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Abstract

It has been shown in the past that the turbulent boundary layer of supersonic
wind tunnel nozzle and test section walls affects adversely the transitiop Reynolds
number on models in the wind tunnel. If the boundary layer of the nozzle and test
section is kept laminar, the boundary layer disturbance can be eliminated. Two
different computational methods are used to study the effects of heating and cooling
strips on the stability of the laminar boundary layer of the nozzles and test section
walls of the Laminar Flow Supersonic Wind Tunnel (LFSWT) and the 1/8 scale of the
LFSWT called the Proof of Concept (PoC) Supersonic Wind Tunnel at NASA Ames
Research Cemer. The first method uscd }s mE_Stz_lbﬂit_y Maodifiers Method, which
examines the second derivative of velocity near the wall to study stability of the
boundary layer. The second method is the c“ Method, where ¢" is a exponential
function of N and N is known as the N Factor. The N Factor value is used to
investigate boundary layer stability. Results of this study indicate that heating applied
upstream of the location of instability on-set can enhance boundary layer stability.
Applying cooling near the point of the on-set of instability and downstream increases
boundary layer stability. When coolipg is applied upstream and hc_gt_ing_ is applied
downstream of the on-set points of instability, the boundary layer becomes more
destabilized. The effects of heating and cooling are predicted by the methods of the
present study and can be utilized to model the actual temperature distribution of

experiments.
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Chapter 1

Introduction

1.1 Background

Viééous drag will account for a major portion of the total drag for aircraft such
as the High-Speed Civil Transport (HSCT). Since skin-friction can be an order of
magnitude higher for turbulent flow than for laminar flow, as seen in Figure 1.1,
laminar flow control offers a way to reduce the drag on aircraft like the HSCT and
thus to increase range, payload, fuel load, etc. of these aircraft. Because modern
supersonic wind tunnels produce disturbances, development of Quiet Supersonic Wind
Tunneis is important to study laminar flow control techniques. One of the major
disturbanceisii;ﬁfﬂxese wind tunnels is noise radiated from the turbulent boundary layer
on the nozzle and test section walls. If the boundary layer could be kept laminar, this
type of disturbance would be eliminated. The above considerations and the support of
the NASA F-16 XL test aircraft in research of Supersonic Laminar Flow Control are
the reasons behind the Quiet Wind Tunnel Development at NASA Ames Research
Center. Its purpose is to develop the Laminar Flow Supersonic Wind Tunnel
(LFSWT) and a 1/8 scale of the LFSWT called the Proof of Concept (PoC)
Supersonic Wind Tunnel (Reference 1). The test section of the LFSWT has cross

sectional dimensions of 8 X 16 inches. Both the LFSWT and the PoC have two-
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Figure 1.1 Skin-friction coefficient for Laminar and Turbulent Flow (From
Referencc 2)

dimensional nozzles.

1.2 Wind Tunnel Disturbances
In 1953 Kovasznay theorized on the modes of disturbances in wind tunnels,
vorticity ( free stream turbulence), entropy mode (temperature spottiness) and sound

waves (Reference 3). Vorticity fluctuations and entropy fluctuations are convected to

~ the test section along streamlines which can be traced back upstream to the stilling

chamber and beyond, and sound wave disturbance can radiate across streamlines.

Thus, these disturbances can originate from a variety of locations. Figure 1.2 shows



Turbolent Boundiry Layer Tunde W Woll
Perforlted Will Resonynce
,,,,,,,, 'E)thg Noise fE—:
]
Vorticity (Turbulence - Velacity Fluctuations), & -
Acoustic Sound {Pressure Fiuctuations), P - __
o Entropy Fluctuations (Temperature Spottyness), T =
Mach Number -
Range Type Disturbance Effect on Transition
Subsonic Velacity Fluctuations, ] * Usually Dominant —
Mg <06 Acoustic Noise, 7 * Can be Dominant -
Temperature Fluctuations, T Negligible -
Transonic Velocity Fluctuations, T * Can be Dominant -
Q6 <My CL3 1 acoustic Noise, [ * Usually Dominant =
Temperature Fluctuations, T Negligible L
Supersonic Velecity Fluctuations, [ Usually Negligible —
L3<Mg S8 | Radiated Noise, [} * Usually Dominant —-
Temperature Fluctuations T Usually Negligible L
Hyper sonic Veiecity Fluctuations, [ Usually Negligible
§<Mp <5 Radiated Noise, 7 * Usally Dominant =5
Temperature Fluctuations, T Could be Significant L
Figure 1.2 Wind Tunnel Disturbances (From Reference9) -~ -~~~ %
-
all the possible locations of disturbances in a wind tunnel and the dominance of such -
disturbances for different Mach number ranges. In the supersonic Mach number =
-
range, the speed regime of aircraft like the HSCT and the F-16 XL, the disturbance _
. e ) 7- ) - - g
that usually dominates transition on the test model is sound disturbance and, more
specifically, the radiated noise from the turbulent boundary layer on the nozzle wall =
and test section, as seen in the Table of Figure 1.2. This was deduced by Laufer =
_ |
(Reference 4) and shown conclusively by Pate and Schueler (Reference 5). These
=
-
3 =



revelations about sound disturbance by Laufer, Pate, S;chucler, and others led to the

- work in the development of Quiet Wind Tunnels at NASA Langley Research Center,

which is concentrating on Mach numbers from high supersonic to hypersonic

(References 6-8).

1.3 Approach

It has been shown that the turbulent boundary layer on noz;le and test section
walls of a supersonic wind tunnel has an adverse effect on the transition Reynolds
number on models in the wind tunnel (References 4 and 5). In this thesis, a
computational study will use two different methods to determine the stability of the
boundary layer on the nozzles and test section walls by examining the effects of
heating and cooling strips placed at various locations in the Proof of Concept (PoC)
Supersonic Wind Tunpel zﬁxﬁrrxdr the Lammar pr qugrsonic Wind Tunpcl (LFSWT) of
NASA Ames Research Center.

There are several recent studies on the effect of heating and cooling on

. boundary layer stability. Demetriades has experimentally studied the effects of heating

and cooling on the stability of the boundary layer of supersonic wind tunnel nozzles
(References 10-11). Masad and Nayfeh have computed the effects of cooling and
heating strips on the stability of the boundary layer for a flat plate at subsonic Mach

numbers (Reference 12). This present study is an extension of Lafrance’s



computations on cooling and heating effects on boundary layer stability for flat plates
" and for the PoC nozzle and test section at évsufni:’fgc;ﬁ:ifc Mach number (Reference 13).

The first method used is the Stability Modifiers Method (Reference 14). This
method consists of examining the second derivative of velocity near the wall; the more
negative this term is near the wall, the more stable the laminar boundary layer is. The
term that affects the second derivati?e of velocity (in our case the first derivative of
temperature) is obtained for all the different cases by the boundary layer code
developed by Harris and Blanchard (Reference 15). This method and its results will be
discussed in more detail for the PoC Wind Tunnel in Chapter 2 of this study.

The second method used to study the effect of heating and cooling strips on
the stability of the boundary layer of the PoC wind tunnel and the LFSWT is the eN
Method. In this ercrthod the exponent of ¢", known as the N Factor, is obtained and
~ gives an indication of the Tollmien-Schlichting instability of the boundary layer of the
nozzle and test section walls. When external disturbances are small, N Factor values

between 9 and 11 give a rough estimate of the location of transition. The N Factors

S N

for the various cases are obtained from a spatial compressible linear stability code
called the €M™ code (Reference 16). The e¥** code also uses output from the
boundaryr layer code developed by Harris and Blanchard described above (Reference
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Chapter 2

Study of Boundary Layer Stability
Using Stability Modifier Method

2.1 Stability Modifier Method

The Stability Modifier Method (References 14 and 18) examines the second
derivative of velocity as a means for determining the stability of a laminar boundary
layer. The more negative the value of the second derivative near the wall, the more
stable the boundary layer is. The factors that affect the second derivative of velocity,
called stability modifiers, can be seen in the two-dimensional boundary layer

momentum equation:

02 dyu oT \ou d
uwja;?=(p w—}%§}§+£ (2.1)

Using the above equation, one can select several means of making the 1aminar

boundary layer more stable. Favorable pressure gradients (—%— < 0) and the addition

of suction (v, < 0) to the boundary layer are two methods of improving stability of

the boundary layer. Another way of improving stability is with the %g— term. Since



for air the fﬂ term is positive, the % term must also be positive in order to make

2 :
the second derivative of velocity (a_u) more negative. This means that the wall

ayz
surface temperature must be cool relative to the boundary layer temperature.
This chapter examines wall temperature effects on the stability of the boundary

layer. The Stability Modifier Method described above is used to investigate how wall
- . aT ' .
temperature affects stability and, more specifically, how the -a—y— term affects the

ou
— term.

ayz

2.2 Boundary Layer Code
A boundary layer code developed by Harris and Blanchard (Reference 2) is

2
used to obtain the values of B_T and a_y_ for different cases considered. This code is

dy oy’
capable of solving laminar , transitional, or turbulent perfect-gas compressible
boundary layer equations for either axisymmetric or twoﬁimensional flows. The godc,
written in FORTRAN, uses a finite-difference method for solving the boundary layer
equations. The present study uses this code to solve the laminar boundary layer

equations.
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2.3 Results Obtained for the PoC Supersonic Wind Tunnel

In the first case a one-inch heater strip at 600°R is placed on thé wall of the
nozzle and test section (2.86 <X/H <3.73) of the Proof of Concept (PoC) Wind
Tunnel , as seen in Figure 2.1, where H is t?st section height, whjéh is one inch for the
PoC supersonic wind tunnel. The second case employs a cooling strip of the same
length at 400°R located in the same locations (2.86 < X/H<3.73) as the heating strip in
case one, as seen in Figure 2.2. ncsc two cases are comparcd to the adiabatic case
for the PoC nozzle and téét section iﬂ wHCh the wéil ‘tcmpcrature is approximately
500°R. In all cases the stagnation pressure is 10 psia, the stagnation temperature is
530°R, and the test section Mach Number is 1.6. The heating strip causes the
boundary layer to become thicker near the location of the heating strip as seen in
Figure 2.1, and the cooling strip causes the boundary layer to become thinner near the
location of the cooling strip, as seen in Figure 2.2.

A comparison of the temperature gradient, the first derivative of

temperature, (%%) profiles at the X/H = 5.23 where the heating and cooling strips

are located approximately 1.50 non-dimensional units upstream is shown along with

the adiabatic case in Figure 2.3. From this figure it can be seen that the first
. oT ). o . . .
derivative of temperature -a—y— is positive near the wall in the case involving the

heating strip because heat is applied upstream and the wall surface temperature is cool

relative to the boundary layer temperature. The heat energy transfers out of the
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Figure 2.1 Growth of Boundary Layer for the Adiabatic and Strip Heating Case. The
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bold
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r -

boundary layer. The case where the cooling is applied has negative values of the first
derivative of temperature (%) near the wall. The second derivative of

2
velocity (-g—y—g) obtained from Figure 2.4 is the smallest value of all the cases when the

heating strip is used, since the first derivative of temperature (%) affects the second

derivative of velocity profile at X/H = 5.23 along the nozzle. The largest value of

2
ou is obtained when the cooling strip is applied, (Figure 2.4). The first derivative
ayz

2
of temperature (_B_T_) and the second derivative of velocity (%?—) profiles are also

dy

obtained at X/H = 9.23 for the same cases as shown in Figures 2.5 and 2.6
respectively. The effect of the heating and cooling strips is not as great at X/H=9.23
as at X/H = 5.23 although the trend is similar.

The above procedure is then followed at a different location. A heating strip
is placed at location 5.61 <X/H<6.41 as seen in Figure 2.7. In this Figure the
boundary becoxﬁes thicker near the heating strip as it does at 2.86 SVX/HVS 3.73. A
cooling strip at 5.61 SX/H<6.41 causes the boundary layer to become thinner near
the location of the cooling strip as seen in Figure 2.8. Comparisons of the first
derivative of temperature and thp second derivative of velocity profiles at X/H = 5.23,

approximately four-tenths of a non-dimensional unit upstream of the heating /cooling

12
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Figwe24  Comparison of the second derivative of velocity profiles at X/H = 5.23 with the
Heating/Cooling Strip at 2.86 <X/H<3.73
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Figure 2.7 Growth of Boundary Layer for the Adiabatic and Strip Heating Case. The location
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Figure 2.8 Growth of Boundary Layer for the Adiabatic and Strip Cooling Case. The location
of the Cooling Strip (5.61 £X/H £6.41) on the nozzle wall is shown in bold
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strip, are seen in Figure 2.9 and Figure 2.10 respectively. As would be expected, since
these profiles are upstream of the heating/cooling strip, heating or cooling has little
effect at this location (X/H = 5.23). However, when a downstream location is

selected, the effect is appreciable. Heating at 5.61 <X/H<6.41 results in a more

2

positive (%yzj term and a smaller (—g;ﬁ) term near the wall, as seen in Figures 2.11

2

and 2.12.

2.4 Summary of Results

Several observations can be made from the information in this chapter. First,
the addition of heat to the boundary layer improves the stability of the boundary layer
at downstream locations because at these locations, the boundary layer is hot relative
to the cooler wall; thus, heat energy is transferred from the boundary layer to the wall.
Second, applying cooling to the boundary layer results in lower stability of the
boundary layer at downstream locations, since the downstream boundary layer is
cooler than the \:vall and therefore procfi;lces a heating cffeét m; thebour;dary iaycr.
Third, the effect of heating and cooling on boundary layer stability decreases as the

distance from the heated or coqlcd area becomes greater. However, the Stability

Modifier Method alone provides no mechanism to account for flow instability.
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Chapter 3

Study of Boundary Layer Stability
Using e~ Method

3.1 Sumr:qgr! of Compressible Linear Sjg_ability Theory and e" Method
If we assume the basic flow is known and the flow is a function of y, the
normal to the QMI directioni&c flow field may be depiéted by the mean flow and a
small amplitude harmonic wave form, for example velocity and pressure.
u (X,y,2,t) = 7 (y) + € (y)e =Pz (3.1)
p(xy.z) = B(y) +€p (y)eH (3.2)
In the above equations, 8 is a small value, o is the x wave number, B is the z
wave number, and wis the frequency of the disturbance. For spatial stability of two-
dimensional flow, B and ®can be assumed to be real numbers with o being complex.

This means that  and o will grow if -0, 2 0; therefore, o is the disturbance growth

rate. The disturbance growth rate is used to obtain the N Factor as follows:

N =- [o, (x)dx (3.3)

where the N Féétor is a function of frequency and is used as the exponent in the total

amplification rate .
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The N Factor can be used to predict the onset of transition when the N Factor
reaches a value of approximately 10 if external disturbances are small. If the external
disturbances are high, the value of the N Factor which initiates transition is markedly
lower. There are many excellent sources of information on linear stability theory such

as References 17 and 18.

3.2 Description of e Code

The code used in this thesis to solve the compressible iinear spatial boundary
layer stability problem described in Section 3.1 and to obtain the N Factor for various
cases is the e"* Code (Reference 16 ). This code uses output from the boundary
layer code, which is discussed in the previous chapter, and an input control file
prepared by the writer. The output from the boundary layer code provides the
necessary boundary layer ﬂgw parameters, and the input control file provides such
information as the frequency of the disturbances of interest, location along the body
for starting the stability calculations, and types of instability to calculate for
(Tollmien-Schlichting or Gortler). The input file also allows the user to select either

two-dimensional or axisymmetric flow.



3.3 Results Obtained for the PoC Wind Tunnel

In this section the effect of the location of the heatin g and coaling strip on the
stability of the boundary layer is studied by using information obtained from the "
| code discussed in Section 3.2. For the Proof of Concept (PoC) supersonic wind
tunnel at Ames Research Center, the nozzle and test section flow is two-dimensional.
Also, the nozzle is comparatively long in relation to the test section height, and
Tollmien-Schlichting instabﬂity is dominant over Gortler instability. Therefore, two-
 dimensional flow and Tollmirenr-Schlicht'irrlg instability are selected as conditions to
investigate. The heating/cooling strip is located in seven different locations. For all
the cases the stagnation pressure is 10 psia, the stagnation temperature is S60°R , the
test section Mach number is 1.6, and the adiabatic wall temperature is approximately
500°R. For all cases considered, the heating strip is at 600°R, and Etfhé’écoéling strip is
at 400°R. The disturbance frequency of 14 kHz is chosen because it is observed that
this frequency results in the maximum instability. Figure 3.71 shows the location of the
heating/cooling strip (0.00 <X/H <0.84) on the nozzle wall for the first case and the
effect of both the heating and cooling strips on the N Factor growth. It also compares
the N Factor growth to the adiabatic case. As seen in Figure 3.1, the cooling strip
causes the N Factor to grow faster than in the adiabatic case, and the heating strip
causes the N Factor to dccrt_:ase. Therefore, for this first case, when the heating strip
is applied, tbc boundary layer is more stablc. The heating/cooling strip is located in six

other positions, and the N Factor growth along the nozzle and test section wall is
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Adiabatic Case
------ Strip at 600 R
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(a) N Factor Growth

| === Strip Location |
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-

(b) Heating/Cooling Strip Location on the PoC Nozzle and Test Section
N Factor Growth with the Heating/Cooling Strip located at 0.00 < X/H £0.84 for a

disturbance frequency of 14 kHz
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obtained for each. The growth for each is then compared to the adiabatic N Factor
growth.

As hcating(gooling i; apPlied downstream, heating improves the stability of
the boundary layer and coolingrmakcs the boundary layer less stable until the location
of the heating/cooling strip is 2.85?X/Hs3.73, as seen in Figures 3.1 thr;ugh 3.4.
When the heating/cooling strip is located at 3.80<X/H<4.59, heating causes the N
Factor to grow at an upstream location aﬁd to have a greater N Factor value for the
entire test section than inrtrhé adiabatic case, ag seen in Figure 3.5. When cooling is
applied at this same location, the N Factor do;s not begin to grow as far upstream as
when heating is applied, but the N Factor does reach a greater value at the end of the
test section (Figure 3.5). The farther the heating strip location is moved downstream
(4.67<X/H<5.54 and 5.61 <X/H<6.41), the greater the increase is in the valu;: of
the N Factor. Thus, the stability of the boundary layer decreases, as seen in Figure 3.6
and Figure 3.7. When the cooling strip is located at 4.67 <X/H<5.54, the value of
the N Factor is non-existent for most of the length of the nozzle and ‘feét section of the
PoC Wind Tunnel, as can be seen in Figure 3.6. e

Next, the cooling stnp is located at 5. 6J§X/HS 64 1. At this location, the N
Factor grows just as in the adiabatic case until the flow reaches the cooling strip.
There the cooling strip causes a substanﬁve-d;:crcasc in the N Factor value, as seen in

Figure 3.7.
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Figure 3.2

25 +
21
Adiabatic Case
15 + = = = Stripat600 R
= = Strip at400 R
1 <+
05+
0 } {
0 2 10
(a) N Factor Growth
[ === Strip Location |
1 DN
Flow
Direction
0 2 4 6 8 10

(b) Heating/Cooling Strip Location on the PoC Nozzle and Test Section

N Factor Growth with the Heating/Cooling Strip located at 0.88 <X/H <1.85 fora
disturbance frequency of 14 kHz
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(b) Heating/Cooling Strip Location on the PoC Nozzle and Test Section

Figure 3.4 N Factor Growth with the Heating/Cooling Strip located at 2.86 X <3.73 for a
disturbance frequency of 14 kHz
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Figure 3.5 N Factor Growth with the Heating/Cooling Strip located at 3.80 < X/H <4.59 fora
disturbance frequency of 14 kHz
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(b) Heating/Cooling Strip Location on the PoC Nozzle and Test Section

N Factor Growth with the Heating/Cooling Strip located at 4.67 < X/H £5.54 for a
disturbance frequency of 14 kHz *N Factor is too small to be seen for this case
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N Factor Growth with the Heating/Cooling Strip located at 5.61 <X/H<6.41 for a
disturbance frequency of 14 kHz
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3.4 LFSWT Results

For the LFSWT, the disturbance frequency of 3000 Hz is selected, since that
frequency results in maximum instability. A six-inch heating strip is located at
0.32 <X/H <0.82 on the nozzle of the Laminar Flow Supersonic Wind Tunnel
(LFSWT) fts effect on the boundary layer thiclc;lcss is relatively small, as seen in
Figure 3.8. Also, a cooling strip is placed at that same location, and its effects on the
boundary layer growth is also small, as seen in Figure 3.9. However, the effects of
both heating and cooling on the N Factor value along the nozzle and test section wall
is more pronounced, as shown in Figure 3.10. The results are similar to those

obtained from the PoC Wind Tunnel discussed in Section 3.3

3.5 Summary of Results

When the heating strip is located at certain distances upstream from the
beginning of the N Factor growth for the adiabatic case, for example, at
0.00<X/H<0.84 as seen in Figure 3.1, at 0.88 <X/H < 1.85 in Figure 3.2, at
1.93<X/H<2.78 in Figure 3.3, and at 2.86 <X/H <3.73 in Figure 3.4, the N Factor
begins to decrease, and the stability of thc rboundary laye; improves as compared to
the adiabatic case . When the heating strip is located at 2.86 < X/H<3.73, the
greatest improvement in the stability of the boundary layer is achieved. When the
heating strip is loca_ted_ just “_PS???“}Q{ thc bcgmmng f)f the N Factor growth for the

adiabatic case (3.80<X/H<4.59), the heating strip causes the N Factor value to
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the Heating Strip is located at 0.48 < X/H £1.23 on the nozzle of the LFSWT
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increase in comparison to the N Factor for the adiabatic case (Figure 3.5), thus causing
the boundary layer to become less stable. For the cases where the heating strip is
located farther downstream (4.67 <X/H<5.54 and 5.61 <X/H<6.41), the boundary
layer becomes less stable, as seen in Figure 3.6 and Figure 3.7. Therefore, at these
locations, any benefit from the cooling effect downstream of the heating strip is
negated because the instability has already begun and the heating strip causes the
instability to grow even mom. Applying -heat at the 0.32<X/H<0.82 location on the
LFSWT nozzle causes the N Factor at the exit of the test section to decrease to 5.87
as compared to 6.17 for the adiabatic case.

Locating the cooling strip upstream of the beginning of the N Factor growth
has a destabilizing effect on the boundary layer as seen in Figures 3.1 though 3.5, with
the highest value for the N Factor occurring when the cooling strip is located at
2.86<X/H<3.73, as seen in Figure 3.4. Atthis same location, the heating strip has
the greatest effect on stabilization of the boundary layer. Almost complete elimination
of any instability can be achieved in the output of the code when the cooling strip is
located at 4.67 <X/H<5.54, as seen in Figure 3.6. With the cooling strip at
5.61< X/H < 6.471, the N Factor i‘s greatlyreduccd (and stablhzanon is increased)
over the adiabatic case as seen in Figure 3.7. Applying cooling at the
0.32<X/H<0.82 location on the LFSWT nozzle causes the N Factor at the exit of the

test section to increase to 6.93 as compared to 6.17 for the adiabatic case.
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Chapter 4

Conclusnons and Recornmendatlons

4, 1 Conclusnons B

The purpose of thlS study is to gain an ms1ght mto the effects of applylné W
heating and coohng strips on the boundary layer stabrllty of the Proof of Concept
(PoC) Wind Tunnel and Laminar Flow Supersomc Wmd Tunnel (LFSWT) The two
different methods used in this study are the Stablhty Modlﬁer Method (Chapter 2) and
the " Method using Linear Stability Theory (Chapter 3). The two different CFD

codes used to carry out this study are the boundary layer code (Reference 15) and the

Mahk

code, whrch isa Spat1a1 Linear Stablhty code using the e~ Method (Reference
16).

The two methods used in Chapter 2 (Stab1hty Modlfier Method) and Chapter 3

| (e Method) demonstrate that heatmg upstream of the locatlon where mstabrhty begins
unproves the boundary layer stability and that coohng upstream of that location
destabilizes the boundary layer inboth the PoC Wind Tunnel and the LFSWT. The eN
Method mdlcates that heatmg downstream of the locatlon where 1nstab111ty begms
i sults in the boundary layer s becormng rnore unstable and that coohng

downstream at this location improves the stability of the boundary layer. But the

results obtained from the Stability Modifier Method show the same effect whether the
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heating/cooling strip is applied upstream or downstream of the location where
instability starts. That is, heating upstream improves the stability of the boundary
layer downstream, and cooling upstream decreases the stability of the boundary layer.

Therefore, to obtain greater stability, heating should be applied upstream of
the location of the beginning of instability, and if cooling is applied, it should be
located near the point of beginning instability or downstream of the point where actual
instability starts. These results are consistent with the findings for a flat plate with
subsonic flow of Masad and Nayfeh (Reference 12) and for flat plates and nozzles at
supersonic Mach number of Lafrance (Reference 13). Also, Demetriades’
experimentation found that heating delays transition on the nozzle of a supersonic
wind tunnel (Reference 11) and that cooling accelerates transition on the nozzle
(Reference 12). For actual tunnel runs, nozzle surface roughness, stilling chamber
disturbances, outside wall vibration, etc. cause the beginning point of actual instability
to be upstream of the location predicted in this study.

Although this is a qualitative study of the effect on the boundary layers of
heating and cooling the walls of the nozzles and test section of the PoC Wind Tunnel
and the LFSWT, the codes can be used to model actual experiments of these effects.
Also, studies of this type can be used to aid in the development of aircraft where

laminar flow control is important.
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4.2 Recommendations

* Itis recommended that further study of the effect of heating and cooling on
boundary layer stability be systematically carried out on the LFSWT. Particular
N attentiéfx Vshbﬁld be pa{d tc; whenthe coolmg stnpls located at tﬁej;d_irit'of the on-set
of instability to determine the validity of the results obtained from this study. Also,
further study is needed, since the changes in thickness of the boundary layer, which are

the results of heating and cooling, can cause disturbances in the tunnel’s free-stream

- flow.
When experiments of these effects are conducted in the wind tunnels, the
methods and codes used in this study should be used to model the temperature

distribution of the actual experiment.
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