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a b s t r a c t 

An optically accessible gas cell has been designed, manufactured, and tested for the purpose of enabling 

spectroscopic measurements in the mid-wave infrared at both high pressures and high temperatures. The 

water-cooled inconel cell has been tested to sustain pressures over 200 atm or operating temperatures 

above 1200 K. Interchangeable sapphire or calcium-fluoride rods, transmissive up to 8 μm in wavelength, 

are used to span the thermal gradients at the edge of the heating zone, providing for a low-temperature 

seal on one end and access to a thermally uniform test section on the other. In this paper, we detail the 

cell design and validation testing, while highlighting cell capabilities with laser absorption measurements 

of gas spectra in the 2–8 μm domain at high-pressure ( > 100 atm) and high-temperature ( > 1200 K) con- 

ditions. The maximum cell pressure and temperature reached simultaneously was 102 atm and 1030 K. 

Non-ideal spectroscopic phenomena (e.g. line mixing) are revealed at the extreme conditions investigated. 

© 2019 Elsevier Ltd. All rights reserved. 
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. Introduction 

Many fields utilize spectroscopy for measuring gas properties.

he quantitative value of spectroscopic measurements, and gas

roperties inferred from them, depends on the accuracy of un-

erlying spectroscopic parameters (e.g. line intensities, line-shape

haracteristics) and their dependence on thermodynamic state

i.e. temperature, pressure) [1] . Thermodynamically-controlled,

ptically-accessible gas cells provide a stable environment for ex-

erimental determination of such spectroscopic properties. 

In the field of combustion, absorption spectroscopy is a valu-

ble tool for studying high-temperature gas dynamics, enabling

n-situ species-specific measurements of gas properties [2] . De-

eloping quantitative absorption-based sensors for combustion

pplications requires a detailed understanding of the fundamental

pectroscopic parameters of relevant species at high temperatures

nd high pressures reflective of practical combustion systems.

ptically-accessible gas cells capable of sustaining simultaneous

igh-pressure and high-temperature conditions are important for

tudying the spectroscopic characteristics of these species. 

In recent years, multiple gas cell designs have been demon-

trated to allow spectroscopic studies at elevated temperatures
∗ Corresponding author. 

E-mail address: kschwarm@g.ucla.edu (K.K. Schwarm). 

w  

s  

m  

ttps://doi.org/10.1016/j.jqsrt.2019.01.029 

022-4073/© 2019 Elsevier Ltd. All rights reserved. 
nd/or pressures [3–7] , commonly employing ceramic materials

nd sapphire in their construction [5,6] . The high melting point

f ceramics and strength and thermal shock resistance of sapphire

re ideal for high-temperature environments ( > 10 0 0 K). Gas cells

uilt using ceramic construction with sapphire windows have been

sed to obtain spectroscopic measurements at temperatures up

o 1700 K [6] . Few designs have been shown to simultaneously

ithstand high pressures ( > 50 atm). Notably, Christiansen et al.

ecently demonstrated the first recorded spectroscopic measure-

ents of CO 2 at > 10 0 0 K and > 10 0 atm using a cell designed

ith sapphire windows bonded to ceramic tubes [5] . These designs

nable novel spectroscopic studies of numerous near-infrared (and

ome mid-infrared) molecular absorption bands. 

However, for many combustion-relevant species, fundamental

ibrational frequencies lie in the mid-infrared region beyond the

ransmission window of sapphire. The high absorption strength

f these fundamental bands is important in enabling sensitive

easurements in applications with short optical pathlengths or

mall molecular concentrations [2] . Sapphire optical windows—

hich exhibit exceptional transmission in the near-wave infrared—

ecome opaque in the mid-wave infrared ( ∼5 μm). Moreover, el-

vated temperatures shift the sapphire transmission cut-off to-

ard shorter wavelengths [11] . As a result, gas cell designs with

apphire windows do not facilitate spectroscopic investigations of

any fundamental absorption bands of interest, especially at high-

https://doi.org/10.1016/j.jqsrt.2019.01.029
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jqsrt
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Fig. 1. Transmission of light through sapphire [8] and calcium fluoride [9] (top) 

compared to absorption spectra of species relevant to combustion [10] (bottom). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Detailed view of the high-pressure, high-temperature gas cell with critical 

design considerations and material data [15,16] . 
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temperature conditions typical of combustion systems. This limita-

tion is displayed in Fig. 1 , where the strong absorption bands of

key species (e.g. CO, NO, NO 2 ) are inaccessible in part or whole to

existing gas cell designs with sapphire windows. 

Unfortunately, optical materials that transmit beyond the trans-

mission range of sapphire are generally less robust and require par-

ticular concern at elevated temperature. In this work, we present

a gas cell that utilizes calcium fluoride (CaF 2 ) rods. Although us-

ing CaF 2 presents its own challenges (which are addressed in this

paper), the material transmits light up to 8 μm in wavelength and

thus enables measurements of numerous strong fundamental ab-

sorption bands (even at high temperatures) not accessible with

existing cell designs. The present gas cell also uses Inconel 625

rather than a ceramic material for the non-optical cell components

within the heating zone. This alloy exhibits higher strength at high

temperatures than other commonly used metals and is more duc-

tile and elastic than ceramics, thus fatiguing at lower rates [12] .

This paper discusses the design of this high-temperature, high-

pressure gas cell and the unique technical aspects involved with

its construction and operation. The cell is validated for use in

spectroscopic measurements by evaluating the temperature uni-

formity over a range of test conditions and comparing measure-

ment results of well-known spectra to simulations using the cur-

rent HITEMP [13] and HITRAN [14] databases. The experimental

setup is then demonstrated to measure the absorption spectra of

CO and CH 4 in the mid-wave infrared at conditions not previously

explored, highlighting the unique capabilities of the cell and re-

vealing spectroscopic features not previously observed. 

2. Gas cell and experiment design 

The mechanical design and material selection of the gas cell

enable operation at high temperatures ( > 1200 K), high pressures

( > 200 atm), and transmission up to 8 μm. Due to compromises in

material properties at elevated temperature, these design targets

are more difficult to achieve simultaneously. An important objec-

tive in the cell design was thus to achieve simultaneous operation

at > 10 0 0 K in temperature and > 100 atm in pressure while ac-

cessing the wavelength domain from 0.3 to 7.5 μm. Fig. 2 shows

physical details of the gas cell along with relevant mechanical de-

sign calculations. The cell body is made from Inconel 625 alloy,

chosen for its machinability, ductility, high corrosion resistance,
nd high thermal conductivity that promotes a uniform temper-

ture over the test region. Additionally, Inconel 625 exhibits high

trength and maintains this strength at elevated temperatures, un-

ike other commonly used metals [15] . Coned and threaded metal-

o-metal seals are used (High Pressure Equipment Co.) with the ex-

eption of the cap, which uses an O-ring seal. 

A critical design consideration in the gas cell is sealing the op-

ical component to the metal body, while accessing the thermally-

niform, high-temperature test section. The optical components

sed in this gas cell are interchangeable CaF 2 or sapphire rods

5.0 cm in length, which allow for a low-temperature seal out-

ide of the heating zone, while spanning the thermal gradient

f the furnace to access the test section. A 1 ° wedged surface

t one end of each rod reduces constructive and destructive op-

ical interference. CaF 2 is chosen because of its ability to trans-

it light at wavelengths up to 8 μm. However, CaF 2 is less ro-

ust than sapphire [16] , especially at elevated temperatures, hav-

ng lower strength, higher sensitivity to thermal shock, and sus-

eptibility to degrading reaction with water vapor [17] . Sensitiv-

ty to thermal shock is associated with relatively high thermal ex-

ansion and low thermal conductivity. Clearance around the rod

ithin the cap allows thermal expansion without creating addi-

ional stresses. The design of the boss component includes water

ooling channels that maintain the caps at low enough temper-

tures such that they can be sealed by silicon O-rings rated to

78 K. A high-temperature epoxy (EPO-TEK T7109), limited to sus-

ained operation below 573 K, bonds the interchangeable optical

ods to the caps and also seals the gas cell. These sealing surfaces

ie outside of the heating zone of the furnace and the water cooling

revents failure of these seals, even when the furnace temperature

xceeds 1200 K. 

Since the rods are bonded only to the caps—which are

emovable—the gas cell can be easily modified for different appli-

ations. When transmittance in longer wavelengths is not required,

he CaF 2 rods can be replaced with sapphire rods for increased

urability. Additionally, rods of different lengths can be installed

or pathlength modification as may be appropriate for different ap-

lications. 
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Fig. 3. Schematic of experimental setup for spectroscopic measurements through 

the high-P/T gas cell, displayed with measured temperatures at representative op- 

erating conditions. 
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The gas cell is housed inside an insulated, temperature-

ontrolled furnace with eight heating coils, capable of maintain-

ng an internal temperature of 1473 K. The critical dimensions are

hown in Fig. 3 . The heating zone comprises an internal cavity sur-

ounded by insulation. The measurement pathlength of the gas cell

s small relative to the length of the heating zone, promoting a

teady, uniform temperature in the test region. Cooling channels

n the cell are located near the boundary of the heating zone. 

Chilled laboratory water delivered to the cooling channels at

 gallons/h in each boss maintains the operating temperature of

he caps under the limits of the O-rings and epoxy. Temperatures

re monitored with multiple K-type thermocouples attached to the

ipple of the gas cell and equally spaced over the test region. Their

ositions are shown in Fig. 3 . The cap temperatures are also mon-

tored to ensure safe operating conditions for the seals during ex-

eriments. All thermocouples used have an accuracy of 0.75% for

he expected operating temperature range and these uncertainties

re shown as error bars in Fig. 3 . The test gas is introduced to

he test cavity via channels in the boss as shown in Fig. 3 , and

elivered to the gas cell through stainless steel tubing connected

o a gas manifold. Pressure transducers connected to this mani-

old provide measurements of the pressure inside the gas cell. For

est pressures up to 30 0 0 psig, variable capacitance pressure trans-

ucers (Setra GCT-225) are used with an accuracy of ±0.25% of

he full scale. For test pressures below 10 0 0 Torr, a dual capaci-

ance manometer (MKS Baratron 627B) is used with an accuracy

f ±0.12%. 

The optical rods traverse the thermal gradient of the heating

one and form the optical pathlength (9.4 cm). This short path-

ength is conducive to studying strong fundamental rovibrational

ransitions in the mid-infrared. The length of the rods also re-

uces the likelihood that the windows will crack during high pres-
ure experiments. At elevated temperatures, changes in the optical

athlength due to thermal expansion must be considered. For ex-

mple, it was determined that for sapphire rods, the pathlength

ncreases by 2.7 ± 0.5% at 1230 K; with the uncertainty due to

ariation in data for the different coefficients of thermal expansion.

s mentioned, CaF 2 degrades significantly in the presence of mois-

ure above 873 K [17] , and more slowly at lower temperatures, so

 purge system was developed, as shown in Fig. 3 , to supply a con-

inuous flow of dry inert N 2 to the outside surface of these rods to

revent degradation of the optical surface by humid ambient air.

his purge system includes irises on one end that promote the N 2 

ow toward the rods while allowing optical access to the gas cell. 

. Validation testing 

The sealing of the gas cell—and subsequent purity of the mix-

ures under investigation—is critical to the accuracy and reliabil-

ty of spectroscopic measurements. Typical measurement durations

pan about 20–90 s, from the introduction of the test gas into the

ell to the capture of the data. The effect of leak rate on the mea-

urement must be negligible at pressures of interest. The tight-

ess of the gas cell was evaluated under expected operating condi-

ions (high pressures, high temperatures). Under vacuum, the leak

ate was measured as 6 mTorr/min at 300 K and 38 mTorr/min at

0 0 0 K. Under 103 atm pressure at 10 0 0 K, the leak rate is ap-

roximately 0.3 atm/min (or 0.26%/min) with pure helium as the

est gas. At the maximum design and test pressure of 204 atm

nd 300 K, the leak rate was approximately 0.4%/min. It should

e noted that given the leak rates at these high pressures, the user

ust exercise caution and properly exhaust the leaked gases from

he laboratory. 

A known and uniform gas temperature (monitored by afore-

entioned thermocouples shown in Fig. 3 ) in the test section is

lso critical for accurate and reliable measurements. For a test tem-

erature of 542 K, the uniformity over the test region reported by

he thermocouples is ±7 K; this number incorporates both the

forementioned sensor accuracy and the variation in measurement

cross the cell. At a test temperature of 1031 K, the temperature

radient shows no strong relationship with gas pressure, and the

verage temperature uniformity is ±9 K. At a test temperature of

227 K, the uniformity over the test region is ±10 K. For tempera-

ures above 600 K, the inherent uncertainty in each thermocouple

 ±0.75%) exceeds these non-uniformities. The use of thermocouple

easurements on the outside of the cell to infer the gas temper-

ture and temperature uniformity inside the cell is justified with

 more detailed thermal analysis outlined in the appendix of this

anuscript. At the highest temperatures, the water cooling is able

o maintain an average cap temperature of 397 K, below the rated

emperatures of the epoxy window seals and the cap O-rings. 

. Spectroscopic measurements 

To test and further validate the gas cell capabilities, we con-

ucted infrared laser absorption measurements of CO and CH 4 at

1) high temperatures and low pressures, (2) low temperatures and

igh pressures, and (3) simultaneous high temperatures and high

ressures. For all measurements, a scanned-wavelength direct ab-

orption technique was utilized with laser output line-width sig-

ificantly more narrow than the measured spectral features. 

Absorption of several lines of the vibrational overtone band of

O near 2.3 μm were measured with a diode laser in pure (99.5%)

O at 1227 K and 755 Torr using sapphire rods, representing an

pper limit in temperature of the cell. These absorbance measure-

ents, along with corresponding simulations made with HITEMP

010 [13] , are shown in Fig. 4 . For the simulation shown, CO–

O line-broadening parameters were approximated using CO–N 
2 
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Fig. 4. Absorbance of the first overtone bandhead of CO at 1227 K with correspond- 

ing simulation based on HITEMP 2010 [13] . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Absorbance of the ν4 band of CH 4 at 288 K and pressures up to 106 atm 

with corresponding simulations based on HITRAN 2016 [14] . 
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parameters provided by Hartmann et al. [18] . The spectra shown

include the well-characterized R(0,12) and R(0,13) lines, the line-

strengths of which are reported with 1% uncertainty in the HI-

TRAN database [14] . Given the pressure, path-length, and mole

fraction known within 0.12%, 0.5%, and 0.1%, respectively, a di-

rect gas temperature can be determined based on the integrated

absorbance areas of these well-known lines. This inference using

the isolated R(0,13) line yields a mean temperature measurement

of 1217 ±14 K, which is within the uncertainty of the thermo-

couple measurement of 1227 ±10 K. Weaker but discernible spec-

tral lines shown include R(43)–R(48) and R(52)–R(56) with min-

imum detectable absorbance of approximately 5e–4. Some dis-

agreement is observed in the bandhead, which includes the R(49)–

R(51) lines. Data such as these are useful for the refinement

and development of improved high-temperature spectroscopic

models. 

To demonstrate pressure capability and wavelength range, ab-

sorption of the ν4 band of CH 4 was measured using an EC-

QCL [19,20] with a tuning range of 7–7.8 μm (1280–1427 cm 

−1 ),

and the results are shown in Figs. 5 and 6 . The broad tuning range

of the laser enabled spectral resolution of a large fraction of the

absorption band. The test gas mixtures comprised small concentra-

tions of CH 4 in an N 2 bath gas created barometrically. These mea-

surements were compared to simulations based on the HITRAN

2016 database [14] . 

For the low-temperature measurements at 288 K shown in

Fig. 5 , the measured absorbance in the R-branch generally matches

the simulation at pressures up to ∼20 atm, while the simulation

underpredicts the measurement in the Q-branch. This underpre-

diction may be attributed to line mixing effects that shift absorp-

tion intensity from weak lines to strong lines and are more pro-

nounced in crowded spectra [21] . This trend increases in magni-

tude and is seen in the R-branch as well as the test pressure is

increased. At high pressures, line mixing is evident at all test tem-

peratures, as seen in the left of Fig. 6 . The measured peak ab-

sorbance near 7.66 μm (1305 cm 

−1 ) and 7.46 μm (1340 cm 

−1 ) is

consistently greater than that predicted by simulation, while for

the weaker portions of the band at wavelengths lower than around
.46 μm (1350 cm 

−1 ), the measurement is lower than predicted.

ieroni et al. [22] and Tran et al. [23] observed similar trends in

he ν3 and ν4 bands of CH 4 , supporting the line mixing observa-

ions noted here. 

To demonstrate and validate the simultaneous high-

emperature and high-pressure capability of the cell, absorption

f the P(0,31) line of the fundamental vibrational band of CO was

easured in a mixture of 0.4% CO in 99.6% N 2 at 1031 K and

arious pressures up to 102.4 atm. This well-characterized CO line

as been previously used for measurements in high-pressure com-

ustion environments [24] owing to its relatively high linestrength

nd isolation from neighboring lines, and thus may be considered

 more reliable validation benchmark. The measurement range

overs 4.978–4.980 μm (20 08–20 09 cm 

−1 ), which is limited by

he scanning range of the DFB-QCL. Absorption measurements

re displayed alongside simulations based on the HITEMP 2010

atabase in Fig. 6 . Generally, the gas cell measurements show

ood agreement with simulation. It should be noted that at very

igh pressures, the background signal used to yield absorbance

as observed to attenuate independent of absorption (possibly

ue to refraction through the dense gas). To account for this effect,

he gas cell would be filled with a non-absorbing bath gas (in this

ase N 2 ) to the target pressure to reproduce this effect and collect

 reliable background signal [25] . 

The absorbance of the R-branch of CH 4 at 60 atm and various

emperatures is shown in the left of Fig. 6 . The plots show a clear

elationship between increasing gas temperature and the increas-

ng underestimation of molecular absorption in the R branch of

he ν4 band of CH 4 by the simulation. This trend is not fully ex-

lained by line mixing alone, as increased temperature reduces gas

ensity. Rather, this disagreement suggests the existence of high

ower-state energy lines not listed in the current HITRAN database

hich are only active at higher temperatures. This suggestion is

upported by the recent work of Ghysels et al. [7] , who performed

easurements of the 2 ν3 band of CH 4 near 10 0 0 K. They found

ignificant differences between measured absorption features and

hose predicted by simulations at high temperatures, attributed in

art to missing lines active at elevated temperature. 
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Fig. 6. Simultaneous high-temperature and high-pressure measurements of the R branch of the ν4 band of CH 4 (left) and the P(0,31) transition of CO (right) with corre- 

sponding simulations based on HITRAN 2016 (CH 4 ) [14] and HITEMP 2010 (CO) [13] . 
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axially. 
. Conclusions 

An optically-accessible gas cell design presented in this paper

emonstrates a capability of sustaining simultaneous high-pressure

nd high-temperature conditions for well-controlled spectroscopy

tudies. When access to the mid-wave infrared is needed, the use

f CaF 2 optical rods facilitates spectroscopic measurements up to

 μm. This extends the accessible wavelength range beyond that

rovided by sapphire optics by approximately 3 μm, enabling stud-

es of the fundamental vibrational absorption bands of several

pecies critical to combustion processes. The use of this gas cell

or sensitive spectroscopic measurements was validated with an

valuation of leak-tightness and temperature uniformity over the

est region for a wide range of pressures and temperatures, along

ith satisfactory measurement of a well-understood fundamental

ransition of CO at high temperatures and high pressures. A max-

mum test pressure of 204 atm and test temperature of 1227 K

ighlight the range of the cell when focusing on one state variable,

hile simultaneous high-temperature (1031 K) and high-pressure

102.4 atm) measurements using the CaF 2 rods were also demon-

trated. 

The utility of this gas cell design to investigate non-ideal spec-

roscopic phenomena at extreme conditions was proven by exam-

le measurements. Namely, novel measurements of the ν4 band

f CH 4 at various high-temperature and high-pressure conditions

ere made, showing evidence of line mixing effects and missing

ines not accounted for in current spectroscopic databases. Future

tudies using this unique cell design will directly inform the im-

rovement of spectroscopic models at conditions relevant to com-

ustion and other high-temperature environments where quanti-

ative sensing depends on the accuracy of the underlying spectro-

copic properties. 

cknowledgments 

The work presented in this paper was supported by the U.S.

ational Science Foundation , Award No. 1752516 . The authors ac-

nowledge the experimental assistance of Daniel D. Lee, Fabio A.

endana, and Chuyu Wei. A special thanks to J. Kriesel and Opto-

nowledge Systems, Inc. for providing the EC-QCL. 
ppendix A 

In this appendix we briefly outline a one-dimensional finite dif-

erence heat transfer model used to justify the assumptions that

1) the thermocouple measurements on the cell wall are sufficient

o describe the gas temperature within reported uncertainty and

2) that the temperature in the gas test section is uniform within

he range reported. For brevity, we skip the derivation of the finite-

ifference forms of the governing equations, but these are read-

ly available in the literature [26,27] . At the end of the appendix,

e compare this 1-D model to a 3-D heat transfer simulation (us-

ng the same boundary conditions and heat transfer modes) us-

ng commercial software (ANSYS Mechanical APDL) on a single test

ase for independent verification of the thermal analysis. 

.1. Model assumptions and setup 

A diagram of the computational domain depicting a symmetric

alf of the gas cell is shown in Fig. 7 . The domain comprises the

nconel cell wall, one of the sapphire rods, and a gas in the cell.

ecorded thermocouple measurements on the outside of the cell

all are shown as T c , T 1 , and T 2 . For some calculations we divide

he computational domain into two sections, the rod section (Do-

ain 1), and the gas test section (Domain 2). 

Insets in Fig. 7 show the considered methods of heat transfer

rom the center of the cell to the ends of the cell. The following

ssumptions are made: 

• The thermal resistance along the inconel wall is much less than

that between the wall and the gas. 
• The gas has the thermal properties of air. 
• The heat transfer in the sapphire rod and the inconel cell wall

in Domain 1 are dominated by one-dimensional conduction ax-

ially, while natural convection and radiation dominate radially. 
• For natural convection, gas temperature T g ( x ) in Domain 1 is as-

sumed to be the average of the inconel wall temperature T w ( x )

and the rod temperature T r ( x ) at the same position x . 
• For the gas in Domain 2, conduction between the cell wall and

the gas dominates radially, while gas–gas conduction dominates

https://doi.org/10.13039/100000001
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Fig. 7. Gas cell domains for 1-D finite-difference heat transfer calculation, with en- 

ergy balance diagrams for the heat transfer considered in different regions of the 

cell. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

v  

A  

t

 

a  

c  

g  

2  

t  

i  

fi  

c  

F  

o

T

 

A  

t  

T

A

 

t  

t  

p  

a  

m  

t  

s  

T  

T  

i  

a  

a

A

 

t  

t  

s  

t

t  

D  

A  

c  

a  

p

 

m  

t  
A.2. Governing equations 

A simplified finite-difference expression of the 1-D heat con-

duction equation [26] for the temperature at position x in the

inconel wall, T w ( x ) ( Fig. 7 (a)–(c)), utilizing the Crank–Nicolson

method [27] , is: 

T w (x ) = 

αi (x + �x )�t 

�x 2 
T w (x + �x ) 

+ 

(
1 − 2 

αi (x )�t 

�x 2 

)
T w (x ) 

+ 

αi (x − �x )�t 

�x 2 
T w (x − �x ) (1)

αi ( x ) is the thermal diffusivity of inconel at position x , which

changes throughout the domain due to the temperature depen-

dence of thermal conductivity k i ( x ) and specific heat capacity

c p,i ( x ), while the density of inconel ρ i is assumed to be constant.

The finite-difference expression for the temperature of the optical

rod is similar, but includes terms for heat transfer via natural con-

vection and thermal radiation, as indicated in Fig. 7 (a) [26] : 

T r (x ) = 

αs (x + �x )�t 

�x 2 
T r (x + �x ) 

+ 

(
1 − 2 

αs (x )�t 

�x 2 

)
T r (x ) 

+ 

αs (x − �x )�t 

�x 2 
T r (x − �x ) 

+ h nat (x ) 

(
A s,r /A c,r 

ρs c p,s (x ) 

�t 

�x 

)
(T w (x ) − T r (x )) 

+ h rad (x ) 

(
A s,w /A c,r 

ρs c p,s (x ) 

�t 

�x 

)
(T w (x ) − T r (x )) (2)

In Eq. (2) , A s,r is the surface area of the sapphire rod for a fi-

nite length �x, A s, w is the corresponding inner surface area of

the inconel cell wall, and A c,r is the cross-sectional area of the

optical rod. The heat transfer coefficient h nat ( x ) due to natural

convection between two concentric cylinders and associated ex-

pressions are available in Bergman et al. [26] . The effective ra-

diation heat transfer coefficient h rad ( x ) [26] is used for computa-

tional convenience, in which the view factor for two concentric

cylinders [26] is assumed. Our model assumes constant emissivi-

ties ε = 0 . 55 [28] and εs = 0 . 55 [26] based on available literature
i T  
alues for similar inconel alloys and aluminum oxide, respectively.

t the boundary of Domain 2, shown in Fig. 7 (b), where x = L r , the

erms: 

h g 

ρs c p,s 

�t 

�x 
( T g, avg − T r (L r ) ) 

+ 

h rad , f 

ρs c p,s 

�t 

�x 
( T w, avg − T r (L r ) ) (3)

re included in Eq. (2) to account for axial heat transfer due to

onvection and radiation at the face of the optical rod from the

as and the inconel cell walls, respectively. h g is assumed to be

5 W/m 

2 , and T g ,avg is the average temperature of the gas between

he rods. T w , avg is the average temperature of the inconel cell wall

n Domain 2 and h rad, f is the effective radiation heat transfer coef-

cient, using a view factor for the inside surface of a right circular

ylinder to one of its circular faces [28] . In Domain 2, shown in

ig. 7 (c), the heat transfer in the gas is modeled similarly to that

f the inconel wall and optical rod: 

 g (x ) = 

αg (x + �x )�t 

�x 2 
T g (x + �x ) 

+ 

(
1 − 2 

αg (x )�t 

�x 2 

)
T g (x ) 

+ 

αg (x − �x )�t 

�x 2 
T g (x − �x ) 

+ h g 

(
A s,w /A c,w 

ρg (x ) c p,g (x ) 

�t 

�x 

)
(T w (x ) − T g (x )) (4)

 major difference for Eq. (4) is that ρg ( x ) is not constant, but de-

ermined by an equation of state for the gas cell test pressure and

 g ( x ). 

.3. Boundary conditions 

The boundary conditions of Domains 1 and 2 constrain the sys-

em model and are detailed here. The cell is axially symmetric and

here is a symmetric adiabat in the plane x = L cel . This is accom-

lished numerically with ghost points beyond the domain bound-

ry [27] . T w ( x ) has fixed temperatures near each end of each do-

ain. For Domain 2, in the middle of the cell (the right of Fig. 7 ),

he temperatures at the outside surface of the inconel cell wall are

pecified by T 1 and T 2 . Likewise, Domain 1 is bounded by T 1 and

 c . T w ( x ) is modeled independently of the inside of the cell since

 1 , T 2 , and T c are known and the heat transfer in the cell wall

s dominated by conduction. T w ( x ) is fixed once it is determined,

nd these temperatures bound the system. Additionally, all points

t x = 0 are at T c . 

.4. Numerical solution 

Although the model is transient, we solve for the tempera-

ure profile of the inconel cell separately from those of the op-

ical rod and the gas, since we are primarily concerned with the

teady state condition. We first solve for T w ( x ) using Eq. (1) , ini-

ially assuming linear temperature profiles spanning T w (0) = T cap 
o T w (L r ) = T 1 for Domain 1 and T w (L r ) = T 1 to T w (L cel ) = T 2 for

omain 2. The domains for T w ( x ) are solved as a single domain.

 timestep �t and grid cell size �x are chosen to ensure numeri-

al stability while also keeping computational cost reasonable [27] ,

nd the model is run for enough timesteps to converge on a final

rofile for T w ( x ). 

Once T w ( x ) is known and fixed, we solve for T r ( x ) and T g ( x ) si-

ultaneously using Eqs. (2) and (4) . For the optical rod, we es-

imate an initial linear temperature profile spanning T r (0) = T c to

 r (L r ) = 0 . 5 T 1 for Domain 1. For the gas, T g (x ) = (T w (x ) + T r (x )) / 2
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Fig. 8. Results for 1-D finite-difference heat transfer model and 3-D heat transfer 

model alongside thermocouple measurements for the test shown in Fig. 4 . 
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n Domain 1, while a uniform profile is initially assumed for Do-

ain 2, with T g (x > L r ) = (T w (L r ) + T r (L r )) / 2 . We determine appro-

riate �t and �x , and allow the model to run to convergence. 

.5. Test case 

To justify the assumptions regarding the gas temperature mea-

urement and the test section temperature uniformity, we employ

he model to analyze the test conditions shown in Fig. 4 . The ther-

ocouple measurements from the experiment are used as inputs

or T c , T 1 , and T 2 , and the results for the gas temperature distribu-

ion are shown in Fig. 8 . For the 3-D model, asymmetries reported

y the thermocouple measurements were included, while com-

lete symmetry was assumed for the 1-D model. It is shown that

he predicted gas temperature distribution for both models falls

ntirely within the thermocouple experimental uncertainty and re-

orted temperature uniformity range. Importantly, the symmetric

-D model predicts temperatures within 0.3% of those of the 3-D

odel (which accounts for finite wall and rod thicknesses), provid-

ng additional confidence in the assumptions of the measurements

n the cell. Thus, the assumptions that the thermocouples can be

sed to infer the gas temperature distribution and uniformity are

ustified for the most extreme temperature conditions discussed in

his manuscript. 
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