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Abstract tic computations, are the relatively low compu-
tational cost and the simplicity of the gridding
The effect of small perturbationson steady and geometry preprocessing. Two modifications
transonicsmall-disturbancédlowfield is studied. are introduced into the inviscid TSD theory and
A time-lineariseatime-domainsolution method existing potential code TranFlow2D (Trsonic
thatincludesthe shockmotioneffectsvia ashock Flow 2D) to improve the accuracy of time-

jump correction procedureis presented. This linearised solution. TranFlow2D is a suite of For-
correctlyaccountdor the small-amplitudeshock tran 90 codes capable of computing inviscid non-
motions due to small unsteadychangesin the linear steady and unsteady, and time-linearised
aerofoilboundarycondition. The methodalsoin- frequency-domain and time-domain solutions. A
cludesthe shock-generateéntropy andvorticity Mathematicapackage is also developed to as-
effects. Steadyandfirst harmonicpressuredis- sist the preprocessing (grid generator) and post-
tributionsfor NACA 0003andNACA 0012aero- processing processes for the TranFlow2D code.
foils are computedand comparedwith thoseob- First modification is the inclusion of the shock-
tainedfrom the NAL’s Eulercode. generated entropy and vorticity effects to en-

hance the capability of TranFlow2D code in sim-
ulating flowfields with strong shocks. The second
modification involves a procedure the first au-

Transonic flows are characterised by the pres- thor refers to as the ‘shock jump correction pro-
ence of adjacent regions of subsonic and super- cédure’ that allows one to include the effects of
sonic flow, usually accompanied by shock waves. Shock wave motion by ‘correcting’ the unsteady
In the past, there has been much activity in the cOmponent of the time-linearised solution behind
development of computational methods for the the shock. Previously time-linearised equation
analysis of time-linearised transonic flows. This Was solved in the frequency domain by numer-
activity was motivated by the need to supplement ©OUS researchers, including the_ earliest by_ Traci,
expensive and time consuming wind tunnel tests AlPano and Farr Jr. [17], Hounjet and Schippers
with an affordable, fast and reliable alternative.  [15], Hounjet[10], and most recently, Greco, Lan
This paper presents a solution method and Lim [8], qtlllsmg a variety of comp_utatlonal
for computing time-linearised solution to the methods o_f different levels of complexity, where
general-frequency transonic small disturbance ShOck motionwas neglected. However, Fung, Yu
(TSD) equation subject to non-reflecting farfield and Seebass [5] were able to compute the time-

boundary conditions [13]. The advantages of linearised time-domain solution including shock
the TSD formulation, particularly for aeroelas- Motion effects, but their theory is based on the

1 Introduction
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low-frequency TSD equation, hence applications is positive/negative, and its solution contains dis-
will be restricted to low-frequency flows. continuous jumps that approximate shock waves.
Here the unsteady flow is treated as a small Non-reflecting boundary conditions, derived
perturbation about the nonlinear steady flowfield, from the theory of wave propagation, are em-
which results in a coupled problem for the steady ployed at the far-field computational boundaries,
and first-order unsteady reduced potentials. The and Kutta condition is satisfied in the wake region
steady problem is governed by the steady TSD behind the aerofoil. The flow tangency bound-
equation [5, 13, 17], and shock-generated en- ary condition is imposed on a flat mean surface
tropy and vorticity effects are incorporated. The (approximation to the aerofoil) in terms of aero-
first-order unsteady equation is linear, locally of foil slopes, where the upper/lower side is defined
mixed elliptic/nyperbolic type depending upon by z= h*(x,t). The unbounded physical domain
the nature of the steady-state solution, and solved around an aerofoil is truncated at some finite dis-
in conjunction with the shock jump correction tance. Non-reflecting far-field boundary condi-
procedure. In the closure, comparisons of com- tions are imposed and serve to simulate the dis-
puted results for NACA 0003 aerofoil with a har-  turbances that propagate outward from the aero-
monically oscillating flap, and NACA 0012 aero- foil to infinity. This allows the solution to prop-
foil pitching harmonically about quarter-chord agate through the artificial computational bound-
point, with those obtained from the NAL's Euler aries as if there are no boundaries present. Con-

code will be made and discussed. sequently, the far-field boundaries can be moved
closer to the aerofoil, and offer greater freedom in

2 General-Frequency TSD Equation tradeoffs among grid density, accuracy and com-
and Boundary Conditions putational cost. The boundary conditions [6] im-

_ _ o posed upon the flowfield are depicted in Figure 1.
a thin aerofoil is assumed to be governed by the

general-frequency TSD equation [6, 11], which
may be written in conservation law form,

f across the Wake surface.
Any shock wave that exists in the flowfield
must satisfy the shock jump condition derived

0 0 from the conservation law form of Equation (1),
a0+ 20 + g B+ W]

_ aﬂz[mogchz] —o ) (a+ 2<w><<px>— (v + DW{p)”
where , + M;2<(p2> =0, (3)
1- Mg 0 .
= m — a_(xp (2) where/ and d\/dt denote the instantaneous po-
a\Y _ sition and speed of the shock wave, respectively,
In the above and subsequent equatiogs= W is the averagdV value across the shock and

0@/0x, (x,z) represents a dimensionless rectan- (@) is the jump ingy across the shock (down-

gular cartesian coordinate system with the coor- gream minus upstream). The shock an@yg
dinates based on an aerofoil chord lendthas relative to the positive-axis, is

the characteristic lengthscale, the dimension-

less time variable based on the reciprocal of an- Bsw = — (@) /(@) (4)
gular frequency, @: the reduced potential based
on the freestream fluid speédi, times/, M: 3 TimelLinearised Formulation

the freestream Mach number, aypdthe ratio of

specific heats (about 1.4 for ambient air). Equa- We treated the unsteady flow as a small pertur-
tion (1) is locally of elliptic/hyperbolic type rep-  bation about the nonlinear steady flowfield [13],
resenting local subsonic/supersonic flow wkién  which resulted in a coupled flow problem for the
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Fig. 1 Boundary conditions for two-dimensional transonic flow computations.

steady and first-order unsteady reduced poten- rectangular regions. The mapping functions are,
tials. The main dimensionless parameter govern- in general terms,

ing the unsteady flow is the reduced frequency or

Strouhal numbek = w¢/Us. The disturbance is £=E&x and (={(2), (7)
assumed small [5, 16], so that the aerofoil motion where& and { are the dimensionless computa-
and reduced potential can be respectively time- tional coordinates in the- andz-direction.
linearised as, to first-order approximations, Substituting (5) and (6) into Equation (1) with

+ 4 associated boundary conditions, and separating
(% 1) =15 () +hu(x, 1), () the steady and unsteady components, we found
(% zt) = ¢s(%,2) + Qu(x, 2 1), (6) thats satisfies (steady TSD equation),
where subscripts s and u are used to identify 0 [y+1, 01 %00 _o 8
the steady and unsteady components of a time- 08| 2¢, S| ar|mMzE o | (8)
linearised quantity. In approximation (5), the
aerofoil thickness effect is included in the steady Where 1 M2 o0,
flow analysis, whereas the unsteady analysis is Ws = W‘F&l) _Exﬁ' (9)

performed for an aerofoil of vanishing thickness, . N
but submerged in a steady reduced potential field. The required steady boundary conditions are

To facilitate the use of high grid point den- those depicted in Figure 1 without the time-
sity around the aerofoil, a smooth nonuniform dependent terms and witl replacingg. While
computational mesh is constructed via an alge- the unsteady componeqy satisfies

braic mapping process. In the mapping pro-

cess, the far-field boundaries are kept indepen- %[E 1{ %—?—i—%%—?] —%[(v-l— 1) %WS%—(?]
dent of the aerofoil, and aligned with respect to X52 z z

the freestream direction, so that both the physical _9 [iéa_%] =0 (10)
and computational domains are contained within 0C [ M2 & ¢ ’



and the required boundary conditions are given
in Figure 1 withg, replacingg. Equation (10) is
linear with respect tap,, and both (8) and (10)
are of the same mixed elliptic’/hyperbolic type as
(1). Onceyis determined, the isentropic pressure
coefficient G can be computed from

Cp:Cps+Cpu
09 . 0y 9q,
= 2|8+ & 4 11
oo oGt ) D

where the first term on the right side corresponds
to Cpsand the rest correspond teC The critical
pressure coefﬁcient:ps defined by

o —21-m2)
P oME(y+1)
The solution forgs, which does not depend
on @, is solved independently, and is then used
in the solution process fag,. This approach has
the benefit thatps need not be regenerated for

(12)
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where
Ne =95 —9, (14)
«~ |2+(y-1M3 :
=l yrome | (13
§=3(V-1/9), (16)
—~ 1 PN Xa_(ps
8:v( +V) &5 a7

0 Y
1+P+&5¢

wheret is an artificial time scale.

In the modification to include vorticity ef-
fects, the velocity vector is treated as a sum of
potential and rotational components [2], and the
rotational component assumed to exist only in
the region downstream of the shock. Since en-
tropy is constant for steady flow, and imposing
that the shock curvature is negligibly small, the
streamwise component of the fluid velocity vec-

each unsteady boundary disturbance or reducedtor (us = 1+ @) for grid points behind the shock

frequency of interest.

3.1 Inclusion of Shock-Generated Entropy

and Vorticity Effects

The shock-generated entropy and vorticity ef-
fects, similiar to those reported in references
[4,7,9, 18] are incorporated into the steady anal-
ysis, so that flows with strong shocks can be sim-
ulated more accurately. Thence, Euler-like solu-
tions are obtainable from the TSD theory.

Rotational effects become significant when
strong shock waves exist in the flowfield, since
vorticity is generated due to the entropy changes
along the shock. Such effects are excluded in
the conventional TSD theory because of the ir-
rotationality assumption necessary for the exis-
tence of a velocity potential. Therefore, inclu-
sion of the shock-generated entropy and vorticiy
effects is necessary when modelling such strong
shocks. We replace the streamwise flux of Equa-
tion (8) by an alternative flux [1, 9, 18], and
rewrite the equation with an artificial time deriva-
tive [11, 12, 13] appended (see Section 4),

ops 0 [V+1wz] 1 {0

0
T 2g ‘&[M_éiﬁ]’ 13)

is modified to

0 1 AS
uS:l_FEXaL?_Wﬁ’

whereASis an entropy jump a fluid particle ex-
periences when it passes through a shock,Rand
is the specific gas constant. The entropy jump is
a function of the normal Mach number upstream
of the shockM, (Rankine-Hugoniot shock jump
relation),

(18)

AS 1
R y-1

[ZVME —v+ 1]
In
vy+1

Y [ (y+ 1)MA
y—1 |2+ (y—1)M2

This obviously requires the determination of the
shock position beforAScan be computed, which
can be easily accomplished since the present al-
gorithm uses a type-dependent differencing [3, 6]
to capture shock waves (refer to Section 4 for de-
tails), and to properly treat local subsonic and su-
personic regions. Consequently, the new steady
equation will have a new streamwise flux defined
by (13) and withus replaced by (18).

] . (19
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Table 1 Case studies.

Motion Case Aerofoll Mo k Oo Ao Og Ad Figure
Flap oscillation 1 NACA 0003 093 0125 °0 0 O T 2,3
2 NACA 0003 0.93 0.25 0 0 0 71 2,3

Pitch oscillation 3 NACA 0012 0.84 0.25 °0 025 O O 4,5
4 NACA 0012 0.84 0.25 0 05 0 0O 4,5

5 NACA 0012 08 025 25 025 0O O 6,7

Note: 0o = mean angle of attack Ao = amplitude of pitch oscillation

0p = mean flap angle Ad = amplitude of flap oscillation
3.2 Inclusion of Shock Wave Motion Effects

oooo Euler (NAL)
—— Modified time-linearised TSD

-0.8 0. 75 1

Fig. 2 Comparison of steady pressure distribu-
tions for the NACA 0003 aerofoil a1, = 0.93
anddp = 0° (X, = 0.904).

0.25 5 0.

Modifications to the pressure formula and
wake boundary conditions are also necessary.
The modified pressure formula consists of an
isentropic term (formula (11)) from the isen-
tropic model, entropy related term and correc-
tion term due to vorticity. The wake boundary
condition requires that the pressure be continu-
ous across the wake, and since the pressure for-
mula is now no longer containing just the isen-
tropic term, the isentropic wake boundary con-
dition must be modified to accommodate these
changes. However, as discussed by Hafez and
Lovell [9], the changes due to vorticity approx-
imately cancel the changes due to entropy, and
thus, the isentropic pressure formula still applies.
Consequently, the wake boundary condition is
identical to the orginal form as given in Figure
1 and formula (11) applied.

In two-dimensional small perturbation transonic
flows the shock waves that usually occur are
nearly normal to the flow direction [16]. There-
fore, we can assume that if the steady flowfield
has a shock, then this shock may be approximated
by a normal shock. We computed the shock mo-
tion in conjunction with the solution to Equa-
tion (10). The shock motion effect is incorpo-
rated into the computation by correcting the solu-
tion values behind the shock, such that the time-
linearised form of Equation (3) is satisfied.

The shock motion is time-linearised [5, 13] as
follows, to first-order approximation,

At) = As+Au(t), (20)

where|/A| is the amplitude of the time-linearised
shock displacement. The reduced potential at the
shock is expanded via a Taylor series expansion
aboutg = &(As) to give

Substituting (6) and (20) into (21), and ensuring
there is no circulation around the infinitesimal
paths threading the shock front provides

<(pS(ASa Z)> = 07
(@A L,1)) = —Au<zx%i§>. (23)

00

oAt = ZO

|
m:m.

9
XGE

AT

) . (21)

(22)

In addition to the above relations, the shock speed
relation is required, so thdt, can be computed
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Fig. 3 Comparison of jump in first harmonic pressure across the NACA 0003 aerofoil with a har-
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201

15+

k=025
0.55

0.5
T

monically oscillating 9.6% chord flap 8. = 0.93, k = 0.125 (left plot) and 0.25 (right ploty = 0°

(Xh = 0.904) andAd = 1°.

from the known values ofs and@,. Simplify-

ing Equation (3) for normal shocks (i.e. imposing
(@) = 0), and making use of (6) and (20) leads
toWs = 0 and the following shock speed relation,

dA, _y+1, 90,

d — 2 o’
Relation (24) is integrated at the shock foot at
each time level of the solution process.

(24)

4 Numerical Solution Procedure

The numerical solution procedure involves ap-
plying the method of false transients [12] to solve
Equation (8) forgs, and noniterative alternating
directional implicit (ADI) method in conjunc-
tion with the shock jump correction procedure to
solve Equation (10) fop,. In the method of false
transients the artificial time derivative is evalu-
ated by a general time difference rule, written in
Padé form, and the spatial terms of the resulting
equation is then approximately factorised. Time
step cycling is employed as well to enhance the

1.67

oooo Euler (NAL)
—— Modified time-linearised TSD

0.55 0f5 Oﬁ
Fig. 4 Comparison of steady pressure distribu-
tions for the NACA 0012 aerofoil a¥l, = 0.84
andog = 0°.

We first write Equation (10) and boundary con-
ditions att = t*, and evaluatéq)): by the trape-
zoidal rule and ¢))it by a non-standard second-
order accurate forward differencing using solu-
tion from t,_» to t,+1 levels. Thed-derivative
is averaged betweety andtyy1 levels. Equa-
tion (10) is then split into two half equations with

convergence rate of the scheme, see referencesy, computed along thé = constant lines of the

[11, 12, 13] for more details.
The ADI method computes the solution by
marching forward in time from its steady-state

computational grid in the first half step, and then
along the& = constant lines in the second half
step for@*L. It is necessary to introduce bound-

to subsequent time levels in a two-step process ary values for the intermediate solution (which

from time-levelt, to t,,.1, wheret, = nAt andAt
is the time step. Intermediate valueg at t* are
computed at the midpoint of each time interval.

will not be discussed here) that are compatible
with the interior algorithms corresponding to the
two half equations, so that a global truncation er-
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ror of second-order in time can be attained. Re-
lation (23) is also written at = t* and differ-
entiated with respect to time with (24) replacing
dAy/dt. The((¢f)t) term is evaluated by a first-
order accurate forward differencing, abie(¢;,):

is estimated at = t,, thus resulting in the final
finite difference scheme being globally second-
order accurate in the spatial and time dimensions,
except in the flow regions where shock motion
occurs in which the time dimension is reduced to
first-order accuracy.

In the finite difference schemes, the fiést
and {-derivatives are differenced using standard
second-order accurate upwind and central dif-
ferencing, respectively, while second-order ac-
curate Engquist-Osher type-dependent differenc-
ing [3, 6] is applied to the secorigderivatives.

As the flow changes from subsonic to supersonic
Engquist-Osher operators smoothly change from
central differencing (elliptic region) to upwind
differencing (hyperbolic region). This ensures
a smooth transition from subsonic to supersonic
flow. Hence, entropy violating decompression
shocks will not develop. As the flow changes
from supersonic to subsonic, Engquist-Osher op-
erators change to an appropriate shock point op-
erator [14], and for the computation qf, the
shock jump correction is implemented. The cor-
rection procedure disregards the actual variation
in @y, and thus, is only able to account for small-
amplitude shock wave motions.

5 Resultsand Discussion

The effectiveness of the modifications to the
modified TSD theory are determined by compar-
ing present results with parallel Euler calcula-
tions for the cases tabulated in Table 1. All un-
steady results become periodic within four cycles
of oscillation.

5.1 NACA 0003 Aerofoil Results

The first two cases consider flows over an NACA
0003 aerofoil with a harmonically oscillating
9.6% chord flap (flap hinge &, = 0.904). The
results are compared in Figures 2 and 3.

The steady pressure distribution corresponds
reasonably well with the parallel Euler result as
illustrated in Figure 2, except for the very small
regions just upstream and downstream of the
shock (\s = 0.747) where the modified TSD the-
ory gives a much sharper shock profile. However,
the steady shock strength is well predicted. The
jump in Gys approximates the steady shock wave
and where @s/C; > 1 indicates locally steady
supersonic point.

To assist in the comparisons of the unsteady
results, approximating trace of the pressure re-
sponses in the form of a truncated Fourier series
with only one harmonic is fitted to the results
by a least squares procedure. The fitted param-
eters are then written in complex-valued form.
Distributions of the real (in-phase) and imagi-
nary (out-phase) parts of the jump in perturba-
tion pressure coefficient across the aerofoil (i.e.
ACpy = Cf, — Cy, where G,/Cy, is Gy for the
upper/lower side) per unit of flap deflection are
shown Figure 3 fork = 0.125 and 0.25. The
positive peak of the real part is caused by the
changes in aerofoil slopes across the flap hinge.
While the peak of the imaginary part is due to
the steady shock existence, leading to the obser-
vation that the shocks in the steady flowfield re-
quire corresponding shocks in the unsteady per-
turbation flowfield, which in effect result in har-
monic changes in shock strength. Also noting
that the comparison of the imaginary part be-
hind the shock for Case X & 0.25) is much
better than that of Case k £ 0.125). The am-
plitude of shock displacement is proportional to
1/k, and so, the flow region influenced by the
shock motion effects for high-frequency flows
is small, which suits the application of time-
linearised methods, and hence, leads credence to
the improvement of the imaginary part. Even
though the modified TSD method slightly over
predicted the pressure perturbation peaks, the
comparison is good in general, since both meth-
ods give the same trend of pressure perturbation
distributions along the aerofoil surfaces. Further-
more, all pressure peaks are correctly captured,
particularly the negative peak appeared in the plot
for k=0.25 in Figure 3. The authors suspected
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Modified time-linearised TSD
N 1 Real part

—— Imaginary part

Fig. 5 Comparison of jump in first harmonic pressure across the NACA 0012 aerofoil pitching about
guarter-chord point d&l., = 0.84,k = 0.25, 09 = 0°, andAa = 0.25° (left plot) and 05° (right plot).

the small discrepancies in the comparisons are
due to the amount of incorporated entropy be-
ing slightly different to the true value, and due 08
to the fact that the unsteady flowfield is treated
as a small pertubation about the steady flowfield —Ces 07
instead of the true mean flowfield. However, the

Upper side

2999 Eyler (NAL)

discrepancies in the shock region being small in- -0.8 cooo

dicate that taking the steady flowfield and steady —— Modified time-linearised TSD

shock position to represent the mean flowfield -1.6 555 e 5 {
and mean shock position, respectively, is reason- m

able. The mean shock position (Euler result) is Fig. 6 Comparison of steady pressure distribu-
determined to be about 75.6% chord, which is {jgns for the NACA 0012 aerofoil akl, = 0.8

very close to the steady shock position (modified gngg, = 1.25.
TSD result) of 74.7% chord, a difference in dis-
tance of less than 1% chord.

on the following formula,

5.2 NACA 0012 Aerofoil Results - k
! jf Cpeet, (25)

ACp= ——
A
The next three cases are for flows over an
NACA 0012 aerofoil pitching harmonically —wherel = v/—1 andAa is in degree unit. There
about quarter-chord point, and the results are is no particular reason for using formula (25) to
compared in Figures 4 to 7. The steady part of find Aép here, which is not used for the NACA
Cases 3 and 4 is also studied by Fuglsang and 0003 cases, except that the Euler results are pro-
Williams [4] and Whitlow Jr., Hafez and Osher vided by different group members. In general,
[18], and the steady part of Case 5 is an AGARD the modified TSD method slightly over predicted
test case for assessment of inviscid flow methods. the unsteady results as shown in Figures 5 and
The comparisons of the steady pressure distribu- 7, but able to capture the trend of the pressure
tions in Figures 4 and 6 are exceptional good, distributions determined by the Euler method,
specifically in the accurate prediction of both the i.e. signs of the real and imaginary parts are
shock position and strength. the same. Since the NACA 0012 aerofoil has
The perturbation pressure is extracted based no flap or moveable lifting surfaces where the
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1. 27 Buler (NAL)

oooo Real part

aerofoil slopes change rapidly, the sharp pres-
sure peaks shown by these plots are due to the
shock, and again, well captured by the modified

TSD method. The steady shock positions are

very close to the mean values, thus increases the AC, 0.4¢
accuracy of the time-linearised results. The Eu-
ler method employs a body conformed dynamic

grid system, in which a new grid is generated

at each time level corresponding to the changes
in aerofoil position. While the modified TSD

method uses a stationary grid system with the Fig. 7 Comparison of jump in first harmonic

flow tangency boundary condition imposed On ;.55 re across the NACA 0012 aerofoil pitching
a flat mean surface (approximation to the actual 5pq5,t quarter-chord point M., = 0.8, k = 0.25
aerofoil) in terms of aerofoil slopes. Because of ' 1 75 andaq = 0.25. ' ’

the different grid systems employed, the authors

expected some discrepancies to occur near the

aerofoil leading edge. The discrepancy occurs ) )

only for the real part of the pressure perturba- SONIC flows with strong shocks. Consequently,
tion, and becomes large for large maximum angle Euler-l_lke _solutlons for flpws over .representatlve
of attack. For example, Figure 5 shows the dis- aerofoil WIFh a harmonlcally oscillatinbg flap,
crepancy for Case 4 is larger than that of Case 3, and aerofoil pitching harmonically about quarter-

oooo Imaginary part
Modified time-linearised TSD f
Real part

0. 85

—— Imaginary part

Q
e S VaVaWa

.......

O

-0.4

since the angle of attack can reach upis®Gor
Case 4 compares toZb’ for Case 3. Similarly,
much larger discrepancy occurs for Case 5 since
the maximum angle of attack iS5, see Figure

7. This observation is consistent with the expec-
tation that the distribution of the real or in-phase
part depends on the aerofoil profile and motion,
since if comparing to Case 1 and 2 where only
the flap that moves and 90.4% of the aerofoil is
stationary, no such discrepancies occur near the
leading edge. The small peaks that appeared in
Figure 7 around 30% to 40% chord are gener-
ated by the vortex development in this region.
Again, the modified TSD method captured such
flow phenomenon remarkably well.

6 Concluding Remarks

An effective treatment of unsteady transonic
flow with moving shock waves as a small per-
turbation about steady flowfield was presented.
The solution method, in conjunction with the
shock jump correction procedure and with inclu-
sion of the shock-generated entropy and vortic-
ity effects, has successfully produced accurate
time-linearised time-domain solutions for tran-

chord point, both at high subsonic freestream
Mach numbers, were obtained. These modifi-
cations to the inviscid TSD method leads to the
development of a second version of the Tran-
Flow2D code, a tool that provides the aeroelas-
ticians with an affordable capability to perform
intensive aeroelasticity computations.
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