 1) =X JCI=1)

19 VW (J. LT . 2ySL =4

20 CUNTINUE ®53K(1)Y=,4 $S5KI{NI=.0
NQ 273 =201
5= 8* (SORTI(RI(D =RI(J=1) ) ##24 (X JE N =XJ{I=T11) #8212 SORT LARJLSe 1)

T~HJ () ya#pe (X ){Jelr=XJ(J)y)#%2))
DFL=+aTANISLOI+11) =aTANISL (I}
SK () ={NEL AS+SK )Yy #,5
53 COMTIMUE ®00 24 Jz2,i] FTIF(SKIN#GKIJ=1) LT, 6, aNn S RSK{Ja T,
LT, ,MISKI D=, 55 (SR (J=1) +SK(J+1y)

A4 CONTIMUFE S53K{1)=,0¢ $SK{2¥=SK{3y#,5 %30 T0 15
NONDTMENSTONALIZE AMD PRINT RFSULTS FOR KTH STREAMLTINF, SHIFT
IMDEX s AND PROCEFED TN NEXT STREAMLTHNF

PCOPRTINT 42

47 FORMAT (1HY +SXSHEITER,, s5X3HPT s AX1HX+ 12X 1 AR 4 OXEHSG) NEE S FOXSHOEIRY o

1IGX4MYF L o ¢ FX&HP/PT 12X 1HM/)Y

00 28 =240

QT 6y =0(Jy X (D =xJ(NH SSKT(Hh=SKiD)

OP=] e = AL BN FAM=QL N /SORT(ROP)Y SPNPT=RNP##3,5

SRR It N A{2.%aMX) F SX=X (N /1P, #RMX)
473 FORMAT(RTARTF13.6)

PRINT 47+L9J95Xe57aSLIJY aSK{J) 411 1) 4 PORT XM

TF (K FNKMAOID ()=

26 T E =RJ()) FRI(1Y=RPJ(1) Fk=Kas]l STFIK,LF,XMX160 T0 7 %50 70 1
27 STHP SEND
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Figure 1.- Wind-funnel contraction section with streamlines and design velocity distribution.
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Figure 2.- Nozzle with streamlines and design velocity distributions,
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Figure 3.- Diffuser with streamlines and design velocity distribution,
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Figure 4.- Mach number distribution along wall of nozzle shown in figure 2, as obtained by streamline
curvature calculation and by one-dimensional theory.
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