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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.
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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
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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.



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 (C H ) 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.

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].

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

�w

=
j�(@T/@y)j
�(@u/@y)

(2.1)
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where �w is the heat flux through the wall, �w is the shear stress on the wall, � is the thermal

conductivity of the moving fluid, @T
@y

is the change in temperature perpendicular to the wall,

� is the dynamic viscosity of the moving fluid, and @u
@y

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, Cf , and the Prandtl Number, Pr, as

2St

cf

=
1

Pr

(T � Tw)/(T1 � Tw)

u/u1
(2.2)

where T is the temperature, u is the velocity, the subscript w refers to conditions at the wall,

the subscript 1 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 � cf (2.3)

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

St � Pr
2
3 =

cf

2
(2.4)

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

given as
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Pr =
�cp

�
(2.5)

where cp 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 Träss 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 Träss define the Stanton Number in terms of mass

transfer as

Stm =
Nw

(ww � w1)�1u1
(2.6)

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

Mass flux may be calculated via

Nw = �n
�y

�t
(2.7)

where �n is the density of the naphthalene wall, �y is the change in the height of the

naphthalene surface, and �t is 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, w1, is

typically assumed to be equal to zero. Frank White’s 1988 textbook, ,

provides guidance for calculating the weight fraction of naphthalene, ww, at the wall [9].

First, the molar fraction of naphthalene is found as
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xw =
pw

p
(2.8)

where xw is the molar fraction of naphthalene at the surface, pw is the vapor pressure of

naphthalene at the wall, and p is the atmospheric pressure under the given conditions.

Multiple researchers have experimentally determined equations for pw which vary slightly.

White converted experimental data obtained by Winding and Chaney to an equation for

vapor pressure defined as

ln(pw) = 31:49 � 8673

Tw

(2.9)

where pw is the vapor pressure of the naphthalene at the wall in pascals and Tw is the surface

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

In a separate paper by Sherwood, co-authored by Bryant, a relationship of pw and Tw was

also experimentally determined. Souza Mendes converted this relationship into one which

uses a natural logarithm and more suitable units, given as

ln(pw) = 31:49 � 8669

Tw

(2.10)

where pw is in pascals and Tw 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

ln(pw) = 31:23 � 8587

Tw

(2.11)
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where pw is in pascals and Tw is in Kelvin [12, 13, 14].

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

ww =
xwMn

xaMa + xwMn

(2.12)

where Ma is the molecular weight of air and Mn the molecular weight of naphthalene [9].

In his aforementioned textbook, White gives Ma as 28.96 and Mn as 128.16. xa is the mole

fraction of air at the naphthalene wall, simply defined as

xa = (1 � xw) (2.13)

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 cf may be calculated, using the Stanton Number in

terms of mass transfer and the Prandtl Number of the air. Wall shear, �w, may be found

from cf via

cf =
�w

1
2
�au2

1
(2.14)

where �a 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].

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.

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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