Discrete gust response analysis of SARAS aircraft
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Abstract: The objective of this work is to analyze the aerodynamic response of SARAS transport aircraft
to a gust condition. A rigid airframe is assumed. The increments in load factors due to vertical gust are
calculated for gust gradient distances varying from 30 to 350ft as per Federal Aviation Requirements
(FAR) specifications. The variations in the angles of attack due to gust and airplane motion are also
studied. This tuned discrete gust analysis includes the effects of unsteady aerodynamics. The analysis
is performed considering the aircraft plunge degree of motion (tail-off). The effect of damping due to
the tail contribution is also studied.

Key Words: gust response analysis, discrete gust, quasi-steady aerodynamics, unsteady aerodynamics,
SARAS aircraft

1. INTRODUCTION

The effects of external influences like atmospheric gusts on aircraft dynamics had been a
concern ever since. The sources of atmospheric turbulence may be categorized according to
the degree of severity. A typical gust profile is shown in Fig. 1.
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Fig. 1 — Schematic of a discrete gust [1]

Gust profiles tend to be continuous and irregular. Generally, when the profile is
continuous, the gust structure is referred to as turbulence. A single pulse is referred to as a
gust.

In this paper, the response of a transport aircraft named SARAS to a discrete gust
condition is analyzed. Using aircraft dynamic response models, the response to a discrete gust
is performed considering quasi-steady and unsteady aerodynamics.

INCAS BULLETIN, Volume 15, Issue 3/ 2023, pp. 83 — 97 (P) ISSN 2066-8201, (E) ISSN 2247-4528


http://creativecommons.org/licenses/by-nc-nd/4.0/

Aravind SEENI 84

The various models used are explained in Section 2 and the results are presented in Section
3 of this paper. Section 4 provides the analytical validation of obtained numerical results and
Section 5 presents the conclusive remarks.

2. AIRCRAFT DYNAMIC RESPONSE MODELS
SARAS specifications

SARAS is a transport category aircraft with a 12+2 seated configuration. The specifications
of the aircraft are given in Table 1.

Table 1 — Specifications of SARAS aircraft

Parameter Value
Maximum take-off weight 7100 kg
Maximum landing weight 6700 kg

Maximum zero-fuel weight 6872 kg
Maximum operating altitude 9 km
Wing area 25.7 m?
Horizontal tail area 7 m?
Mean geometric chord 1.904 m
Maximum forward velocity 116.1 m/s

Plunge only equation of motion

If lag in the build-up of lift is neglected, the differential equation for vertical motion can be
written as [2]:

., P zZ_p U(t)
Mz +=V?25C, —==V3sC, —= 1
2T ey T ey )
where M is the mass of the airplane, V is the forward speed (TAS), U is the gust velocity
(function of time), and Z is the vertical displacement of the airplane. The equation can be
simplified to

P
2
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The time lag in a buildup of Ift due to airplane motion and gust entry can be modelled
using the lift growth “indicial functions”: Kw(?) - Wagner function, which accounts for airplane
motion and K¢(?) — Kussner function, which accounts for gust entry. The buildup of lift due to

an instantaneous change in angle of attack is, K, (t) = CCL“((t)) and the buildup of lift due to
Lg(®
sharp edged gust entry is, K;(t) = :::L“((t)). To introduce these effects into the differential
Lo (®

equation, the changes in angle of attack and gust velocity are assumed to occur in infinitesimal
increments. Then, using the Duhamel superposition integral, the equation becomes an integral-
differential equation:

t t
Mz+’2—)VSCLaJ Kw(t—t’)é(t)dt'ngSCLaJ Ky (t — t9) U(t)de’ 3)
0 0
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where ¢’ is the infinitesimal steps of time varying from O to t and s’ is the infinitesimal steps of
chord length varying from O to s. For any given airplane, Ky and K¢ are functions only of the
number of chord lengths travelled, the effect of Mach number, aspect ratio being negligible
for conventional subsonic aircraft. As a result, it is desirable to replace ¢ by a non-dimensional
time s equal to the number of chord lengths travelled:

vt s d_Vvd d> V?d?
s=—=, t=< — 0z @
¢ 1% dt ¢ ds dt?  ¢2ds?

The differential equation (9) transforms to equation (11) as follows:

v2d?z p s V2d?z¢
> +5VSC, f Ky(s —s)—= 7 2 —ds
0

'2 d 2 72 V
p vdauce | )
:EVSCL J KG(S—S')——,VciS
Multiplying throughout by —_— 5 gives,
(p/2)escy, (S d’z  (p/2)eSC. ¢ (°
E+Tf KW(S— ')ds'zds M f G(s—s')—ds (6)

p
o 1 . . . € .
Designating by 5 2 the dimensionless ratio 2 ML“, Equation 12 becomes,

d?z 1 (5 d’z 1¢ (°
dsz+ LKw(s—s')Fds =,uV_f KG(s—s’)—ds N

The dimensionless parameter is expressed as,

2M
pcSCy,

p= ®)

is generally referred to as the mass parameter. For design loads determination, the gust profile
is considered to be of one-minus-cosine shape, with a gradient distance H:

U =21~ cos (%) ©)

Uy is the design gust velocity in equivalent airspeed, s is the distance penetrated into the gust
in chord lengths.

Transient lift functions

The transient lift functions used for the gust response analysis are as given by Pratt and Walker

[4]:

1
Ky = 5~ CLa(s) = 1.000 — 0.165¢~0-090s _ (9,335, 0:600s (10)
1

Kg = 5—CLa(s) = 1.000 — 0.236e 01165 _ (0513707285 _ ( 171¢ 484 (11)
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It is noticed that the general form of these equations is

1
5 CLg(s) = by + bieP1S + bye=h25 + pjeFss (12)
Solution of the Single Degree of Freedom (I-DOF) gust response equation of motion

The solution is accomplished by a combined analytical-numerical approach as described
below. First, Eq. 13 is rewritten to solve for the vertical acceleration as follows:

d’z 1J‘SK dzzd '+1EfSK dUd , 13
dsz_ U o W(s S')ds,z S MV 0 G(S S')dsr S

Now, since the integral for the effective angle of attack due to gust does not contain the
dependent variable ‘z’, it is integrated directly. MATLAB symbolic math toolbox was used to
arrive at the expression for the integral, as a function of the chord lengths penetrated:

ay(s) = %[1 —cos(s/k)] —C1—C2 -3 (14)

wherei=1,2,3...

2n2bi[—k,8i sin(s/k) + cos(s/k) — e—ﬁiS]
Ci ==
(62B;* + 4m?)

(15)

where k= G/ (2m), G is the gust length, chords, b;, B; are the coefficients of the transient lift
functions.

The integral for the motion induced angle of attack is numerically integrated using the
following scheme: At the every i’ step of the integration, ’j' is allowed to vary from 1 to i’,
so that,

d

s 2 J=L
foKw(s—s’)ﬁds'=;Kw(s(i)—s(j))é(j—1)As (16)

and subsequently Z(i) is evaluated using Eq. 7, at every i*"step of the integration. Finally, Z(s)
is converted to the time domain by multiplying with V;?/c? .The incremental normal load
factor is obtained by dividing the acceleration by ‘g’.

Gust and motion-induced angles of attack

By writing
#(s) = Bllay o (17)
where a,(s) is the effective angle of attack.
a.(s) = (Ulze) ag(s) + ac(s) (18)

where a4 (s) is the effective angle of attack due to gust and a.(s) is the angle of attack due to
aircraft motion (or damping). It can be shown that
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a(®) =~ [ Kuls =) T5ds'+ 32 [ Kals =50 =

Horizontal tail load

The incremental horizontal tail load due to gust is given by the following expression:
ALtg = CLqtqSwae(s) (20)
where CL,; includes the effect of wing downwash as well.

Two Degree of Freedom (2-DOF) discrete vertical gust analysis

A 2-DOF discrete gust analysis may be developed using the same assumptions as the one-
DOF analysis, except the airplane is allowed to pitch during the gust encounter.
The equation of motion in translation may be written as [3]:

Z(S) - [Clatoae(s) + Clatat(s)] (21)

The equation of motion in pltch may be written as:

9( ) = a7 [Clatoae (St) + Clatat(st)] (22)
The effective angle of attack due to the gust and damping may be written as:
ae(s) = (Ude/Ve)ag(s) + ac(s) (23)

The above equation represents the gust encounter of the wing and body and the following
equation represents the gust encounter with the horizontal tail:

ae(se) = (Uae/Ve)ag(se) + ac(se) (24)

The relationship between the gust penetration at the wing and the horizontal tail is as
follows:

S¢ =8 —Xi/Cy (25)

The one-minus-cosine shape is defined by the above equations for the gust striking the
wing and the horizontal tail:

U(sp)/U = [1 — cos (Zzst)] /2 (26)

The two-DOF analysis is solved using the following equations to obtain the solution of
the equations of motion using finite differences for integration:

. At(6; + 6;_4)
9] = Gj—l +—
2 (27)

The incremental load factor at the airplane centre of gravity is obtained from the following
equation:
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The various aerodynamic parameters and derivatives are provided below. The Tail-off
pitching moment coefficient is expressed as,

CM(XtO = CLatO(dCM/dCL + CG - 025) (29)

where C; ¢, 1s the tail-off lift curve slope, and dC,,/dC; is the slope of the tail-off pitching
moment curve.
The horizontal tail coefficients are expressed as,

Crat = Las(1 — €4)/(gSw) (30)

Crar = (1 — &) (Mas — L Lag)/(qSwcey,) (31)

where Lag is the lift of the horizontal tail due to stabilizer angle of attack (Ib/deg) and Ma is
the pitching moment of the horizontal tail due to stabilizer angle of attack, about the horizontal
pitch reference axis (in.-1b/deg).

The rate derivatives are expressed as,

Ciop = Crarle/V: (32)
Croe = Crarxe(1 — &4) (33)
Cyp = —Crple/cw (34)
Cua = —Crale/cw (33)

Incremental angle of attack of wing
The incremental angle of attack of the wing defined below is obtained directly from Eqn. 23:

Aa,, = a,(s) (36)

Incremental angle of attack of horizontal tail

The incremental angle of attack of the horizontal tail defined below is obtained from the
following equation where the first term is defined by Eqn. 24.

Aa’t = a’t(St) + ltH]/Vt (37)
Incremental tail loads

Horizontal tail incremental loads may now be calculated from the following equation using
the angle of attack of the horizontal tail as defined by the above equation:

AL, = LagALa, (38)

3. DISCRETE GUST RESPONSE: QUASI-STEADY AND UNSTEADY
AERODYNAMICS

This study is intended to bring out the effect of including unsteady aerodynamic effects into
the analysis of gust response and calculation of gust load factors thereby bringing out its
importance from a design point of view. Fig. 2 is a plot of the variation of load factor with
time in response to a vertical discrete gust. It is evident that unsteady aerodynamic effects tend
to create a lag in the build-up of lift and correspondingly the load factor. This results in the
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peak load factor shifting to the right. Furthermore, it is seen that an assumption of quasi-steady
aerodynamics gives a peak load factor about 10% higher than in the event including the
unsteady effects. This is an important result as it is seen that neglecting unsteady aerodynamic
effects is an over-simplification yielding conservative results.

The behaviour of the equations following the peak is also interesting to note. The response
is relatively smooth in the unsteady case indicating that the response is more accurate and
reflects the real-life gust response better.

Figs. 3 an4 plot the variations of incremental wing loads due to gust and the incremental
tail loads due to gust, respectively. The variations are like that of the load factor. Again, it is
seen that neglecting the influence of unsteady aerodynamics yields wing and tail loads that are
much higher than would be encountered in real life. Thus, it is clear that the inclusion of
unsteady aerodynamic effects is mandatory for a more realistic simulation. This study is
intended to bring out the effect of including the pitch degree of freedom in addition to the
plunge degree of freedom and study the aircraft response to the same.

Load factor response to a one-minus-cosine vertical discrete gust

3 T T T T T T T T T
SARAS
Wt : 7100kg
Altitude : Sea level, V = Vc
25 /2
quasi-steady aerodynamics
unsteady aerodynamics
2
c
8
815
o
©
=}
-
0.5
Assumptions :
Rigid airframe
1-DOF (plunge only)
Gradient distance of 12.5 chord lengths
0 1 1 1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Time, s
Fig. 2 — Load factor vs. time [1-DOF quasi-steady and unsteady]

Fig. 5 is a plot of the variation of load factor with time in response to a vertical discrete
gust. The inclusion of the pitch degree of freedom causes a damped oscillatory response which
is as expected. Thus, it is clear that the inclusion of the pitch degree of freedom results in a
better estimate of the gust response. However, the important aspect to be noted is that the
inclusion of the pitch degree of freedom does not alter the peak load factor much. A very slight
reduction of the peak load factor and a slightly earlier occurrence of the peak are observed.
Fig. 6 is a plot of the variation of the net angle of attack with time. The plot is similar to that
of the variation of load factor. Again, the interesting aspect is the damped oscillatory variation
that occurs due to the inclusion of the pitch degree of freedom. This confirms the observation
that aircraft executes a damped oscillatory motion on encountering a gust. Changes in peak
values are not significant. Fig. 7 is a plot of the variation of incremental tail loads with time
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wherein the inclusion of the pitch degree of freedom is compared against the single degree of
freedom. While the variation is very similar to that observed in Fig. 3 interesting to note that
there is a significant reduction in the peak values. This is due to the pitching velocity of the
aircraft which accounts in tail load calculations.

Variation of Incremental wing load due to gust with time

12000 T T T
SARAS

Wt : 7100 kg
Altitude : Sea lewvel, V = Vc

10000 / f\
8000
quasi-steady aerodynamics
— unsteady aerodynamics
6000 / /

Assumptions :
Rigid airframe
2 EE-D(d)'F (t‘)l(;{n?eonly:'IZS hord length:
It il N . I N
T 4000 adient distance of chord lengths
3
Sl
2000 \\
-2000 \/
-4000 L L L L
0 0.5 1 1.5 2 25
Time, s
Fig. 3 — Incremental wing loads vs. time [1-DOF quasi-steady and unsteady]
Variation of Incremental tail load due to gust with time
2000 - -
SARAS
Wt : 7100 kg
Altitude : Sea level, V = V¢
1500
Quasi-Steady aerodynamics
Unsteady aerodynamics
1000
. Assumptions :
< Rigid airframe
'cEn 1-DOF (plunge only)
fat Gradient distance of 12.5 chord lengths
Sl
500
N ]
I I I I
-500
0 0.5 1 15 2 25
Time, s

Fig. 4 — Incremental tail loads vs. time [1-DOF quasi-steady and unsteady]

Fig. 8 is a plot of the variations of the angles of attack with time in response to a vertical
discrete gust.

INCAS BULLETIN, Volume 15, Issue 3/ 2023



91 Discrete gust response analysis of SARAS aircraft

While the gust induces a change in the aircraft angle of attack, a corresponding moment
produced by the tail dampens this effect by inducing an angle of attack in the opposite
direction.

The damping effect develops gradually by which time the gust dies out resulting in a net
angle of attack as shown.

Next, the aim is to study the response of the aircraft to vertical discrete gust by tuning the
gust gradient distance from 30 to 350 ft and measuring the response of the gust load factors
and wing and tail loads.

Fig. 9 is a plot of the variation of load factor with time for various gradient distances
varying from 30 ft to 350 ft in step 32.

The interesting thing to note is that for higher gradient distances, the load factor dips
further in the negative direction and also takes a longer time to return to normal. The peak load
factor is observed at a gradient distance of 167.5 ft.

Load factor response to a one-minus-cosine vertical discrete gust
3 T T T T T

SARAS
Wt : 7100kg
Altitude : Sea lewel, V = Vc

25

2-DOF (Plunge and Pitch)
1-DOF (Plunge only)

Load factor, n

0.5
\_/ Assumptions :

Rigid airframe
Quasi-steady aerodynamics
Gradient distance of 12.5 chord lengths

| | | 1
0 0.5 1 15 2 2.5 3
Time, s

Fig. 5 — Load factor vs. time [1-DOF and 2-DOF quasi-steady]

The variation in peak load factor values which occurs on the inclusion of the second
degree of freedom is very minimal as is clear from Fig. 2.

Hence, the study of 2-DOF for unsteady cases is not required. However, study has been
performed for the steady case to understand the aircraft’s response.
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Variation of net alpha with time
6 T T T T T
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Fig. 6 — The net angle of attack vs. time [ 1-DOF and 2-DOF quasi-steady]
Variation of Incremental Tail loads with time
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Fig. 7 — Incremental tail load vs. time [1-DOF and 2-DOF quasi-steady]
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Angle(s) of attack, alpha in degrees

Load factor, n

Variations of Angle of attack

6 T T T T
SARAS
Wt : 7100kg
5 N\ Altitude : Sea level, V = Vc
| A
— Gust induced AOA
Motion induced AOA
Net ACA
3
2
1
0
- Assumptions :
Rigid airframe
Unsteady aerodynamics
| | | Gradient dista\nce of 12.5 chord lengths
-2
0 0.5 1 1.5 2 25
Time, s
Fig. 8 — Gust, motion and net angle(s) of attack vs. time [1-DOF unsteady]
Load factor response to a one-minus-cosine vertical discrete gust
3 T T T T
SARAS Assumptions :
Wt : 7100 kg Rigid airframe
Altitude : Sea lewel, V = Vc 1-DOF (plunge only)
Unsteady aerodynamics
25 ; g; 2
1-5 % \ \ \
1 =
0.5
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0 0.5 1 1.5 2 25
Time, s

Fig. 9 — Load factor vs. time [1-DOF unsteady]
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Inc. Wing and tail loads due to gust, kg
12000 T T T :
SARAS
Wt : 7100kg
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Inc tail load
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6000 =
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Unsteady aerodynamics
4000
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Load(s) in kg
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-4000
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-8000
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Time, s
Fig. 10 — Incremental wing and tail load(s) vs. time [1-DOF unsteady]
Variation of q & gdot with time
0.4 T T T T T T
SARAS
Wt : 7100kg
Altitude : Sea lewel, V = Vc
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Fig. 11 — Pitching velocity and acceleration vs. time [2-DOF quasi-steady]
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SARAS: Peak load factor variation with Gradient distance
(V=Vc; Sea level)

2.5500
2.5000
2.4500
2.4000
2.3500
2.3000
2.2500

2.2000 /
2.1500 /
2.1000 /

2.0500 T T T T T T T
0 50 100 150 200 250 300 350 400

Gradient distance, ft

Peak load factor

Fig. 12 — Peak load factor vs. Gradient distance [ 1-DOF unsteady]

SARAS: Variation of Incremental wing loads with Gradient distance
(V=Vc; Sea level)

12000.00

10000.00

8000.00

6000.00

4000.00

Peak incremental wing load, kg

2000.00

0.00 T T T T T T T
0 50 100 150 200 250 300 350 400

Gradient distance, ft

Fig. 13 — Peak incremental wing load vs. Gradient distance [1-DOF unsteady]

Fig. 10 is a plot of the variation of incremental wing and tail loads with time for gradient
distances varying from 30 ft to 350 ft in step 32.

The variation is similar to that of the load factor with the peak occurring at about the same
gradient distance (167.5 ft).

Fig. 11 is a plot of the variation of pitching velocity and acceleration with time. Figs. 12,
13 and 14 are the plots showing variations of peak load factors, peak incremental wing loads
and peak incremental tail loads, respectively considering unsteady aerodynamics.
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SARAS: Variation of Incremental tail loads with Gradient distance
(V=Vc; Sea level)

1600.00

1400.00

1200.00

1000.00

800.00

600.00

400.00

Peak incremental tail load, kg

200.00

0.00 T T T T T T T
0 50 100 150 200 250 300 350 400

Gradient distance, ft

Fig. 14 — Peak incremental tail load vs. Gradient distance [ 1-DOF unsteady]

SARAS: Peak load factor variation with Gradient distance
(V=Vc; Sea level)

25500

25000 4 -
(167.5,2.4936)

24500
24000 (78.064, 2.399)
2.3500
23000

22500

Peak load factor

22000

21500

21000

20500

0 50 100 150 200 250 300 350 400
Gradient distance, ft

Fig. 15 — Peak load factor vs. Gradient distance [ 1-DOF unsteady]

4. VALIDATION OF RESULTS

As per FAR specification, the design gust velocity changes with the gradient distance as

follows [4]:
1/6

H
Ugs = Uresky (ﬁ) 39)

Assuming U..sto be 56 fps based on FAR specification [5], we obtain the Uq for 12.5¢
as follows:
H=12.5¢ (40)
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For SARAS aircraft, the mean geometric chord length, ¢ is 1.904m.
H =12.5%1.904 x 3.28 = 78.064ft (41)

78.064\/°
- ) = 39.75ft/s = 12.119m/s (42)

The mass factor is calculated from Eq. 15.
2x 7100 x9.81

Ugs = 56 X 0.9115 X (

- —42.056 43

M9 = 12256 x 1.904 x 5.63 X 9.81 X 25.7 43)
0.88 x 42.056

- PR EAD 44

Ke = 53522056 078 (“44)

The incremental load factor, 4n is given by the FAR static gust load formula.

_ _UdsVCla __07815x 12119 x 116.1 X 5.63 X 25.7
"= 16016(W/S) 16.016 x 7100

An=1.399
Load factor, n = 1+1.399 =2.399

A (45)

(46)

This research work estimates the aircraft response for vertical discrete gust over a range
of gradient distances varying from 30 to 350 ft. Fig. 15 shows the variation of peak load factor
for different gradient distances obtained. It is seen that the value of the peak load factor at 12.5
chord lengths obtained from our work agrees perfectly with the value obtained from the static
gust load formula.

Traditionally, in the formulation of the FAR static gust load formula, a gust gradient
distance of 12.5¢ has been assumed and the maximum load factor that is obtained for 12.5¢
has been taken into account. However, while tuning the gust gradient distances from 30 ft to
350 ft and plotting the peak load factors against the gradient distances, it is seen that the load
factor peaks at 167.5 ft which corresponds to 26.835¢. At this gust gradient distance, the peak
load factor reaches 2.4936 which is higher than the load factor obtained using FAR static gust
load formula.

5. CONCLUSIONS

The discrete gust response analysis of SARAS aircraft is completed.
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