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Presenter Notes
Presentation Notes
In this talk I will be discussing the possibility of a refueling orbital navigator, or RON. The two critical issues for in-space operations that would be addressed and potentially solved by the refueling orbital navigator concept: those being Active Debris Removal or ADR and the In-space maneuverability, The latter representing the possibility of providing mobility and relocation options for current space assets as well as in space repair and reconstruction of disabled assets. 



Propellantless propulsion
(Infinite Isp)

Air Breathing 

Large Deployable Structures
Tethers

Gossamer structure

Problems with deployment,
stability, lifetime

We can get propellant for “free” 

Ideal Rocket Equation: 

Space Propulsion 101

How Do We Beat It?

Requires:
 Low drag spacecraft
 High collection efficiency
 High Isp, high efficiency thruster

Presenter Notes
Presentation Notes
There are many issues associated with ADR. Most important is the economics of such a mission. Due to the high ΔV requirements, conventional chemical or propellant based systems become implausible. To remove the significant number of debris needed to stabilize the space environment, a reusable system is necessary. This demands a specialized spacecraft that can maneuver between many target objects, capturing each and transferring them into terminal orbits. Such an Orbital Transfer Vehicle (OTV) requires the ability to perform hundreds of km/s in ΔV over its mission lifetime. However, even with the most fuel efficient, high-Isp device, total propellant mass scales prohibitively for long, multi object deorbiting missions. As a solution to this problem, a number of propellantless technologies have been suggested for ADR. Due to the lack of success thus far, and the fact that extensive tests in the actual space environment still need to be performed, it appears that these large structures are not the best near-term solution. Moreover, long range solutions, such as lasers, can easily yield significant amounts of additional debris if target conditions and attitude are not well known. The alternative is to employ an air breathing propulsion system. Such a system will require (1) a low drag spacecraft, (2) a high collection efficiency scoop, and (3) a high Isp, high efficiency thruster. How these three criteria can be met with the RON spacecraft will now be discussed. 




RON can provide for -
Active Debris Removal (ADR)
In Situ Resource Utilization (ISRU)
Air-breathing Orbital Transfer Vehicle (AOTV)

Elliptical Collection Orbit (ECO):
ECO enables refueling at minimal drag
Substantial reduction in power requirements  

Refuellable:
Significantly less launch weight
Subtantially longer mission Life

Orbital Navigator:
Process 550 kg of propellant/yr.
85 Deg. inclination change/yr.
100,000 m/s Delta-V/yr.

RON promises to be an AOTV that 
overcomes many of the hurtles of an 
airbreathing space propulsion system 
RON’s mission architecture needs only a 

fraction of power and size assumed before  
RON would enable a new class of missions

Benefits & Potential

Refueling Orbital Navigator (RON)

Large space debris removal
 non-Keplerian orbits
 rapid continuous plane changes
 ultra low flyby approaches
 Asset relocation with changing objectives
 Disabled satellite capture for in-space repair 
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There are many challenges associated with in-space maneuverability due to the high Delta V requirements. The Refueling Orbital Navigator (RON) spacecraft accomplishes this in the following way: it employs a highly elliptical collection orbit, or ECO, to obtain fuel by scooping up and storing the molecular nitrogen and atomic oxygen encountered during the low altitude perigee periods of its orbit. As RON can thrust at apogee, it can achieve the extensive orbit lowering needed for ADR. Additionally, RON can thrust at perigee to provide drag compensation for low perigee refueling, stable non-Keplerian orbits, or rapid phase changes. As such, the RON concept can also find application to other planetary missions. 
The ability to capitalize on In Situ Resource Utilization (ISRU) for electric propulsion on the next generation exploration class missions would have a direct impact on potential planetary mission feasibility, scale, and cost. A refuellable orbital navigator employing electric propulsion would enable detailed studies of the planetary bodies from Venus out to Neptune. For the ADR mission, chosen for the focus of this study due to its extreme importance, the requirements for the RON are modest. RON requires only 5 kW of on-board solar power as energy collected during the higher altitude portions of its elliptical orbit can be stored for higher power operation later. Operating in this manner RON would generate 1.2 N of thrust with a specific impulse, Isp, of 2500 sec. for ADR. During a 10-year mission life, RON would process 5500 kg of propellant to ferry 80 spacecraft, perform 850 degrees of plane change, with over 100 km/s of delta-V, all with a single spacecraft launch, and requiring no additional onboard propellant. The ADR mission and how RON would enable an affordable method for reducing orbital debris will be outlined



Assume 150 km Orbit 
⇒ 10 m2 scoop, Drag is 1.23 N

At 366 W/m2 Solar panel
82 m2 need for sustained flight
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Classic Air-breathing Orbit
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This is clearly not the first attempt  to build, design and fly an air breathing spacecraft capable of sustained propulsion in the upper atmosphere. A major reason, and a big difference between the RON spacecraft operation and previous airbreathing concepts is the Elliptical Collection Orbit, or ECO, employed on RON. For the usual airbreathing spacecraft concept, a circular orbit was assumed. This demands a propulsion system that can operate in a steady manner to overcome the constant drag of the propulsion system and solar array One finds that even for a fairly efficient Electric propulsion system, over 30 kW of propulsive power would be required. When one includes the size of the solar array required, the drag is significantly increased. More drag means more power, and more power means more solar array mass and thus more drag - this ends in an ever increasing upward spiral. The way to break this cycle is the ECO.



1. Reduced Solar Panels
2. Minimal draft make-up 

10 m2 Scoop
8 km/s

2000s

50% 30 kW

88 g/orbit @ 150 km

Apogee
950 km

Perigee
150 km

Density of 1.9x10-9 kg/m3

Elliptical Collection Orbit (ECO)

Fdrag = ρ⋅A⋅V2 

T = 2η⋅P/(Isp⋅g) } = 2x10-9 kg/m3

Instantaneous altitude and mass flow rate for 
the lowest perigee orbit described earlier
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To realize the revolutionary impact a Refueling Orbital Navigator could represent, consider this analogy. Up to now, objects in near earth space are like trees. You put them in a certain place and that's where they stay until they die. What is being proposed here is more like an animal, perhaps a cat. It can move from place to place to do a wide variety of essential tasks. But this freedom of movement requires a lot more energy. So like a cat, it needs to spend a fair amount of time doing nothing but recovering its strength while expending little energy. When it comes time to move, it devours its fuel voraciously. The ECO provides for just such a life cycle. As discussed, to overcome drag the power required for the propulsion system needed to 30 kW, 50% efficient at an Isp 0f 2000 seconds which is within the range of Electric Propulsion (EP) thrusters already developed for space application. In order to stay in orbit the spacecraft thrust must be equal to or greater than the drag. Equating the two expressions for these key parameters shown at the top left, one can solve for the highest atmospheric mass density the craft can fly which is shown on the top right. Here V is the orbital velocity of the spacecraft, and A is the area of the particle collection scoop, which is assumed to be the largest obstruction to the flow.  It is not the area of the solar array as the 30 kW propulsive power is only required near perigee when the spacecraft confronts significant atmospheric densities, as can be seen in the graph at the lower right. This allows for the solar panels to be reduced  by 90% of what would be required to stay at a constant orbital altitude at 150 kilometers. After leaving perigee where it scooped far more fuel than is needed at high altitude, the spacecraft can rest, and recharge its batteries. Just like the cat.  




Density of atmospheric species as a 
function of altitude

Atmospheric Conditions for RON
Target Perigee (150 km)

“Temperature” in the 
Thermosphere
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I show this slide to indicate the kind of environment in which the Refueling Orbital Navigator will operate. The graph on the right shows the exponential fall-off in the number density of particles as one goes higher in altitude and explains the short time when the fuel accumulation occurs during the lowest altitudes. The gas composition also changes considerably as one goes further up in the atmosphere. At the target altitude of 150 kilometers, the primary constituents are roughly 60 percent molecular nitrogen, 30 percent atomic oxygen, and the remainder being small amounts of argon, helium and hydrogen. Ionized gases are negligible at less than 1 %. Unlike other planetary atmospheres, the Earth atmosphere heats up from the absorption of solar energy in the UV spectrum by oxygen species. At the target perigee altitude of 150 km it Increases dramatically. These temperatures are still negligible compared to the stagnation temperature one would reach from stopping the flow of particles entering scoop at the orbital speed of 8 km/s. This corresponds to a stagnation temperature of 90,000 degrees Kelvin.



AO is the heat released from recombination 
of atomic oxygen. Flow stagnation (friction) 
is the largest contributor to scoop heating

Radiation was the only loss channel 
considered in the calculation for cooling.

Scoop Collection System Thermal Analysis
Scoop temperature as a 

function of altitude
Various sources of heat on the scoop as 

a function of altitude.
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Due to the extremely low number density, the thermal energy content is still quite low., and the spacecraft itself is not significantly heated by the fuel captured. The heat flux from the various thermal sources can be be found in the graph on the left.  Compared to heating from solar rays the flow stagnation is the largest component at low altitudes. The waste heat from operation of the electric propulsion system, even at high efficiency. Dwarf the scoop heating. The graph on the right shows that at the altitudes that will be encountered by the RON, radiative cooling will be sufficient to keep the fuel capture system at reasonable temperatures. 



Knudsen Number vs. Altitude 
Characteristic Length of 1 Meter

Worst-case estimate for drag:
 Fdrag = ρ⋅A⋅V2 

where ρ is the mass density of the 
atmosphere, A is scoop cross-sectional 
area, and V is the orbital velocity.

Spacecraft always remains in the molecular flow regime

Region of 
interest for RON 

gas collection

Experimental setup used to 
determine drag coefficient and 
scoop capture efficiency
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It should be noted that the interaction of the atmosphere with the RON spacecraft is always in the regime of molecular flow. This simplifies the calculation of drag and the interaction of the scoop with the atmosphere as to the collection efficiency as well as the drag coefficient as the two are related. The most accurate calculations required the use of the Direct Simulation Monte Carlo code originated by Bird in the 1990s to describe the interaction of gas particles with material structures in space. Due to time constraints the analysis of the scoop performance, as well as experimental testing of a prototype scoop will not be covered in this talk, however both are fully discussed in the paper. To sum up those results, collecting all of the gas entering the scoop in the molecular regime, where one can essentially ignore all particle interactions with other particles compared to the interactions with solid surfaces such as the scoop, would lead to a drag coefficient of 2. This represents a completely inelastic interaction (i.e. stagnation) of the flow with the spacecraft. For less than 100% capture, the reflected particles not captured will increase the drag with the maximum being a drag coefficient of 4, the condition where all particles are reflected elastically as in striking a flat plate. Experimentally, the measured drag coefficient from a supersonic flowing gas in the molecular regime for the conical scoop array shown on the right was 2.2.     



As altitude decreases
•  Isp decreases

⇒ more thrust is needed at  
limited power

• Refuel time increases
⇒ more drag
⇒ more thrust
⇒ more propellant

⇒Less Isp
More propellant

More Propellant need for Drag 
make, less can be stored, longer 
the refuel time

Mission Space for: 
10 m2 Scoop with 30 kW EP Thruster
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Detailed calculations of the operational space for the RON were conducted with regard to the several key parameters such as the spacecraft drag coefficient, thruster Isp, perigee altitude, and scoop capture efficiency. The following graphs will illustrate how the variation in these parameters effect the prime concern of the refuel time as this dictates mission feasibility beyond just drag makeup. A good one to start is the effect of altitude on thruster Isp as reflected in refuel time. This graph makes it pretty clear that dipping to lower altitude at constant (max) power leads to a reduced Isp as more thrust is needed to overcome increased drag and eventually results in a much longer refueling times. One can see why 150 km  makes for a good compromise that doesn’t demand a particulary high Isp compared to what can be achieved from current EP thrusters. The 10 square meter scoop with a diameter of just over 31/2 meters was chosen as a reasonable size that can readily be accommodated inside the fairing of a large rocket. A drag coefficient of 2 was also assumed.



Critical Scoop Design Parameters
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Presentation Notes
These two figures indicate the range of refueling times based on the drag coefficient and the capture fraction. For the assumed drag coefficient of 2 and an altitude of 150 km, the minimum capture percentage is roughly 50%. Below that, RON is less able to take in enough ambient gas to perform the necessary drag makeup. It is also shown that an altitude of 160 km it would be advantageous to have a higher Isp of 3500 seconds. It is worth noting here that for high capture percentages, refueling times level off and are not reduced significantly with increasing Isp. The opposite is true at lower capture percentages. At 50% capture efficiency and 2000 second design point, it would take 220 days to refuel, while a 3500 s design would only take 68 days, a reduction of 69%. In fact a high Isp design would allow for operation at lower capture percentage of 30 to 40%, if need be, but at the price of increased mission time. In this way though, drag can be made up while maximum mass efficiency can be maintained. These plots clearly illustrate why optimizing scoop design for minimum drag and maximum capture efficiency are critical for reducing mission time. 



Thruster operating with N2-O2 
mixture (305 V, 2.75 mg/s)

Thrust vs. flow rate with discharge 
voltage as parameter

 The thruster has operated stably during the 10 hours test. 
 The measured thrust has been 30 mN at 1 kW 
 At roughly half the efficiency of the Xenon results ⇒ Isp = 2000s. 
 The thrust was a strong function of power

Hall Effect Thruster (HET) operation on a 
N2-O2 Mixture
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As of now, there is no clear winner as to the best EP thruster for the RON as most of the current thrusters have been developed to operate on Xenon. There is in principle no reason that the leading EP candidates – the Hall Effect Thruster, or (HET), and the RF based Ion Engine, both of which have been developed to TRL 9, could not be adapted to operate reliably and efficiently on atmospheric propellants. In fact, there has been recent efforts to do just that. As the studies are somewhat preliminary, it is difficult to get much in the way of performance data from these devices on atmospheric propellants. Operating a standard HET on atmospheric propellants was performed by a collaborative effort between ESA and Alta. The HET was operated on mixture of N2 and O2. A picture of the thruster operating on the mixture is shown at the left. The test results for both the HET and RIT thrusters showed a substantial deterioration of performance with respect to Xe. This is no doubt due to the low ionization efficiency of the atmospheric propellants. However, the results did indicate that both devices were capable of continuous and stable operation on atmospheric propellants. As can be seen in the figure on the right for the operation of the HET on the N2-O2 mixture, the thrust was a strong function of power. The maximum thrust, Th = 30 mN, was obtained at roughly 1 kW input with a flow rate of 2.7 mg/s. This was roughly half of that of the Xenon performance. If one assumes roughly half the efficiency of the Xenon results, one has that the Isp would be the target 2000 seconds. Since the target thruster power for the RON is 30 kW, these results are far from the operating conditions required for RON. Ionization efficiency and thruster performance quite often get better as the power is scaled up as attested even by the data shown here. It could very well be that that the target of 50% efficiency operating on atmospheric propellants can be achieved at sufficiently high Isp for optimal performance of RON at the power levels desired. There are other candidate EP thrusters such as the Pulsed Inductive Thruster and the MAP thruster that naturally operate on lower mass propellants and could also be employed on RON . The advantage of these less developed thrusters are discussed in the paper.



         

 

Orbital debris concentration by altitude

The Orbital Debris Crises

In 2009 the accidental collision between the Iridium 33 and Kosmos-
2251 satellites created nearly 1500 kg of debris, resulting in a 30% 
increase in the collision probability to intact objects in low earth orbit 
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As of January 2018, an estimated 8,100 tons of space debris had accumulated in low Earth orbit consisting of spent rocket bodies, mission-related debris, and collision fragments. With regard to ADR, the largest concentrations of high mass debris are found in the inclination band of 81 to 83 degrees and in the altitude range of 800 to 1300 km as shown in the figure. These large concentrations of high mass debris indicate that these regions of space should be the first targeted to reduce the overall collision probability in the space environment. A characteristic mission employing the RON to do just that was carried out.




From a matched obit, 
CHARON rendezvous 

with target debris 
(Target: 1MT satellite)

Using onboard 
propellant CHARON 

burns at apogee to ferry 
target to an Elliptical 

Collection Orbit (ECO)

Once in ECO, target will 
rapidly deorbit (~76 

days), while CHARON 
refuels and reorients 

Once tank is full 
CHARON burns at 

apogee back to a circular 
orbit of next target 

Rendezvous Walk-in Walk-out

Refuel
&

Reorient

Sample Mission Architecture: ADR

Stage  Operation Propellant 
requirement (kg) Time, hrs (days) Delta-V 

(m/s) 
1 Rendezvous 1.82 24 (1.00) 117 
2 Walk in 14.80 222 (9.26) 223 
3 Refuel & Realign NA 771 (32.13) N/A 
4 Walk out 3.41 51 (2.14) 223 

 TOTAL 20.03 1069 (44.53) 563 
 

The four mission stages of the RON system

Stage Characteristics

Presenter Notes
Presentation Notes
As an example of the characteristic RON mission, the retrieval and disposal of a 1 metric ton Russian Cosmos class satellite at 950 km was studied. Each retrieval and disposal mission can be divided into the four stages shown on this slide. Stage 1: RON will rendezvous with the target. During this stage RON will assess the dynamics of the debris and the best way to interact with it. More will be said of this later as well as in the paper. Stage 2: RON will ferry the target to an elliptical termination orbit using onboard fuel. Once there it will release its cargo and start firing at perigee to perform drag make-up. For a 1 MT target and an estimated 500 kg RON, this ferrying maneuver will require 15 kg of propellant using a 2,500 sec Isp thruster. At 1.5 N thrust, burning at 10% of the orbit period, RON will take approximately 9 days to ferry to the necessary terminal orbit. Stage 3: RON will refuel for several orbits using ambient propellant to counteract drag and store fuel for future use. Reorientation maneuvers can also be done from this terminal orbit. Inclination changes and right ascension plane changes require high ΔV, and therefore have a high propellant requirement, and this is why RON is so well suited for ADR. Stage 4: RON will exit the terminal orbit and rendezvous with the next target. As the next target is at a similar altitude, another 223 m/s of ΔV will be required. It is estimated that to move RON into a proper orbit and new position will require 3.4 kg of propellant over 2 days


		Stage 

		Operation

		Propellant requirement (kg)

		Time, hrs (days)

		Delta-V (m/s)



		1

		Rendezvous

		1.82

		24

		(1.00)

		117



		2

		Walk in

		14.80

		222

		(9.26)

		223



		3

		Refuel & Realign

		NA

		771

		(32.13)

		N/A



		4

		Walk out

		3.41

		51

		(2.14)

		223



		

		TOTAL

		20.03

		1069

		(44.53)

		563
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Impinging mass 
Per orbit (grams)

Not Collected

Collected

Storage Tank

30 kW EP thruster

Multistage 
Compressor Scoop

5 kW Solar 
Panels 

Schematic of RON propellant collection and usage during elliptical orbit. 
Drag makeup assumes a drag coefficient of 2. A collection efficiency of 
80% during perigee is also assumed. Orbital perigee is at 150 km.

Prototype Design for RON Based on 
Experimental Results and Mission Analysis 

Presenter Notes
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Putting it all together, the final prototype design for the Refueling Orbital Navigator was arrived at and is shown in the figure above. The total atmospheric mass impinging on the scoop collector array during each elliptical collection orbit Is 88 grams. Of this, 18 grams are reflected leaving 70 grams collected which is and compressed and stored in the storage tank reflecting the 80% efficiency of the scoop. Of the 70 grams collected. 29 grams must be supplied to the EP thruster for drag make up. This leaves 41 grams stored from each cycle to be used to perform the spacecraft maneuvers for ADR or whatever mission is desired. 



Component Mass 
(kg) Description TRL

Tank 20 50 kg propellant at 1000 psi, carbon 
overwrapped titanium alloy tank 5

Scoop 60 Conical silica scoop with 2 mm walls 
and a 3.5 m diameter 3

Compressor 60 Multi-stage compressor system 3
Thruster 130 30 kW HET thruster 4
ADCS 10 2 gyroscopes and 8 thrusters 8
Comm. and 
Data 15 Antenna, diplexer, receiver, transmitter, 

and encoder 8

Power 35 Power conditioning unit 8

Batteries 55 36.8 MJ lithium polymer batteries (900 
kJ/kg) 8

Solar arrays 15 XTJ triple junction cells of 84 mg/cm2 
and array area of 13.66 m2 6

Instruments 30 Star tracker, earth sensor, LIDAR unit, 
and telescopic camera 8

Capture 
Hardware 20 Estimate 2

Structure 60 Estimate N/A
Thermal 10 Estimate N/A
Dry Mass 520
Margin 130 25% of dry mass
Propellant 50
Total Mass 700

Mass Budget for Full-scale RON

Presenter Notes
Presentation Notes
An initial mass estimate was formulated by including all the traditional spacecraft systems and by estimating the mission-specific systems. Some of the unique components include the atmosphere-collecting system and a target capture mechanism. The solar arrays and batteries were sized by requiring roughly 40 MJ to run the 30-kW thruster, while including extra energy to operate the other subsystems. An extra 25% of the total mass was added as margin for this early stage of the design. 



Schematic of the Ion Beam Shepard (IBS) 
satellite for deorbiting space debris
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Presentation Notes
Once a quick and effective orbital transfer method has been devised, there still remains an important technological challenge to overcome: the transmission of momentum from the removal system to the space debris in order to carry out the deorbiting maneuver. Several active debris removal concepts have also been proposed in debris mitigation including harpoons, magnetic darts, robotic arms, adhesives, scoops, interface probes, applied fields, nets, and plasma beams. The most obvious way is to dock the removal system with the target before the deorbiting starts. This operation can, however, be technologically complex and very risky. Space debris are noncooperative objects generally characterized by a problematic attitude motion (tumbling motion, flat-spin rotation, large amplitude oscillations, etc.) making docking dangerous and/or unfeasible. During the initial survey conducted of active debris removal methods, there was one particular approach having special merit. It is referred to as the Ion Beam Shepard (IBS) [25]. It is unique in avoiding many of the problems previously described, but it is especially advantageous when one considers the fact that with RON one has an essentially unlimited fuel resource for this task. The Ion Beam Shepard (IBS) is aptly named as it is what it says it is. The IBS employs a highly collimated, high-velocity ion beam, produced on board the spacecraft orbiting in close proximity to a target debris object, which is directed against the target to modify its orbit and/or attitude with no need for docking.



Planet Radius 
(10^6 m)

Mass 
(10^24 kg)

Orbital Velocity 
(m/s)

Orbital 
Period (hr.)

Height where ρ ~ 
1e-9 kg/m^3 (km) Principal Gases (%)

Earth 6.38 5.97 7,900 1.4 170 N2 [78] O2 [21] Ar [1]
Mars 3.4 0.642 3,549 1.7 135 CO2 [95] N2 [3] Ar [1]
Venus 6.05 4.87 7,327 1.4 135 CO2 [96] N2 [3]
Jupiter 71.5 1898 42,078 3.0 550 H2 [90] He [10]
Saturn 60.3 568 25,066 4.2 950 H2 [96] He [3]
Uranus 20.6 86.8 16,764 2.1 800 H2 [83] He [15] CH4 [2.5]
Neptune 24.8 102 16,563 2.6 810 H2  [80] He [19] CH4 [1]
Titan 2.57 0.134 1,865 2.4 900 N2 [96] CH4 [3.5] H2 [0.5]

Candidate planetary and atmospheric data for a REfuelable 
Planetary Orbiter (REPO) mission.

RON for Exploration and Resource Utilization on 
Other Planetary Bodies

Presenter Notes
Presentation Notes
In closing, it should be mentioned that another important application of thew Refueling Orbital Navigator is Exploration and ISRU Utilization  on other Planets. Virtually all planets, as well as several planetary moons of interest, have a substantial atmosphere. Therefore, it goes without saying that a spacecraft that could be sent to these bodies, that had the ability roam virtually anywhere over the surface of the planet taking data, sending out probes, collecting samples, etc. and limited in time only by the survivability of the spacecraft hardware, would be a game-changing advance. A discussion of this exciting prospect of RON deployment can also be found in the paper.



RON can provide for -
Active Debris Removal (ADR)
In Situ Resource Utilization (ISRU)
Air-breathing Orbital Transfer Vehicle (AOTV)

Elliptical Collection Orbit (ECO):
ECO enables refueling at minimal drag
Substantial reduction in power requirements  

Refuellable:
Significantly less launch weight
Substantially longer mission Life

Orbital Navigator:
Process 550 kg of propellant/yr.
85 Deg. inclination change/yr.
100,000 m/s Delta-V/yr.

RON promises to be an AOTV that 
overcomes many of the hurtles of an 
airbreathing space propulsion system 
RON’s mission architecture needs only a 

fraction of power and size assumed before  
RON would enable a new class of missions

Benefits & Potential

Refueling Orbital Navigator (RON)

Large space debris removal
 non-Keplerian orbits
 rapid continuous plane changes
 ultra low flyby approaches
 Asset relocation with changing objectives
 Disabled satellite capture for in-space repair 
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As a summary, I repeat the introductory slide for your perusal as talk time has run out. Thank you.
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