AEDC-TR-79-55 + - S Frn -
c.b

THE

——wenay
E) Analytic and Numerical Investigation of the

W | . Convergence for the Adaptive Wall Concept

C.F. Lo and W, L, Sickles
ARO, Inc.

November 1979

Final Report for Period October 1377 — March 1978

Approved for public release; distribution unlimited,

LT

o

ARNOLD ENGINEERING DEVELOPMENT CENTER
ARNOLD AIR FORCE STATION, TENNESSEE
AIR FORCE SYSTEMS COMMAND
UNITED STATES AIR FORCE

Mgt "l




NOTICES

When U, S, Guvernment drawings, specifications, or other data are used for any purpose other
than a definitely related Government procurement operation, the Government thereby incuss no
responsibility nor any obligation whatsoever, and the fact that the Govemment may have
formulated, furnished, or in any way supplied the said drawings, specifications, er other data, is
not to be regarded by implication or otherwise, or in any manner licensing the holder or any
other person or corporation, or conveying any rights or permission to manufacture, use, or sell
any patented invention that may in any way be related thereto.

Qualified users may obtain copies of this report from the Defense Documentation Center,

References to named commerical products in this report are not to be considered in any sense
as an indorsement of the product by the United States Air Force or the Government,

This repori has been reviewed by the Information Office (O and is releasable ta the National
Technical Informaticn Service (NTIS). At NTIS, it will be available to the peneral public,
including foreign nations.

APPROVAL STATEMENT

This report has been reviewed and approved.

:;Zé 3 i A .
(:5 .
ALEXANDER F. MONEY

Project Manager
Directorate of Technology

Approved for publication;

FOR THE COMMANDER

MARION L. LASTER
Director of Technology
Deputy for QOperations




UNCLASSIFIED

REPDRT DOCUMENTATION PAG'E : BEFORE COMPLETING FORM

. REPORT NUMBER 2 GOVT ACCESSION NQ.| 3. RECIPIENT'S CATALDG NUMBER
AEDC-TR-79-55

4 TITLE {and Subtitie) %. TYPE OF REPORT & PERIOD COVERED
ANALYTIC AND NUMERICAL INVESTIGATION OF Final Report, October
THE CONVERGENCE FOR THE ADAPTIVE-WALL 1977-March 1978
CONCEPT & PFPERFOAMING CRG. REFORT NUMBER
7. AUTHOR{a} B. CONTRACT QR GRANT NUMBER(s)

C. F. Lo and W. L. Sickles, ARQ, Inc.,
a Sverdrup Corporation Company

9APEﬂFf:1M|;:G OR.GANIZlecN NABE AnéDlAODDREss ¢ o tor 10, :;22R&AnaERLKE“E:-lTTNPURHOBJEC'r TASK
rno ngineerin ev men en

Air ForcegSystemsgCommandp Program Element 65807F
Arnold Air Force Station, TN 37389

1. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE

Arnold Engineering Development Center/DOS November 1979

Aixr Force Systems Command 'lrmM§?OFPMWS
Arneld Air Force Station, TN 37389

14, MONITORING AGENCY NAME & ADDRESS{! difiarent frem Conireliing Office) 15, SECURITY L ASS. {of this raport)

UNCLASSIFIED

T 15a. DECLASSIFICATION’DOWNGRADING

SCHEQULE N/A

1E. DISTRIBUYION STATEMENT {af this Ropori)

Approved for public release; distribution unlimited.

7. DISTRIBUYION STATEMENT (of the absiract enterad in Block 20, I difllerent from Raport)

8. SUPPLEMENTARY HOTES

Available in DDC.

19, KEY WORDS (Continus 9n reverys afde If naceaasary and identliy by block number)

wind tunnels ’ convergence
walls subsonic flow
interfierence

adaptive wall concept
perturbation theory

20. ABSTRACT (Contltius ort revarse side if nacossary and fdentify by block number)

Convergence of the iteration for the adaptive wall concept is
analytically proved for two~dimensional and axisymmetric subsonic
flows, One-step convergence formulae which determine the uncon-
fined boundary conditions directly from two measured flow variables
at the measuring surface are presented to accelerate the iterative
procedure., The application of the one-step formulae to numerical
-examples of an NACA 0012 airfoil illustrates the capability of

these formulae for subcritical as well as supercritical flows.

OD ,"58°%; 1473 Eoimion of ! Nov 6515 0BSOLETE

UNCLASSIFIED



AEDC-TR-78-55-

PREFACE

The work reported herein was conducted by the Arnold Engineering Development
Center (AEDC), Air Force Systems Command (AFSC). The results were obtained by ARO,
Inc., AEDC Division (a Sverdrup Corporation Company), operating contractor for the
AEDC, AFSC, Amold Air Force Station, Tennessee, under ARD Project Numbers
P32A-S3A and P32C-36. The Air Force Project Manager was Mr. Alexander F. Money,
AEDC/DOT. The manuscript was submitted for publication on June B, 1975,



AEDC-TR-73-55

CONTENTS
Page
1.0 INTRODUCTION ...t ittt et e eaaa e caeans .. 5
2.0 ITERATIVEPROCEDURE ... ciiittitiiiie it eivanonaananecansonans 5
3.0 CONVERGENCE OF THE ITERATIVE PROCEDURE ....... e 6
3.1 Two-Dimensional Tunnel .........ciriiiiiiiirsiareamnancanaaneeaarans 7
3.2 AxisymmetricTunnel .........cooveeeenvnaninnnn. e aeiaer e 11
4.0 ONE-STEP CONVERGENCE FORMULAE ............. [ PP 14
4,1 Two-Dimensional Tunnel ......... i it reenaaannens 14
4.2 Axisymmetric Tunnel ....... e e e e 16
5.0 NUMERICALEXAMPLES .....ooiniiiiitiirenranncnnennneeneansnenssd?
5.1 Two-Dimensional Tunnel . .......voieiiiiiiiiii i iiairs e, 17
5.2 Axisymmetric Tunnel .. ... oo e e 18
6.0 CONCLUDING REMARKS ... o i s e et 19
REFERENCES ...\ttt ettt aiaieaererar i anaaenaaaananuinss el 19
ILLUSTRATIONS
}
Figure
1. Block Diagram of the Iterative Procedure of the .
Adaptive Wall CONCEPL . ...ttt e 21
2, Two-Dimensional Boundary-Value Problem of Exterior Unconfined ,
Region and Interior Tunnel Region ......... oo 22
3. Mathematical Model for Thickness and Lifting Prablems ....................... 23
4. Axisymmetric Boundary-Vaiue Problem of -Exterior Unconfined
Region and Interior Tunnel Region .................... . ... P i 24

5. Velocity Component Distributions from Iterative Procedure

for NACA 0012 Airfoil, k = 1.0 at the Control Surface,

h/c=03,M=06,x=0 _.........0ciiiiuerrna... e e e 25
6. Airfoil Surface Pressure Distributions Based on Iterative

Procedure Results for NACA 0012 Airfoil, h/c = 0.3,

M o= 0.6, =0, ..ot i e it e e e i e 26
7. Velocity Component Distributions from One-Step Formulae

at the Control Surface for NACA Airfoil, h/c = 0.3,



AEDC-TR-79-55

]

10,

11,

12.

13.

APPENDIX EESTEIE T -

A. INVERSION GF THE AXISYMMETRIC ONE-STEP Lo
CONVERGENCE FORMULAE ..................... T .
NOMENCLATURE ............ e P N S

Figure

Airfoil Surface Pressure Distributions Based on One-Step
Results for NACA 0012 Airfoil, h/c = 0.3, M = 0.6,

= 0 e O
. Velocity Component Distributions from One-Step Formulae

at the Control Surface for NACA 0012 Airfoil, h/c = 1.0,

M=0.6,0=10 .00, T s .

Airfoil Surface Pressure Distributions Based on One-Step
Results for NACA 0012 Airfoil, h/c = 1.0, M = 0.6,

Airfoil Surface Pressure Distributions Based on One-Step
Results for NACA 0012 Airfoil, h/c = 1.0, M = 0.8,

L e e T T e e T A

Airfoil Surface Pressure Distributions Based on One-Step .

‘Results for NACA 0012 Airfoil, h/c = 1.0, M = 0.72,

Distributions of Velocity Components at the Caontrol
Surface {R/f = 0.5) and Body Surface Pressure on a
Parabolic Arc Body of Revolution, #d = 10,

TM =09, 0 =0
14,

Distributions of Velocity Components at the Control
Surface (R/f = 1.0) and Body Surface Pressure on a
Parabolic Arc Body of Revolution, ¢d = 10,

M=0975,a=0...... S RSN e i

Page

-



"AEDC-TR-79-65
1.0 INTRODUCTION

The adaptive wall concept is a systematic .procedure for eliminating wall interference.
Ferri and Baronti {Ref. 1) and Sears (Ref. 2) independently originated the adaptive wall
concept wherein it was recognized that by measuring two flow variables and evaluating
functional relationships for unconfined flow conditions, one can adjust the local wall
boundary to achieve interference-free flow. The procedure is iterative, and wall bound'ary
adjustments are made until unconfined flow is achieved at a measuring surface near the wall,
The analytical investigations by Lo and Kraft {(Ref. 3} and Sears (Ref. 4) have shown the
feasibility of the concept. Also, a numerical simulation by Erickson and Nenni {Ref. 5}
established the concept, and recent experimental studies (Refs. 6 through 9) have validated
the practicality of an adaptive wall tunnel. : A ‘

Since the adaptive wall procedure is iterative, the reduction of the number of wall
adjustments to achieve unconfined flow would save on tunnel run time and computer fime in
an adaptive wall wind tunnel. This has been the impetus for the study of accelerating
convergence and the development of one-step convergence formulae to evaluate the flow
conditions. The one-step formulae significantly reduce the number of iterations, and under
certain conditions unconfined flow can be achieved in one single step.

This report is concerned with the development of methods for use in two-dimensional
and axisvminetric adaptive wall wind tunnels. Convergence of the iterative procedure and
derivation of the one-step convergence formulae are presented for both two-dimensional
and axisymmetric flows using linearized small disturbance theory and the Fourier transform
technique. '

Numerical examples of the method in which a computer program serves as an analog of
the wind tunnel to simulate the interior flow field are presented. These numerical
demonstrations have shown the validity of the adaptive wall procedure and the power of the
one-step formulae in reducing the number of wall iterations in subsonic and transonic flows.

2.0 ITERATIVE PROCEDURE

The concept of the adaptive wall wind tunnel, as explained in Refs. 1 and 2, states that to
determine whether unconfined flight conditions are abtained in a tunnel with any model, it
is necessary and sufficient to match the measured flow variables at a selected - control
surface, say S, with the flow variables which satisfy the unconfined boundary condition.
Specifically, it is necessary to measure the distributions of two independent flow variables
such as the longitudinal and normal perturbation velocity components at the surface S
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(which is located inside the tunnel but away from the model). One of the measured .__va;iables‘
is used as the boundary value to uniquely specify the flow field exterior to S in the presence
of the condition of unconfined, -undisturbed flow of a uniform stream at infinity._ Hence,
since the two measured distributions constitute redundant boundary data in the presence of
the exterior region far-field boundary condition, equivalence at S of the measured flow
variables interior t¢.S and the computed flow variables exterior to S constitutes a_dgfinjfion
of interference-free flow in the wind tunnel. Therefore, by comparing the exterior region
calculated values with the measured values of the same quantities, one can determine
whether or not unconfined flow conditions exist. -

Unconfined flow conditions can be achieved if provisions are available for adjusting the -
wall in a logical manner. A basic iterative procedure for adjusting the walls to achieve
unconfined flow is presented in block diagram form in Fig. | and applies for both two- and
three-dimensicnal flow fields. First a flow field is established in the tunnel, and the velocity
components uy and v are measured at the given control surface S. The exterior unconfined
region is then evaluated by specifying. vg = v as the boundary value at S. If the distribution
at S of ug determined from the exterior region calculation does not agree with ur, then the
flow is still affected by the walls and the walls must be readjusted. The iteration continues
until ug and uy agree. Then the flow about the model in the tunnel is unconfined.

To accelerate convergence, a relaxation factor, k, is introduced in the iterative procedure
as '

"

uT(m—l) -k uE(n)+ (1 -1k uT(n) ‘ i )

at S. The tunnel wall is adjusted according to Eq. (1}. The proper selection for the vaiue of k
to speed up iteration convergence will be discussed later.

Alternately, ug = ug can be specified as the boundary condition on S in the exterior
region, and vg can be compared with vy to determine whether unconfined flow exists in the
tunnel. More generally, any two independent measurable flow variables can be used in the
adaptive wall procedure,.

3.0 CONYERGENCE OF THE ITERATIVE PROCEDURE
To provide an analytical proof of convergence of the adaptive wall iterative procedure,

an. interior tunnel. simulation is required :in addition to an exterior flow functional
relationship.



AEDC-TR-78-55

3.1 TWO-DIMENSIONAL TUNNEL
3.1.1 Exterior Flow-Field Relationships

As indicated pre'\;iously,' arni exterior flow-field relationship is required to demonstrate the
adaptive wall concept. The flow field is described by the linearized Prandtl-Glauert -
equation, and the boundary value problem in the exterior, unconfined flow region is shown
in Fig. 2. The boundary-value problem can be solved by the Fourier transform technique
using vg(x, +h) as'the boundary value at y = +h along with the condition of unconfined
flow at infinity. The corresponding uncenfined flow distribution lg(x; = h) at the measuring
plane S is related to the ve(x, £ h) in the transformed plane as ~ ° :

ug (p,th) = LR iy N
B8 Il : _ .
where the barred quantities are the Fourier-transformed variables defined by

ol .

g(p.th) = (2n) 172 f e{x,+ hY e'P¥ dx

—

with p being the Fourier transform parameter. .

Alternately, if ug is the boundary condition at S for the exterior region, then

P

vi (pth) = | -iﬁ-m up (p,ih‘]k 3

Equations (2} and (3) can be inverted into the physical plane as

)

1 Vg {£xh)
“:E {x,h} = pr F . d€ (4)
and
_ A . " ng §Ehy ‘ .
\.vE(x,:!"h] = g f EHX : df_ ' o - (5)

which are the familiar exterior flow functional relationships presented in Ref. 2.
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3.1.2 Interior Flow-Field Simulation .. TR

Simulation of the interior flow field is required strictly for the theoretical proof of
convergence. It should be emphasized that the power of the adaptive wall concept is that it
never requires the calculation of the interior. flow field when applied to a real wind tunnel.
The measured tunnel flow is simulated here by the analytical model of the flow in the'tuhn‘el ‘
described by the boundary-value problem shown in Fig. 2. ' o

Based on thin airfoil theory, the thickness and camber (including incidence) of an airfoil
may be treated as symmetric and asymmetric problems, respectively, if the conirol surfaces
are selected symmetrically about the airfoil. The boundary-value problem outlined in Fig. 2
can be divided into symmetrical and asymmetrical prob]efns as given in Fig. 3. Thus, the
velocity components at the control surface can also be divided intc symmetrical and
asymmetrical components as

up (th)

1l

up (h) +up (2h) | ©

and

Vvop {+h) \rTS {zh) + VTA (th} N

Then the symmetric and asymmetric perturbation velacities can be written in terms of the
velocity components at the control surfaces as

: .
o h) =~ [up®)ugih] (8a)
1 : Co
G [ur @) upi) (9a)
and
v () - = [op )+ vp ()] (9b)

For the symmetric problem, the transformed normal \{glocity, GTS, in the tunnel can be
expressed as a function of the model geometry and an arbitrary distribution of the
longitudinal velocity, ur,, as

vr () = 8 I_E_l tanh (|pBh) up {p:h) - sech (pBh) Fp) © L (10)

/
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where

o0

F{P) = (207172 - f "Fx(xi ei_Px_dx.: ‘
L W . \

The model thickness distribution, F(x), can be interpreted as a ‘*‘potential equivalent”
airfoil profile including viscous effects. It is reasonable to assume that the same equivalent
profile exists in an unconfined flow condition. The solution for unconfined flow is readily
obtained in the transformed plane (Ref. 3) as

— i p - - ‘
(ph) = — —— elPI BR () (1D
e P T B T A -
v_ iph) = e lPl B (12)

 For the asymmetric problem, the normal velocity in the tunnel can be expressed as a
function of the model camber and incidence and as an arbifrary distribution of the
longitudinal velocity; thus,

< P . -0 3 = (13
VTA(]J,]'I) = if i cath (|p}8h)urj-A p,h) — 2 To] -csch Upléh)y(p) - (13)
where _ .

vip) = (@mi % f y {x) e'P¥ dx

— )

The distribution of vortices, y(x), is used to represent the model camber and incidence. With
the assumption of vortex strength remaining the same for confined and unconfined flow
conditions, the solution for unconfined flow is expressed as

n lph) = - o[RBT (14)
A 2

= ony - PP ~lplBh 5 - :

Y ) = g TR (s

¥

3.1.3 Proof of Convergence _
- The convergence of the iteration procedure will be proved for the symmetric problem
first in the transformed plane since the functional retationships and tunnel simulation are in
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simple algebraic form in that plane. The iteration is initiated with an unspecified tunne] wall
configuration which provides the arbitrary initial value of flow quantities, u(T) and v, ), orin
the transformed plane, u(ToI and v;o), at the measuring plane y = h. Followmg the iterative
scheme shown in Fig. 1, one can obtain the n' iterative values for uE and uTs at
y = h by appropriately utilizing Egs. (2), (3) and (10) to yield

_r.l. tanh (pBh) u ‘(p,h)+§/\,rn =0

P ‘ o 5 . TR ‘
_(n] o : p i - ' ‘ .
wg (ph) = { —— ranh (pph) GI™ + ~A, - - (L6)
. lpl ‘B SN
r=12.....
and .
(a) (n-1} {(n-1}

- ET (p,h) = w EEs p,h)+ Q2 - GT; p,h)
17

= ¢l -1,2 ...,

where w is a relaxation factor defined in the transformed plane to accelerate convergence and

i _ n-l‘
¢ _ gnlg, @ (I—Ql Aon=2,3..... - (18)
g - :
where .
_ : (o) ' (o) .
Gl - E‘“ %;Ts () + L—w) Ty () o
| @ (19)
8 =1 -0 (1 e (|p_|‘ﬁh):| | (20)
A - ﬁ sech (pgh) F (p).- .
. P ..

It should be noted that 92 < 1 for 0 < w < 1. As the iteration proceeds, the effect of the’
initial tunnel conditions (represented by G) diminishes. In the limit as n — « it is readily

established that
fim oy _ @A TP 518K ‘
G = - = - — F{py 22
e Y T B B Ta) o @2

10
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which is equal to ﬁw(p,h) as indicated in Eq. (11). Consequently, in the limit n — o,

(n) , in}
fim = i (P!h) - Fira ‘

T Vg T I R )
and, hence, convergence of the adaptive wall method to ‘unconfined flow is established
independent of the initial tunnel conditions for nonlifting airfoils in subsonic flow. It is
important to note that the iteration procediire converges independently of the relaxation
factor for values § < « < 1. It should also be noted that convergence can be demonstrated
in a similar manner for the alternate procedure of =slzveciﬁ};ing vT, instead of uy, at the control

surface.

Similarly, the asymmetric problem can be shown by using Egs. (2), (3}, and (13
following the scheme shown in Fig. 1. Since the problem is linear, the general problem
including the symmetric and asymmetric portion is also convergent independént of the ipitial
tunnel conditions.

3.2 AXISYMMETRIC TUNNEL
3.2.1 Exterior Fiow-Field Relationships

The flow field in the region exterior to and including a circular measuring surface at
r = R is described by the linear potential flow equation in axisymmetric coordinates and is
shown in Fig. 4. With the boundary condition specified at r = R as ve(x,R) and at infinity as
unconfined flow, the potential flow equation can be solved by Fourier transforms for the
exterior region. The corresponding flow distribution, ug(x,R), at the measuring surface
(r = R) is related to vg(x,R) in the transformed plane by

K (p|BR) —
P ;

_Ep 2 PP SeR) )
B el K, Up|[BR}

g (p.R)

where K, and K; are modified Bessel functions of zero and first order.

If ug is specified as the boundary condition at r = R, then

p iKl (p|BR)

v R = —iff — ——m———
vp R BT € Grlpm

PR (25)

11
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The unconfined flow field is determined about a body of revolution with its axis atr = 0.

Using the Fourier transform technique, one can derive the streamwise and normal velocnty
components at the measuring surface as

w, (p,R) = ip K_(Ip|BR) Qlp) . 26
and o
Yo (:R) = |p| K; (pl SR Q(p) o e2)

where

Q) = (2!7)—1"1‘ f Q. &) elP* dx
3.2.2 Interior Flow-Field Simulation

In order to verify convergence of the iterative procedure, it is necessary - to
mathematically simulate the interior flow field as shown in Fig. 4. If the linear potential flow
equation in the transformed plane is used with boundary conditions specified as vi{p,R) and

the model geometry as used in Eq. (26), the solution to the boundary-value problem for the
interior region can be derived as :

I{plBR} _ Ciop o Qlp)

— v p.R)+ = —

3 ) i p - Qfp) ‘. .
B 1el 1,(p|BR) B |rl BI(p|BR) (28)

U—T (P: R
where [; and [, are modified Bessel functions. If uy(p,R) is specified, the solution becomes

1 (18w 3

vp@R = if — ——— upp R ——
@R -8 T e TN T e 29)

3.2.3 Proof of Convergence |
In the transformed plane, convergence of the iterative procedure shown in Flg 1 can be

demonstrated. Using Eqs. (24), (25), (28), and (29), the n'h iterative values of ug(p, R) and
ur{p,R) are determined from given initial values, u-,- (p,R) and v-(r)(p,R), to be

12
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K, (p!BR) 1, (p|BR) _(o)

_ u (,'R)+—i- Ayn= 0
KB (plB0 T B
. ! !
o K GelBRT RIBRY  a (0)
£ K, (1p!BR) I (|p[BR) B
n=1,2.....

and

_tm) el -1
up PR = wug PR+ 0 ~whup {p.R)
:.G!n)"n =1,2..... _(31)

where « is a relaxation factor defined in the transformed plane and is selected to accelerate
convergence. The recurrence relationship of the iterative scheme is '

n-1
G(n) - n-lgl @ 1-0

Ane 28 ... (32
1-0 _

where

(o] (o}
eLL LI e ;T PR+ 1 —a up {p,R)
B

. (33)
| K _(p|BR) 1;{p|BR)
[¢) = 1l—w|l+ :
K, (piBR) 1 {|p|BR) (34)
, Ko (zlBm) Q)
A= o 1.(lp|BR) K, ({p|BR) : 35)

It can be shown that 22 < 1 for 0 < w < 1. With this restriction on w, the effects of the
initial conditions diminish as the iteration proceeds. In the limit as n — =, the recurrence

relationship becomes

: A1
fim G - 22

n-— o B 1=

= = ip K, (p BRI Q)

13
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which is equal to u_ (p,R) as indicated in Eq. (26). Also, in the limit asn — «,. - ..

_{al _(n)
lim Sp (R = lim wp (R - lim ™ = T _(p,R)

n-+oo -k -

and, hence, convergence for the axisymmetric iterative scheme has been estabhshed which is
independent of the initial conditions.

4.0 ONE-STEP CONYERGENCE FORMULAE

A technique to speed up the convergence of the iteration process is important, as
indicated before. For subsonic flow, a formula can be derived for determining conditions of
unconfined flow in one single step. Consequently, for an adaptive wall wind tunnel it is
conceivable that unconfined flow could be attained in a single adjustment of the tunnel
boundary.

4.1 TWO-DIMENSIONAL TUNNEL

The conditions for unconfined flow in a tunnel can be achieved by properly choosing an
optimal relaxation factor. From Eq. (20), the optimal relaxation factor, w, can be obtained
by setting @ = 0 as

1 :
Copt = T anh (5| B) (36)

which is in the transformed plane. One-step convergence formulae are derived by
substituting wyy of Eq. (36) into Eq. (17) as given in Ref, 3 for the symmetric case,
Alternately, one can obtain one-step formulae to relate the unconfined flow variables

with tunnel variables through the model profiles. Specifically, the elimination of [_-?(p)
between Eqgs. (10), (11), and {12) yields the one-step formulae for the symmetric problem as

i (ph) = e—lpiBh l:sinh (|p|Bh) ug (p,h]+}3— TLI cosh (pﬁh);T (p,h):!_ (3D
a 5 . P 8 -

and

. P o _
v, (b} = — olplBh [lﬁm sich ({p|Bh) up {(p,h} — cosh (pBh) v (p,h)] (38)

5

14
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Smularly. one combines Eqs. (13), (14), and (15) to eliminate the distribution of vortices,
-y{p) and obtains the one-step formulae directly related to the tunnel flow variables, u 4 and
V1, » @l the upper control surfaces as

;‘”.\ (p,h) = e“lPlﬁh [cosh_(pﬁtl)_ETA {p.h) +é vl—E—l— _sinh {|p|8h) ‘TTA (p,h)] . (39)

and

[=~]

Voo, (poh) = _e—lpIBn [i,sl_PT cosh (pB) up (p,h) — sioh (ip |Bh) GTA(p,h)] (40).

~ For a thm airfoil, the desired one-step formulae are obtamed by superposition of
thickness and camber effects from Eqgs. (37), (38), (39), and (40) w1th the aud of Egs. (8) and
(9).

< |

[ )

B = u, B+, B

Lol | By - o8 T

S 185

B el e (41)
P - = helelBr [T B
LB elrlBhy m) _-i P olelBhy (_h]

B-hil‘ - T g 7| b (42)

Similarly, u.,(-h}, Vo.(h) at the lower control surface can also be obtained. The above
pair of equations can be inverted into 1he_physica1 plane as the following expressions:

i f 1 61,1 S ‘uT(§,¢h)
u_(x, th) = EuT(x-’ th)‘——ﬂ— 4 T dé
oo v, (£, Eh) ' w v (& FH)
1 T 1 T
F— - e — (&~ x) d
" B #f i s _Wf o X (43)

135
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and o LEF)

1
Voo (2h) = = vy (x, th) - = f Py dé
. - oo u (£,+h) o o (& Fh)
« 8 T v B . (€ —x) dé
2 oo é’—x . 2‘?7 —r k(f— '.'() ' ) ) (44)
where ' :

ki€—x) = 2802 + (£ -2

and u_, ur, v, and vr are the perturbaticn flow variables. The preceding one-step |

convergence formulae give the unconfined flow variables, u_(x,+h) and v_(x, £ h) at the
control surface, when the flow variables, ur(x, +h) and vr(x, £ h), are in hand for any
arbitrary model.

4.2 AXISYMMETRIC TUNNEL

As in the two-dimensional case, the one-step formulae for accelerating convergence can
be derived by relating tunnel variables in Eqgs. (28) and @9) with the unconfined variables in
Egs. (26) and (27) and eliminating the model geometry Q(p) to obtain

I (p|BR) _ p _
vpp, R) — i — T {|]p|BR) np(p, R} ~(45)

u_(p,R) = ipBR k_ (lp|BR) ™

and
v, fp, R) = |plgR %, {lp|BR) [Io([plﬁﬂ);-r-(p. R) — iﬁ;ﬁllﬂplﬁﬁ) HT(p,B)] T (46)

An approximate expression in'the phys:cal plane is derived for Eq (45) in Appendix A, The
resulting expression is : .

o GO RY - é[uT(x,R) . uE(x,m]

1 x vo (& R)-{E-%) -
1 T
) L bn f PPN e © o
m=1 —ee (E—x)* + (mBR/2) o

: Mo up (€, R) (mBR/2)
- c _ d¢ -
m=1  —= {£—x)?+(mBR/2)?

(47)
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4

where ug is the exterior flow functional relationship equation, Eq. (24),

o v (£ R) M e v ,Crf,lB}-(f—x)'
ug &, R) = -t ; & — L e ~ ‘
B 3 - BT e (x4 (mBR/D)?

d¢

where a,,, by, and cy, are coefficients of exponential curve fits 10 Bessel functions defined in
Appendix A, :

An expression for the other unconfined variables v, (x,R) has not been inverted into the
physical plane. In the following numerical examples, this variable is not required directly but
can be determined from the finite-difference computation on the next iteration using
u,(x,R) as the -boundary condition for the interior flow field.

5.0 NUMERICAL EXAMPLES
5.1 TWO-DIMENSIONAL TUNNEL
5.1.1 Subecritical Flow

An NACA 0012 airfoil at zero angle of attack and M = 0.6 s chosen as the first example
to illustrate the convergence of the adaptive wall iterative procedure. For simplicity, the
open-jet boquary is selected at the control surface symmetrically; i.e., Lﬁ-)(x, +h) = 0. The
interior flow field is computed by the transonic airfoil program TSFOIL (Ref. 10) to obtain
Jﬁ(x, +h) as shown in Fig. 5 by a dashed line. Notice that the normal perturbation velocity
component is converted to degrees to make it consistent with units of flow angle.

With the distributions of L%-T-)(x, th), VEI?)(X, + h), the basic iterative procedure outlined in
Fig. 1 is carried out using Eq. (1) with k = 1.0. The boundary condition is updated on each
successive iteration by the exterior relationship in Eq. (4) and convergence to the unconfined
distributions is achieved by the fifth iteration. The results for the velocity components at the
control surface are presented in Fig. 5 and for the airfoil surface pressurc distribution in
Fig. 6. '

Using one-step formulae, Egs. (43) and (44), with the same initial distributions of
ulTo'(x, +h) and v({”(x, +h), one can determine the uy(x, £h) and v, (x,+ h) at the control
surface in a single step. These distributions are in good agreement with a separate
computation with TSFOIL for unconfined flow as shown in Fig. 7, which demonstrates the
capability of the one-step formulae. Furthermore, with the boundary conditions specified as
u (£ h) or v (£ h) in the tunnel region, the airfoil surface pressure distribution is obtained

as shown in Fig. 8, which shows excellent agreement with the unconfined solution.
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The second example is a lifting case with a NACA 0012 airfoil at o = 1 degand M = 0.6.
Starting from a closed tunnel, i.e., ¥ix, +h) = 0 at the control surface, the dnsmbunon of
uT(x, +h) using TSFOIL is presented in Fig. 9. With the distribution of uT(x +h),
\}otx +h}, the one-step equation determines u(x, +h), v(x,+h) which agrees with a .
separate TSFOIL computation as shown in Fig. 9. Similarly, the airfoil pressure distribution
illustrates the excellent agreement with unconfined flow results as shown in Fig. 10.

5.1.2 Supercritical Flow

- For subsonic Mach numbers with locally supercritical flow, the one-step formulae can be
used in the iteration procedure to accelerate convergence. An NACA 0012 airfoil at
M = 0.8, @ = 0 yields resuits as shown in Fig. 11 with only one additional iteration to
achieve convergence. For lifting conditions M = .72 and @ = 1 deg, convergence is also
achieved by the second iteration as shown in Fig. 12

5.2 AXISYMMETRIC TUNNEL

Two numerical examples chosen to demonstrate convergence of the iterative procedure
for axisymmetric flow have utilized the one-step expression of Eq. (47). In both examples a
transonic small disturbance program is used to simuiate the interior tunnel flow field over a
parabolic arc body of revolution with fineness ratio of ten. The boundary condition, u{R)
at the control surface, is varied on each successive iteration based on the calculations from
Eq. (47). In the first example, the flow is subcritical throughout, and in the second example
the flow field is supercritical in the vicinity of the model bt subcrltlcal at the control
surface. - :

In the first example, Mach number is 0.9, R/fis 0.5, and the initial condition, lﬁ’(x,R),
represents an open jet boundary condition. The flow field is subcritical and remains.
subcritical when the’ boundary conditions are -updated from- Eq. (47). Therefore,
convergence to the unconfined flow conditions using the one-step formula should be
achieved on the first iteration. The results in Fig. 13 verify that convergence has been
reached on the first iteration for the control surface velocity component distributions and
the body surface pressure distribution.

[n the second example, Mach number is 0.975, R/¢is 1.0, and the initial condition,
ur(x,R), is selected as an open jet boundary condition. Because ‘of the increased -Mach
number, the flow field becomes supercritical but remains subcritical at the conirol surface.
Under these conditions, the one-step convergence formulae accelerate convergence.
Convergence is achieved on the third iteration as indicated in Fig. 14.
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6.0 CONCLUDING REMARKS

The analytic proof of convergence of the adaptive wall method using the subsonic small
perturbation theory has established the validity of the concept of the adaptive wall wind
tunnel. The development of one-step convergence formulae to increase the convergence
speed of the iterative procedure has provided the practicality of the adaptive wall method.
Numerical simulations have demonstrated the effectiveness of one-step formulae in
accelerating convergence for both subsonic and transonic flows.,
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Figure 1. Block diagram of the iterative procsdure of the adaptive wall concept.
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Figure 3. Mathematical model for thickness and lifting problems. _
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Figure 5. Velocity componant distributions from iterative procedure
far NACA 0012 airfoil, k = 1.0 at the control surface,

h/c=03,M=06,a=0.
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Figure 6. Airfoil surface pressure distributions based on iterative
procedure results for NACA 0012 airfoil, h/c = 0.3,
M=086,a0=0,
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Figure 7. Velocity component distributions from one-step formulae
at the control surface for NACA airfoil, hic = 0.3,
M=106c=0. '
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Figure 8. Airfoil surface pressure distributions based on one-step
results for NACA 0012 airfoil, h/c = 0.3, M = 0.6, -
a=0, )
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Figure 9. Velocity component distributions from one-step formulae

at the control surface for N

M=06,a=10.
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Figure 10. ‘Airfoil surface pressure distributions based on one-step

results for NACA 0012 airfoil, h/fc = 1.0, M = 0.6,
a=1.0.
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F1gura 11. Airfoil surface pressure distributions based on one-step
results for NACA 0012 airfoil, hifc=1.0, M =038,
a=0Q,
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Figure 12, Airfail surface pressure distributioné based on onestep
results for NACA 0012 airfail, h/e = 1.0, M = 0.72,
a="1.0. '
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Figure 14. Distributions of velocity components at the control surface (R/¢ = 1.0}
and body surface pressure on a parabollc arc body of revolutlon SZ/d 10
M=0975 a=0.
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- APPENDIX A

INVERSION OF THE AXISYMMETRIC ONE-STEP CONVERGENCE FORMULAE

Unlike the case of two-dimensional flow, an analytic inversion of the'one-step con-
vergence formulae for axisymmetric flow, Eq. {45), intc the physical plane is not available.
An approximate inversion is derived as shown below. Using the exterior flow functional
relationship, Eq.. (24), ' :

- K, (plBR} _

VT[P, H)

51 | K, ([p|BR)

"U

uE(p, B.) =

the one-step equation in the transformal plane, Eq. {45), may be rewritten in the form

. i p KT
u, (p, R) = [T(p,H)+uE(p,H)] [ — 2K W LW | vr (p B
Blo| Ky

‘[E _AK, m] ap (, R)

(All Bessel functions Iy, K,, K| have argument A = | p |BR.)

This can be inverted into the physical plane as

u (GR) = ;‘[“T (x,R) + ug {x,R)]

(e _x)

1 ¥ adte g
_ b f &R A
s 2 " . ¢ _ %)%+ (mBR/2)? Ve g

1 °° mB3R /2 '
——2 ¢ f F wpl&R) dé
i o0 & _x)? + imBR/2)? -

where

LT e > € - ;
uglx, R = — i df~— A chil vl&R) df
rﬁ £ x B (£ _ %)% + (mBR/2)Y?

The 2, bm, and ¢, are, respectively, the coefficients of the exponential series approximation

of the following Bessel functions:
K (W—K 4 .

R - a e—MA/2
K, A o

m=1
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‘ Ny
K V) ‘
o 1 : —mA/2

— = AK (NI, (A = b_e

K, 0 [2 Mot 1()] z : i -
"m=1 : .
: M . 'j_“' -
—Q-—AKQ(M II(A} = . e —MA/2 - ¢
. m=1 o

The coefficients a,,, by, Cm, are determined by truncating the curve fits at M = 5. The
value of these coefficients used in the numerical demonstrations in Section §-are as follows: .

o
1]

{-1.748, 9.557, —26.203, 31.026, —13.624}

m
b_ = 10.661, —1.979, 13.078, —0.609, —1.137}
e = 10.835, —3.379, 8.115, —7.387, 2.323}

ma=1,2..,5
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NOMENCLATURE :
Coefficients of exponential curve fits (Appendix A) |
Small disturbance pressure coefficient, -2u
Airfoil chord -

Maximum diameter of axisymiﬁetric body

| 2-D model profile

Defined in Eq. (17) for 2-D flow and Eq. (3I) for | axisymmetric flow
Location of 2-D control surface (Fig. 2)
Relaxation factor in physical p]éme
Axisymmetric body length

Fourier transform parameter

Axisvmmetric model] profile

Location of axisymmetric control surface (Fig. 4)
Control surface

Perturbation velocity components parallel and normal to free stream,
respectively (normalized by free-stream velocity)

Axisymmeiric coordinates parallel and normal to free stream, respectively
2-D coordinates parallel and normal to free stream, respectively

Airfoil incidence, deg

VI - M2

2-D model camber and incidence

Defined in E{.;. (21} for 2-D flow and Eq. (35) for axisymmetric flow

Perturbation velocity potential normalized by free-stream velocity
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G Defined in Eq. (20) for 2-D flow and E.q. {34} for axisymmeti‘ic flow
w Relaxation factor in transform plane
Subscripts

A Asymmeiric component

E Exterior region

m Summation index

5 Symmetric component

T Tunnel interior region

o Free-air condition

Superscripts |

(n)t Iteration number

* Critical value

Notations

P Absolute value
) Quantity in transform plane

z Summaticn
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