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Proposition of extension probes from the penetrator 

Advantages of the extension probe 
• Minimizing the effect of the thermal disturbance. 
     →Enable to obtain intrinsic thermal gradient. 
• Minimizing the effect of the regolith compaction. 
     →Enable to obtain intrinsic thermal conductivity. 

←Fig.1: Overview 
photograph of the 
lunar penetrator. 
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Fig.3: Schematic of extension of needle 
probes from the penetrator after 
penetration of the penetrator, and 
steady state temperature contour map 
of the penetrator and the surrounding 
lunar regolith. 
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←Fig.4: Schematic of a prototype 
model of the needle probe. 

Fig.5: Overview photograph of a 
needle probe prototype in a sample 
container. In the experiment, the 
probe is buried in glass beads.→ 

The probe requires the following design: 
• The temperature sensing part is at the tip of the probe so as to be placed 

at a distance as far as possible from the penetrator body. 
• The length of the probe is 10 cm which is the equivalent size of inner 

diameter of the penetrator and the size to emplace into the penetrator. 
• The inner and outer diameter of the stainless steel tube are 1.6 and 2.0 

mm respectively to penetrate into the lunar subsurface of several meters.  

• Uniform size distribution (90-106 μm). 
• Thermal conductivity of about 0.02 W/m/K 

is adjusted under 200 Pa. 

• Equivalent to thermal conductivity 
of the lunar subsurface of 1 to 
several meters. 

• Measured by three sets of line heat 
source sensors (Fig.5). 

Fig.6: Temperature profile with 
the needle probe method 
(k=0.0207 W/m/K), the needle 
probe prototype (Experiment 1st, 
2nd, 3rd), and the heat transfer 
simulation (Simulation①). 

Fig.7: (a)Temperature profile with the prototype (Experiment 1st), the heat 
transfer simulation (The 1st and the 2nd Simulation①). We focused on the 
fitting within 2790 to 5580 s by the restriction of the experimental 
configuration (Presley and Christensen, 1997). (b)Residual sum of squares of 
the 2nd Simulation① and Experiment 1st, vs. modified thermal conductivity of 
the glass beads. 

(a) 

• Thermal conductivity estimated from the temperature profile of the needle probe is consistent with thermal conductivity of glass beads by conducting the simulation of 
heat conduction with the model of the actual probe under the appropriate thermal conductivity of the glass beads. 

• We require to reveal a cause of the analytical problem of the sensitivity simulation to estimate the measurement uncertainty of thermal conductivity of the probe. 
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The estimated uncertainty of lunar heat flow with the LUNAR-A 
penetrator: 16-30% (inclination angle: 0-57°; Tanaka, 2012) 
• The thermal disturbance (Fig.3) due to a large difference of 

thermal conductivities between the penetrator and lunar regolith 
influences intrinsic thermal gradient around the penetrator. 

• The regolith compaction at the penetration influences intrinsic 
thermal conductivity around the penetrator. 

In this study, we propose more precise measurement of 
heat flow (requirement of uncertainty: 10%) by using  
extension probes from the buried penetrator. 

In this poster, we aim at the evaluation of the measurement 
uncertainty of thermal conductivity (our goal: better than 
about 5%) of the needle probe for installing in the penetrator. 

Fig.2: Image view 
of the lunar 
penetrator.→ 

The needle probe prototype 

Samples: Glass beads 

② Sensitivity simulation (Menke, 1989) 
We modified the model of simulation① 
from sensitivity matrix of thermal 
conductivity of the glass beads and the 
thermal contact resistance so as to fit 
the experimental data with the probe. 

Results 1 
Average of thermal 

conductivity 
(W/m/K) 

The 
uncertainty 
of 𝑘1 and 𝑘2 

The relative 
error  

𝑘1 to 𝑘2 

The needle probe 
prototype 

0.0165±0.0004 
≡ 𝑘1 2.6% 

20% 
The line heat 
source  sensors 

0.0207±0.0004 
≡ 𝑘2 2.1% 

Average of thermal 
conductivity 

(W/m/K) 

The 
uncertainty 

of 𝑘3 

The relative 
error  

𝑘𝟑 to 𝑘2 

The needle probe 
prototype 

0.0216±0.0003 
≡ 𝑘3 1.5% 4.4% 

We considered the main difference between 
properties of the probe and model conditions of the 
method is: (i) Diameter of the probe 
        (ii) Thermal contact resistance between 
                         the probe and the glass beads 
       (iii) Axial heat flow of the probe 

・ We assume that 𝑘2 is accurate because properties of  
   the actual sensors are considered to be equivalent to 
   model conditions of the line heat source method,  
   such as diameter of the heater (50 µm). 

In order to estimate 
the uncertainty of thermal 
conductivity of the probe… 

 

・ The needle probe prototype: Needle probe method  
     (available for any temperature sensing parts) 
                     (Chan et al., 1978)  
・ The line heat source sensors: Line heat source method 
       (available only for near center of the sensor) 
                  (Carslaw and Jaeger, 1959) 

Theoretical solutions 
 ① Heat transfer simulation 
 Considering (i) to (iii) (see Results 1),  
   we conducted the simulation of heat  
   conduction with a numerical finite  
   difference model introducing the  
   properties of the actual probe. 

Simulations 

The LUNAR-A penetrator 
• Is a high speed penetration probe (about 300 m/s) which can be 

buried into lunar subsurface of 1 to several meters. 
• Can conduct in situ lunar seismic and heat flow measurements. 

Diameter: 15 cm 

Length: 80 cm 

We made the needle probe prototype and obtained temperature profile 
after heating of the nichrome wire to estimate thermal conductivity of 
glass beads. 

Diameter: 2 mm 

Length: 10 cm 

Needle probe 

Thermocouple 
Nichrome wire 

Glass beads 

Satisfied with the requirement 
of better than about 5%. Inconsistent with 𝑘2. 

・ However, 𝑘1 is inaccurate because properties of the  
   actual probe differ from model conditions of the  
   needle probe method. 

The 1st Simulation① 

Simulation② 
We found that the solution of the modified model is 
not determined from the sensitivity matrix of 
thermal conductivity of the glass beads and the 
thermal contact resistance. 

We conducted the simulation①under the 
appropriate thermal conductivity of the glass 
beads by fixing the thermal contact resistance 
value (The 2nd Simulation① in Fig.7). 

The 2nd Simulation① 

We found that (i) Diameter of the probe (see 
Result 1) is the most effect on the estimation of 
thermal conductivity with the probe.  

Temperature profile of the simulation① 
approaches to temperature profiles of the 
experiment data compared to that with the 
needle probe method. 
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The 2nd Simulation① 

Applied the theoretical solution, thermal conductivity 
estimated by the probe whose temperature sensing 
part is at the tip is not consistent with thermal 
conductivity of glass beads. 
To solve the problem described above, we conducted 
simulations of heat conduction and of sensitivity 
analysis with a model of the actual probe. 

Table.1 

Table.2 

Due to the analytical problem, the results can not be compared to the results in Table.1. 

※The air under 200 Pa has possibilities to 
result in  an incorrect uncertainty of 
thermal conductivity by the probe.  


