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and with non-structural cylindrical covers (Fig.1, left). Exhaust around the conical plug was bridged 
by a cage made of six cylindrical bars (Fig.2, right) which transferred the loads from the model 
section to the stationary part of the system. Mass flow rate was regulated by a conical choke/valve 
driven axially by a ball-screw spindle on a stepper motor with a harmonic-drive reducer, Total travel 
of the flow plug was 47 mm and designed maximum travel speed was 5 mm/s Position of the conical 
flow-plug was determined by counting the steps of the drive motor starting from a “home” position 
determined by a limit switch.  

3. Revitalization of the Flow-Cell 
3.1 Structural modifications 
The flow cell was designed so that its body acted at the same time as the support sting for the model 
with air intake being tested and, indeed, the geometries of the test section and the support system 
mechanism in the T-38 wind tunnel would hardly support any other arrangement. However, structural 
and functional analysis of the flow cell showed that the original arrangement was inadequate for the 
newly-intended purpose of testing supersonic air intake at airspeeds exceeding Mach 3, in the 
presence of high supersonic starting/stopping transient loads [9][11] that exist in the T-38 wind 
tunnel with high minimum operating pressures: 

- For an intake model with typical dimensions of about 150 × 150 × 700 mm, supersonic transient 
loads are estimated, using established semi-empirical procedures [11], as a side force of 
approximately 6700 N, pitching/yawing moments of approximately 1050 Nm and rolling moments 
up to 200 Nm. Taking into account the loads on the body of the flow cell itself, transient loads rise 
to side forces of approximately 10000 N and bending moments of approximately 4150 Nm. 
Transients starting loads are significantly higher than aerodynamic loads expected during the 
measurement phase of a wind tunnel run. 

- Body of the flow cell was basically a segmented cylindrical pipe with flanges, having inner 
diameter of 70 mm and outer diameter of 82 mm. Section moduli of pipe segments were 
insufficient and stresses in the body with estimated transient loads would have been close to the 
yield strength of the material used, with safety factor below 1.4. Also, because of the small 
section moduli, deflections of the assembly under expected aerodynamic loads would have been 
excessive.  

- Strength of the bars in the cage around the exhaust was not sufficient, taking into account that, 
because the cage was assembled, it was improbable that loads would be smoothly distributed 
among the six bars. Safety factor was estimated to be about 1.2. 

- Relatively large diameter of the fairing around the rear part of the flow-cell, immediately 
downstream of the exhaust, would have created adverse pressure gradients in the vicinity of the 
exhaust, hampering the flow. 

- Pneumatic tubing and electric cabling from the rakes and other instrumentation in the front part of 
the flow cell was to be passed through the hollow bars of the cage around the exhaust. However, 
the provided space was insufficient for all cabling and tubing necessary in the new testing 
configurations. 

In view of the listed shortcomings, extensive modifications were undertaken in order to improve the 
functionality of the device but minimize the procurement and production of new components. The 
main feature of the new concept is that a monolithic load-bearing outer shell is being produced 
(Fig.3) instead of multipiece covers/fairings, in order to increase model-loads capacity, increase 
rigidity, decrease frontal blockage, decrease planform area, and create more space for routing the 
instrumentation cables. All aerodynamic loads will be taken by the new shell. Basic components of 
the flow-cell- the pipe segments with total pressure rakes and static-pressure taps, and the conical 
valve with its step motor drive are retained (with minor modifications), while the non-structural covers 
and the load-bearing bars of the cage around the flow plug were discarded. Diameter of the rear end 
of the flow-cell was reduced to diminish unfavorable pressure gradients. The modified design permits 
manual rotation of the pressure rakes to different positions between wind tunnel runs. An external 
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mounted on the output shaft of the harmonic-drive reducer. Pulse signals for the motor driver are 
generated by a locally developed single-board control unit based on a PIC microcontroller, which 
also monitors the limit switches and the rotary encoder, preventing driving beyond the physical 
valve-traverse limits. The microcontroller has to perform two basic functions: finding the 
start/limit/home position, and driving the step motor by the desired number of steps in either direction 
at the desired step rate. Also, In accordance with the requirements for the new tests, and in order to 
facilitate test procedures, the control unit can perform several higher-level functions, such as the 
initialization of the unit, during which the parameters for the subsequent movements are loaded, 
return to home position and stepping in the desired direction in the move-pause-move mode for a 
desired number of intervals and pause durations.    

4. Integration of the Flow-Cell with Wind Tunnel Systems 
VTI T-38 wind tunnel is a high-dynamic-pressure blowdown facility with limited run time (from 6 
seconds up to about 45 seconds, depending on desired flow conditions). The consequences of a 
short run time are that a wind tunnel run sequence must be completely automated, and that data 
reduction takes place after a run. The wind tunnel control system (WTCS) and the data acquisition 
and recording system (DARS) of T-38 are two distinct systems. WTCS [19]-[21] is based on a high-
power Windows workstation as a central control computer with locally-developed LabView-based 
control software, multiple subsystems based on National Instruments CompactRIO controllers [15], 
and a locally-built PLC compatible with I/O modules retained from the earlier-used Modicon Gould 
584 PLC [22]. DARS is controlled by a Windows workstation running a locally-developed control 
application and comprises a Pacific Instruments PI6000 front end [16]. Besides PI6000, the DARS 
control application supports legacy Neff 620 [17] and Teledyne RMDU [18] systems in other wind 
tunnels of VTI. WTCS comprises its own minimalistic data acquisition system, sharing signals from 
some essential transducers between WTCS and DARS. A wind tunnel run sequence is completely 
under the control of the WTCS, which sends data-acquisition-related commands to DARS. 
 
For certain site-specific reasons there cannot be a LAN connection between DARS and WTCS. 
Instead, during a wind tunnel run, WTCS sends commands to DARS via a serial connection. The 
commands comprise start run / stop run, start wind-on / stop wind-on, start data acquisition / stop 
data acquisition directives, etc. Also, additional information is sent via single-byte „event codes“, 
notifying of occurrences such as achieved stagnation pressure or Mach number, achievement of 
desired model position, etc. DARS control workstation records the acquired data and the received 
„events“, and, after a run, sends them to the data-reduction computer for processing. 
 
Flow-cell device has a control unit, and it is obvious that a pressure-scanning system, with a control 
unit of some kind, must be active in an air-intake test. During the decades of wind tunnel testing in 
VTI, and also during the recent development of the control application for VTI’s data acquisition 
systems, it was observed that there is often a need for such “auxiliary”, sometimes-used, devices 
that are more or less closely coupled to the data acquisition system. Such devices comprise, for 
example: 

- Control unit for the flow-cell 

- Control unit for the pressure-scanning system 

- Control unit for the video- and photo-recording system 

- Control unit for a flow-probe or rake traversing or other device-traversing mechanism 

- Control unit for the forced-oscillation apparatus for stability derivatives testing  

- Control units for other, currently unspecified, auxiliary devices 

It was also observed that, for all such devices, a very similar set of simple commands is required, 
and that the control units of auxiliary devices can, in most cases, be very simple and based on 
microcontrollers. Therefore, a simple communication protocol for issuing such commands was coded 
in the DARS control application and is, therefore, available in all wind tunnels of VTI. The protocol 
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comprises a small set of commands, which are interpreted in device-specific ways (or ignored), 
depending on the controlled auxiliary device: 

- Initialization of the auxiliary device: transfer of a fixed number of numeric parameters for 
subsequent operation of the device; 

- Selection of the operating mode of the device: transfer of a single parameter for selecting a 
change of the operating mode of the device, if any;  

- Run: starting a probe traverse or flow-plug traverse, or a pressure scan or a video recording, or 
forced oscillation; 

- Stop: stopping a probe traverse or flow-plug traverse, a pressure scan or a video recording, etc.; 

- Step: advancing the pressure scanner by a single port, taking a photo, etc.; 

- Home: returning of the device to initial state or position, if applicable; 

- End: shutdown of the device. 
 
Serial interface (RS-485 or RS-232) was selected as the simplest solution for the communication 
medium between the devices and the DARS control computer, as it is implemented in most 
microcontrollers, easily programmed, and does not suffer from small-communication-distance 
limitation of the USB interface or the complexities related to Ethernet. All issued commands are 
simple one-byte messages except for the Init and Mode commands which contain fixed numbers of 
parameters for the configuration of the subsequent operation of the device. Run, Stop, Step and 
Home commands are issued upon occurrences of the “triggers” which are either selected from event 
codes received by the DARS from the WTCS or manual commands issued by the operator of the 
DARS system. Trigger events can be, for example, start of the wind-on run phase, end of phase, 
start of data acquisition, model on position, etc. In order to minimize communication overheads 
within the real-time DARS control computer, the communication with the controlled auxiliary devices 
is essentially one-way, only Init and Home commands initiating acknowledges from the devices. 
 
This device-control protocol is already implemented and functional in the control of the video/photo-
recording systems in VTI wind tunnels and tests of the communication with the flow-cell controller 
and the pressure-scanner controller are in progress. While the GigE-cameras video-subsystem 
controller is based on an industrial PC, the much-simpler new control units for the flow-cell and the 
pressure scanners are based on PIC microcontrollers.  
 
The flow-cell controller creates step pulses for the flow-plug step-motor driver, and monitors limit 
switches for determining the initial and fully extended positions of the plug. Flow-plug position, based 
on either counted motor steps or encoder output, is presented in 16-bit parallel form and connected 
to a parallel digital input channel of DARS.  
 
The pressure-scanner control unit, based on an idea [23] successfully tested with 32-port pressure 
scanners [24], utilizes the “sample clock“ signal from the data acquisition system to increment a 
counter and create parallel binary address signals for the scanners. Multiplexed output signals from 
the pressure sensors in the scanners are read by the analog input cards of the data acquisition 
system in wideband mode, and the scanner-port address is read by a parallel digital input channel, 
synchronously with all other channels sampled during a test. Therefore, the complex and expensive 
standalone control units for the electronic pressure scanners, usually deployed with pressure-
scanning systems, are completely eliminated, simplifying the integration. It should be noted that a 
consequence of this approach is that the conversion of acquired scanner signals to pressure 
engineering units takes place on the data reduction computer, after the wind tunnel run.  
 
Beside the electronic pressure scanners such as [24]-[27], the scanner control unit also supports 
legacy electromechanical Scanivalve scanners, which are still of interest for VTI’s continuous wind 
tunnels. Having the same DARS control application in all VTI wind tunnel means that the described 
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Recorded data are saved in a “raw” file using the de-facto standard telemetry data format, with sync 
words, data frames and subframes, each data frame including BCD-coded IRIG timebase data with 
10 µs resolution. IRIG timebase data is also impressed in each frame of the video and photo 
recordings, so that a time correlation between the recorded signals and the video recordings can be 
established. Additional recorded files describe scan lists and channels configuration (gains, filters).  
After the completion of a wind tunnel run, all data are sent through the local network to the data-
reduction computer.    

6. A typical wind tunnel run procedure 
A typical wind tunnel run procedure for testing the air-intake models in the T-38 will be as follows: 
model support with the test item will be placed at zero pitch angle and at the roll angle that will 
provide the desired sideslip angle at the desired angle of attack. A “pretare” measurement will be 
taken by the data acquisition system that will provide “zeros” of all differential pressure transducers 
and a comparison with atmospheric pressure for all absolute pressure transducers used in the test. 
The flow-cell controller will be initialized and the plug in the flow-cell will be traversed at this time to 
determine “home” (fully-closed) position. Flow through the wind tunnel will be started then. Upon 
achieving the desired stagnation pressure and Mach number, the model support will be moved to the 
pitch angle that will provide the desired angles of attack and sideslip. A certain time (a couple of 
seconds) for flow-stabilization will be permitted. Data acquisition and video recording (of the 
schileren flow visualization) will be started then. Flow-plug traverse will be started as well, with the 
plug travelling from the fully closed (or other desired initial position) to the desired final position, 
either continuously or with the desired number of pauses during the travel. Direction of the traverse 
will be reversed, and the plug will travel at the same speed back to the initial (or “home”) position. 
Data acquisition and video recording will be stopped. Model support will be moved to the zero-pitch 
angle and the flow through the wind tunnel will be stopped. Run duration is estimated to be about 25 
seconds. After the wind-on phase of the run and the shutdown of several wind tunnel systems, a 
“posttare” measurement will be made by the data acquisition system. Thereafter, recorded data will 
be transferred to the data-processing computer and data reduction will be performed. Also, video 
recording will be transferred from the camera to the computer where it will be stored. After a review 
by the test engineers, processed data will either be declared as valid or corrective actions will be 
taken. 
 
Therefore, in one wind tunnel run, data will be taken only for one angle-of-attack/angle-of-sideslip 
combination (this is dictated by the limited run time of the blowdown T-38 wind tunnel).  

7. Data processing 
Acquired “raw” data from a wind tunnel run are automatically transferred through the network to the 
data-reduction computer at the end of each run and decommutated into file-per-measurement-
channel form. Acquired measurement data are accompanied by sensor/channel settings data and by 
“run events” data, which guide the segmentation and averaging process. 
 
After the test engineer enters the required data processing parameters (run identification, model 
configuration, etc.), data processing starts by converting the raw data-stream files into “normalized 
signals”, segmented per each recording. Values pertaining to the primary measurement system (test 
section pressures, Mach number, temperature, etc.) are computed next, followed by the computation 
of the model attitude angles.  
 
Processing of measurement of pressure distribution assumes that data were acquired using one or 
several pressure scanners in which measurements from a number of pneumatically connected 
pressure taps or probes are time-multiplexed to a single measurement channel per scanner, 
accompanied by port-address data on another measurement channel. Measurement of pressure 
distribution by individual, single point transducers is not currently supported. Pressures directly 
measured by each scanner are computed for each sample taken, using calibration data for the 
transducer(s) in the scanner, and averaged per each port. Computed data are then decommutated, 
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using port-address data and user-defined interconnection tables (“plumbing tables”) from arrays 
pertaining to scanners to arrays pertaining to “sections” (arrays of pressure taps or probes) on the 
model. As a pressure scanner is typically a differential device, reference pressure (usually test 
section static pressure or pitot pressure) is taken into account to compute absolute pressures at 
connected ports. If necessary, further processing is performed in order to obtain local Mach numbers 
or non-dimensional pressure coefficients for each measurement point on each section.  
 
Processing of the data related to the air intake flow-plug tests takes as inputs the flow-plug position 
data, the flow parameters obtained through the primary measurement system and the per-section 
pressure-distribution data obtained in the processing of pressure measurements. Mass flow rate 
through the flow plug is calculated and corrected with respect to flow-plug calibration. Mass flow ratio 
is computed with respect to flow-plug position, as well as the pressure recovery at the downstream 
end of the air intake model. Mach number distribution and average Mach number at the downstream 
end of the air intake model is computed, using a weighted average of data from total-pressure 
probes on the rakes in the intake duct. Flow distortion is determined. 
 
Calculations are performed for the flow in the intake (if it is instrumented) and in the flow-cell itself 
i.e. at the position of the total pressure rakes in the flow cell. 

8. Conclusion 
After receiving multiple requests for wind tunnel tests of supersonic air intakes, the status of a stored 
70 mm dia. legacy flow-cell (mass-flow-plug) device in VTI was reviewed. It was conclued that the 
device could not be used „as it was“ because various components of the system have either become 
non-functional, incompatible with the since-upgraded wind tunnel systems of VTI, or structurally 
inadequate for the new requirements. Ether a new flow-cell device with accompanying systems had 
to be produced or the existing one had to be extensively modified. Constrained by the need to 
minimize procurements and production of new components, and, generally, to minimize costs, it was 
decided to modify the existing device, so only a small number of new components is produced and 
some other are being modified to that end. Simple low-cost controllers for the flow-plug and the 
pressure-scanning system are being devloped and tested. A flexible concept of controlling various 
such systems from the control computer of the wind tunnel data acquisition system was developed, 
has been successfully tested and is expected to be of use in a number of future tests. Because of 
the unified DARS control application, the concept can be used in all wind tunnels at the site. The 
developed concept of controlling the pressure-scanning system is particularly interesting as it 
eliminates commonly used but complex and expensive standalone pressure-scanner control units. 
Unfortunately, because of some non-technical delays, the systems are not yet finalized, but are 
expected to be in the following months. It was also noted that, in order to fully utilized the flow-cell 
device, some modifications to the data-reduction software should be performed. 
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