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Study of Skin Friction and Surface Regression Interaction via the

Naphthalene Sublimation Technique

Grace A. Hall, 2d Lt, USSF

(ABSTRACT)

This study explores the potential of the naphthalene sublimation technique to be used to
analyze the manner in which surfaces regress, specifically focusing on the effect that skin
friction has on regression and vice versa. For this experimentation, a flat steel plate installed
with three skin friction sensors was coated with naphthalene via a mechanized sprayer and
was installed in the wall of the Ahmic Aerospace Turbulent Boundary Layer Research su-
personic wind tunnel. The plate and sensor configuration was subjected to three subsequent
tunnel runs at Mach 2.31. This process was repeated at plenum pressures of 0.35 MPa and
0.69 MPa, which correspond to Reynolds Numbers of 1.4x107/m and 2.8x107 /m. Between
the first and final run, a -4.7% and -3.7% percent change in the coefficient of friction was seen
at the 0.35 MPa and 0.69 MPa plenum conditions, respectively. Images of the plate taken
before and after each run qualitatively indicate continual naphthalene regression with each
subsequent tunnel run. This decrease in the coefficient of friction was attributed in part to
the regression of the naphthalene coating, indicating that this method has the potential to
be used to study the interaction between skin friction and regressing surfaces. Additionally,
this study showed that it is certainly possible to measure skin friction with sensors where
both the head of the movable sensor element and the surrounding wall is coated with sprayed

naphthalene.



Study of Skin Friction and Surface Regression Interaction via the

Naphthalene Sublimation Technique

Grace A. Hall, 2d Lt, USSF

(GENERAL AUDIENCE ABSTRACT)

This study explores the potential of using an experimental method to better understand
how surfaces recede when subjected to moving air. A chemical called naphthalene was
used because naphthalene naturally recedes very easily, unlike many other materials which
a researcher would want to study the receding behavior of, making it an ideal choice for
this study. Sensors made to detect the amount of force generated by flowing air over a
surface were installed into a flat metal plate. The plate was coated with naphthalene and
installed into the wall of a wind tunnel, which generates airflow over the plate to simulate
flight conditions. Three separate and sequential airflow runs over the plate were conducted.
This process was repeated under two different air conditions. In both conditions, a decrease
in the amount of force due to the air moving over the plate was detected as subsequent runs
were conducted and the naphthalene receded. This indicates the method has the potential

to be used to study how other surfaces recede when subjected to moving air.



LUHioouiby

(00000000 00 OO0 00ooftooo Qidoobood ooo Gotodo oo

v



LoUDodingdbood

Thank you to all of the people who have supported me throughout this research.

First and foremost, thank you to my fantastic advisor Dr. Joseph A. Schetz, who has
spent countless hours of his time giving me guidance and advice, and sharing his charming
anecdotes. I have often said that I won the “advisor lottery” by having the privilege to study

under Dr. Schetz. There are no words to express my immense gratitude to Dr. Schetz.

Thank you to Dr. Pat Artis and Nancy Artis for their relentless support of me throughout
my time at Virginia Tech. You all showed me that great mentors care about you both
personally and professionally, and I truly cannot thank you enough. Thank you to Colonel
Gregory Lowe for his constant support and for always being an advocate for me. Colonel
Lowe has shown me what selfless leadership truly is and I hope to embody the ideals which
he has demonstrated as I move forward in my Space Force career. Thank you to Major
Chris “Hula” Gahan and Mr. Marken Houle for their constant assistance and advice, and
for tolerating the many questions I constantly came to them with. Thank you to Dr. Gregory

Young and Dr. Luca Massa for their guidance.

Thank you to Randall Monk and Jason Doby for their unrelenting support and kindness.
You helped make even the longest days in the lab bearable and reminded me not to take

myself too seriously.

Thank you to Scott Patrick for his immense assistance with my CAD modeling and part

design. Thank you to James Lambert for his invaluable machining advice.

Thank you to the team at Ahmic Aerospace for their assistance in conducting this research.

Thank you to Nick Molinaro for his expertise in supersonic wind tunnel operation. Thank



you to Daniel Simmons for helping make me a better engineer and being a fountain of good
ideas. Thank you to Ryan Meritt both for helping make this research possible and for his
mentorship. My deepest appreciation goes to Mathew Ruda. Thank you for showing me
from the ground up how to conduct wind tunnel experimentation. You went above and
beyond in making sure I had every single resource necessary to succeed and were a constant

source of encouragement.

Thank you to my wonderful family for their constant love and support. Thank you to my
parents, Alexandra and Robert Hall, and thank you to my brother, Joseph Hall. Thank
you to Tomas Vlach, for being there for me on my best and worst days and for supporting
me unconditionally. Your patience and kindness are unmatched and I truly cannot put into

words my appreciation for you.

Thank you to my wonderful friends, Angela Clay, Caitlyn Godsey, Frances Manansala,
Nyaima Brackner, Danny McKillop, Noah Bayer, Ryan Elmiger, Aidan Jessup, Henry Pace,
Ethan Schlussel, Andrew Bonavita, Farooq Zahid, Daniel Alex, and many others. Thank

you to my cats Jack and Jasmine for their unconditional love.
This work would not have been possible if not for Excedrin Migraine. Thank you GSK plc.

Thank you to the Air Force Institute of Technology for sponsoring my completion of this

degree.

This work was made possible by the use of Virginia Tech’s Materials Characterization Fa-
cility, which is supported by the Institute for Critical Technology and Applied Science, the
Macromolecules Innovation Institute, and the Office of the Vice President for Research and

Innovation.

vi



L0opodon

Q000 00 Ooooooo Il
0000 00 OoDooo il
0000 00 ODO00ooonooo aoo
0 00000000000 0
0 000000000000 00O Oooboooooo Oooood 0
2.1 The Naphthalene Sublimation Technique . . . . . . . .. .. ... ... ... 3
2.2 Applications of the Naphthalene Sublimation Technique . . . .. .. .. .. 9
2.2.1 Solid Fuel Regression . . . . . . . .. ... ... ... ... 11

2.3 Skin Friction Sensors . . . . . . . ... 13

0 000000000000 O000Doo bod 0oooooooo 0o
3.1 Skin Friction Sensors and Flat Plate . . . . ... ... ... ... ...... 18
3.2 Naphthalene Application . . . . . . . .. ... .. ... ... ... 19
3.2.1 Naphthalene Sprayer via Modified 3D Printer . . . . . . . ... ... 21

3.2.2  Naphthalene Coating Thickness Analysis . . . . . .. ... ... ... 24

3.3 Supersonic Wind Tunnel . . . . . .. ... oo 26

vii



0 [O000000LI0 00 Oooool Ooooioo
4.1 Experimentation . . . .. ... ... ..
4.2 Results. . . . . . e
4.2.1 Baseline Testing Results . . . . . .. .. ... ... ... ...

4.2.2  Naphthalene Testing Results. . . . . .. ... ... ... .. ... ..

0 0000i00io0o 0bo toobot CJooo

Qioiibootnbd

Qo0Do0Ioto

Qo0odiid 0 Dboboiidobindd 4ot god

viil

0o

29

30

30

35

0o

0o

0o

0o



Lob i Oidbood

2.1

2.2

2.3

24

2.5

2.6

2.7

2.8

2.9

3.1

3.2

3.3

3.4

3.5

Naphthalene in various forms. . . . . . . .. . .. ... ... ... .. 3
Naphthalene sublimation technique used to visualize boundary layer transi-
tion by Kuesteretal. . . . . . . . .. .. o 4
Series of Schlieren images of naphthalene cones subjected to airflow of varying
conditions as part of Charwat’s work. . . . . . . . .. .. ... ... ..... 10
Schlieren images of flow over naphthalene coated body with PLIF results
superimposed over right image. . . . . . .. . ... L L 11
Solid fuel grains in test section before and after experimentation. . . . . . . 12
Comparison of CFD model and experimental results of naphthalene sublima-
tion obtained by Hokkaido University researchers. . . . . . . . . . .. .. .. 13
William Froude’s plank towing trolley, courtesy of the Imperial War Museums. 15

Dhawan’s original skin friction sensor. . . . . . . . . ... ... ... .... 16
General skin friction sensor schematic created by Meritt. . . . . . . .. . .. 16
Skin friction sensors produced by Ahmic Aerospace. . . . . . . .. .. .. .. 18
Uncoated flat plate with three Ahmic skin friction sensors installed. . . . . . 19
MPS (left) and close-up view of industrial-grade spray nozzle (right). . . .. 21
Spray nozzle assembly configuration. . . . . . ... .00 22
Spray nozzle movement pattern. . . . . ... .. ... 23

X



3.6

3.7

3.8

3.9

3.10

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

Example of naphthalene coating produced by sprayer. . . . . . . . ... ...
Examples of visual profilometer results of sprayed naphthalene samples. . . .
Ahmic Aerospace TBLR supersonic wind tunnel. . . . . . . ... ... ...

Flat plate utilized for testing in TBLR wind tunnel facility, with pressure tap

locations circled in yellow in lower image. . . . . . . . . . . ... .. .. ...

Flat plate coated in naphthalene using the MPS. . . . . . .. ... ... ..

Pressure data during baseline runs. . . . . . . . ... . 0oL
Skin friction sensor data during baseline runs. . . . . . . . ... ... L.

Plots of skin friction data averaged over sample time windows during baseline

testing. . . . . oL e e
Skin friction sensor data during 0.35 MPa run set with naphthalene coating.
Skin friction sensor data during 0.69 MPa run set with naphthalene coating.

Plots of skin friction data during naphthalene coated plate runs averaged over

sample time windows. . . . .. ... L Lo

Changes in naphthalene coating across three 0.35 MPa plenum pressure tunnel

runs. Airflow moves from left to right. . . . .. ... ... ...

Changes in naphthalene coating across three 0.69 MPa plenum pressure tunnel

runs which corresponds to presented data. Airflow moves from left to right. .

Changes in naphthalene coating across three 0.69 MPa plenum pressure tunnel
runs; reliable data was not collected during this set of runs. Airflow moves

from left toright. . . . . . . ..o

32

42



5.1 Samples of roughened metal flat plate surfaces utilized in Ahmic roughness

characterization campaign. . . . . . . . ... ... ..

5.2 Results of Ahmic roughness characterization campaign

x1



Lob bi upioo

3.1 Surface roughness metrics obtained via profilometer at six locations. . . . . . 26
4.1 Statistical analysis of dynamic pressure values. . . . . . . . .. .. ... ... 31
4.2 Coefficient of friction data taken during baseline testing. . . . . ... . ... 35

4.3 Time averaged coefficient of friction data from naphthalene coated plate runs. 36

xii



Lioh b L ouoioiboigoo

00000000000

0 Area

0 Coefficient of Skin Friction

g Specific Heat at Constant Pressure

000 Computational Fluid Dynamics

o Equivalent Sand-Grain Roughness Height

0 Average Height

LU0 Modified Printer Sprayer

[l Mach Number

U] Molecular Weight

0000 National Advisory Committee for Aeronautics

OO0O National Aeronautics and Space Administration

O Mass Flux

0000 Planar Laser-Induced Fluorescence

o Prandtl Number

O Pressure

xiil



[ Dynamic Pressure

Og Arithmetical Mean Height

Op Root Mean Square Height

Up Maximum Height

al Stanton Number

U000 Turbulent Boundary Layer Research

[ Temperature
[ Time
0 Velocity

U Weight Fraction

0I000  Cartesian Coordinates

0 Molar Fraction

Qjoood

Ratio of Specific Heats

Thermal Conductivity

Von Kiarméan Constant

Dynamic Viscosity

Heat Flux

Density



Wall Shear

0000000000

1 Free Stream
a Air

0 Naphthalene
0 Total

0 Wall

XV



Looooot O

NN NN

The study of the manner in which surfaces regress when subjected to high-speed, hot airflow
has long been a topic of interest to aerospace engineers. The innovation demanded by World
War II brought some of the first supersonic vehicles into existence. With the advent of
aerodynamic vehicles capable of moving extremely fast, came the concern of the body’s

material regressing due to the high levels of skin friction and heat transfer experienced.

For many reasons, it is important to understand the manner in which these aerodynamic
surfaces change in response to skin friction and heat transfer. As the geometry of a body
changes, the aerodynamic properties of the body change. For example, regression due to
extreme flight speeds can cause a sharp tip on an aircraft to reduce to a blunted tip, which
can severely perturb the flight path of the vehicle and will further compound the amount of

skin friction and heat transfer experienced [1].

Researchers and engineers have taken a great interest in studying and addressing surface
regression because of the drastic aerodynamic effects that it can have. The high temperature
and Mach Number airflow conditions under which this regression occurs can be difficult to
recreate in a laboratory, however. Because of this, it is worthwhile to explore and utilize
methods that allow for the analogous study of the manner in which surfaces regress when

subjected to high-speed airflow to allow for testing under more easily achieved conditions.

The naphthalene sublimation technique allows for a regressing material that researchers



2 Q0uuood 4t looooboooioo

wish to study to be replaced with naphthalene. Naphthalene naturally sublimates at room
temperature and will sublimate more rapidly when subjected to greater temperatures and
wall shear. This makes naphthalene an ideal material for analogously studying the manner
in which other materials will regress when subjected to high-speed airflows, without having

to reach extreme speeds or temperatures.

This paper details research exploring the potential to use the naphthalene sublimation tech-
nique to study the effects which skin friction has on the manner in which a surface regresses
and vice versa. This study involved equipping a flat steel plate with skin friction sensors.
This flat plate and exposed heads of the skin friction sensors were coated with a thin layer of
sprayed naphthalene and installed in the wall of a supersonic wind tunnel. The naphthalene-
coated plate and sensors were subjected to supersonic, unheated airflow under various flow
conditions. This allowed for the study of the potential to use the naphthalene sublimation
technique to analyze how regressing surfaces instrumented with skin friction sensors might
expect to be affected when subjected to supersonic flow conditions. In order to accomplish
this, the change in the coefficient of skin friction recorded by the sensors between wind tun-
nel runs was studied in detail. Additionally, images of the naphthalene coating before and
after each run were taken to allow for a visual, qualitative study of the regression of the

naphthalene caused by the airflow.
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The naphthalene sublimation technique is a well-established experimental method to study
the effects of skin friction and heat transfer due to airflow over aerodynamic bodies. Naph-
thalene (CppHp) is a polycyclic aromatic hydrocarbon that is in a crystalline white solid
form when kept at room temperature and atmospheric pressure [2]. Naphthalene is most

well known for its historical use in mothballs.

2
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Figure 2.1: Naphthalene in various forms.

When a body coated in or composed of naphthalene is subjected to airflow, the naphthalene

will directly sublimate from a solid to a gaseous phase. The naphthalene sublimation tech-

3
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nique may be used purely visually to observe where an aerodynamic body is experiencing
the greatest shear stress. For example, Kuester et al. recently used this method to observe
the location where the boundary layer over an airfoil subjected to airflow transitioned from

laminar to turbulent, shown in Figure 2.2 [3].

" Laminar
Transition Flow Regime,
to Turbulent Indicated by
Flow ~ Remaining
Initial Naphthalene
Naphthalene
Coating
Airflow Airflow
Direction Direction

Figure 2.2: Naphthalene sublimation technique used to visualize boundary layer transition
by Kuester et al. [3].

The naphthalene sublimation technique may also be used quantitatively. This method cap-
italizes on the fact that the rate at which naphthalene sublimates can be directly correlated
to the wall shear and skin friction that the naphthalene surface experiences. The Reynolds
analogy, postulated by Osborne Reynolds in 1874, defines a proportional correlation between
heat transfer and momentum transfer [4]. The Reynolds analogy is written by Bons in his

2005 paper as

w (@u/@y)
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where , is the heat flux through the wall, y is the shear stress on the wall, is the thermal
conductivity of the moving fluid, %—I, is the change in temperature perpendicular to the wall,

is the dynamic viscosity of the moving fluid, and g—; is the change in horizontal velocity
perpendicular to the surface [5]. The analogy can also be defined in terms of the Stanton
Number, St, the coefficient of skin friction, C¢, and the Prandtl Number, Pr, as

E (T TW)/ (Tl TW)

1
f Pr u/uq

(2.2)

where T is the temperature, U is the velocity, the subscript w refers to conditions at the wall,
the subscript L refers to conditions in the freestream flow, and values without a subscript
refer to conditions at the point being analyzed. Due to the similar profiles of the thermal
and hydrodynamic boundary layers, and assuming a Prandtl Number of unity, the following

approximation may be made:

2St Cr (23)

In 1933, Colburn extended the Reynolds Analogy to situations in which the Prandtl Number
is not equal to unity [6]. This new approximation is often called the Modified Reynolds

Analogy and is given as

Cr

St Pri= > (2.4)

These approximations apply to any form of the Stanton Number. The Prandtl Number is

given as
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Pr=-=" (2.5)

where €, is the specific heat at a constant pressure of the given fluid [7]. For air at room

temperature and atmospheric pressure, the Prandtl Number is approximately 0.71.

In their 1960 paper, Sherwood and Trass were among the first researchers to thoroughly
investigate the naphthalene sublimation technique as a method for analyzing skin friction
over high-speed bodies [8]. Sherwood and Tréss define the Stanton Number in terms of mass

transfer as

Ny
St,, = 2.6
" Wy  Wq) qUq (2:6)

where N, is the mass flux of the naphthalene surface, w is weight fraction, and is density.

Mass flux may be calculated via

Ny = n (2.7)

Y
t
where n is the density of the naphthalene wall, Yy is the change in the height of the

naphthalene surface, and tis the time period in which the change in height occurred.

The air at the surface of the naphthalene wall is often assumed to be fully saturated with
naphthalene vapor. The concentration of naphthalene in the freestream airflow, wq, is
typically assumed to be equal to zero. Frank White’s 1988 textbook, UUIL 000 1000 LOOODIOO,
provides guidance for calculating the weight fraction of naphthalene, w,, at the wall [9].

First, the molar fraction of naphthalene is found as
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Pw
Xy = —— 2.8
v Pooo (2:8)

where X, is the molar fraction of naphthalene at the surface, py is the vapor pressure of
naphthalene at the wall, and ppp is the atmospheric pressure under the given conditions.
Multiple researchers have experimentally determined equations for p,, which vary slightly.
White converted experimental data obtained by Winding and Chaney to an equation for

vapor pressure defined as

8673
In(py) =31:49 —— (2.9)
Tw

where py is the vapor pressure of the naphthalene at the wall in pascals and Ty, is the surface

temperature of the wall in Kelvin [9, 10].

In a separate paper by Sherwood, co-authored by Bryant, a relationship of p,, and T,, was
also experimentally determined. Souza Mendes converted this relationship into one which

uses a natural logarithm and more suitable units, given as

8669
In(py) = 31:49 —— (2.10)
Tw

where py, is in pascals and Ty, is in Kelvin [11, 12].

H.H. Sogin fit data collected by Thomas to a relationship between naphthalene vapor pressure
and surface temperature. Souza Mendes also converted this equation to a natural logarithm

with appropriate units as

In(py) = 31:23 8_|5_£ (2.11)

w
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where py is in pascals and Ty is in Kelvin [12, 13, 14].

The weight fraction of naphthalene at the wall is given by White as

Wy, = Xan

= 2.12
XaMjz + XywMp ( )

where M, is the molecular weight of air and My, the molecular weight of naphthalene [9].
In his aforementioned textbook, White gives M, as 28.96 and My, as 128.16. X, is the mole

fraction of air at the naphthalene wall, simply defined as

Xa = (1 Xw) (213)

since air comprises the rest of the gas at the wall. At this point, all terms in Equation 2.6
have been defined. Using either the Reynolds Analogy or Modified Reynolds Analogy, given
in Equations 2.3 and 2.4, the value of ¢¢ may be calculated, using the Stanton Number in
terms of mass transfer and the Prandtl Number of the air. Wall shear, ,, may be found

from cf via

CF =1 (2.14)
2 ala

where 4 is the density air. A direct link between the rate at which naphthalene sublimates

and the coefficient of friction and wall shear has been made.

There are two ways to obtain the value of skin friction on a surface, classified as direct
and indirect methods. Direct methods will be discussed further shortly. Indirect methods
involve utilizing either an analogy or a correlation of data. This is the category into which the

naphthalene sublimation technique falls. See references from Nitsche, Winter, and Pulliam
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for further details on direct and indirect methods [15, 16, 17].
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There are numerous instances in which a researcher would wish to study the manner in which
a surface regresses when subjected to airflow and might choose to employ the naphthalene

sublimation technique to do so.

One of the earliest applications of the naphthalene sublimation technique was to study the
effects of extremely high-speed airflow over spacecraft reentering the Earth’s atmosphere.
A. F. Charwat explored this extensively in a 1968 memorandum prepared for the Advanced
Research Projects Agency [18]. For his study, Charwat cast naphthalene into cones of varying
geometry and subjected these cones to supersonic airflow. The profiles of the cones were
optically recorded at specific time intervals to study the regression of the surface. An example
of the imaging done by Charwat can be seen in Figure 2.3. This work allowed for a visual
representation of the locations at which a conical body would experience the greatest shear.
It also allowed for the study of how bodies of varying geometry could be expected to regress
when subjected to high-speed airflow for analogous comparison to the ablative bodies of

spacecraft reentering the atmosphere.

Modern-day researchers still employ the naphthalene sublimation technique to study how
ablative materials utilized on the exterior of spacecraft can be expected to behave when
entering a planet’s atmosphere. Over the past decade, research sponsored by the National
Aeronautics and Space Administration (NASA) has utilized planar laser-induced fluores-

cence (PLIF) to visualize the products created when a naphthalene-coated body experiences
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Figure 2.3: Series of Schlieren images of naphthalene cones subjected to airflow of varying
conditions as part of Charwat’s work [18].

hypersonic airflow [19]. Researchers from the University of Texas and NASA have utilized
naphthalene sublimation to visualize the surface regression that a spacecraft shielded in an
ablative material would be expected to undergo when entering a planet’s atmosphere. Naph-
thalene sublimates under much lower temperature and Mach Number conditions, allowing
for much more practical laboratory experimentation. An example of the work utilizing the
naphthalene sublimation technique done in collaboration between the University of Texas

and NASA can be seen in Figure 2.4.

Researchers outside of the aerospace engineering field have taken an interest in the naphtha-
lene sublimation technique as well. Geologists and geomorphologists study aeolian processes,
the effect of wind on the Earth’s surface [20]. Lee and Greeley of Arizona State University

explored the possibility of utilizing the naphthalene sublimation technique to measure shear
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Figure 2.4: Schlieren images of flow over naphthalene coated body with PLIF results super-
imposed over right image [19].

stress over geographic regions of the Earth due to wind [21].

Many applications of the naphthalene sublimation technique have previously been utilized
and continue to be utilized by researchers and engineers in widely varying fields. This re-
search focused most heavily on the potential for using the naphthalene sublimation technique
to study the effects of high-speed airflow over solid propellants employed in air-breathing
engines. The methods employed, however, have many other manners in which they could be

utilized.

QoooiD  Oooit 0oof dooobotiod

The study of the manner in which solid fuels regress when utilized in ramjet or scramjet
engines continues to be a topic of interest to researchers. It can be seen in Figure 2.5, taken

from the work of Chernov of ORT Braude College of Engineering in Israel, that significant
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geometric changes to the solid fuel grains occur when ignited, even when the majority of the

fuel is not expended.

Figure 2.5: Solid fuel grains in test section before and after experimentation [22].

Many factors play into the way that a solid fuel grain regresses, however one which has not
been thoroughly explored is the effect that the skin friction of the air passing over the surface
of the burning fuel has. It is often challenging and costly to conduct testing during which
solid fuels are combusted. The air passed through the test section must be heated to over
1000K in many cases, among other difficulties. Additionally, there is no way to determine
what amount of the fuel’s regression is due to burning and what amount is due to the skin

friction of the high-speed air passing over the fuel grain during solid fuel experimentation.

Utilizing naphthalene rather than directly experimenting with solid fuels allows for testing
to be conducted in a wind tunnel rather than a ramjet or scramjet rig. The air heating
required is only that which allows for the desired Mach Number to be reached, significantly
lower than that required for solid fuel ignition. Additionally, using naphthalene sublimation
allows for regression due to burning and regression due to shearing to be decoupled, creating

the potential to study the effect of skin friction over a regressing surface such as a solid fuel.

To the knowledge of the author, the use of the naphthalene sublimation technique to anal-

ogously study solid fuel regression has only been described in one other work of literature.
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