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A launch vehicle ground-wind-loads program was conducted at the NASA Langley Transonic Dynamics Tunnel. The objectives were to quantify key aerodynamic and structural characteristics that impact the occurrence of large wind-induced oscillations of a launch vehicle when exposed to ground winds prior to launch. Of particular interest is the dynamic response of a launch vehicle when a von Kármán vortex street forms in the wake of the vehicle resulting in quasiperiodic lift and drag forces. Vehicle response to these quasiperiodic forces can become quite large when the frequency of vortex shedding nears that of a lowly-damped structural mode thereby exciting a resonant response. The study of ground-wind-loads presents unique challenges to quantify significant characteristics of the approaching wind and to relate the wind-tunnel acquired static, dynamic, and gravitational loads to full-scale vehicles. This paper will explain the correlation process between model-scale and full-scale wind characteristics and resulting structural loads. Characterization of the wind at a launch site requires knowledge of the vehicle dynamics and the anemometer performance. Vehicle dynamics dictate the frequency range of interest in characterization of the atmospheric turbulence, and in defining the required data window-length to model dynamic oscillation build-up during wind-gust analysis. Knowledge of the anemometer performance is required to infer peak wind magnitudes since most anemometers cannot directly measure instantaneous peak values. Following proper wind-speed correlation, static and dynamic wind-tunnel loads must be converted to full-scale equivalent values to derive design and operational guidance. In addition to the direct computation of full-scale equivalent loads using relevant scaling parameters, the corrections applied to dynamic loads accounting for differences in structural damping will also be discussed. Furthermore, a phenomenon that manifests in many slender and flexible launch vehicles is a load magnification due to gravity resulting from mass offset under deflection. A method for scaling this contribution from model-scale to full-scale is presented. Finally, a comparison of wind-tunnel derived loads using the described methodologies to launch vehicle measured loads is presented.
I. Nomenclature
A	=	amplitude of oscillation
a	=	power-law exponent for wind profile
Cp	=	pressure coefficient
Cx	=	force coefficient in the x direction
Cy	=	force coefficient in the y direction
D	=	diameter
II. Introduction
A launch vehicle ground-wind-loads (GWL) program was conducted at the NASA Langley Transonic Dynamics Tunnel (TDT). This program aims to quantify key aerodynamic and launch vehicle structural characteristics that impact vortex shedding and wind-induced oscillation (WIO) in order to determine best test practices and advance the state-of-the-art. WIO can result in large sustained oscillations that could damage launch vehicles or impact guidance and control or launch support systems. Of particular concern is a resonant response when quasiperiodic forcing from a von Kármán vortex street produces aerodynamic forces close in frequency to a lowly-damped structural mode. Dynamic aeroelastically-scaled wind-tunnel tests are often conducted to identify wind azimuth and speed combinations of concern to guide vehicle design or operational decisions. For NASA programs, these wind-tunnel tests have typically been conducted with relatively smooth uniform flow at or near flight Reynolds numbers, with scaling parameters carefully selected to mimic full-scale aerostructural coupling. This methodology has been employed by NASA during and since the Apollo program and has been theorized to capture the peak response in areas of concern where resonant WIO may occur [1-3]. The impact of atmospheric turbulence and wind profile has historically been considered of secondary importance to aeroelastic scaling and Reynolds number matching. Recent efforts to quantify the effects of the atmospheric-boundary-layer (ABL) upon WIO response at flight representative Reynolds numbers has confirmed this assumption for most conditions but has shown that ABL simulation is preferred when practical [4, 5]. ABL simulation includes all aspects of the atmospheric winds near the ground such as velocity profile, turbulence content, and peak wind speeds.
[bookmark: _GoBack]	The purpose of the research effort described in this paper is to introduce and quantify the methodology used to map wind-tunnel acquired winds and loads to equivalent full-scale values applicable to modern launch vehicles. With the advent of ABL test techniques and measurement of nonstationary atmospheric winds, the definition of wind speed is no longer trivial. This is especially true when launchpad anemometers are not fast-response and cannot adequately characterize atmospheric turbulence and when the changing ground wind velocity profiles cannot be directly measured. In addition to the nontrivial definition of wind speed, the GWL problem is a dynamic aeroelastic event that is very sensitive to structural motion. Structural damping is a critical parameter affecting the response magnitude and correcting loads for various damping values must be done with caution. Finally, the GWL problem presents another unique challenge where the force of gravity on a displaced mass of a flexible vehicle magnifies the base bending moment caused by wind loads. This mass-offset effect can be significant and cannot be directly measured in a wind tunnel since the acceleration due to gravity is fixed, whereas the mass, length, and force scales can be manipulated. For example, if the pressure of the wind tunnel is changed, then the dynamic pressure is different for an otherwise similar condition. As the dynamic pressure changes, then so does the force scale whereas the force due to gravity remains constant.
	The methodology used to map wind-tunnel to atmospheric wind characteristics will be introduced. Techniques for characterizing the wind and defining allowable launch limits will be described. Load components will be presented in addition to the methodology of converting from model-scale to full-scale including the correction technique for various values of damping. Furthermore, a numerical exercise will be presented showcasing the impact of mass offset with regard to base bending moment due to wind loads. Finally, a comparison between wind-tunnel derived loads using the proposed methodologies and full-scale measurements will be presented.
III. Experimental Setup
A. Test Facility
This section will describe the NASA Langley Transonic Dynamics Tunnel and the data system.
B. Wind-Tunnel Model and Instrumentation
This section will describe a generic but representative wind-tunnel model and the instrumentation.
IV. Wind Speed Mapping Methodology
This section will describe the methodology developed to map wind-tunnel speeds to full-scale wind speeds at measurement elevations with various wind profiles. Aggravating the measurement accuracy, on-pad wind measurements are not always acquired at elevations representative of the launch vehicle elevation above the surrounding ground plane. Additionally, this section will include a discussion of peak versus mean wind speed selection. When using mean winds, the length and windowing of the data record should be intelligently selected such that the time to build to peak dynamic oscillation is considered. Additionally, the measurement of peak winds is dependent upon the wind speed instrument. Launch pad anemometers are typically not fast-response and mask the true peak winds encountered in the atmosphere. Therefore, the true peak wind must be inferred before comparison to wind tunnel peak winds resulting from turbulent oscillations measured with fast-response pressure transducers.
V. Component Load Mapping Methodology
This section will describe the conversion of wind-tunnel acquired loads to equivalent full-scale values. First is a definition of the load components followed by a typical conversion using nondimensional scaling parameters. Unique to this publication are the correction methodology for various values of damping and the correction resulting from mass-offset. 
1. Definition of Load Components
D. Conversion of Loads to Full-Scale
E. Damping Corrections to Loads
F. Bending Moment Load Increase due to Mass Offset
VI. Comparison Between Wind-Tunnel Derived and Full-Scale Measured Loads
This section will compare the wind-tunnel measured loads, converted using the methodologies presented in section V, to full-scale measured loads. For these data, the wind-tunnel model specifics and the launch vehicle specifics will not be presented as they are proprietary designs. Data will be shown in a normalized fashion such that dimensional values are not revealed. The data as presented will, however, allow quantitative comparison. 
VII. Conclusion
This research effort presented a methodology to correlate wind-tunnel winds and loads to full-scale winds and loads for the launch vehicle ground wind loads problem. The complexity of wind speed determination in the atmosphere is discussed regarding profile shape estimation and turbulent oscillation measurement with slow-response anemometers. In addition to the mapping of wind speeds, load correlation between model-scale and full-scale is presented using nondimensional scaling parameters. Furthermore, methodologies are introduced to account for structural damping variation and the mass-offset phenomenon with regard to ground wind loads. Finally, a comparison between wind-tunnel acquired and launch vehicle data is conducted. From this comparison, it is shown that the loads agree to within the uncertainty of measurements when the described methodology is employed.
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