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Abstract

This study evaluated the application of the traditional oil-flow-visualization technique in
determining skin-friction fields for surface flow of an axisymmetric afterbody model at low-
speed conditions. Qil liquid, which was mixed of kerosene, titanium dioxide and oleic acid,
was painted on the surface of model before experimental process. The movement of the oil
was recorded by camera for data processing. The algorithm for extracting skin-friction fields
was developed by the author and was validated. The method applied for boattail model. The
results indicated that the traditional oil-flow-visualization technique provided sufficiently
good outcomes for extracting skin-friction fields. Lagrange multiplier in range from 5 to 500
and number of selected pair images between 10 and 20 have a small effect on the skin-friction
topology. The flow streamlines of the proposed method were also discussed detail in this
study. Although the separation position was not captured well by the method, the
reattachment position showed close results to previous observations. Consequently, the
technique can be applied to analyze skin-friction fields of moving vehicles.

Keywords: Skin-friction; oil-flow-visualization; SGLOF.

1. Introduction

Skin friction is a very important parameter in aerodynamic studies. Although drag
formed by skin friction is not high in comparison to pressure drag, the skin-friction
topology allows understanding flow behavior close to the surface of model. In some case,
the change of skin-friction fields leads to sudden change of pressure distribution, which
affects drag of the model. A good pattern of skin-friction fields provides detailed
understanding of aerodynamic phenomenon.

Previously, skin-friction fields were measured using oil flow visualization
technique [1]. In this method, oil layer with white additives is painted on the black
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surface of the model before the wind tunnel test. A camera was then used to take picture
on the surface after the wind tunnel test. From trace of oil layer, the skin-friction pattern
could be discussed. In fact, the technique allows visualization with qualitative discussion.
Since the experimental setup for method was simple, it is still applied widely for the
aerospace industry for initial investigation.

To improve the oil film technique, luminescent oil is applied for the measurement.
In this technique, oil medium is mixed with a small amount of luminescent dye. The oil
is painted on the surface of model and is illuminated by UV LED during the
experimental process. The change of oil layer thickness could be recorded for data
processing. By comparison to the traditional technique, the luminescent oil shows high
advantages such as faster responding time [2]. Consequently, some unsteady behavior
of flow was discussed. However, the experimental setup for this measurement is
sufficiently complicated, and luminescent dye is quietly expensive. Consequently, it has
been not studied in Vietnam, yet.

In this study, we proposed to apply novel data processing for traditional oil-flow
visualization techniques to study skin-friction fields. In detail, the experimental setup
was the same as study of traditional technique. The change of oil layer is recorded
during the experimental process by a digital camera. The sub-grid skin-friction
measurement algorithm, which is developed by Tran and Chen [3], is applied for data
processing. The results show that skin-friction fields can be captured well by the present
method. Effect of Lagrange multipliers and the number of images on skin-friction
topology are discussed in detailed in this study.

2. Sub-grid global luminescent oil-film (SGLOF) skin-friction measurement

The SGLOF skin-friction measurement developed by Tran and Chen [3] was now
recalled for the current study. The technique was applied to solve the thin-oil film
equation, which contains the relation between oil film thickness and skin-friction
vectors. The change of oil-film thickness was considered proposal to the brightness of
image, which could be recorded by the camera during experimental process. The
equation showing the relation between the intensity of the image and skin-friction
vectors is as follow:

%+VO[|(%T—(VD—/D9 )KS,LIJ jJZO (1)

where 7 is skin friction vector, p is pressure distribution on the surface, h is thickness of
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oil layer, g is gravity and u is the dynamic viscosity of the oil, x = A/ is a constant
parameter, which shows relation between thickness of oil h and intensity I.

Previously, Tran and Chen [2] proposed applying filter on whole Eq. (1) to remain
local feature of flow. This method is similar to the case of large eddy simulation (LES),
which was widely applied in numerical study. When filter was applied,
Eq. (2) becomes:

aat—'_+v.(m‘)+v"s=0 @
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where | and U:ZK—IF—(Vp—pg ) 3 are the luminescent intensity, optical-flow
y7;

velocity fields in pixel grid and zs is the sub-grid scalar flux. That parameter is
determined by =, =D, VI, where Dt is the turbulent diffusion coefficient.

Eq. (2) was solved by Euler-Lagrange method. In this study, a Lagrange multiplier
is applied. Since this study focuses on location of separation and reattachment flow, we

used smoothness term as J, =Ia||VoG(x,t)||2dx. Note that this relation is different
Q

from previous study by Tran and Chen (2020). One Lagrange multiplier was chose in
this study. The optical-flow vecloticy vectors can be found by minimizing the below
equations:

— 2
I = J‘{%l L TeVI + DtAI_} dx,dx, + J' a||V e T(x, )| dx,dx, (3)
o Q

where « is the Lagrange multiplier and is selected before numerical methods. Effect of
Lagrange multiplier on solution will be evaluated in this study. Euler-Lagrange equation
for Eq. (3) is:

W (I_t +al, +VI, + DtAI_) = a(UXX +\7Xy)

N (4)
(T, +0, +V1, + DAT )= (T, +7,, )

A discrete method to solve Eq. (4) was presented by Tran and Chen [3]. This
method allows recovering of instantaneous skin-friction fields from a pair image, which
is called a snapshot solution. By averaged snapshot solutions at different time, the mean
skin-friction fields can be obtained. The experiment and results for validation of the
method were presented by Tran and Chen in the previous study [2].
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3. Experimental and numerical setups

Experimental setup for skin-friction measurement was presented in Fig. 1. Here,
model is painted in black and is illustrated by the white light source, which is placed on
the top surface. Model is painted by oil which is mixed of kerosene, titanium dioxide,
and oleic acid by proposal of kerosene : titanium dioxide = 3:1 by mass and kerosene :
oleic acid = 20:1 by volume. The change of oil layer was recorded by the camera at
a frame rate of 5 frame per second (fps). The initial and final images are illustrated

Camera @

E:White LED
i 7

5 N a—op -

y
" Flow

Fig. 1. Experimental setup for skin-friction measurement

in Fig. 1.

The numerical region for boattail studies was shown in Fig. 2, time step between
image is 1 s. A total of 15 image pairs is selected for data processing.

4. Results and discussions

4.1. Skin-friction on the surface

The first, processing and last images (before, during and after wind tunnel test) are
indicated in Fig. 2. As can be seen clearly, the distribution of oil film is uniform on the
surface. The movement of oil can be captured well by the camera. After the wind tunnel
test, a high accumulation oil occurs near the shoulder of boattail. It is expected that
separation occurs there. Tran et al. [4], who used luminescent oil film image to study
skin-friction fields, indicated that the separation line occurs at the shoulder of boattail.
Additionally, if the thickness of the initial luminescent is high, numerical results show
that separation position moves downstream. Clearly, the selection of oil thickness is
very important to obtain high accuracy of the results.

70



Tap chi Khoa hoc va Ky thudt - ISSN 1859-0209

45
60

75
22 90
9

105

120

135
-0.2 0 0.2 0.4 0.6 0.8 1.0
X/Lb

a) The first image (before wind tunnel test) b) The last image (after wind tunnel test)

Separation region

0 0.2 0.4 0.6 0.8 1.0

x/L b

c) The last image after wind-tunnel test
Fig. 2. The first, during and last images taken in experiments
We now show the numerical results, which were process by SGLOF algorithm.

Fig. 3 illustrated the results of skin-friction lines and skin-friction magnitude. Here,
15 image pairs were used for data processing.
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a) Skin-friction lines b) Skin-friction magnitude

Fig. 3. Skin-friction lines and skin-friction magnitude
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A clear skin-friction field was observed. In fact, flow is separated on the boattail
surface and reattached again to form a separation bubble. The existence of separation
bubble was widely reported in previous studies by Tran et al. [4] using experiments and
Tran et al. [5] using numerical methods. However, it seems that the location of the
separation position was not consistent well with the previous experimental study, where
separation position is located near the boattail shoulder. In detail, when the thickness of oil
is sufficiently thin, separation position should be located at the shoulder of the model [4].
In current study, separation position is located at x/L, = 0.15. The difference is
sufficiently large. It can explained by the movement of oil layer is affected by titanium
dioxide in adverse pressure gradient region. Clearly, location of separation position is
difficult to find.

It can be explained that the oil layer contains solids components of titanium
dioxide, which leads to a low respond to the aerodynamic effect. Additionally, the
kerosene is evaporated during the experimental process, which may have some effect on
the movement of the oil layer. Except for those points, clear flow streamlines was
shown. High skin-friction value is also observed around the shoulder, where the velocity
outside the boundary layer highly accelerates.

4.2. Effect of Lagrange multiplier on surface flow

Since an additional Lagrange multiplier is added to find skin-friction fields, the
results of skin-friction are not unique. The solutions depend on the Lagrange
multiplier o. In this section, the effect of weight coefficients on the numerical results
will be discussed. We select Lagrange multipliers from 0.5 to 5000. Total 15 image
pairs are employed for the evaluation. Results of the numerical process were indicated
in Fig. 4.

Clearly, when the Lagrange multiplier was small, flow on the surface is not
smooth and the pattern of skin-friction fields is not clear to observe. The flow fields
become smooth for the Lagrange multiplier higher than 50. However, selection of too
high multipliers leads to smooth flow and local features were not well captured.

Our results are highly consistent with the previous observation by Woodiga [6]
and Tran and Chen [3], where flow fields were not affected by the Lagrange multiplier
in the range from 5 to 500.
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a = 5000
Fig. 4. Skin-friction fields for different Lagrange multiples.
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4.3. Effect of number of image pairs on surface flow

In this study, kerosene oil was used for experiments. However, the oil quickly
evaporates during the experimental process. Consequently, selecting number of image
pair is very important to obtain the correct results. The image number should be selected
when the liquid substance is still sufficient for smooth movement. If the oil does not
move, the uncertainty of skin-friction fields should be high. We examine the ability of
the algorithm in extracting skin-friction fields by changing the number of image pairs
for numerical process. Here, the initial image pair has remained the same for all cases.
It means that the time increases with number of selected images. Fig. 5 shows the
numerical results. Clearly, flow is not smooth for the number of pair images below 5.
It is explained that in some areas, the oil does not succeed to respond to the flow
movement and further image pairs are required for the results. However, when the
number of the image is over 30 pairs, some part of the oil has finished movement.
Processing for a pair image, which has almost no movement, will lead to large errors.
Consequently, the number of selected image pairs is ranges from 10 to 20 is
recommended for this study.

The advantage of the current skin-friction measurement method is to allow
obtaining skin-friction values. Consequently, separation and reattachment positions can
be evaluated quantitatively. Fig. 6 shows averaged streamwise skin-friction values at the
centerline from different image pairs. Here, skin-friction was averaged on each point in
a vertical position. The separation position can be determined by the skin-friction value
cross the horizontal axis and becomes negative, while the reattachment position is
determined by the position where skin-friction becomes positive. We can obtain a high
resolution of skin-friction fields. Clear separation and reattachment positions were
obtained. Overall, a low skin-friction region was observed near the shoulder, which
showed the deceleration of flow there. After the reattachment region, skin-friction value
increases, which indicates an increase of the pressure near the base. The results showed
a similar trend to the previous study by Tran et al. (2018).

Fig. 7 shows separation and reattachment positions on the surface by the current
and previous relevant studies [4, 5]. Clearly, the current technique shows a good ability
in the prediction of reattachment position. However, the separation position is not able
to capture well. Clearly, the selection of oil substance is very important to obtain high
accurate results. It is an important topic for our further study.
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Fig. 5. Effect of image pair on the results
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Fig. 7. Separation and reattachment position on the boattail surface
(N- is for numerical simulation and E- for experimental method)

5. Conclusions

In this study, a traditional oil-flow-visualization technique in determining skin-
friction fields was evaluated. The skin friction was measured by oil-film and was
processed by a sub-grid global luminescent oil-film skin-friction algorithm. The technique
shows high potential in extracting skin-friction fields. Semi-quantitative skin friction was
obtained with a clear structure of surface flow. The number of image pairs around 10 to
20 is good for capture skin-friction fields. Lagrange multiplier in the range from 5 to 500
practically does not affect the results. However, for further study, criteria for the selection
of the Lagrange multiplier should be proposed for further development and unique results
of the flow fields. Additionally, numerical results were affected by the movement of the
oil layer and the number of image pairs. Consequently, the selection of mixing oil and
number of image pairs should be carefully for further investigation.
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UNG DUNG KY THUAT HIEN THI DONG CHAY
TRUYEN THONG TRONG XAC DINH TRUONG MA SAT
TREN BE MAT PUOI VAT BOI XUNG

Tém tit: Nghién ciru nay danh gia kha ndng iimg dung cia ky thudt mé phong truyén
thong trong xdc dinh truong ma sdt trén bé mdt ciia dudi vt khong doi xieng cho dong van toc
thap. Dau diing mé phong la hon hop ciia dau hoa, éxit titan va axit oleic, dwge phii 1én bé mt
ciia mé hinh trudc thi nghiém. Sw thay doi cia dau dwoc ghi lai bang camera dé xir 1y.
Thudt todn dé tinh todn truong ma sat da dege phdt trién béi C&c tdc gia va dwoc kiém chirng.
Phirong phép dwoc dp dung cho mé hinh dudi vdt. Két qua tinh todn chi ra rang phirong phdp
mé phéng dau truyén thong cho két qua tot trong xdc dinh truong ma sat. Hé sé Lagrange diwoc
lira chon trong khodng tir 5 t&i 500 va s6 lwong cdp anh tir 10 t6i 20 dnh hwéng it t6i truong ma
sdt trung binh. Puwong dong quanh vt ciia phirong phdp dwoc trinh bay cu thé trong nghién citu
nay. Mdc dii vi tri tach dong thu duwoc khéng tot tir phwong phap trén, vi tri hop dong khd tuwong
dong véi két qua ciia cdc nghién ciu truée. Do vdy, kj thudt ndy c6 thé ap dung dé phan tich

truong ma sat trén bé mat cua vat chuyén dong.

Tir khéa: Truong ma sat; hién thi dong chay; SGLOF.
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