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Introduction ... overview of the SMARTS SBIR program @

« SMARTS is an SBIR program funded by the AFRL Space Vehicles
Directorate, Kirtland AFB, New Mexico

— AFRL program manager: Mr. Andrew Williams

— Small business prime: Technology Assessment & Transfer (TA&T)
— Small business PI: Mr. Walter Zimbeck

— Program status: Phase Il kickoff held on 7/25/08

« SMARTS is a new thermal management approach to help achieve
the three ORS tiers, including the Tier 2 goal of "six day" satellite

o Traditional approach -- cold-biasing plus heater power, involving
ludicious MLI/coating coverage and component placement on/near
radiators -- not acceptable for RS: Due to: (1) lengthy design/test
process; (2) significant heater power; and (3) inadaptability.

* RS Need: Thermal architecture that intrinsically: (a) minimizes
design/test time and heater power; (b) enables quick assembly by
eliminating the need for judicious MLI/coating coverage and component
placement; and (c) assures on-orbit thermal control.
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Bac kground ... traditional thermal design approach vs. RS needs ﬂK)

Traditional Spacecraft
Thermal Design Approach

» Radiators sized for HOT CASE
» Heaters sized for COLD CASE
* Requires optimization of

% component arrangement

» MLI coverage

s external coatings

e Limitations
% lengthy design/test process
* high survival heater power
 limited design flexibility

X/

* not readily adaptable

CR)

D)

CR)

.
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RS Needs That Traditional
Approach Cannot Provide

Thermal Adaptability ... to meet the
Tier 1 requirement for redeployment
of existing assets in minutes

Rapid Deployability ... to meet the
Tier 2 requirement to build and
deploy a new asset in days

Design Flexibility ... to meet the
Tier 3 requirement to incorporate
new payloads in months
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Bac kg round ... fundamental elements of the SMARTS approach ﬂK)

(b) Maximum External Insulation (d) Heat Flow Modulating Capability
(e.g., MLI blanket or altemative) _\ (e.q., fluid loop or thermal switch)
| el |
Satelfite Bus Radiator

internal Satellite Components
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|
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| Radiator depicted as

! deployable, but does not
i ! have to be so, just external.
: i

1

|

1

1

|

L (c) Internal Heat Collection/Sharing System \ (a) Sufficient Radjator Area
(e.g., heat piped-embedded honeycomb panel) (e.g., oversized external radiator)
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Concept ... implementations of the SMARTS approach @K'

Initial SMARTS ldea: "Equipment Rack" Satellite

(3) Satellite (2) "Equipment Rack” (1) Variable Conductance Fu_ﬂy-ASS(_emb.'ed SMARTS Sate{.'fte
Component Sateflite Bus Modiife Radiator Modiile with Maximum External Insulation
Modules l 1 gfng tinsuiation depicted by dotied red ling)
[, ] | | l I | | I
I Conductive or HP Panel Tray W’;”;’:@ . Fh:@":jﬂ: I i

Af Hcomb Parelw/ Embedded HFs

I P quioffator L : I
| | | | = (4) Heat Collection/Sharing [ | | I |
| p Plate Module ||

Interface must be blindly mated & de-mated during
periodic maintenance on servers

w E
N\, / U Servers
LHP Evaporators on

Two-Phase Loop
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Concept ... implementations of the SMARTS approach CATK>

Revised SMARTS Idea: Externally Paneled Satellite

Isothermalization Features Insulation/Radiators/Variable Conductance
(Top View)

High Conductance
Bolted Seam

\ T3 I

Satellite with I I I |
/ Externally | | |
Paneled —
Circumferential Construction —_——
Thermal Bus (Cube Shown) Single-Side Modules with Dual-Side Modules with
Embedded LHPAnsulation/Radiator LHP/Ansulation/Radiator

Heat Pipe

Radiator
LHP
Insulation

s .

C-Shaped
Es,ﬁfﬁ?:f;d Deployable Module with
Heat Pipes Lt HPAnsulation/Radiator

One option for integrating heat o7 PE O e P o » ﬁ

pipes, wiring, PCBs into panels [ I I I M
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Concept ... implementations of the SMARTS approach CATK>

Insulation / Radiator / Variable Conductance: Single-Panel Module

RADIATOR LHP EVAPORATOR LHP RESERVOIR CONDENSER

FACE SHEET LINES
\. / / \

/) -ﬂ . W////WW//////////////////////////////////////////%

s //////////////////////////////////////////// W///ﬁ"-V///////////W
< %

T

STRAP  TEG INSULATION

ISOLATOR
Evaporator Heat Pickup Zone
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Concept ... implementations of the SMARTS approach CATK>

Panel-to-Panel Coupling: Configuration / Conductance (Estimate)

<\ //> Longeron Dimensions =0.5cm x5 cm x 100 cm
1.5*0.5*100/5 = 15 W/K

N BOLTED JOINT /// e Longeron Conductance (6061 Al)
\\% AXIAL S Joint Heat Transfer Coef, = 0.5 W/cm? K

~ LONGERON &

& Joint Surface Area =100cm x 2.5cm
Joint Conductance = 0.5*100*2.5 = 125 W/K
Panel-to-Panel Conductance =1/(2/125 + 1/15) = 12 W/K

Top Plate: Payload I/F

Example of a Structure
with Axial Longerons Axial -
and Bolt-on Side Panels Longeron Oon
Side
Panel
Bottom Plate: Carrier IIF ™ ——
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Modeling ... external heat input for 1 m cube in LEO CATK

1-NADIR Black White
2 -ZENITH 1 m cube 1 m cube
3 -VELOCITY iﬂ a=1.0 a=0.2
4 - ANTI-VELOCITY V £=10 £=0.8
5 - ANTI-SUN (FOR BETA90) . D
6 - SUN POINTING (FOR BETA90)

Beta = 90° Beta=0°

Properties Used: gg, 42 = 1354 W/m?, albedo = 0.35, Qgprry g = 225 W/m?
Cases Run:

(1) a=1.0, £=1.0, Beta 90° nadir pointing (w/ 45° yaw to increase projected area by 1.4): tofai energy absorbed 2459 W ~ 410 W/m=
(2) a=1.0, £=1.0, Beta 90° nadir pointing: total energy absorbed 1894 W ~ 315 W/m?
(3) a=1.0, £=1.0, Beta 0° nadir pointing: total energy absorbed 1840 W ~ 305 W/m?
(4) a=0.2, £=0.8, Beta 90° nadir pointing (w/ 45° yaw to increase projected area by 1.4): totai energy absorbed 802 W ~ 135 W/m=
(5) a=0.2, £=0.8, Beta 90° nadir pointing: total energy absorbed 6390 W ~ 115 W/m?
(6) u=0.2, £=0.8, Beta 0° nadir pointing: totai energy absorbed 680 W ~ 115 W/m=

Beta 0° (Case 6) Normalized Heat Load on Each Face (fy;)

: . 102 ger* Tagat Tags* Tage * Tags + Faeo OV fop = QE/ 680 W,
CONCLUSION: External environment/surface coating effects e (sec)f ( @E-;:E1@E-2+ @Ei;z aes” @E-fﬁa; aes/Cl f;m e Qfa'ﬁ / .
can be modeled by appfymg a heat flux of 100400 W/m= to the 0.0000E +00 038 040 014 014 014 014
cube exterior and multiplying that flux by the total cube area (A;) B o o o g i e
and a panel-dependent heat load factor (f,.). The Beta = (¢ orbit 13228 403 025 0.0 008 043 0 008
. . 1.5219E +03 0.34 .00 o039 0435 om o039
has a time-varying heat load factor as shown. The Beta = 90° 1.5250E 403 025 000 008 008 0 008
. . . 1. 7E30E +03 0.25 .00 o039 o039 om o039
orbit has a steady, highly non-uniform heat load factor. 2 2046 403 02s o oos oos 0m oos
Cold: g, = 100 Wim? mmes 02 000 oos oos o oos
Nominal (white):  q,= 175 W/m? Seos om 020 i i 0 028
Hot (white): q; = 250 Wim? et 02 000 iy oos o oos
Hot (b,lack)- g, = 400 W= 4 4006E +03 0.3 020 045 011 042 042
i 4 4 BS05E +03 0.36 0.34 0.33 013 014 013
S2HMTE+D3 0.35 0.40 014 014 014 014
Approach to Calculate Absorbed Power: QE, () = A g, foei (O Beta 90° (Case 5) Normalized Heat Load on Each Face (T, ;)
(i = cube face, j = environment case, A, = fotal surface area) foe faez faes foes foes foes
0.294 0.000 0021 0.090 0.090 0.424
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Modeli ng ... simplified model of externally paneled satellite @K)

99
SPACE
eA, €A, A - €A € Ag
QE1 QE2 QE3 QE4 QE5 QE6
10 MLI 20 MLI 30 MLI 40 MLI 50 MLI 60 MLI
g* Ay ex A, e* Ay ex A, e* Asg e* Ag
6 5 o ¢ Ql
£, N Gep f, Ql Gep f; QI f, QI fs QI 6
4 Sr| LSAT |G gy Corl 2 SAT | Gee 3 o Gen| 3SAT |Gon o Gre| 4 SAT |Gee 6 5 SAT 6 SAT
fm Mg fm Mo fm Mg fm Mg 1:m Mg fm Mg
Ger Gppl
GVAR GVAR
5 6 Gvar = variable conductance link to SMARTS radiator
(Ta<Tser Gyar=0, T5>Tser, Gyag = 40 WIK (1-link) = 20 W/K 2-links
QEg, Teer = TEC controlled two-phase loop set point (user input)
€A 7 f = fraction coverage with MLI (f=1 for SMARTS)
................................................................... EXTERNAL RADIATOR #1 .  external emissivity
& = MLI effective emittance
: A QErz - Qqor = total power absorbed by spacecraft
A, s O i = i)= ;
EXTERNAL RADIATOR #2 QE; = external power on pa_nel (1) = As g fog;
q = average external environment flux (Qro7/As)
Ql = total internal power
f; = fraction of QI on panel (i)
Notes: The external radiator is shown linked to panel 3 (and 4). The radiator could be foEi = fraction of total external power on panel (i) ... QE;/Qor
linked to any other panel, or single/multiple radiator(s) could be linked to multiple panels. Gpp = panel-to-panel conductance (all G; = Gpp)
Also, value of variable conductance link (Gy,gr) is based on a single 20" (length) f = fraction of total mass (m,) on panel (i)
evaporator with a 1" wide mounting flange and interface heat transfer coefficient of 2.5 A = total satellite external area
W/K-in2 (50 W/K) in series with typical evaporator conductance value of 12 W/K-in (240 A_S = panel area = A¢/6
WI/K) yielding about 40 W/K (two-phase loop vapor conductance assumed infinite and AI - radiat S
condenser conductance assumed much larger than the evaporator conductance). RAD = radiator area .
QEg = external power on radiator = (Agap/A3) As J foes
11-14 August 2008 . .
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Results ... parameter sensitivity study results

SMARTS Approach vs. Traditional Approach (Non-SMARTS)

1000 ==cccc E==sooi——————=—=co 50 - 1 T _ SMARTS Basline Inputs
F— SMARTS (One-Link) || SMARTS (One Link) TINIT 300 INITIAL TEMPERATURE (K)
S TSPAC 3 SPACE SINK TEMPERATURE (K)
""" SMARTS (Two-Links) | O 1T T T T T T T T T T T SMARTS (Two Links) | STMS 400 SATELLITE TOTAL MASS (KG)
100 Non-SMARTS Non-SMARTS STl 250 SATELLITE TOTAL POWER (W)
e g QENY 250 ENVIRONMENT FLUX (W2)
& 0T I I ] it [ R I FMAS 0167 FRACTION OF STMS IN EACH PAMEL
= < Fal 0167 FRACTION OF STQI IN EACH PANEL
= = _ CPAL 500 HEAT CAPACITY OF PANEL MATERIAL (J/KG K
20 GPP 300 COMDUCTANCE PANEL-TO-PANEL (W)
10 FhLI 0999999 FRACTION COVERAGE WITH MLI
EMIS 080  EMISSMITY OF SPACE FACING SURFACES
10 ESTAR 0.02 ML EFFECTIVE EMITTANCE
SAREA, B SATELLITE EXTERNAL SURFACE AREA (M2)
NEETA, a0 NEETA =50 (BETA=30), OTHERWISE BETAAD
1 0 +——1 = I L NORBT 100 NUMBEER OF OREITS IN SIMULATION
ARDT 2 RADIATOR AREA (M2)
0.1 1 10 100 0 100 200 300 400 500 RHOR 5 RADIATOR AREAL DENSITY (KGM2)
GPP (W/K 2 TSET 263 SATELLITE SET POINT (K)
L QENV (W/m°) GVAR 40 VARIABLE COMDUCTANCE LINK TO RAD. (W/Ky
50 50
; . Hon-SMARTS Baseline Inputs
SMARTS (One Link) SMARTS (One Link) | TINIT 300 INITIAL TEMPERATURE (K)
40 ] SMARTS (Two Links) 1 40 L1 | " SMARTS (Two Links) - TSPAC 3 SPACE SINK TEMPERATURE (K)
O SMARTS STMS 400 SATELLITE TOTAL MASS (KG)
g i i Non-SMARTS T STal 250 SATELLITE TOTAL POWER (W)
— 30 : : : 30 I e B QENY 250 ENVIRONMENT FLUX (Wi2)
x ) FMAS 0167 FRACTION OF STMS IN EACH PANEL
~ = Fal 0167 FRACTION OF STQI IN EACH PANEL
< 2p < CPAL 500 HEAT CAPACITY OF PANEL MATERIAL (JAKG K)
20 T 1 | ] —— GPP 300 COMDUCTANCE PANEL-TO-PANEL (W)
e ] [ S | ) | FhLI 067  FRACTION COVERAGE WITH MLI
10 et ] EMIS 0.80  EMISSMITY OF SPACE FACING SURFACES
10 —_— = ESTAR 0.02 ML EFFECTIVE EMITTANCE
ol oo Y | N IR Y AN AN it el i i e i I | R o 1 SAREA, 5 SATELLITE EXTERMAL SURFACE AREA (M2}
0 — | | | | | | . . NEETA 50 NEETA =50 (BETA=30), OTHERWISE BETAAD
0 NORET 100 NUMEER OF ORBITS IN SIMULATION
0 50 100 150 200 250 300 350 400 450 500 " - o
ST ESTAR
Comparison of Prospective "Universal” ORS Thermal Designs ... Thermal Design Goal: 263K <T <313K
HOT COLD (No heaters) COLD (Surv. heaters) NOMINAL (400 kg) NOMINAL (40 kg)
CASFE 890, 500 W, gqryy 250 Wim? 890, 25 W, grey 100 Wim? 890, 25 W, grey 100 Wim? SZero, 250 W, gqmey 175 Wim? 8 Zero, 250 W, qewy 175 Wim?
Toany Tun AT+ Toany Tun AT* Tornx Turg AT* Qs Toany Tun AT* Toax Tun AT*
SMARTS 313 290 24 263 263 0.4 263 263 0.4 0 291 274 16 293 2638 27
n-SMARTS 314 291 23 227 216 11 272 262 10 373 271 262 9 283 253 30
11-14 August 2008 H H
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Results ... additional modeling of intra-satellite isothermality @K)

Heat Source
/ 10cmx 10cmx 1 Wien¥ = 100 W

i e
VA —7 Case Panel Heat Pipes* AT (K)

1a Al None 162
-, 1b Al-APG None 43
— 2a Al 1C 88
2b Al-APG 1C 25
3a Al 1C, 68 16
3b Al-APG 1C, 6S 10
4da Al 68 64
4b Al-APG 68 22

*1C =1 circumferential HP per panel

65 =6 spreader HP per panel

LHP Evaporator Interface

Boundary Node at 273 K
Case Panel Construction Heat Pipe Configuration on Panel
la Al isogrid no heat pipes
1b Al-APG isogrid no heat pipes
2a Al isogrid 1 circumferential thermal bus heat pipe
2b Al-APG isogrid 1 circumferential thermal bus heat pipe
3a Al isogrid 1 circumferential thermal bus heat pipe, 6 spreader heat pipes
3b Al-APG isogrid 1 circumferential thermal bus heat pipe, 6 spreader heat pipes
4a Al isogrid 6 spreader heat pipes
4b Al-APG isogrid 6 spreader heat pipes
A e ous 2908 Satellite Modular and Reconfigurable Thermal System (SMARTS) 12



Testing ... SMARTS Phase | testing -- initial plan

Intra-Panel Heat Spreading

Demonstrate SMARTS intra-panel and
inter-panel isothermalization and
variable conductance to external sink
using existing water heat pipes/loop.

3 Inter-Panel Heat Sharing (2"? Panel w/ Perimeter HP only)
) A
Outside Face A i : -
Al Plate wi Embedded Heat Pipes ronri ide Face A-A" Section D G [j [:]
(Bmm dia., Cufwater construction) sog i y§1nlg i“f’gr g
Hole Patter (not shown) for evities/Channeds for
oo Comeomnts Electrical Inferconnection D D D D N .
OUICEs
L]
Three Evaporator Hybrid Loop Heat Pipe (Variable Conductance link to Radiator) D [j D D
Evaporators (3}
To Chiller
b [ S _./)

eeeeee

===

O e T s s |
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Testing ... SMARTS Phase | testing -- actual test unit GlLS

Phase | testing de-scoped to dual heat pipe panel simulation
(two-phase water loop eliminated from test bed).

Steady-State Results (Htrs. @ 1 W/cm?)
Gpp = 20 W/K, A=50 cm?, h = 0.4 W/cm? K

Cold Plate
cooled by
Laboratory
Chiller
Thermo-
couples
(14)
Kapton Table 7. Steady-state temperatures (°C) with only heaters A and B (Plate 1) powered at 5.3 W.
Heaters
(4) Plate 1, 1W/fcm” Plate 2, 1W/cm? Plate 1, 0W/cm®  Plate 2, OW/fcm?
TC Position #1/4#8 23.22 2281 20.59 20.54
TC Position #2/#9 23.51 2257 20.63 20.46
TC Position #3/#10 25.24 2247 21.09 20.58
TC Position #4f#11 29.68 21.51 21.21 20.48
. TC Position #5/#12 33.20 2243 20.88 20.77
20 cm x 20 cm Al Isogrid Panels TC Position #6/:13 24.96 2211 20.88 20.59
(Lightweighting on Reverse Side Not Shown) TC Position #7/#14 26.17 2265 20.95 20.60
Chiller set temperature was 20°C
Only heaters A and B were powered -2- 5.3 W =106 W
A e ous 2908 Satellite Modular and Reconfigurable Thermal System (SMARTS) 14



... for SMARTS Phase Il

Externally-Paneled Satellite Variable Conductance Test Bed

/_ Insulation Aluminum Blocks with Kapton Heaters
(e.g., MLI, Aerogel, etc.) / .
(simulates components) .
/ . Condenser/Radiator
r4
Heater Heater
Block Block
Isogrid Panel 1 Isogrid Panel 2 Isogrid Panel 3
(Top Panel Simulator) (Side Panel Simulator) (Bottom Panel Simulator)
Heater Heater
Block Block
7 [\ A\ " V|
...... i | i

Bolted Joints

. .
|Heater BIockl \ |Heater BIockl -~
31 T N N N N " N . BN

\ Circumferential Thermal \— Spreader Heat Pipes LHP with TEC Thermal Control
Bus Heat Pipe in Panel 2 Only

mal Strap
I
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Conclusions ... viability of SMARTS for RS thermal control CATK

« SMARTS is a new thermal management approach to help achieve the three
ORS tiers, including the Tier 2 goal of developing a "six day" satellite

« SMARTS thermal design principles — (1) modestly oversized radiators, (2)
maximum external insulation, (3) internal isothermalization, and (4) variable
conductance link to space — are implemented as follows:

— inter-panel heat transfer
- each panel has a single circumferential "thermal bus" heat pipe
- panels bolted together along seams (should provide sufficient conductance)
- one or more heat removal links to variable conductance subsystem

— intra-panel heat transfer

- several panel-embedded "spreader” heat pipes
- enhanced thermal conductivity material such as AlI-APG

— insulation, variable conductance, and radiator area
- combinations of body-mounted or deployable radiator modules.

« SMARTS Phase | has analytically demonstrated the superiority of the
approach (for RS) over the traditional satellite thermal design approach

« SMARTS Phase Il will provide laboratory test verification of the above
« SMARTS thermal design principles will, in the very near term, be
incorporated into future ATK small satellites

A 2008 Satellite Modular and Reconfigurable Thermal System (SMARTS) 16
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