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This paper summarizes the October 2023 helicopter drop test of the descent sphere of
the upcoming Deep Atmosphere Venus Investigation of Noble gases, Chemistry, and Imaging
mission to Venus. The drop test met its primary objectives of recording acceleration, attitude
rates, and camera data during the 30-second descent at Utah Test and Training Range. The
recorded inertial measurement unit and global position sensor receiver data has allowed a six
degree-of-freedom reconstruction of the vehicle position, velocity, attitude, and attitude rates,
as well as derived aerodynamic coefficients. Initial comparisons show good agreement between
the reconstruction and the pre-flight models of the descent sphere being used by the Venus
mission. The reconstructed aerodynamic coefficients from the drop test can inform updates to
the aerodynamic model to be used for the actual Venus mission.
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r = rolling rate

g = gravitation acceleration

Voo = freestream flow velocity

g = incidence angle of the k-th spin vane
P = atmospheric density

Poo = freestream density

= standard deviation
atmospheric viscosity
= roll rate
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I. Introduction

HE Deep Atmosphere Venus Investigation of Noble gases, Chemistry, and Imaging (DAVINCI) mission is scheduled

to launch in June 2029 and explore Venus via two flybys and a probe descent currently scheduled for June 2031.
DAVINCI is the 16th selection of the NASA Discovery-Class program and its objectives include quantifying the
chemical composition of the Venusian atmosphere, taking infrared descent imagery of the surface, and conducting
remote observations of the dynamic atmosphere and cloud-deck. The goals are to study the origin, evolution, and
current state of Venus, to understand if it was habitable at a point in the past, and to create an analog to hot terrestrial
exoplanets similar to Venus [1].

The Entry, Descent, and Landing (EDL) sequence used by the Probe Flight System (PFS) will be a crucial
part of the mission, particularly in its delivery of the Descent Sphere (DS) also called Zephyr, which holds the
majority of DAVINCI’s on-board instruments for in-situ observations (see Fig. [I). The PFS will be released from the
Carrier-Relay-Imaging Spacecraft (CRIS) two days before entry interface. The PFS will be spin-stabilized with a 5
rotations per minute (RPM) roll to meet project requirements, will conduct a ballistic entry of the atmosphere, and will
then traverse the Venus atmosphere in one hour. All essential on-board science and engineering data will be transmitted
to the CRIS before reaching the Venusian surface. Science operations after landing are not part of the baseline mission;
however, Zephyr may continue to transmit data after impact.
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Fig. 1 DAVINCI Descent Sphere - Zephyr [1]].

The DAVINCI concept of operations is shown in Fig.[2] The atmospheric interface of the vehicle is modeled at 145
km altitude, and within a couple of minutes, the vehicle undergoes peak heating, peak dynamic pressure, and reaches
subsonic conditions. When the vehicle nears 70 km altitude and Mach 0.8, a g-trigger based algorithm triggers a pilot
parachute deployment via mortar, and the main parachute is then pulled by the pilot a few seconds later. The heatshield
is then jettisoned shortly after allowing the science instruments on the Zephyr to begin their measurements [2]]. For the
1-hour EDL portion of the flight, the vast majority of the time is spent with the Zephyr exposed to the atmosphere of
Venus. Characterizing the aerodynamics of the vehicle is crucial to predicting the trajectory and performance of the
vehicle, as well as ensuring that scientific measurements taken by the instruments on-board Zephyr are collected at
desired conditions.

Current aerodynamics models used for the trajectory and performance predictions of Zephyr (see Ref. [2]) are based
on historical Pioneer Venus data and engineering results of a Venus descent sphere proposal from the past. However,
reconstruction of past planetary descent spheres, such as Huygens, has underscored the importance of developing an
aerodynamic model for the actual vehicle being used in the mission and analyzing the outer mold line (OML) of the
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Fig. 2 DAVINCI EDL concept of operations [3].

vehicle [4][5]]. For example, Huygens had a rotational rate in the opposite direction than desired due to an addition to the
OML that was not analyzed pre-flight [4, [5]]. Hence, an aerodynamic test program using various test facilities, such as
free-flight wind tunnels, free-flight drops from drones and helicopters, captive wind tunnel tests, and water tests, were
considered to characterize the Zephyr aerodynamics [6].

The focus of this paper will look at the planning and test results of a helicopter drop test of Zephyr test unit that
was conducted in October 2023. The objective of the test was to acquire free-fall acceleration and attitude rate data
as a proof-of-concept for any potential future drop tests. However, the data collected could be used to characterize
aerodynamic properties of Zephyr in a narrow set of Venus-relevant altitude. The test was modeled on past Pioneer
Venus drop tests from the 1970°s 7).

I1. Drop Test Plan and Article

The test was executed in coordination with the Mars Sample Return (MSR) Earth Entry System (EES) project for
their high altitude drop test campaign [8]. The EES team provided testing support for a single high altitude drop of
the Zephyr Test Unit (ZTU) provided by the DAVINCI project. The test was designed as a proof-of-concept for the
instrumentation and test unit to inform the design of potential future drop tests for the DAVINCI mission. The high
altitude drop test campaign was conducted at the Utah Test and Training Range (UTTR) in October 2023. The drop test
location is shown in Fig.[3] The test would affect a very small area of the range and was a low impact event.

The primary test objective consisted of collecting the acceleration and attitude rates during descent using the
on-board inertial measurement unit (IMU). Three secondary test objectives included capturing position and velocity
data using on-board global position system (GPS) receivers. Additionally, acquiring high-rate acceleration data during
impact to inform the structural design for future tests; and lastly capturing still-frame photos during descent using a
nadir-pointing camera. Additional data included video acquired from situational awareness cameras placed on the drag
plates and at the helicopter hook. The instruments can be seen in Fig.[4]
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Fig.3 DAVINCI Zephyr UTTR Drop Test Location.
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Fig. 4 Zephyr UTTR test model instrumentation.

The ZTU instrumentation suite included accelerometers and rate sensors (contained in the Inertial Measurement
Units, IMU), GPS receivers, and visible cameras. These instruments were intended to capture the 6-degree-of-freedom
position, velocity, attitude, and attitude rates of the ZTU during freefall along with high-rate accelerometer data to
inform aerodynamic and structural reconstruction. The instrumentation suite is summarized in Table[T} The Diversified
Technical Systems (DTS) IMU acquired data at 500 Hz and was mounted near the center of gravity of the vehicle (see
Fig.[(D)). The FlySight GPS sensor was mounted on top of the ZTU (see Fig. f(c)). The FlySight unit also included a
miniature IMU that recorded data at 13 Hz. The DTS IMU was the primary sensor for flight reconstruction, however the
FlySight IMU data was also analyzed for completion.

Capturing the acceleration and attitude rates of the vehicle would allow the reconstruction of the forces and moments
acting on the vehicle, and consequently the aerodynamic forces and moment coefficients. The rolling moment due
to the spin vane geometry and incidence angle was of particular interest to validate preliminary roll rate models with
flight data. The nadir-pointing camera was set to capture still frame pictures during descent to support the algorithm
development of the Venus Descent Imager (VenDI) instrument which will be contained in the Zephyr Venus probe [1]].
The still frame pictures were used to reconstruct the terrain with a process analogous to that which will be used by
VenDI during the DAVINCI mission. The process and the results of the imaging experiment are summarized in Ref. [9].

The Zephyr Test Unit consisted of a 1.6 scale model dynamically scaled to represent flight conditions at an altitude



Table 1 Instrumentation summary for the Zephyr UTTR test model.

Instrument  Description

GPS FlySight GPS Sensor/Recorder

GPS Garmin Watch

IMU FlySight IMU Sensor/Recorder

IMU DTS 6-DOF Low-G Acceleration/Rate Sensor
Camera 3x Sony Camera Situational (on drag plates)

Camera GoPro HERO10 Black Real-Time camera (nadir pointing)
Camera Sony Camera Situational (on helicopter hook)

of 30 km above the surface of Venus (near parachute release). The model mass properties were related to the Venus
flight probe using Froude scaling, which is appropriate for flight testing in which both aerodynamic and gravity forces
are important (valid for incompressible flow). The Froude number (F'r) is a non-dimensional parameter defined as the
ratio of flow speed (V) to the external gravity (g) field as shown in Eq. [T where L is the reference length.

Fr=—2 (1)

The scaling ratio (N) is defined as the ratio of the model value to full-scale value, for instance the length scale Ny, for
the test was 1.6. The scaling ratios for gravitational acceleration (Ng ), and atmospheric density (N,,), and viscosity (N,)
were calculated assuming an altitude of 30 km above Venus for the full-scale values and an altitude of 1.6 km above the
Earth mean sea level (mean altitude at UTTR) for the model parameters. Froude scaling parameters are summarized on
Table[2] The equivalent mass and mass moments of inertia of the test article were defined using the Froude scaling
factors as a function of Nz and N,,. The mass properties of the full-scale vehicle and model are summarized in Table E];
however, the mass properties and reference diameter of the full-scale Zephyr probe have changed since the drop test.

Table 2 Froude Number scaling parameters for the UTTR test article.

Parameter Earth Model Venus Equivalent
(0 km Earth Above Ground Level) (30 km Venus Altitude)

Scale Nz =16 1.0
Gravitation Acceleration  9.807 m/s2 8.870 m/s2

Ng = 1.106
Atmospheric Density 1.225 kg/m? 10.15 kg/m?

N, =0.1207
Atmospheric Viscosity ~ 1.789x107 N*s/m? 2.36x107° N*s/m?

N, =0.758

The ZTU was constructed from two spun aluminum hemispherical shells. The two hemispheres were attached
and reinforced with a steel belt placed at the equator. The most important aerodynamic appendages, the drag plates
(horizontal plates) and spin vanes (vertical fins), were additively manufactured (3D printed) using polycarbonate and
were attached to a support ring held by the steel belt. The upper hemisphere of the ZTU had a cutoff to allow the
inclusion and removal of onboard instrumentation and ballast mass. Pictures of the ZTU during different stages of the
test are shown in Fig.[5] The coordinate system used for the Zephyr test article is shown in Fig.[6} where p, q, and r are
the rotation rates in the vehicle X, Y, and Z coordinate directions.

This experiment was the first helicopter drop test of a spherical probe shape for Venus since the Pioneer Venus era
(Ref. [[7]. Similarly to drop tests of that time, the model diameter was greater than its full-scale counterpart to improve
the Reynolds number similarity. Matching the Reynolds numbers expected at low Venus’ altitudes is particularly
challenging due to the dense nature of the atmosphere.

In 2023 and early 2024, the DAVINCI project also conducted three wind tunnel tests at NASA Langley’s 20-ft
Vertical Spin Tunnel (VST) and one test in the 12-ft Low Speed Tunnel facilities to characterize the aerodynamics of the



Table 3 Mass properties of full-scale and test model.

Parameter Full-Scale Zephyr  Drop Test Model
(2023 Version) (30 km Venus Altitude)

Scale 100% 160%

Reference diameter (drag skirt) 0.87 m 1.392 m

Reference area 0.594 m2 1.522 m2

Xcom 0.47 mm -2 mm

Ycom -0.75 mm 4 mm

Zcom 51.4 mm 154 mm

Mass 285 kg 1279 kg

IXXcoMm 17.60 kg-m? 26.773 kg-m?

Iyycom 17.59 kg-m? 26.958 kg-m?

Izzcom 20.53 kg-m? 29.793 kg-m?

Ixycom 0.011 kg-m? -0.113 kg-m?

IxzZcom -0.1092 kg-m? -0.118 kg-m?

Iyzcom 0.0643 kg-m? 0.253 kg-m?2

(a) Pre-flight (b) Under Helicopter

(c) Post Touchdown

Fig. 5 Zephyr UTTR test model in different stages of development and testing.

vehicle. The VST tests were in free-flight mode, where the vehicle was released in a vertical channel of flow, while the
12-ft test was a captive test with the model mounted on a sting. While the wind tunnel tests provide valuable force and
moment information, the flow conditions are limited by facility limits, and are not close to the Reynolds number and
Mach number expected for the flight at Venus (see Fig. [7) while the Zephyr is under the parachute or in free fall. The
UTTR helicopter drop test did not capture the full gamut of the Venus flow conditions, but does provide test data over a
larger range of flow conditions than the wind tunnel tests.



(a) Top View (b) Side View

Fig. 6 Zephyr UTTR test model coordinate system.
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Fig. 7 Flow conditions of the DAVINCI flight at Venus and comparison to conditions of Earth-based tests.

III. Aerodynamic Modeling
The aerodynamic models used for the UTTR model pre-flight simulation were equivalent to those used for the
Zephyr Venus descent probe, except for the aerodynamic roll moment model. The current Zephyr aerodynamics model
is based on Pioneer Venus Large Probe (PVLP) data [10] and the Venus VISAx proposal from 2010.
The static aerodynamic coefficients were linearized from PVLP wind tunnel test data. The resulting axial force



coefficient model is quadratic with respect to the total angle of attack, whereas the normal force and pitching moment
coeflicients were linear (constant slope) with respect to the total angle of attack. The aerodynamics are assumed
axisymmetric, which implies that the normal force and pitching moment coefficients pass through the origin at a total
angle of attack of zero degrees.

The dynamic aerodynamic coefficients, pitch and yaw damping (C,,, and C,, respectively), are equal to each
other consistent with an axisymmetric assumption and take a constant negative value (dynamically stable). The roll
moment aerodynamic components, both static and dynamic, have a value of zero for the Zephyr probe, which follows
the assumption that the spin vanes are always oriented parallel to the airflow (spin vanes have an incidence angle of zero
degrees), and thus cannot generate a torque (about the probe center of gravity). The spin vanes used for the Zephyr Test
Unit were oriented at a non-zero-degree angle to induce a spin rate with the goal of validating new aerodynamic models.
An one degree of freedom rolling moment coefficient model for the UTTR test was derived from Huygens post-flight
reports (Refs. [4] and [5] with minor changes in nomenclature and corrections) and is described below.

The spin vanes are attached on a ring at the perimeter of the Zephyr as illustrated in Fig.|8] The freestream velocity
(V&) and the incidence angle (ay) of the k-th spin vane. The incidence angle of the k-th spin vane and the freestream
velocity (measured at the probe center of gravity) is constant; however, the angle between the rotating vane and the
airflow experienced by the spin vane is different from @ and is a function of the angular velocity w. The orientation of
the flow to the spin vane is shown in Fig.[9]

Negative oy —
(counter Positive oy

clockwise) (clockwise)

Fig. 8 Orientation and location of the spin vanes on the Zephyr.

" tan(0R/V.,)
= wR/V,,

Fig. 9 Spin vane flow angles.



Assuming thin airfoil theory, the k-th spin vane produces a force, Fi (Egs. 2}[3) that depends on the dynamic pressure,
the angle between the rotating spin vane and the airflow, and the lift curve slope (Cy,,) multiplied by the area of the k-th
spin vane (Sk). The equation can be further simplified assuming small angle approximation as shown in Eq. 3]

At the same time, Fy generates a torque (M} ) about the center of gravity of the probe, which is at a distance R from
the k-th spin vane (Eq.[d). If the roll moment of inertia (I ;) is given, the sum of moments generated by all spin vanes
(K) can be added up to calculate the angular acceleration of the probe (Eq.[3). This ordinary differential equation can be
solved numerically to compute the roll rate time history during descent.

1 wR
Fi = paVA(ax - 1an(5))(Cr, 50 @
1 wR
= (x,Vz - —)(CL,S 3
2p 00(ak Vm)( L, k) )
Mk = FkR (4)

Izz M (5)
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Note that this roll rate model assumes that the static and dynamic aerodynamic roll moment coefficients are equal.
Moreover, the probe does not contribute to the roll moment. The parameters used to model the roll rate of the Zephyr
Test Unit for a simulated descent at UTTR are summarized in Table[d} The ZTU had 18 spin vanes organized in groups
of six between the three drag plates. The lift curve slope was the value recommended by Ref. [5], although various lift
curve slopes were investigated.

Table 4 Parameter settings for the rolling moment model.

Parameter  Value

ag 11.0 deg

R 0.696 m
Cr, 2n/5 1/rad
K 18

Chord 47.4 mm
Span 84.3 mm

Sk 3995.8 mm?

For all of the aerodynamic coefficients, the reference area was based on the drag skirt diameter, which is listed in
Table[3] and the drag skirt diameter was used for the reference length. The moment reference point was the centroid of
the Zephyr, which coincides with the origin of the coordinate system shown in Fig.[6]

IV. Test Data and Reconstruction

A. Reconstruction Process

The test was successfully conducted on October 3, 2023. The final dataset included two sets of IMU data, two sets
of GPS data, weather balloon data, and camera data from all four cameras, the models of which were noted in Table[I]
In addition to the weather balloon data, atmospheric information from the reanalysis of a weather forecast model, the
Goddard Earth Observing System Model Version 5 (GEOS-5) created by the Global Modeling and Assimilation Office
(GMADO) tool at Goddard Space Flight Center (GSFC), was used to provide temperature, pressure, density, and wind
information [11} [12]].

The reconstruction tool was the New Statistical Estimation Tool (NewSTEP), which has been successfully used for
other Earth-based applications [[13,|14]. The specific process of reconstructing aerodynamic coefficients given IMU data
is identical to NewSTEP’s usage for the Mars 2020 reconstruction [15]], and explained in detail in Refs. [15] and [16]].
NewSTEP uses an iterative Extended Kalman Filter (EKF), where the IMU data is used in the process equations and
additional data, such as GPS, are used as observations. Aerodynamic coefficients, such as axial force coefficient (Cy4),



normal force coefficient (Cy ), pitching moment coefficient (C,,), and rolling moment coefficient (C;), are processed
from the reconstructed trajectory. Additionally, since the EKF is a stochastic filter, the estimated states are characterized
as a Gaussian distribution with both the mean and the standard deviation estimated.

B. UTTR Drop Test Simulation

The UTTR drop test was modeled pre-flight to provide predictions for the test. The simulation was modeled in the
Program to Optimize Simulated Trajectories II (POST?2) tool [[17], using the atmospheric model from Earth Generalized
Reference Atmosphere Model (GRAM) [18]], the aerodynamic model described in Sec. and the mass properties
from Table[3] The UTTR simulation shares the aerodynamics models with the the Entry and Descent simulation of the
DAVINCI also modeled in POST?2 (see Ref. [2]). The goal of the UTTR drop test simulation is to utilize DAVINCI
Venus simulation’s models, especially the aerodynamics modeling, to predict and reconcile with the helicopter drop test
data.

Monte Carlo analysis was also conducted with the simulated trajectory to provide statistical predictions of performance
based on a 8000-case sample size. An example of the results from the simulation include the landing location in Fig. 3]
as well as some of the comparisons of relevant flight parameters, such as position, velocity, attitude, etc., with flight data
in the next section.

C. Comparison of the results with simulation

The reconstructed position, velocity, dynamic pressure, and touchdown time, along with comparison to the pre-flight
nominal simulation are shown in Figs.[I0]and[T1] The nominal position and velocity from the pre-flight estimates are
close to the reconstructed trajectory and the GPS flight data, especially the estimate of the terminal velocity.

The dynamic pressure comparison shows that despite the differences in the atmospheric models used in the simulation
and the experienced aerodynamics in the real flight, the dynamic pressure estimate was close. As mentioned before,
the atmosphere in the reconstruction was based on weather balloon data and the GEOS-5 reanalysis data, while the
simulation used the Earth GRAM model. Note, the small divergence between the simulation and the reconstruction
around 25-30 s right before impact might be atmospheric differences, such as a gust of wind, that is unmodeled in the
simulation. Due to the similarity of the reconstruction with the nominal, unsurprisingly the touchdown time is close to
one standard deviation (10) or Gaussian quantile of the pre-flight, 8000-case Monte Carlo based predictions, as seen in
Fig.

The close agreement in position, velocity, and touchdown time suggests a good agreement between the pre-flight and
reconstructed force coefficients that govern three-degree-of-freedom type of quantities, such as position and velocity.
The reconstructed axial and normal force coefficients are shown in Fig[I2] along with the estimate based on the pre-flight
model, which used the reconstructed total angle of attack as an input. The figures also show the +30 estimates of the
reconstructed force coeflicients. The pre-flight axial force coefficient models based on varying angle of attack or the
constant value term (which are described in Sec. are close to the mean of the reconstructed data, which is also
corroborated by the total descent time being similar (Fig. [TT). However, it should be noted that the estimated force
coefficient’s uncertainties are large and the pre-flight model is well within the bounds. For normal force coefficient, the
pre-flight model’s estimate is compared with the force coefficient estimated in the X and Y axis of the vehicle, as defined
by the coordinate system in Fig.[6] The normal force coefficient is an underestimate if compared to the magnitude of
either of the reconstructed force coefficients, but is close to the average of the two values.

The reconstructed pitching and yawing moment coefficients are shown in Fig. [I3] The pre-flight model (from
Ref. [2]) does not differentiate between between pitching and yawing moment coefficients and here the data appear to
more closely match the reconstructed yawing moment coefficient. The reconstructed pitching moment coefficient is
more stable (less negative) than the pre-flight model. For an axisymmetric vehicle like the Zephyr, pitching and yawing
moments should be similar. However, this difference between the pre-flight model and the pitching moment coefficient
could be due to uncertainties in mass properties used for reconstruction or other differences.

One of the secondary goals of the UTTR test was to observe the effect of the spin vane incidence angle, @, on the
rolling rate of the vehicle. For DAVINCI, the vehicle will need to maintain a prescribed roll rate for science operations
and stability of the vehicle, and setting spin vane angles to a non-zero ay is the design variable that can be used to
achieve a desired roll rate. The UTTR test article had a ay of 11 deg, much higher than Pioneer Venus ( 2 deg) [10] or
what DAVINCI would possibly use, to easily observe the rolling motion and increase the signal-to-noise ratio for a
short duration drop test. The roll rate from the reconstruction and the simulation can be seen in Fig.[T4] Note that in
the simulation, the vehicle starts from a zero roll rate, but in flight, the vehicle had some residual spin rate under the

10
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Fig. 10 Zephyr UTTR test trajectory reconstruction.
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Fig. 12 Zephyr UTTR test force coefficient reconstruction. The envelopes of the reconstructed quantities signify
+30 estimates.

The reconstructed rolling moment coefficient appears to be three to four times larger than the simulation rolling
moment coefficient and the reconstruction also shows a gradual damping that is stronger than the current model. Thus,
some adjustment to the model derived in Eqgs. 2} 5] might be necessary. Nevertheless, the close agreement in the roll rate
achieved in the simulation and the actual reconstruction in Fig.[T4]shows promise for the existing model.
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V. Conclusions

A helicopter drop test was conducted at the Utah Test and Training Range in October 2023 to characterize the
performance of the DAVINCI Zephyr descent sphere. The primary test objectives of capturing acceleration, attitude
rate, and camera data were met. Additionally, test data from on-board inertial measurement units and global positioning
system receivers have been have been used with an iterative Extended Kalman Filter to create a reconstruction of the
flight trajectory. The reconstructed trajectory shows good agreement with the pre-flight estimates, especially the rolling
rate, and the reconstructed aerodynamic coefficients could be potentially used to update the aerodynamic model of the
DAVINCI Zephyr descent sphere.
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