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Abstract—Sufficient cooling of the blanket first wall remains a 

critical challenge for the design and deployment of fusion power 

plants. Helium has been targeted as a potential blanket coolant 

due to its inertness and low neutron interactivity, among other 

advantages. However, the low thermal mass of helium creates a 

need for heat transfer enhancements in coolant channels to 

provide adequate cooling to the blanket first wall. Toward this 

end a series of ribbed flow channels of various rib cross sections 

and configurations has been produced via additive 

manufacturing (AM) to study the efficacy of AM for first wall 

heat transfer enhancement and the optimization of heat transfer 

geometries. Helium cooling performance is studied in AM test 

articles at 4 MPa operating pressure, Reynolds numbers up to 

197,000, and outer surface heat fluxes up to 42 kW/m2 in the 

recently commissioned Helium Flow Loop Experiment (HFLE). 

Preliminary results of this study are presented herein. Heat 

transfer performance of nominally smooth (i.e. featureless) AM 

channels is quantified via measured Nusselt numbers and friction 

factors and compared to off the shelf smooth pipe experiments. 

Results are compared to existing correlations and used to discuss 

effects of the AM processes on thermal hydraulic performance. It 

is seen that the inherent roughness of the AM channels leads to 

an increase in both heat transfer coefficient and pressure drop, 

when compared to the conventional pipe. Recommendations are 

made for future studies based on these findings and additional 

considerations for the deployment of AM blanket cooling 

components.  
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I. INTRODUCTION 

ELIUM cooling is an attractive thermal management 

option for blanket design concepts. Helium offers 

advantages in that it is chemically inert, has low 

neutron interactions, lacks phase change (i.e. boiling) 

concerns, and can be operated at moderate pressures, as 

compared to water [1]. However, due to the low thermal mass 

of helium, helium-based cooling of the first wall remains an 

outstanding challenge due to the high heat fluxes encountered, 

with these challenges expected to be exacerbated in high 

power and compact plasma confinement devices. If 

insufficient coolant flow is provided, blanket structural 

materials may exceed operational temperature bounds [2], and 

thermal power removed by the coolant must be balanced 

against the power required to supply this flow in a power 

generating reactor. Nonetheless, studies of this challenge have 

expressed the feasibility of a helium cooled first wall, 

especially with the use of geometric heat transfer enhancement 

[3,4]. As such, some degree of optimization of the blanket 

cooling channel geometries is a necessary step to ensure both 

blanket integrity and enable efficient power removal and 

conversion.  

Toward this end, the Helium Flow Loop Experiment 

(HFLE) was recently constructed and commissioned at Oak 

Ridge National Laboratory (ORNL) [5]. The primary purpose 

of this facility is experimental thermal hydraulic investigation 

of unit cell helium-cooled test sections for understanding the 

effects of geometric heat transfer enhancements and providing 

data for computational fluid dynamics (CFD) model 

validation. The initial set of tests in the HFLE includes 

evaluations of additively manufactured (AM) test sections 

containing internal heat transfer enhancing features. These 

articles were examined via CFD by Gehrig et al [6] prior to 

the construction of the HFLE, and test sections were created to 

match the simulation geometries. Such AM-enabled flow 

geometries are of interest for blanket cooling, especially with 

progress in the printing of fusion relevant materials such as 

oxide dispersion strengthened steels [7,8]. However, recent 

work has revealed some degree of difference in thermal 

hydraulic performance between AM channels and those 
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produced through conventional machining [9], with the AM 

channels showing greater pressure drops and heat transfer 

coefficients due to their inherent roughness. Thus, before 

evaluation of the geometrical enhanced test sections can begin, 

the effects of the AM build on heat transfer performance 

relative to a conventional smooth tube must be examined and 

understood. 

In this work, the first findings from this experimental 

campaign are presented. Heat transfer and pressure drop 

across a featureless (nominally “smooth”) AM tube are 

studied and examined alongside those from a commercial off-

the-shelf (COTS) conventionally manufactured tube. These 

data are compared to existing channel flow correlations to 

elucidate the effects of the AM-fabricated surface on thermal 

hydraulic performance of these channels. Implications of these 

results on the implementation of AM flow channels in blanket 

schemes are briefly discussed.   

 II. METHODOLOGY 

A. Helium Flow Loop Experiment 

The HFLE was commissioned as a closed loop facility for 

delivering flow of helium at pressures up to 4 MPa to unit cell 

test sections for thermal hydraulic studies of blanket coolant 

technologies. A piping and instrumentation diagram of the 

HFLE is shown in Fig. 1, and a detailed description of the as-

commissioned system was given by Wiggins et al [5]. In short, 

the loop is designed to achieve helium flow rates in excess of 

80 g/s and sustain temperatures up to 300 °C. Flow is driven 

by a 22.4 kW blower with variable speed control, and test 

section heating is provided by resistive band heaters, with a 

maximum achievable outer surface heat flux of 100 kW/m2. 

The target area is designed for swappable test sections and is 

expandable to accommodate different test geometries, with the 

current configuration sized for articles of length 480-520 mm. 

Since its commissioning, the HFLE has undergone a series 

of upgrades based on lessons learned from the initial phase of 

operation. Helium supply is now provided by a large capacity 

cradle for efficient charging of the loop, with individual gas 

cylinders only used for helium makeup after any small losses 

(venting, leaks, etc.). A new target area differential pressure 

transducer was added with resolution of 4.5 Pa to improve 

friction factor measurements. Additionally, self-adhesive 

polyimide type-K thermocouples have been included in the 

instrumentation suite for monitoring test section outer wall 

temperature.  

B. Additively Manufactured Test Sections 

The first generation of HFLE test sections were 

manufactured at ORNL’s Manufacturing Demonstration 

Facility. These were constructed using 316L stainless steel via 

laser powder bed fusion with a GE Concept Laser M2 3D 

printer. Full-length test sections were printed as two 250-mm 

length axial sections due to printer build height constraints and 

welded together to form full length articles. These as-printed 

pieces are shown in Fig. 2. After welding, these test sections 

were hydrostatically pressure tested to 6 MPa prior to 

installation in the HFLE. The final lengths of the AM test 

sections are approximately 480 mm, with some variability in 

axial length due to a small amount of material being cut off 

during pressure testing.  

Geometries were based on the test sections examined by 

Fig. 1. Piping and instrumentation diagram of HFLE. 
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Gehrig et al [6], with internal heat transfer enhancing surface 

features including ribs and rifling of various shapes. These 

features can be seen in the right-hand panel of Fig. 2. Tubes 

were made with outer diameter 31.6 mm to mate to HFLE 

target area pressure fittings and with inner diameter 26.3 mm. 

Additionally, a set of three nominally smooth test sections 

were printed. In this work, one of these AM smooth tubes is 

considered and compared to a conventionally manufactured 

COTS 304 SS smooth tube to understand the effects of the 

AM construction. Based on past works with similar AM 

316LL SS builds, it is expected that the average roughness of 

these printed steel tubes is 4 to 6 μm [9,10], but the actual 

roughness of these specific samples has not been evaluated.  

 

 
Fig. 2. 316L AM test articles on build plate, with internal 

features visible at right.  

 

For convective heat transfer coefficient measurements with 

these test sections, certain evaluations were required prior to 

testing in the HFLE. Specifically, the use of thermocouples for 

outer wall temperature measurements necessitated 

quantification of both the pipe thermal conductivity and the 

contact resistance between the thermocouples and the pipe 

surface.  

AM pipe thermal conductivity, k, is evaluated from the 

thermal diffusivity, α, as  

 

𝑘 = 𝜌𝑐𝑝𝛼, (1) 

 

where density, ρ, and specific heat, cp, for the AM stainless 

steel are taken from Field et al [10]. For this work, thermal 

diffusivity was measured in the pipe radial direction via laser 

flash diffusivity. This measurement was performed to account 

for any deviations from existing correlations of thermal 

diffusivity in the transverse direction of the print (pipe radial 

direction) at typical HFLE target area operating temperatures 

(20 to 200 °C). The measured diffusivities across this range 

are shown in Fig. 3. These are compared to a correlation value 

for AM 316L SS [10], as well as a correlation for conventional 

wrought 316L SS [11]. In the temperature range examined, the 

measured data fall between the AM and off-the-shelf SS 

correlations. The data are fit well by a linear approximation: 

 

𝛼 (
𝑚2

𝑠
) = 2.38 × 10−9 𝑇(𝐾) + 3.22 × 10−6           (2) 

in the range 293 < 𝑇(𝐾) < 473. This correlation is used to 

calculate AM SS diffusivity in this work. It is unclear if this 

deviation from the previous AM 316L SS diffusivity 

correlation is due to the temperature range specificity or a 

directional dependence of diffusivity. Further investigation of 

this is left to future work.  

 

 
Fig. 3. Measured AM SS thermal resistance, with comparison 

to AM [10] and COTS [11] 316L SS correlations.  

 

Additionally thermal contact measurements were made to 

determine any resistance between the pipe wall and adhesive-

based surface thermocouples created by the AM surface. 

These are quantified as a contact heat transfer coefficient, 

ℎ𝑐𝑜𝑛𝑡 , that relates to the temperature difference as 

 

𝑄′′ = ℎ𝑐𝑜𝑛𝑡(𝑇𝑇𝐶 − 𝑇𝑤),                       (3) 

 

where 𝑄′′ is the surface heat flux, and 𝑇𝑇𝐶  and 𝑇𝑤 are the 

measured thermocouple and actual wall surface temperatures, 

respectively. Companion measurements were made for a 

COTS 304 SS test section for comparison. Results are shown 

in Table I. Multiple measurements were conducted for each 

sample, with the standard deviation of the mean given as 

uncertainty. The use of the AM pipe results in decrease in 

thermal contact of approximately 20% over the COTS steel in 

this case, likely due to the surface roughness of the sample. 

This quantity is used to correct thermocouple measurements 

via Equation 3 when evaluating heated wall temperatures.  

 

TABLE I 

THERMOCOUPLE CONTACT HEAT TRANSFER COEFFICIENTS 

  COTS AM 

ℎ𝑐𝑜𝑛𝑡 (W/m2-°C) 1510 ± 110 1190 ± 130 

 

C. Experimental Conditions 

The AM smooth test section was installed in the HFLE and 

evaluated according to the test conditions shown in Table II, 

with differences between friction factor (f) and Nusselt 

number (Nu) tests indicated. Data were also collected using a 

COTS smooth 304 SS tube of outer diameter 31.8 mm, inner 

diameter 27.7 mm, and length 509 mm. Multiple tests were 

conducted, and the data presented here are averaged across all 

tests. All experiments were conducted at a helium working 

pressure of 4.0 ± 0.2 MPa, with variations in operating 
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pressure created by changes in the working temperature of the 

helium across each test series. In a typical sequence, data were 

collected across multiple flow rates, with blower speed 

increasing in time. This increase in blower power input leads 

to these changes in helium equilibrium temperature. All flows 

considered herein were at turbulent Reynolds numbers (Re), 

with Re evaluated using the pipe inner diameter and average 

flow velocity.  

 

TABLE II 

EXPERIMENTAL CONDITIONS 

Test 
COTS AM 

f Nu f Nu 

No. of Tests 3 4 5 4 

Pressure (MPa) 4.0 ± 0.2 4.0 ± 0.2 4.0 ± 0.2 4.0 ± 0.2 

THe (°C) 21 – 45 27 – 53 21 – 52 28 – 63 

Mass Flow (g/s) 12 – 86 18 – 80 12 – 86 24 – 77 

Re (× 103) 27 – 189 41 – 173  29 – 197 56 – 175 

Heat Flux (kW/m2) - 33 - 42 

LHeat (mm) - 319 - 324 

LTS (mm) 509 509 484 484 

D (mm) 27.7 27.7 26.3 26.3 

 

For both test sections, dimension pressure drop (friction 

factor, f) and dimensionless heat transfer coefficient (Nusselt 

number, Nu) are assessed. Adiabatic pressure drop across the 

test section, Δ𝑃𝑇𝑆, is measured to determine average friction 

factor, as  

 

Δ𝑃𝑇𝑆 =
1

2
𝜌𝐻𝑒𝑢2 𝐿𝑇𝑆

𝐷
𝑓,                     (4) 

 

where u is the average flow velocity in the pipe, and all 

thermophysical properties are evaluated at the helium average 

temperature. No test section heating was applied in these tests. 

Pressure drop measurements were made via a differential 

pressure transducer with ports on the branches of tees located 

immediately upstream and downstream of the test section. 

Corrections were made for excess pressure drop in these tee 

sections, using a tee loss coefficient as taken from [12,13]. 

The COTS pipe case is used to confirm the validity of this 

correction.  

The average convective heat transfer coefficient, ℎ̅, is 

measured as  

 

𝑄′′ = ℎ̅(𝑇̅𝑤,𝑖𝑛𝑛𝑒𝑟 − 𝑇̅𝐻𝑒),                     (5) 

 

where 𝑇̅𝑤,𝑖𝑛𝑛𝑒𝑟  is the average inner wall temperature. This is 

evaluated from thermocouple measurements using Equation 3 

to calculate outer wall temperature and a 1-D conduction 

approximation to subsequently calculate 𝑇̅𝑤,𝑖𝑛𝑛𝑒𝑟 . For each 

flow condition, wall and helium temperatures were allowed to 

stabilize before data were collected, with inlet and outlet 

helium temperature measured by Pt-3750 resistance 

temperature detectors (RTDs).  

In heat transfer tests, heat is supplied via eight resistive band 

heaters of nominal power 350 kW each. Power input is 

controlled with AC voltage controllers, and heater electrical 

power is quantified by the voltage output and heater 

resistance. Small (1 Ω) variability was measured across the 

different heaters, and heaters were coupled to voltage 

controllers to provide an even heat input across the heated 

length. The use of eight discrete heaters creates a nearly 

uniform heat flux, but some small deviations are expected in 

the junctions between heaters. Thermal power input is 

calculated from electrical power by correcting for losses due 

to natural convection and radiation to the environment. For 

this correction, the heaters are modelled as basic cylinders, 

and corrections are calculated using correlations from [12]. In 

the case of the AM test sections, heaters were not placed 

directly over the weld, but are butted up to the weld on each 

side. For this reason, the heated length, LH, of the AM tests 

was slightly larger than that for the COTS test section. A 

larger power input was used for the AM test section to 

improve measurement uncertainty after initial tests, and 

potential measurement differences from this are considered in 

analysis.  

 For wall temperature measurements 16 adhesive K-type 

thermocouples were placed along the heated length, with axial 

spacing 20 mm between each. Due to limitations of the 

adhesive, heater power was controlled to keep wall 

temperatures below 200 °C. Additionally, for the AM heat 

transfer test series, the lowest blower speed was omitted as the 

higher heat flux and larger conduction resistance of this pipe 

wall led to temperatures approaching this limit at low flow 

rates. Nonetheless, in each test, it was observed that a fraction 

of the thermocouples would lose contact with the wall, likely 

due to degradation of the adhesive. In these cases, individual 

thermocouples would read temperatures much larger than the 

average of the remaining sensors. These were identified during 

data collection and omitted from averaging during analysis.  

III. RESULTS 

Friction factor measurements were made for the AM and 

COTS pipes, and these are shown in Fig. 4. Uncertainties are 

calculated through error propagation from instrument and 

geometric uncertainties and based on variance between tests. 

The COTS pipe measurements compare favorably to a smooth 

pipe correlation, indicating the validity of the pressure loss 

correction used. In contrast, the AM pipe friction factor is seen 

to be significantly larger than the smooth pipe prediction and 

COTS measurement, being up to 70% greater at the highest 

Reynolds numbers.  

 

 
Fig. 4. Measured friction factor for AM and COTS test 

sections (symbols), with channel flow correlations (lines). 
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To further examine this trend, the data are compared to the 

predictions of the Haaland correlation [14]: 

 

1

√𝑓
=  −1.8 log10 [(

𝜖

𝐷

3.7
)

1.11

+
6.9

𝑅𝑒
],                     (6) 

 

where ϵ is the pipe surface roughness. For the AM pipe, the 

friction factor is more in line with that predicted for a channel 

of surface roughness 65 μm, approximately a factor of 10 

greater than the cited average roughness (4 to 6 μm) for AM 

316L SS.  

Nusselt number evaluations show similar discrepancies 

between the AM and COTS tubes. Nu is evaluated from the 

heat transfer coefficient as  

 

𝑁𝑢 =
ℎ𝐷

𝑘
,               (7) 

 

Where k is the helium thermal conductivity. Measured Nusselt 

numbers are shown in Figure 5. These quantities have been 

compensated by the quantity (𝑇𝐵/𝑇𝑤)−0.45 to remove any 

variability created by the difference in wall heat flux 

conditions between the test cases. Once again, significant 

differences are seen between the AM and COTS channels, 

with the AM channel showing a significantly larger heat 

transfer coefficient, likely due to its surface characteristics.  

 

 
Fig. 5. Measured Nusselt numbers of AM and COTS pipes 

(symbols) with correlations for comparison. 

 

These measured data are compared to the predictions of the 

Gnielinski correlation [15]: 

 

𝑁𝑢 =
𝑓

8
(𝑅𝑒−1000)𝑃𝑟

1+12.7√
𝑓

8
(𝑃𝑟2/3−1)

 [1 + (
𝐷

𝐿𝐻
)

2

3
] (

𝑇𝐵

𝑇𝑤
)

0.45

,        (8) 

 

where Pr is the helium Prandtl number (0.657 for the cases 

considered here). While this correlation is typically used for 

smooth channel predictions, it incorporates the friction factor 

and thereby can be used to consider roughness effects through 

Equation 6. The COTS data are seen to agree within ±20% 

with the Gnielinski predictions for a smooth (ϵ = 0 μm) 

channel. Only small deviations are seen at the lowest 

Reynolds number cases, possibly due to the slight 

nonuniformity of the heat flux profile. However, when the 

previously observed effective roughness of 65 μm is used to 

compare to the AM case, the correlation is seen to overpredict 

the experimental data slightly at the highest Reynolds 

numbers. This indicates that the effects of the AM surface 

roughness on heat transfer may require separate handling from 

the effects on flow resistance. 

The balance of this increase in pressure drop and heat 

transfer coefficient can be quantified by the thermal 

performance factor, η, of the AM pipe given by 

 

𝜂 =
(𝑁𝑢/𝑁𝑢0)

     (𝑓/𝑓0)1/3,                   (9) 

 

where the subscript 0 indicates the base case used for 

comparison. The COTS pipe is used as this base case in this 

evaluation. This normalization gives the ratio of heat transfer 

coefficients at equivalent pumping power [16], with 𝜂 > 1 

indicating an improvement in heat transfer efficiency.  

The calculated thermal performance factor of the AM 

channel is shown in Figure 6. Here, friction factors measured 

during heated tests are used to remove biases due to Reynolds 

number mismatches, and data from AM and COTS cases are 

evaluated at their average Reynolds number via linear 

interpolation. It is seen that the AM tube shows a small 

improvement in thermal performance at lower Reynolds 

numbers but is indistinguishable from the smooth pipe (𝜂 = 1) 

at 𝑅𝑒 > 105. This is encouraging as it implies an 

improvement in heat removal efficiency for AM channels 

even without the addition of geometric heat transfer 

enhancements, but the gain here is small relative to 

uncertainties, and warrants future experimental investigation.  

 

 
Fig. 6. Measured thermal performance factor of AM pipe. 

IV. DISCUSSION 

This work has served as a first demonstration of the 

capabilities of the HFLE for thermal hydraulic assessment of 

helium cooled test sections. The results of both these AM and 

COTS smooth test sections will serve as base cases for 

comparison of future enhanced test sections to understand the 

combined effects of the geometry and surface roughness.  

It is seen here that the flow resistance of the AM test section 

indicates an effective roughness an order of magnitude larger 

than its cited average surface roughness. Such a large 

discrepancy between the measured average roughness and the 

flow resistance apparent roughness has been previously 

reported for AM steels. Searle et al [9] noted an effective 
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roughness of 33 μm for AM SS pipes with average surface 

roughness, Ra, of 4.4 ± 1.1 μm. This may be due to the 

organized nature of the roughness of the AM channel, in 

contrast to the typical “sand grain” roughness considered by 

these correlations. Stimpson et al [17] showed a linear 

correlation between this effective roughness and average 

roughness, but their correlation was only valid for large 

relative roughness (Ra/D > 0.028). A similar correlation is 

desirable for small relative roughness (Ra/D ≈ 2 × 10−4 in this 

work) and warrants future research. Similarly, the effects of 

this roughness of on heat transfer coefficient should be further 

studied, as Searle et al [18] also showed an inability to 

accurately recreate measured Nusselt numbers with Gnielinski 

rough-pipe predictions. Future work is required to understand 

these effects, including any repercussions of the AM technique 

and build settings. 

This work has demonstrated that, from a thermal hydraulic 

standpoint, there may be advantages to the use of AM steels in 

blanket coolant channels, with the AM channel showing an 

improvement in thermal performance factor at some Reynolds 

numbers. This also encourages the future investigation of the 

aforementioned roughness effects, as small changes in thermal 

performance may have significant effects on blanket design 

and operating conditions. Additional research into the tailoring 

of this effective roughness by AM build conditions (e.g. via 

powder size control) is warranted, as this may influence the 

optimization of blanket coolant channel manufacturing. 

Furthermore, this study did not evaluate other possible 

concerns with AM blanket components which should be 

considered in the future. These include material qualification, 

printability of large sections, and economic factors, among 

others. If these concerns are addressed, repeats of these 

measurements may become necessary using fusion relevant 

AM steels, including studies of performance evolution under 

prototypical thermal loading and neutron irradiation.    

V. CONCLUSIONS 

In this work, the heat transfer and pressure drop 

performance of commercial off-the-shelf and additively 

manufactured stainless steel tubes were studied with 4 MPa 

helium coolant flow. This study demonstrates the utility of the 

HFLE for helium flow studies and provides a baseline for 

future measurements of AM test sections with geometric 

enhancements for blanket cooling studies. Significant 

differences in measured friction factor and Nusselt number 

were seen between the COTS and nominally smooth AM test 

sections, with the AM channel showing an overall 

improvement in thermal performance, albeit small in 

comparison to measurement uncertainties. This performance 

enhancement is attributed to the increased surface roughness 

of the AM part; however, the effective surface roughness 

indicated by the flow resistance is an order of magnitude 

greater than the cited average surface roughness for this 

material. This discrepancy warrants further investigation and 

points to interesting phenomenology in the effects of the AM 

surface on the coolant flow. These results indicate promise for 

the use of AM processes for blanket coolant channel 

fabrication, but additional work is required to determine the 

viability of full-scale blanket fabrication by AM. 
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