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DIRECT MEASUREMENT OF SKIN FRICTION ON MAGNETICALLY 

LEVITATED VEHICLES 

By 

Alexei Vladimirovich Marshakov 

Joseph A. Schetz, Chairman 

Department of Aerospace and Ocean Engineering 

(ABSTRACT ) 

The goal to design and build a reliable instrument for 

the direct measurement of skin friction on the surface of 

Magnetically Levitated (MagLev) trains was successfully 

achieved. A wall mounted, cantilevered beam device was 

used to measure the small tangential flow shear force that 

passes over the non-intrusive floating element. 

Piezoresistive strain gage units measure the relatively 

small strain that is generated by the wall shear. By 

adapting the geometry of the sensing unit, this design can 

be adapted for a variety of test flows. Measurements were 

made on two different vehicle geometries provided by 

Northrop/Grumman and Lockheed/Martin as well as on a special



model designed to study the influence of propulsion rails on 

the Lockheed/Martin model aerodynamics. The obtained values 

of the skin friction coefficient C, are deemed reasonable 

for the type of flow studied. The estimated uncertainty of 

the gage is + 5.2%. The data agreed to within 10% with 

estimated values from an idealized Couette flow analysis.
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CHAPTER 1. INTRODUCTION 

1. INTRODUCTION 

BACKGROUND 

A knowledge of the drag resulting from skin friction is 

important for several reasons, both scientific and 

practical. Scientifically, the skin friction is ae key 

component in determining the friction velocity, 

that is used as the scaling velocity in the correlation of 

turbulent boundary layer profiles. From a more practical 

perspective, skin friction is important to the performance 

of virtually all fluid machinery systems and components. 

Skin friction plays a key role in drag of any vehicle moving 

at relatively high speed. 

The measurement of skin friction is not a new science. 

Skin friction has been successfully measured for years using 

indirect and direct methods. Most laminar flow situations 

have reliable skin friction measurements available and a 

host of prediction methods are available for simple flows 

over a flat plate. The measurement of skin friction can be 

classified into two categories of techniques-- indirect or 

direct methods. 

Indirect methods involve measurement of the boundary 

layer velocity gradient or heat transfer along with some 

assumptions so that the skin friction can be inferred. 

Nitsche et al [1] present a thorough review of many of these 

methods and their strategies. Wooden [2] presents in
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tabular form a list of advantages and disadvantages of 

several types of experimental skin friction measurements. 

Wooden and Hull treat Reynolds Analogy measurements as a 

separate method as he considers the physical quantity being 

measured (i.e., force, total pressure, and heat transfer) as 

his dividing criterion. In this discussion, however, 

Reynolds Analogy will be considered a subset of indirect 

methods. 

Figure 1 that comes from the work of Nitsche et al.[1] 

summarizes most of the indirect techniques used for the skin 

friction measurements along with their underlying 

principles. 

First technique involves the use of heated wires or 

films along the wall in order to measure heat transfer. In 

1874, Osborne Reynolds suggested that the mechanism between 

the heat transfer and momentum transfer in a turbulent 

boundary layer are similar. This conclusion leads to the 

Reynolds Analogy - a relationship between the skin friction 

coefficient and the heat transfer coefficient. The Reynolds 

Analogy can be expressed as [3]: 

2 

< C 
St Pr? = —4 

2 

or simply as 

in the case of turbulent Prandtl number of unity. Reynolds’ 

theory has been modified by various researchers as given in 

Wooden [2] which follows from Rubesin [4]. These empirical 

modifications and corrections refine the calibrations for 

this type of flows. Only the basic Reynolds Analogy 

technique for a surface hot film sensor will be discussed 

here
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CHAPTER 1. INTRODUCTION 

The surface hot film sensor technique (Fig. la) is 

based on the concept that convective losses of a small 

heated sensor mounted on the wall and maintained at constant 

temperature can be correlated to the wall shear stress. The 

empirical calibration formula is usually in the form: 

UL = A+ BY 

were U, is the bridge voltage. Several researchers have 

measured skin friction with such a technique[5], [6], [7]. 

The technique does well in cases where Reynolds Analogy may 

be applied. Bellhouse and Schultz [8] raised concerns for 

use of a heated film. 

Another indirect technique is the sublayer fence (Fig. 

1b). This method is based on the similarity law of the 

viscous sublayer. The measured differential pressure at the 

fence is correlated to the local shear force using the 

relationship between this pressure and the velocity close to 

the wall. 

Among the most widely used indirect methods is the 

Preston tube, as shown in Figure lc. 

The Preston tube operates by resting a small tube on 

the wall surface in order to measure the Pitot pressure. 

The tube's size allows the probe to sense the viscous 

sublayer, the buffer layer and the logarithmic portion of 

the boundary layer, meaning that the complete law of the 

wall must be supposed when utilizing this technique. The 

relation between the wall shear and measured dynamic 

pressure in the probe is usually represented by an empirical 

calibration curve which is a fit through a logarithmic law. 

The problem with such an arrangement is that direct 

relationship between the law of the wall and the calibration 

method indicate that measurement of skin friction by a 

Preston tube technique will break down in situations that
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lead to a deviation from the law of the wall. Thus the 

Preston tube will fail in such flows as a transition region 

or separating and reattaching flows as the law of the wall 

breaks down. Furthermore, it will be of very limited use in 

a three-dimensional flow regime as well. 

Similar in principle to the Preston tube, a Stanton 

tube[9] consists of a Pitot tube with a rectangular opening. 

A Stanton tube can easily be fabricated by placing a piece 

of razor blade over a static pressure hole. A schematic 

drawing of a Stanton tube is shown in Figure 2. 

While being very similar, there are some important 

differences between Stanton and Preston tubes. First, the 

Preston tube is a global device which measures Bernoulli- 

type pressures. These pressures are a result of the 

deceleration of fluid in front of the tube. The Stanton 

tube, being a local device, does not respond to Bernoulli- 

type pressures. This enables it to respond more quickly to 

local shear stress fluctuations. Second, Stanton tubes are 

characterized by numerous physical parameters such as width 

and overall height of the device and the flow entrance 

opening. That makes the calculation of the wall shear 

levels much more tedious than those of the Preston tube. 

However, the Stanton tube must be compensated as well 

when utilized in three-dimensional flows or flows with 

pressure gradient since the velocity profile will be 

changed. Likewise, a hot-wire at a fixed distance above the 

wall can be utilized in the logarithmic region to determine 

the velocity u at a distance h above the wall. However, 

although this method is less sensitive to changed wall laws, 

it still has the same restrictions as the Preston tube 

method.
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The other techniques shown in Figure 1 including wall- 

fixed hot wire, computational Preston tube and wall-fixed 

double hot wire are, basically, modified basic methods 

described above adopted for measurements in certain flow 

conditions. 

A final indirect technique involves the use of liquid 

crystals to qualitatively and quantitatively measure skin 

friction[10]. Liquid crystals are optically active mixtures 

which have the ability to reflect light of a particular 

wavelength which changes in response to a certain physical 

stimuli. 

By making the crystals sensitive to shear stress, a 

calibration curve can be generated which relates the shear 

stress to reflected wavelength. However, liquid crystals 

are still much more suited to indicating transition location 

than reporting skin friction measurements. 

Before going into a discussion of the direct methods, a 

brief survey of what will be called semi-direct or quasi- 

direct methods will be made. Among these would be the use 

of a thin liquid film[11] which is placed on the surface of 

the body and deformed by the gas flow over it. Hence, the 

term semi-direct method as the film is placed on the body 

rather than in the body as a floating-element gage would be. 

The concept behind a thin film technique is that the 

surface shear stress can be deduced from the rate of 

deformation of the thin oil film based upon lubrication 

theory. The shear stress can be assumed to be the primary 

force on the film if the film is thin relative to its 

length, there is little surface curvature, and the flow is 

unaffected by the film's presence. If one has the ability to 

measure the deformation of the thin oil film over time, then 

it is possible to accurately determine the skin friction 

based upon a characteristic film profile.
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For the case of Seto's [12] experiment, the 

characteristic film profile for constant shear stress, zero 

pressure gradient two-dimensional flow was: 

Wx 

tt 

where y is the film thickness, HW is the viscosity, x is the 

distance from the leading edge of the film, T is the shear 

stress and t is the time. A schematic drawing of such a 

profile can be seen in Figure 3. The linear profile above 

occurs in the limiting case of increasing time and 

decreasing film thickness. So for a very thin film case, 

the influence of the film on the flow is negligible and the 

above equation gives a direct relation between the shear 

stress and the film thickness and deformation. 

Several researchers have different methods for 

measuring the deformation of the oil. Tanner [13] used 

laser interferometric thickness measurements of the oil 

thickness. A non-intrusive double laser beam interferometer 

system was developed as an advancement to Tanner's 

arrangement [14]. These methods were further improved by 

O'Brien [15] who placed microspheres on the surface of the 

film and imaged their motion through a microscope beneath 

the flow. Other researchers utilize other techniques for 

visualizing the oil deformation[12].These techniques are 

very successful at measuring skin friction on a flat plate 

in a non-intrusive manner. However, it is likely that the 

model may be in motion on the test stand and the optical 

access might be limited. 

Direct force measurement techniques generally include 

two types of force balances - nulling and non-nulling. In 

the nulling design, the sensing element, a small movable 

portion of the wall, is acted upon by the shearing force but 

it is not deflected (see Figure 4). Instead, it is held
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fixed in its initial position by a restoring force that is 

equal to the shear force. In the non-nulling design, the 

sensing element is allowed to deflect under the shearing 

load. This type of design is much simpler than a self- 

nulling design, however it introduces some concern as the 

deflection allows the sensing head to tilt and protrude 

into the flow and it permits the sensor geometry to vary. 

Winter [16] presents a history of early direct 

measurement designs. 

Many of the nulling gages are mechanically complex, 

using some parallel linkage arrangement to sense the force 

on the floating element. That is, the sensing element does 

not move but instead transfers the force through the 

parallel linkage which measures the amount of compensating 

force required to keep the element stationary. A schematic 

drawing of such a design from Allen [17] can be seen in 

Figure 4. Vakili [18] has come up with a moving belt 

technique called a Belt Skin Friction Balance (BSFB). As 

shown in Figure 5, this gage functions by having a flexible 

belt wrapped tightly around two cylinders with parallel 

axes. As the flow goes over the belt, the shear force 

applied to the belt forces the cylinders to rotate a very 

small amount. Strain gages installed on the flexure measure 

the strain which is proportional to the belt's deflection. 

A nulling device is attractive for many reasons, since 

it is a direct measurement with no assumptions regarding the 

properties of the flow and the balance remains fixed and 

will not alter the flow. Many nulling designs exist for 

measuring skin friction. However, there are some drawbacks 

to the nulling design. The mechanical complexity can present 

a problem with fabrication and susceptibility to error. 

Last, a nulling design has a much slower time response 

compared to non-nulling scheme. 

11
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CHAPTER 1. INTRODUCTION 

Thus, we come to the non-nulling direct measurement 

method for a skin friction balance in the hopes that this 

configuration will be successful for the applications of 

interest here. The non-nulling device allows the 

cantilevered floating element to move a very small distance, 

and the bending at the base of the beam can be measured. 

This is mechanically much simpler than the nulling design, 

and consequently less susceptible to errors. 

This kind of design was first use in the cantilever 

arrangement by Schetz and Nerney [19]. Their design was 

made possible by use of very sensitive crystal strain gages. 

The concept of a non-nulling instrument using crystal strain 

gages allows measurement of the small surface shear forces 

with very small deflections of the sensing head. For these 

very small deflections the tilting of the head is small 

enough so that the errors due to misalignment are minimal. 

References [20] and [21] also present data obtained from 

using a direct non-nulling device. 

The direct method has an advantage for application in 

the various flows encountered, since it will work in 

laminar, turbulent, or transitional flows and requires no 

prior knowledge of the flow type. 

OBJECT OF STUDY 

The goal of this study was to design a simple and 

reliable skin friction gage that will allow one to directly 

measure the shear forces on three magnetically levitated 

train models in Virginia Tech Stability Wind Tunnel. 

13
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Recent years have brought a revival of interest in the 

use of magnetically levitated (MagLev) vehicles (Figure 7) 

as a means of high speed ground transportation. Maglev 

vehicles are not a new concept, having being studied in 

early 1930’s in Germany [22]. Maglev systems are currently 

under investigation in many countries of the world and full 

scale test and demonstration systems have been constructed 

in Germany, France and Japan. In the United States, the 

government support for Maglev has been sporadic. The US 

MagLev effort was revived in the late 1980's. Sparked by the 

crowding of the US air transportation system, the National 

MagLev Initiative (NMI) was formed. NMI, a consortium of 

federal agencies including the Departments of Transportation 

and Energy and the Army Corps of Engineers, awarded four 

System Concept Definition (SCD) contracts for development of 

a conceptual MagLev design. These four contracts went to 

Bechtel Corp., Foster-Miller Inc., Grumman Aerospace Corp., 

and Magneplane International Inc. 

In 1993, the Department of Transportation approached 

NASA for advice on acquiring experimental aerodynamic data. 

NASA recommended Virginia Tech as the site for wind tunnel 

testing based upon the quality of the test facilities that 

are available. Of the four companies initially contracted to 

pursuit the conceptual design, the Grumman (now Northrop / 

Grumman) design was the most mature and feasible. During a 

meeting held at Virginia Tech in April of 1994 with 

representatives from DOT, NASA, FRA, Northrop / Grumman, and 

Virginia Tech, it was decided that initial wind tunnel 

research would use a model of the Grumman design. A moving 

track system for in ground-effect wind tunnel testing of 

MagLev vehicles was to be developed for use in the Virginia 

Tech Stability Wind Tunnel. More specifically, the effect of 

14
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vehicle/track aerodynamic interaction on the overall 

aerodynamic drag was to be investigated. The results from 

this research would give insight in to the effects of this 

complex vehicle/track interaction, and they also could be 

used to aid validation of computational estimates. 

In order to take full advantage of the high speed 

potential of Maglev and to ensure economy of operation, it 

is important that the aerodynamic drag of the vehicles be 

minimized. The determination of drag and the other 

aerodynamic forces is, however, complicated by the fact that 

the vehicle rides on a track and this track is usually 

elevated. The aerodynamic analysis of the vehicle alone 

serves little more than comparative purposes since the 

vehicle / track interaction will have a significant impact 

on the aerodynamic behavior of the vehicle. 

Several concepts for Maglev system operation exist, 

each leading to its own type of vehicle design. The two 

predominate concepts are the electrodynamic suspension 

system (EDS) which uses a repelling magnetic force to float 

the vehicle, and the electromagnetic suspension system in 

which the vehicle undercarriage wraps around the track and 

an attracting magnetic force is used to suspend the vehicle. 

Both types of system have been investigated for the use in 

the United States and abroad. A good overview of the 

existing and developing Maglev systems is given in [23]. 

The following chapters will present the process 

for designing a skin friction balance for flow testing on 

the Maglev models. Chapter 2 will describe the moving track 

system for Maglev vehicle / track interaction simulation and 

the Virginia Tech Stability wind tunnel. In Chapter 3, the 

design of the skin friction gage utilizing the commercial 

strain gage unit will be described as well as the processes 

of gage calibration and C, calculation. The discussion of 

the possible sources of error for direct skin friction 

16



CHAPTER 1. INTRODUCTION 

  
Figure 6. A Current Maglev Design 
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measurements can also be found in this chapter. Chapter 4 

deals with three different Maglev models and the results of 

the skin friction measurements on these models. Chapter 5 

presents an attempt to numerically model the flow in the gap 

between the vehicle and the track. Conclusions and 

recommendations for what should be done in future balance 

designs are given in Chapter 6. 

17
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2. EXPERIMENTAL PROCEDURE 

MOVING TRACK FACILITY 

The aerodynamic behaviour of a ground vehicle is very 

different from that of an airborne vehicle. Since all 

aerodynamic forces are due to pressure and skin friction on 

the vehicle body, any change of these quantities caused by a 

different flow pattern will lead to a change in the 

aerodynamic forces experienced. Because of the proximity of 

the ground, or the vehicle track in this case, to the 

vehicle, its presence can be expected to have a large effect 

on the flow pattern. This fact necessitates some method of 

accounting for the presence of the ground effect during wind 

tunnel tests. 

The most obvious and the simplest method for modeling a 

ground effect is to place a stationary surface next to the 

vehicle model in the wind tunnel. However, this method is 

crude because there exists a relative motion between the 

vehicle and the ground that is not being simulated. As a 

vehicle travels down the track, it sees the incoming flow 

and the track both approach with the same velocity. Thus, 

no boundary layer is present on the track surfaces. A 

stationary ground plane in the wind tunnel will develop a 

boundary layer that does not exist in the.real life case. 

This deviation from the true flow will obviously cause 

errors in the wind tunnel modeling. This method is 

generally avoided if vehicle/ground interaction is deemed 

important. 

There are several methods of eliminating the boundary 

layer associated with the fixed ground plane method. Most 

18
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of these methods involve some sort of boundary layer suction 

or flow injection which causes an imbalance in the 

conservation of mass for the wind tunnel modeling. In 

addition, the plumbing necessary to provide for the suction 

and/or injection also leads to a much more complex 

apparatus. Unless proper suction/injection is used, which 

is very difficult to determine and validate, the result is 

not likely to be satisfactory. 

A final method is to have the ground plane in motion, 

usually using a wide belt. By having the ground plane 

moving at the same velocity as the air flow, the real life 

Situation is properly simulated. This is the most common 

method used for automotive wind tunnel testing. This method 

has some problems modeling the vehicle wheels/tires. 

Fortunately, with the no-contact criterion for Maglev 

suspension, this is of no concern in the present test. 

However, another issue of concern arises here. 

All moving ground planes used for automotive testing 

are intended to simulate the ground. For the case of 

Maglev, an elevated track needs to be simulated. This comes 

from the intent of building elevated tracks located above 

the interstate median, deviating only when necessitated by 

environmental considerations or road curvatures. This will 

minimize the costly properties procurement. Because of the 

need for simulating a moving, elevated track with quality 

flow both above and below the track surface, the traditional 

moving ground plane method could not be used. Moving ground 

plane systems normally used for automotive testing usually 

require replacing the wind tunnel floor with a wide moving 

belt. For this investigation, a new apparatus design had to 

be introduced without causing excessive blockage in the wind 

tunnel test section. 

A moving belt design involving one belt and two pulleys 

was considered [24]. The whole apparatus was placed inside 

19
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the wind tunnel test section instead of having the belt 

retreating below the tunnel floor. This concept would allow 

the apparatus to be placed in the wind tunnel without any 

further modification to the wind tunnel facility. The 

pulleys must be of sufficient diameter as to separate the 

distance between the top and bottom sides of the belt, but 

not so large as to cause excessive blockage of the tunnel 

section. 

Initial research concentrated on the search for 

commercially available belt systems to simulate the vehicle 

track. It was determined that in order to minimize Reynolds 

number differences between the full scale vehicle and wind 

tunnel model, the moving track must be able to attain a 

speed as high as possible. An exhaustive search through the 

market yielded a source that was able to supply a 6 in. wide 

timing belt that is capable of 134 mph (60 m/s) _ speed. 

Figure 7 illustrates the moving track system and vehicle 

model inside the wind tunnel test section. The choice of 

using a belt width of 6 in. resulted in a model of 

sufficient size for force measurement and Reynolds number 

Simulation without causing excessive blockage of the test 

section. As the belt is widened, the model size must also 

increase to an extent where blockage will become a problem. 

The belt is a self-tracking, timing belt composed of 

polyurethane with steel tensioners. It is of an endless 

design in that there is one steel tensioning cable that 

20
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winds through the length of the belt. This eliminates any 

type of joint on the belt and also prevents the typical belt 

stretching problem. A self-centering tread runs down the 

middle of belt, mating with a groove in the pulley to 

provide alignment. The timing belt has a pitch of 0.787 in. 

(20 mm). This ensures that there will be no belt slippage 

at high load conditions, thus the speed of the belt is known 

at all times. 

Tests were conducted with the moving track belt system 

to validate its operation and evaluate its performance. In 

the initial tests, excessive belt vibration was observed at 

multiple speeds, including the design speed. The belt 

manufacturer suggested using slider beds made of ultra high 

molecular weight polyethylene (UHMW-PE) placed under the 

belt to prevent vibration. Four slider beds, each 48 in. 

(1.2m) in length, were placed at adjacent to the belt to 

minimize belt vibration. 

The procedure for matching the speed of the wind and 

moving belt system began with accelerating the wind tunnel 

flow to the desired speed after the proper warm-up 

procedures. Once the wind tunnel was at the proper flow 

speed as indicated by the Pitot-static probe, the tunnel 

dynamic pressure, tunnel static pressure, and tunnel 

temperature were recorded. Using this data, the definition 

of dynamic pressure, and the ideal gas law, the wind tunnel 

air speed was calculated as follows: 

2QRT y = [2oRr 
Pp 

where U is airflow speed q was tunnel dynamic pressure, T 

was tunnel temperature, p was tunnel static pressure and R 

was a gas constant for air 

Once the tunnel flow speed was known, the corresponding 

angular velocity of the belt system pulley was’ then 
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calculated. This angular velocity was then manually fed 

into the stroboscope, which flashed at this rate. With the 

stroboscope aimed at the pulley shaft, the moving belt 

system was brought up to speed until a marking on the pulley 

shaft appeared to be stationary. Once this was achieved, 

the moving belt and the air flow speed were matched. 

DESCRIPTION OF STABILITY TUNNEL 

The Virginia Tech Stability wind tunnel (Figure 8) is 

of a single return design. It has a 6 ft x 6 ft x 24 ft 

removable test section and is powered by a 600 HP electric 

motor turning a 8 blade propeller of 16 ft diameter. Seven 

turbulence screens are used to provide a very low turbulence 

free stream flow. The tunnel has a contraction ratio of 

10:1 and a top speed of 250 ft/sec. The Stability Tunnel 

was originally designed and built at NASA Langley Research 

Center. 

FLOWFIELD VERIFICATION IN THE STABILITY TUNNEL 

Since a new experimental apparatus was developed for 

use in the Virginia Tech Stability Tunnel, its performance 

needed to be surveyed before further research could be 

conducted. Questions concerning the effects of the moving 

belt system on wind tunnel flowfield and blockage had to be 

addressed prior to studies of the vehicle models. 

Flowfield verifications of the moving track system were 

performed using hot wire anemometry. A sSingle-wire hot wire 

probe (TSI model 1210-20) was used in conjunction with a 
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Figure 8. Virginia Tech Stability Wind Tunnel 
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constant temperature anemometer to measure the flow. Data 

was collected using a PC computer with a data acquisition 

board sampling at 1000 samples/second for a length of 2.0 

seconds. The hot wire probe was oriented horizontally, to 

be most sensitive to the flow in the axial direction. It 

was secured onto a traverse system that allows it to be 

precisely positioned vertically and horizontally. 

The wind tunnel was set to operate at a dynamic 

pressure of 6 in. of water (120 mph). Measurements were 

taken both with the moving track stationary and in 

operation. Velocity profiles at 3 axial locations were 

taken. 

All measurements showed that the flowfield remains 

quite uniform with the belt system installed in the test 

section. The boundary layer essentially disappears when the 

tunnel speed and belt speed are matched. Both of these 

results indicated that the system will simulate the true 

flowfield well. See Reference [25] for more details. 

Flow conditions are matched between the full and sub- 

scale vehicles when the Mach number and Reynolds number are 

the same for both flows. The Mach number, M = U/a, is the 

non-dimensional ratio of the inertia forces to the elastic 

forces. The Reynolds number, 

Re - PUX 
Wu 

is the non-dimensional ratio of the inertia forces to the 

viscous forces. 

For low speed flows, the Mach number is not an 

important parameter, therefore matching the Mach number for 

sub-scale tests is not necessary. 

Most tunnel designs also make it difficult to match the 

Reynolds number for these types of tests. A one-tenth model 

would require testing at ten times the normal speed to match 

the Re for the same density. This is obviously not 
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feasible. When the Reynolds number is not matched, the flow 

at the model’s surface is altered, as is the complete flow 

over the model. Transition of this boundary layer is 

governed by the value of Reynolds number. Since the model 

is smaller than on the full-scale vehicle, the Reynolds 

number will be proportionally lower, therefore the 

transition from laminar to turbulent flow will occur 

proportionally farther back on the model than the full-scale 

vehicle. Trip strips, perturbations in the model surface 

used to artificially make the flow undergo transition, are 

added so that the flow over the model correctly simulates 

the full-scale flow. If the trip strips are effective, the 

flow will remain similar over a wide range of velocities and 

so will the non-dimensional values of forces and moment, 

expressed by coefficients. Trip strips were installed on 

all models used in this study. 
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3. GAGE DESIGN 

GENERAL DESCRIPTION 

The skin friction gage configuration chosen for these 

experiment was a non-nulling floating element gage. The 

design is based on the concept that the floating head 

cantilever arrangement when positioned flush with the 

surface can produces a deflection that is proportional to 

the local shear. 

Since the flow in this study was subsonic, a very 

sensitive instrument was required to detect the slight shear 

forces that are produced by the flow passing tangent to the 

wall. For example, ina flow with the dynamic pressure g = 

750 Pa (which was the case in this study), a typical C, 

would give a surface friction force of only about 2 N/m. 

So with a floating head surface area of 10 cm, the gage 

must accurately measure an equivalent weight as small as 0.2 

grams. 

The general configuration of the designed gage is shown 

in Figure 9. The floating element responds to shear from 

the passing tangential flow which is measured by the sensing 

unit. The sensing head is mounted to the end of the rod, 

which is a part of the sensing unit. The diameter of the 

sensing head was chosen 1.5 in (3.81 cm) so that the 

estimated shear force from the flow will provide enough head 

deflection for the sensing unit to measure. 

One important design issue was that the sensing head 

must be non-intrusive which means that not only should it 
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not protrude above the flow surface, but also it should not 

recess below the surface, so great attention was paid to the 

alignment of the sensing head. The sensing unit was placed 

into a capsule, whose angular position relative to the outer 

housing could be changed by means of eight alignment screws. 

Also, since the potential exists for the local skin 

friction to be affected by a difference in temperature 

between the floating element and the rest of the outer wall, 

the sensing head, gage housing and the gage mounting plate 

were made of the same material - aluminum. 

One of the other issues was the model vibration. 

Usually, the internal volume of the gage of this type is 

filled with a viscous fluid to damp the facility vibration 

and eliminate the effect of the pressure gradients in the 

flow (Refs [20], [21]). The initial tests of the gage showed 

that it was difficult to eliminate the spillage of the fluid 

out of the gap for the sensing head of this size. Since the 

pressure gradients in the gage location were shown to be 

negligibly small [23] it was decided not to fill the gage 

with liquid. Instead, the sensing head was made as light as 

possible, basically leaving just a skin 0.005 in. thick (see 

Fig. 9). 

SENSING UNIT AND TEST APPARATUS 

The sensing unit utilized here is a Deflection Sensor 

Cartridge (DSC®), a complete multipurpose displacement 

transducer which has the capability of being very sensitive 

while being stiff. A sketch of the sensing unit is included 

as Fig. 10. It is a unique piezoresistive strain sensor 
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Figure 10. Deflection Sensor Cartridge (DSC®) 
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used to measure minute deflections caused by a force. As 

force is applied to the cartridge, two crystals deflect, 

causing a resistance change. When the crystals are connected 

in the form of a half-bridge and provided with excitation 

voltage, a high level output signal, corresponding to the 

applied force is produced. The DSC consists of a single beam 

machined from stainless steel with two fiber-like silicon 

crystals glass-fused into the beam. The DCS is constructed 

so that the crystal sensors are put into tension and 

compression simultaneously when the force is applied to the 

cantilever beam. The two crystals, when wired as the active 

elements of the Wheatstone bridge, provide a continuous, 

highly linear signal. The DSC senses the deflection from 0 

to + 0.0381 cm with a linearity of + 0.05 percent full 

scale. Note that the forces being measured in this 

application move the tip of the sensor on the order of 10°” 

cm, which is at the low end of the range of the sensor. 

The standard circuit used for data acquisition as well 

as for calibration is shown in Fig. 12. The set-up consists 

of the sensing unit inside the gage connected to the model 

2310 Signal Conditioning Amplifier manufactured by 

Measurements Group, Inc. for the purposes of conditioning 

and amplifying low-level signals from strain gages or strain 

gage based transducers. The amplifier incorporates precision 

high stability resistors for an automatic bridge-completion 

and balancing. A Keithley-Metrabyte STA-20 Screw Terminal 

Adapter received the amplified output from the 2310 before 

sending it to the DAS-20, 12 bit high speed Analog/Digital 

converter board by Keithley-Metrabyte installed in a i486DX- 

33 based personal computer. Labtech Notebook® version 8.0 

software package by Laboratory Technologies Corp. was used 
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Figure 11. Simplified Wiring Schematic 
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for data acquisition and processing. 

CALIBRATION PROCEDURES 

A standard procedure was established for calibration of 

the gage. A direct force method was chosen, using standard 

weights and a digital voltmeter. The gage was clamped such 

that the sensing head surface was in the vertical plane, so 

that by hanging the weights directly on the sensing head, it 

was pulled in a streamwise direction. The applied weights 

ranged from 10 milligrams to 2 grams. The gage will exhibit 

a linear response in the form: 

Tt = aAV, 
w 

where T, is the wall shear stress (Force/Head Area), ais a 

calibration constant and AV is the change in the output 

voltage. A least-squares regression is performed on the 

calibration data to obtain the calibration curves in volts 

per gram. These curves are highly linear with the variance 

on the order of 10°. Then the calibration is transferred to 

the units of volts per Pascal of shear force. This is done 

by multiplying the calibration mass by the gravity 

acceleration and dividing by the area of the sensing head. 

It was very important that the signal return to the 

same zero after each weight was removed. The drift of the 

gage was studied carefully and was found not to exceed 0.3 

mV in three hours which was approximately 2% of the expected 

output signal. 

A sample calibration curve is shown in Figure 13. 
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SKIN FRICTION COEFFICIENT CALCULATION. 

Calculations of C, were made using the flow conditions 

in the tunnel. First, skin friction is defined as 

C,=—+ 
q 

where T, is the shear stress (shear force divided by the 

sensing head area A = 11.4 cm’) that is being normalized by 

the tunnel dynamic pressure q = 1/2pU’. It is most desirable 

use the value of the dynamic pressure that comes from the 

local boundary layer edge conditions at the location of the 

skin friction gage, but direct measurements of the dynamic 

pressure in the flow are not always possible. When these 

measurements were not available, the freestream value of 

dynamic pressure was used to normalize the shear force. 

GAGE ERROR ANALYSIS 

The specific geometry of the floating element is an 

important design consideration, because it can introduce 

various potential error sources at the surface. When using a 

floating element device to measure deflection, misalignment 

effects are of primary concern. The different possible types 

of misalignment with the surface and the effect of 

streamwise pressure gradients are illustrated in Figure 13. 

Most studies of the effect these parameters are carried out 

for the supersonic flow. However, we believe that the basic 

concerns, described in the systematic study carried out by 

Allen [25] can be applied to this case. 
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Figure 13 The Possible Misalignment of the Gage 
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Usually, a non-nulling design carries with it a set of 

misalignment effects due to the tilt of the floating element 

into the flow. However, in this case the deflection of the 

sensing head is so small that the protrusion of the sensing 

head into the flow is virtually non-existent. 

Additional errors can be introduced by the uncertainty 

of the electronic components in the data acquisition circuit 

and the errors of the calibration. As mentioned earlier, 

the zero drift of the gage was studied and found equal to 2% 

of the full scale signal. The sensitivity to the rotation 

of the gage was also considered. There is the possibility 

that during the calibration the sensor axis is not precisely 

lined up in the streamwise direction. The error of the 

forward tilt of the gage is found to be 1.5% for small tilt. 

The error of the gage rotation is a function of the cosine 

of the angle between vertical and gage sensitivity axes 

during calibration. The difference in output signal turned 

out to be less than 2% of the full scale signal for the 

rotation angle of +10 degrees. The sensor temperature 

sensitivity is obtained from manufacturer’s specifications 

applied to the expected output signal. All the possible 

measurement uncertainties described above are listed below 

in Table 1. 
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Table 1. Measurement Uncertainties 

Measurement Uncertainties: 

1. Transducer uncertainty 

Hysteresis 

2. Zero drift 

Uncertainty of electronic components: 

connections, amplifier, computer 

3 Calibration 

Uncertainty due to forward tilt 

Uncertainty due to the rotation of gage axis 

Uncertainty due to temperature changes 

4 Sensing Head Misalignment 

Protrusion or Recession 

Tilt 
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CHAPTER 4. SKIN FRICTION MEASUREMENTS 

4. SKIN FRICTION MEASUREMENTS 

NORTHROP/GRUMMAN MODEL 

This Maglev vehicle model geometry was based on designs 

provided by Northrop/Grumman. The vehicles have a nose that 

is identical to their tail. This was designed with ease of 

vehicle operations in mind. Instead of building specialized 

tracks to turn the MagLev vehicle around for the return 

trip, the vehicles could simply be operated in the reverse 

direction. This is a compromise, since a separately designed 

nose and tail should provide better aerodynamic 

characteristics. However, since the highest cost of MagLev 

system is estimated to be the track construction, a 

reversible vehicle will minimize the capital expense. 

The Northrop/Grumman nose shapes were created based on 

a combination of analytical equations [26]. First, super- 

ellipses were used to generate the plan view shapes. Side 

view shapes were then created by connecting piece-wise 

curves of linear, cubic, and super-elliptic equations. A 

three dimensional non-wrap-around shape is then completed by 

fitting super-ellipses at each axial location. The wrap- 

around section is then generated by 'cutting' out the shape 

of the guide way, similar to a woodshop routing table 

operation. By varying parameters within the equations, 

different shapes were created. The shapes recommended by 

Northrop/Grumman, and chosen for this investigation were 

designation number 950 and 1002, as shown in Fig. 14 below. 

The center body cross-sectional shapes are identical for 

both vehicles. 
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The skin friction gage was installed in two locations 

on this model. First, it was installed on top of the front 

part of the center section just aft of the nose section. 

Later, the boundary layer probe was installed in the same 

location that allowed us to obtain the boundary layer edge 

dynamic pressure (see Fig. 15) that was used for calculation 

of c,. The first runs showed that the gage produces 

repeatable output. The sample output of the gage is shown in 

Figure 16. Table 2 summarizes the results of the first set 

of measurements and Figure 17 is a plot of C, versus 

Reynolds number for the gage installed on top of the model. 

The Reynolds numbers for this case are based on the width of 

the model (12 inches) 

For the second set of runs, the gage was mounted on the 

bottom of the center section just aft of the nose facing the 

moving belt. Since the gap between the model and the moving 

belt was only 0.47 cm, it was very difficult to locate the 

boundary layer probe in this gap in order to measure the 

dynamic pressure. However, the opportunity to estimate the 

flow parameters in the gap came when the hotwire was used 

for measuring the velocity and turbulence level in the model 

wake. Since the wraparound section of the model did not 

extend all the way to the back, the measurements of the 

velocity in the middle of the gap could be made This 

velocity profile shown in Fig. 18 allows us to conclude that 

the velocity in the middle of the gap on the centerline of 

the model is very close to the freestream velocity. That is 

why in all future tests the local shear was non- 

dimensionalized by the freestream value of the dynamic 

pressure to obtain C,. 

The tests were run for two proposed nose and tail 

geometries both In-Ground-Effect and Out-of-Ground Effect. 

The results of the second set of runs with the gage located 

at the bottom of the train are presented in Table 3. 
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Table 2. Skin Friction Measurements on Top Surface of 

Northrop/Grumman Model 

  

Model Tunnel Tunnel | Output, Shear Re Cc 

qd, psi q, kPa v/100 force,N 
  

MAG 950] 0.2133 | 1470.65] 2.3718 | 0.00410 | 7.80H+5 | 0.00245 
  

0.2185 | 1506.51] 2.3832 | 0.00412 | 7.75E+5 | 0.00240 
  

0.2177 | 1500.99} 2.4135 | 0.00417 | 7.77E+5 | 0.00244 
  

0.1791 | 1234.85] 2.2894 | 0.00396 | 7.24E+5 | 0.00281 
  

0.1457 | 1004.57 | 2.0123 | 0.00348 | 6.50E+5 | 0.00304 
    0.0724 499.18 0.9243 | 0.00160 | 4.39E+5 | 0.00281               
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Figure 17. Northrop/Grumman Model. C, variation with Re. 
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Velocity Profile in the Gap Under MagLev Tail 
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Figure 18. Velocity Profile in the Gap at the Tail 
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Skin Friction Measurements in the Gap. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

    

Model Tunnel | Tunnel | Output, Shear Re Cc. 

qd, psi Q, kPa v/100 force,N 

MAG950 34.00 1627.87 | 2.3613 | 0.00408 .64E+4 .00220 

33.90 1623.12 | 2.0587 | 0.00356 .65E+4 .00192 

34.08 1631.73 | 2.0207 | 0.00349 .67E+4 .00188 

MAG1002 4.60 220.30 0.4294 | 0.00074 .00E+3 .00296 

6.14 293.98 0.6723 | 0.00116 .94E+3 00347 

8.23 393.88 0.9835 | 0.00170 .00E+3 .00379 

10.33 494.55 1.2533 | 0.00217 .96E+3 .00384 

12.45 596.22 1.5176 | 0.00262 .83E+3 .00386 

14.40 689.61 1.7258 | 0.00298 .O6E+4 .00380 

17.57 841.25 2.0622 | 0.00357 -1L7E+4 .00372 

20.58 985.44 2.5252 | 0.00437 .26E+4 .00389 

23.81 1139.89; 2.6384 | 0.00456 .36E+4 .00351 

28.97 1386.87 | 3.0072 | 0.00520 -49E+4 00329 

31.21 1494.30] 3.2278 | 0.00558 .54E+4 .00328 

34.68 | 1660.48] 3.3376 | 0.00577 . 64E+4 .00305               
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Here, the Reynolds numbers are based on the distance between 

the bottom wall of the model and the moving belt (gap 

height). The variation of C, as a function of the Reynolds 

number is shown in Fig. 19. 

LOCKHEED/MARTIN MODEL 

The model constructed was based on a shape provided by 

American Maglev of Florida Company. This design was produced 

by the Lockheed/Martin Corporation. As the belt system pre- 

existed, the model was scaled so that the track for the full 

scale vehicle matched the belt width. This criterion led to 

a 1/16 scale model [27]. Figure 20 shows the geometry of 

Lockheed/Martin model. 

The model is an exact model of the full-scale vehicle, 

including the slots which run the length of the vehicle for 

the vertical propulsion rails. For the set-up used for the 

full model, it was impossible to actually simulate rails 

running the length of the model. Therefore, the slots were 

left open during the full model testing. The effect of the 

vertical rails on the flowfield was studied with a separate 

model. A line of pins was put in the surface 1.75 inches 

from the nose. These pins were included to act as a trip 

strip so that the flow would undergo transition from the 

laminar boundary layer to the turbulent one. This transition 

was necessary was necessary so that the measurements on the 

model would scale correctly to the full-scale vehicle. 

Once again the skin friction was installed on the 

bottom of the center section of the model just aft of the 

nose facing the belt. As with a Northrop/Grumman model 

tests were run In Ground Effect and Out of Ground Effect. 
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   Skin Friction Gage Location 

  

Figure 20. Lockheed/Martin Model Geometry 
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Experimental Results for Lockheed/Martin Model 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

              

Tunnel Tunnel Output, Shear Re Cc, 

q, psi q, kPa V Force, N 

IGE 

10.50 502.83 0.07 0.0013 ~/37E+4 0022 

14.47 692.84 0.13 0.0023 -258E+4 .0029 

17.85 854.73 0.12 0.0022 -451E+4 .0022 

35.00 1675.96 0.28 0.0048 .166E+4 .0025 

35.02 1676.90 0.28 0.0048 .151E+4 .0025 

OGE 

10.41 498.39 0.09 0.0016 .728E+4 .0028 

14.57 697.69 0.12 0.0021 .035E+4 .0027 

17.73 848.89 0.14 0.0025 -245E+4 .0026 

20.85 998.20 0.16 0.0028 -420E+4 ~0025 

23.87 1142.72 0.18 0.0032 -582E+4 .0024 

29.12 1394.37 0.22 0.0037 .830E+4 0023 

34.86 1669.02 0.24 0.0042 -102E+4 .0022 

36.94 1768.90 0.25 0.0044 .180E+4 .0022 
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Figure 21. Lockheed/Martin Model. Variation of C, with Re. 
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As mentioned earlier the freestream value of dynamic 

pressure was used to non-dimensionalize the wall shear. The 

measured values of skin friction coefficient ranged from 

0.0022 to 0.0028 over the conditions tested. Table 4 

presents a summary of the data collected during the test 

series with the Reynolds numbers based on the model-belt gap 

height 

Looking at the results, one can see the repeatability 

of the tests and the skin friction results. The absolute 

level of the skin friction coefficient measured seems quite 

reasonable for a turbulent boundary layer at these 

conditions. Figure 21 shows the variation of skin friction 

coefficient for the Lockheed/Martin model with the Reynolds 

number. 

PROPULSION RAIL INFLUENCE MODEL 

A special model was constructed to study the influence 

of the propulsion rails on the flow inside the rail slots 

and around the model. The model was essentially the nose 

and tail of the Lockheed/Martin train described above 

without the center section, scaled to match the distance 

between the rail slots with the width of the existing belt. 

The model consisted of a bottom with vertical slots which 

contained all the instrumentation and the top made of the 

Styrofoam matching the shape of the vehicle. Two large 

aluminum disks were added on both sides of the rear pulley 

of the belt system to simulate the moving propulsion rail. 

Figure 22 shows the “Rail Influence” model installed above 

the track. 

The model was first installed so that the disks entered 

the slots at the nose. After the skin friction and other 
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Propulsion Rail Influence Model. Figure 22. 
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measurements were taken, the model was moved forward so that 

the disks were located at the exit of the slots. 

A skin friction gage similar to one used in the full 

model tests was installed on the wall of the vertical slot 

1.5 inches from the entrance. The scheme of instrumentation 

setup for measurements inside the propulsion rail slot is 

shown in Fig. 23. The measured shear force was non- 

dimensionalized by the tunnel free stream dynamic pressure, 

which also corresponds to the disk speed. 

The data collected during the tests is presented in 

Table 5. The Reynolds numbers here are based on the distance 

between the disk and the slot wall (gap width). The 

measured skin friction coefficient C, values varied from 

0.0026 to 0.0029. The data is reasonable and consistent. 

These values of C, were used for comparison with the values 

obtained in the Couette flow calculations below. The 

variation of skin friction coefficient with Reynolds number 

1s shown in Fig. 24 
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Figure 23. Rail Slot Instrumentation Setup. 
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Table 5. Skin Friction Measurements in the Slot 

Tunnel Tunnel Output, Shear Re Cc, 

aq, si aq, kPa V Force, N 

8.76 419.43 0.822 -00142 .O84E+3 .00297 

20.72 991.89 1.786 .00309 .914E+3 .00273 

25.88 1238.94 2.276 .00393 .310E+3 .00279 

31.28 1497.63 2.577 .00445 .915E+3 .00261 

34.83 1667.72 2.866 .00496 .181E+3 .00261 
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Figure 24. C, variation with Re in the Slot 
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5. GAP FLOW CALCULATIONS 

The flow in the gap between the vehicle and the track 

or the vehicle and the vertical propulsion rails is close to 

the classic Couette flow, except for the fact that there 

will be some 3-D release from the sides of the gap. 

Nonetheless, these gap flows were modeled as Couette flows. 

The following assumptions were made when computing the 

Couette flow : 1) the flow in the gap is fully developed 

(which is true for the most part of the flow); 2) there is 

no cross-flow, i.e. the flow is two-dimensional; 3) there is 

no axial pressure gradient; and 4) the flow is turbulent and 

the shear stress is symmetrical about the center of the gap. 

In all the computations the Reynolds numbers are based on 

the height of the gap. 

A turbulent boundary layer is usually viewed as 

composite layer consisting of inner and outer regions and 

the turbulence modeling is different for each of them. The 

outer models do not predict the slope of the velocity 

profile away from the walls, while the inner turbulence 

model alone gives the desired slope of the velocity profile 

in the core region of the gap [28]. 

After a careful study of the existing turbulent Couette 

flow computations, the Reichardt turbulence model was chosen 

for these calculations. One of the reasons that this 

turbulence model was selected for these computations was 

that it does not require evaluating |dU/dy| as a factor 

times 0U/dyas in mixing length models. 

The equation of motion for the inner region is 

oU 
Tv, =(U+H,)— . 

dy 
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Integrate this once over the gap height, h, using assumption 

4) above to yield 

7 Ot 
U(h) = {—*—ady 

o (U+H,) 

Reichardt’s form of the eddy viscosity model for the 

inner region is [3] 

    u + Uu, LL, = KpV (2 -)-y tanh| ~ — |], 
Vv vy, 

where y, is a dimensionless length scale of the order of 

the laminar sublayer thickness chosen to obtain the best fit 

with the experiment and u,=/t,/p. For the Clauser wall law 

constants, y, =9.7 with x=0.41 [4]. 

Now, these equations can be loaded into a symbolic 

manipulator such as Matlab™ and the velocity profile can be 

obtained. Figure 25 represents the velocity profile in the 

gap between the Maglev train model and the track (h = 0.953 

cm and U,.., = 52 m/s), which corresponds to the tunnel 

dynamic pressure of 1.8 kPa. The skin friction coefficient 

calculated for this flow equals C,= 0.00265 which correlates 

well with the measurements taken with the skin friction gage 

(C£ = 0.0025). Fig. 26 shows the velocity distribution 

inside the slot between the vertical propulsion rail and the 

slot wall at the same tunnel speed. The slot width is 0.47 

cm. The calculation yields the value of Cf = 0.00289, 

compared to the measured 0.0026. The difference lies within 

the uncertainty margins for the skin friction gage. The 

calculations were repeated for the full scale train. 
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Velocity Profile in the Track Gap 
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Figure 25. Calculated Velocity Profile in the Track Gap 
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Velocity Profile in the Rail Slot 
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Figure 26. Calculated Velocity Profile in the Rail/Slot Gap 
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dimensions. The calculated value of the skin friction 

coefficient for the train speed of 135 m/s was equal 0.00186 

for the flow in the track gap (h = 5.08 cm) and 0.00227 for 

the flow in the rail slot (h = 0.953 cm). These somewhat 

lower skin friction values can be deemed reasonable 

cosidering the effect ot the Reynolds number. 

63



CHAPTER 6. CONCLUSIONS 

6. CONCLUSIONS 

The goal to design and build a reliable instrument for 

the direct measurement of skin friction on the surface of 

magnetically levitated (MagLev) trains was successfully 

achieved. The gage utilizes commercially obtained DSC® 

sensing unit by Kistler Morse. By varying the geometry of 

the housing of the gage, the design can be adopted for a 

variety of local wall geometries and test conditions. 

Results from several series of tests showed that 

accurate measurements can be obtained using a cheap and 

simple, both conceptually and mechanically, skin friction 

balance. The results of the measurements on different models 

were consistent and repeatable. Together, this outcome 

reinforces the validity of the floating element concept for 

direct measurements of skin friction. An error analysis 

found the overall uncertainty of the measurement to be 

within + 5.3%. 

The results of the tests show clearly the influence of 

the model shape on the skin friction drag for the Northrop / 

Grumman model suggesting that the 950 model shape will be a 

better choice. Also, the measurements allow one to see the 

effect of closeness of the rail track, which result in an 

overall decrease of the friction in the gap between the 

model and the track. 

Certainly, there is plenty of work to be done. As with 

any experimental technique, there is always an endless 

effort to eliminate the errors associated with the 

measurements. For this gage, lack of accuracy in the 

calibration leads to most of the uncertainty. Also, the 

calculated value of skin friction coefficient C, is only as
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accurate as the value of the dynamic pressure q used to non- 

dimensionalize it. An accurate measurement of local flow 

properties would add to the accuracy of the calculated C, 

values. The use of more sensitive strain gage unit could 

allow a reduction in the size of the sensing head, that will 

make the measurements of skin friction more local. In order 

to use the gage in a flow with high pressure gradients, the 

inside of the gage’s housing should be filled with the 

viscous fluid which will provide continuity of surface. To 

eliminate the spillage of the liquid from the gap around the 

sensing head, the additives that increase surface tension. 

Last, to get a total picture of the drag on the 

magnetically levitated train, there have to be many gages 

used simultaneously. 
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