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ABSTRACT 

This paper describes the measurement of convective heat transfer coefficients and friction factors 
for sCO2 flowing in pin-fin patterned pipes in the Heat Exchange and Experimental Testing (HEET) 
facility at the US DoE’s National Energy Technology Laboratory (NETL) in Morgantown, WV. The 
measurement procedures in the HEET rig were validated by conducting benchmark tests with 
smooth stainless-steel tube and comparing the results with published correlations for Nusselt 
number (𝑁𝑢) and friction factor.  Over typical Reynolds number range in sCO2, the measured 𝑁𝑢 
and friction factors were within 7% of classical correlations for smooth tube flow. 

The candidate pin fin patterned pipes were additively manufactured (AM) at the Oak Ridge 
National Laboratory. The pins were circular or elliptical in cross-section.  Pin length to diameter 
aspect ratios were 1.33 and 2, while the pin diameter to tube diameter ratio was 0.188 and 0.125.  
Tests were performed for ReD varying from 6.9×104 to 2.2×105 and at conditions equivalent to the 
low pressure outlet (8.69 MPa, 361 K) of the low temperature recuperator (LTR) in an indirect 
sCO2 power cycle. The Wilson plot technique was utilized to measure the bulk heat transfer 
coefficients. 

For the better performing design (tube A, pin length to tube diameter ratio: 1.33, pin diameter to 
tube diameter ratio: 0.188), the local heat transfer coefficient increased by 112% relative to the 
Dittus-Boelter correlation at the LTR low pressure outlet.  This corresponded to a 282% increase 
in the product of the heat transfer coefficient and the surface area. Large pressure drops across 
the test articles were observed.  
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INTRODUCTION 

Presently there is worldwide interest in sCO2 power generation technology as it has the potential 
to offer a five percentage point increase in cycle efficiency and an order of magnitude decrease 
in turbomachinery volume relative to conventional steam Rankine cycles (The five percentage 
point increase in efficiency corresponds to an 11% increase from a steam Rankine cycle efficiency 
of 45% to an indirect sCO2 recompression Brayton cycle efficiency of 50%, with both cycles 
operating at a turbine inlet temperature of 700 °C) [1]. Thermodynamic models for direct and 
indirect sCO2 cycles have been considered. Both cycles are based on the recuperated Brayton 
cycle [2, 3]. The results of the present study consider heat transfer at conditions in the indirect 
Brayton cycle.  

Both direct and indirect sCO2 cycles require significant recuperation (3–4 times net plant output). 
Thus, cost-effective recuperators are required [4]. For a given heat exchanger manufacturing 
technology, the capital cost of the heat exchanger equipment scales with the material volume.  
The material volume may be reduced through strategies for enhancing heat transfer from the hot 
stream to the cold stream. One such strategy is the addition of internal heat transfer enhancement 
features which increase the heat transfer through greater internal surface area and larger heat 
transfer coefficients. This strategy is successful when the increase in heat transfer is sufficiently 
greater than the increase in pressure drop so that a shorter heat exchanger may be built, which 
transfers the same quantity of heat at the same pumping power while using less material volume.    

Two heat exchanger technologies that are being considered for implementation in sCO2 power 
cycles are 1) printed circuit heat exchangers (PCHE) and 2) conventional shell and tube heat 
exchangers [5]. PCHE have higher thermal performance than shell and tube heat exchangers. 
However, heat transfer enhancement features for shell and tube heat exchangers, which were 
previously challenging to manufacture by conventional processes, can now be manufactured by 
additive manufacturing. The present work considers a novel helical pin fin pattern to increase the 
heat transfer on the tube side of a shell and tube heat exchanger. The helical pattern enhances 
heat transfer by creating swirl flow, while the pinned pattern promotes mixing through vortex 
shedding. Additively manufactured enhanced heat transfer features in shell and tube heat 
exchangers may increase their thermal performance to be competitive with PCHE. Further, 
additive manufacture will allow fabrication of enhanced shell and tube heat exchangers in a single 
build. This has the potential to make shell and tube technology competitive with PCHE from a 
manufacturing standpoint.  

The Wilson plot technique allows experimental measurement of heat transfer coefficients on the 
hot or cold side of a heat exchanger as opposed to the heat exchanger’s overall resistance. This 
is invaluable when systematically determining the benefit of specific heat transfer enhancements. 
Wilson first introduced the technique for scenarios where there was a very high heat transfer 
coefficient (typical of boiling or condensation) on the reference side, the side opposite of the heat 
exchanger test side [6]. The Wilson plot technique has been modified to consider scenarios where 
the requirement of a large heat transfer coefficient on the reference side has been relaxed. In this 
scenario, the heat transfer coefficient of the test side is obtained by varying the flow rate of the 
test side while maintaining the thermal resistance on the reference side constant by controlling 
the reference side flow rate and average temperature [4, 7, 8]. In this study, we utilize the modified 
Wilson plot method to measure the heat transfer coefficient at the tube side of the test article. 
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EXPERIMENTAL FACILITY 

The NETL Heat Exchange and Experimental Testing (HEET) facility at the U.S. DoE’s National 
Energy Technology Laboratory is a closed loop, sCO2 heat exchanger test rig [4]. In the present 
test, the facility was utilized to measure tube-side heat transfer coefficients in a sCO2 single-pass, 
counter-flow, tube and shell heat exchanger. The inlets and outlets of the heat exchanger were 
instrumented so that the inlet and outlet temperatures were measured as well as the differential 
pressures and inlet gauge pressures.  

Capabilities of the HEET test facility include pressure to 24 MPa (3,500 psig), temperature to 811 
K (1,000°F), mass flow rate to 1.5 kg/s (3 lbm/s), and Re to 500,000. In its present state, the 
maximum operating temperature on the cold fluid side is limited to 477 K (400 °F) due to the 
maximum allowable temperature for the Coriolis flow meters and 671 K (750 °F) on the hot fluid 
side due to the maximum allowable tube temperature. 

 

TEST ARTICLES 

Five inner tube designs were considered: a conventional tube, a tube composed of welded 
segments (referred to as the “conventional welded tube”), a tube composed of finless AM tube 
segments, and two tubes composed of welded segments of fin designs A and B. All test articles 
were made of 316L stainless steel. The tubing had an inner diameter of 7 mm (0.275 inch) and a 
wall thickness of 1.2 mm (0.049 inch). The additively manufactured test articles were fabricated 
by direct laser metal sintering (DLMS) at the Oak Ridge National Laboratory. 

The tube length was 127 mm (5 inches) due to limitations in the AM volume chamber. To create 
a test article, five tubes were joined by orbital welding. To verify that the welds did not influence 
the results, a conventional tube was cut into five segments and welded back together. The same 
set of tests as the smooth conventional tube were performed on this article, and the difference in 
Nusselt number ratio, 𝑁𝑢/𝑁𝑢0, was less than 10%. All heat exchanger lengths were 0.64 m (2.1 
ft) except for the conventional tube which was 1.52 m (5 ft). 

In Figure 1, CAD models of tubes A and B are displayed in panels (a) and (b), respectively. Note 
that these tubes are 4:7 scale reproductions of the experimental tubes and have shorter lengths. 
Parameters for the tube designs are shown in Table 1; for more details see Searle et al. [9]. 
Initially, eighteen tube designs, which spanned the range of parameters, were considered. The 
two tube designs (A, B) were selected based on engineering considerations since all the tubes 
could not be built and tested. In this table, new nomenclature is introduced. 𝐴 and 𝐴0 are the 
internal surface area for finned and finless tubes, respectively. We note that the pin helical spacing 
and the helix pitch are nondimensional. The pin helical spacing, 𝑠, is scaled by the pin major 
diameter and the helix pitch, 𝑝, is scaled by the tube inner diameter.  
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(a)         (b) 

Figure 1: CAD models of the pin fin designs A and B, panels (a) and (b), respectively. (shortened 
and scaled (4:7) for clarity) 

 

Table 1: Table of AM helical pin fin tube parameters. 

 Tube A Tube B Conven-
tional 
Tube 

Conven-
tional 
Welded 
Tube 

Finless 
AM Tube 

Tube ID (mm (inch)) 𝐷 7 (0.275) 7 (0.275) 7 (0.275) 7 (0.275) 7 (0.275) 

Tube OD (mm (inch)) 9.5 (0.374) 9.5 
(0.374) 

9.5 
(0.374) 

9.5 
(0.374) 

9.5 
(0.374) 

Ellipse Major Diameter 
(mm (inch)) 𝑑 

0.749 
(0.0295) 

0.5 
(0.0197) 

   

Aspect Ratio 
(Major/Minor) 

1 1    

Pin Length (mm (inch)) 1.75 
(0.0689) 

1.75 
(0.0689) 

   

Dimensionless Pin 
Helical Spacing (𝑠/𝑑) 

2 2    

Dimensionless Helix 
Pitch (𝑝/𝐷) 

2 2    

𝐴/𝐴0 1.8 1.8 1 1 1 

Total Length (m (ft)) 0.635 
(2.08) 

0.635 
(2.08) 

1.52 (5) 0.635 
(2.08) 

0.635 
(2.08) 

Segment Length (cm 
(inch)) 

12.7 (5) 12.7 (5)  12.7 (5) 12.7 (5) 

Welded Yes Yes No Yes Yes 

 

SURFACE ROUGHNESS CHARACTERIZATION 

In the results section, it is demonstrated that the surface roughness resulting from the additive 
manufacturing process increases the heat transfer and friction factor yielding a beneficial thermal 
performance factor. For completeness, the surface roughness of the finless AM tubes considered 
in these studies was characterized.  

Three-dimensional surface roughness profiles were acquired using a white light interferometer 
(Olympus DSX510). A typical microscope image and surface elevation profile are shown in Figure 
2. As visible in the photomicrograph and profile, one important feature of the AM surface 
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roughness is the presences of sintered particles which have a size which varies from 15 µm to 45 
µm. Line roughness parameters (𝑅𝑎 , 𝑅𝑞 , 𝑅𝑧) were calculated for each profile, averaged (across 14 

samples), and reported in Table 2. Appendix A provides expressions for the roughness 
parameters and explains their physical significance. The surface roughness characterization 
procedure was selected following the approach outlined by Stimpson et al. [10].  

 

 

Figure 2: Sample surface roughness: (a) Photomicrograph of additively manufactured surface 
acquired with a white light interferometer (b) Surface profile acquired along horizontal line drawn 

on micrograph. 

 

Table 2: Surface roughness parameters for AM manufactured finless tubes (�̅� ± 𝛔) 

Ra (µm) Rq (µm) Rz (µm) 

4.4 ± 1.1 5.5 ± 1.4 21.4 ± 5.7 
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TEST METHODOLOGY 

The test condition selected for this study is the low pressure (LP) outlet in the low temperature 
recuperator (LTR). In the HEET test facility, this condition was applied to the cold (tube) side inlet. 
The test temperature, pressure, and Reynolds number range for this test condition are shown in 
Table 3. 

 

Table 3: Test condition parameters considered in the present study 

Location T (K, 
(°F)) 

P (MPa 
(psia)) 

𝑹𝒆 range of test 
condition (cold) 

Location 
applied in 
HEET test 

facility 

LTR, LP 
Outlet 

361 
(190) 

8.69 
(1260) 

75k–250k cold (tube) 
side 

 

The HEET system was purged and charged with carbon dioxide (while circulating) to the test 
pressure before acquiring the data. Simultaneously, the system was heated to the test condition 
temperature. Careful manual control of the syringe pump, heater temperature setpoint, cooling 
water flow rate, and hot stream and cold stream mass flow rates was required to ensure control 
points were reached and remained stable. Following a test plan, the cold side flow rate on the 
tube side was varied while maintaining a constant hot side (shell) mass flow rate and constant 
average hot side temperature, (𝑇ℎ,𝑖𝑛 − 𝑇ℎ,𝑜𝑢𝑡)/2, where 𝑇ℎ,𝑖𝑛 is the hot side inlet temperature and 

𝑇ℎ,𝑜𝑢𝑡 is the hot side outlet temperature. The average hot side temperature was determined by 

estimating the hot side inlet temperature necessary to reach the desired operating conditions, 
heating the hot side inlet to this temperature, and then controlling the heaters to maintain the 
average hot side temperature of the first test in subsequent tests. Steady state operation was 
assured by waiting before recording data until the standard deviation in the pressure drop was 
less than 0.021 kPa (0.003 psi). Although the accuracy of the differential pressure transducer was 
0.069 kPa (0.01 psi), 0.021 kPa was selected to assure repeatability between the results.  

 

DATA REDUCTION AND ANALYSIS 

The current study relies on the Wilson plot technique applied to a zero-dimensional heat 
exchanger model to obtain the heat transfer coefficient at the cold (tube) side [4, 7, 8].  In this 
section the data reduction methodology is briefly presented.  The entire methodology is presented 
in Searle et al. (2020) [9]. The rate of heat transfer (𝑄) from the hot fluid to a cold fluid in a heat 
exchanger is 

 𝑄 = 𝑈 × 𝐴 × 𝐿𝑀𝑇𝐷 =
𝐿𝑀𝑇𝐷

𝑅𝑜𝑣
 (1) 

where 𝑈 is the overall heat transfer coefficient (relative to the tube side area), 𝐴 is the heat transfer 

area at the tube side, and 𝐿𝑀𝑇𝐷 is the log mean temperature difference (measured between the 
inlets and outlets of the tube and reference side) [11]. 𝑅𝑜𝑣 = 1/𝑈𝐴 is the total resistance between 
the hot and cold streams. Rearranging Eq (1) yields the overall resistance  
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 𝑅𝑜𝑣 =
𝐿𝑀𝑇𝐷

𝑄
 (2) 

The overall resistance between the hot stream and the cold stream is the sum of convection 
resistance at the cold side wall (𝑅𝑐), conduction resistance in the tube wall (𝑅𝑤), and convection 
resistance at hot side wall (𝑅ℎ).  

 𝑅𝑜𝑣 = 𝑅𝑐 + 𝑅𝑤 + 𝑅ℎ (3) 

 

The convection resistances are expressed as 𝑅𝑐 = 1/ℎ𝑐𝐴𝑐 and 𝑅ℎ = 1/ℎℎ𝐴ℎ where ℎ𝑐 is the heat 
transfer coefficient at the cold side, 𝐴𝑐 is the cold side area, ℎℎ is the heat transfer coefficient at 

the hot side, and 𝐴ℎ is the hot side area. 𝑅𝑐, 𝑅𝑤, and 𝑅ℎ are each unknown. However, 𝑅𝑜𝑣 can be 
calculated from experimental temperature measurements utilizing Eq. (2). The experiments are 
performed so that 𝑅𝑐 varies while 𝑅𝑤 and 𝑅ℎ remain constant. This is achieved by varying the 
mass flow rate on the cold side while controlling the mass flow rate and average temperature on 
the hot side, as stated earlier. 

Even though 𝑅𝑐 is unknown, one can calculate a cold side resistance value, 𝑅𝑐0, with the heat 
transfer coefficient calculated from the Dittus-Boelter relationship for a heated, fully-developed 
internal flow. 

 𝑁𝑢0 = 0.023𝑅𝑒𝐷
0.8𝑃𝑟0.4 (4) 

where 𝑁𝑢0 = ℎ𝑐𝐷/𝑘𝑓 will serve as the baseline classical Nusselt number, 𝑅𝑒𝐷 = 𝐺𝐷/𝜇 is the 

Reynolds number based on the tube internal diameter, and 𝑃𝑟 is the Prandtl number. Here, ℎ𝑐 is 
the cold side heat transfer coefficient. 𝑘𝑓 is the fluid conductivity. 𝐺 is the average mass flux. 𝜇 is 

the dynamic viscosity. The fluid properties are estimated at the average temperature and pressure 
inside the tube using NIST REFPROP [12], and the equation of the state provided in [13]. 𝑅𝑐0 is 
calculated with ℎ𝑐 = ℎ0 and 𝐴𝑐 = 𝐴0 

 𝑅𝑐0 =
1

h0𝐴0
 (5) 

where 𝐴0 is the smooth (finless) tube area and ℎ0 is the heat transfer coefficient as calculated 
with the Dittus-Boelter correlation. Assuming that 𝑅𝑐0/𝑅𝑐 is a constant, Eq. (3) can be expressed 
as  

 𝑅𝑜𝑣 = (
𝑅𝑐

𝑅𝑐0
) 𝑅𝑐0 + 𝑅𝑤 + 𝑅ℎ (6) 

The Wilson plot is now formed by plotting 𝑅𝑜𝑣 as a function of 𝑅𝑐0.  

An expression similar to Eq. (5) can be obtained for the finned tube with ℎ𝑐 = ℎ and 𝐴𝑐 = 𝐴, 

yielding 𝑅𝑐 = 𝐷/(𝑁𝑢𝑘𝑓𝐴). It must be emphasized that ℎ is the heat transfer coefficient in the finned 

tube with respect to the finned surface area, 𝐴. 
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Taking the ratio of 𝑅𝑐 to 𝑅𝑐0 and rearranging yields: 

 

 
𝑁𝑢

𝑁𝑢0
=

Rc0

𝑅𝑐

𝐴0

𝐴
 (7) 

Thus, the Nusselt number ratio may be determined with the Wilson plot line slope (𝑅𝑐/𝑅𝑐0) and 

the ratio of 𝐴 to 𝐴0.  

An experimental study of a heat exchanger is incomplete without reporting the pressure drop of 
the heat exchanger. The tube-side pressure drop is reported in terms of its friction factor 

 𝑓 =
𝜋2

8

Δ𝑃 𝜌 𝐷5

𝐿 �̇�2
   (8) 

where Δ𝑃 is the pressure drop across the tube, 𝐿 is the length of the tube, 𝐷 is the tube inner 

diameter, 𝜌 is the density of the fluid in the tube evaluated at the average temperature and 
pressure, and �̇� is the mass flow rate in the tube [14]. 

A reference friction factor for turbulent flow in a smooth tube is calculated using the McAdams 
correlation  

 𝑓0 =  0.184𝑅𝑒𝐷
−0.2 (9) 

which is valid for 30k < 𝑅𝑒𝐷 < 2000k [2]. This value is utilized to estimate 𝑓/𝑓0. 

 

RESULTS AND DISCUSSION 

The first set of results to be discussed is a typical Wilson plot and a corresponding plot of pressure 
drop per unit length. This will be followed by a discussion on the heat transfer enhancement 
(increase in heat duty). Finally, the corresponding increase in friction factor is reported and 
discussed. 

 

Wilson Plot 

The Wilson plot, as introduced in the analysis section, is a graphical method of determining the 
heat transfer coefficient on either the hot or cold side of a heat exchanger. In this scenario, the 
cold side (tube side) of a single pass shell and tube heat exchanger is considered. The Wilson 
plot is constructed by plotting the measured total heat transfer resistance, 𝑅𝑜𝑣, as a function of 
the local resistance, 𝑅𝑐, as calculated by the Dittus-Boelter correlation. Lines may be fit to each 

data set, where the slope is the ratio, ℎ0𝐴0/ℎ𝐴, and the intercept is 𝑅ℎ + 𝑅𝑤. A slope of 1 indicates 
that the experimental data agrees exactly with the value predicted by the Dittus-Boelter 
correlation.  

A Wilson plot is displayed in Figure 3 for results obtained at test condition 1. Results for the 
conventional tube, the finless AM tube, and tube designs A and B are shown. A linear fit to the 
conventional tube data shows that the Dittus-Boelter correlation predicts the tube side resistance 
within 4% over 𝑅𝑒𝐷 ranging from 79k to 246k. 
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Figure 3: Typical Wilson plot (𝟕𝟗𝐤 <  𝑹𝒆𝑫 < 𝟐𝟒𝟔𝐤) 

 

In Figure 4, pressure drop per unit length (kPa/mm) is shown at different 𝑅𝑒𝐷 for each tube design 
considered in this study. The AM tube designs, A and B, have an order of magnitude larger 
pressure drop per unit length.  

It can be observed that the conventional welded tube has a lower pressure drop per unit length 
than the conventional tube and this can be attributed to an anomalous 68.9 kPa (10 psi) variation 
in the average tube inlet pressure during these tests. 

 

 

Figure 4: Pressure drop per unit length (ΔP/L) for varying 𝑹𝒆𝑫 

 

Heat Transfer Enhancement 

The heat transfer enhancement, ℎ𝐴/ℎ0𝐴0, is plotted in Figure 5 panel (a) for each tube design 
listed on the horizontal axis. ℎ𝐴/ℎ0𝐴0 represents the increase in heat transfer per unit log mean 
temperature difference in the finned tubes relative to the heat transfer in the smooth tube, where 
ℎ is calculated with the Dittus-Boelter correlation. For the finned tubes, ℎ𝐴/ℎ0𝐴0 increases by 
282% and 204%, for tube designs A and B, respectively. As a final observation, the finless AM 
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tube experiences a greater heat transfer rate than the conventional tube (27%) but less than the 
finned designs. This can be attributed to the surface roughness. It must be noted that the analysis 
estimates the surface area of the rough AM tube to be same as that of the smooth tube.  

 

(a) 

 

 

 

(b) 

Figure 5: (a) Heat transfer enhancement, 𝒉𝑨/𝒉𝟎𝑨𝟎 (b) 𝑵𝒖/𝑵𝒖𝟎 ratio 

 

ℎ𝐴/ℎ0𝐴0 increases due to the increase in both the heat transfer coefficient as well as the heat 
transfer area. To differentiate between the increase due to the heat transfer coefficient and the 
increase due to the surface area, 𝑁𝑢/𝑁𝑢0 = ℎ/ℎ0 is plotted in Figure 5 panel (b). The Nusselt 
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number ratio is valuable because it represents how much advection has increased through the 
addition of the pin fins. It must be kept in mind that 𝑁𝑢/𝑁𝑢0 is equal to ℎ𝐴/ℎ0𝐴0 for the 
conventional tube, the conventional welded tube, and the finless AM tube. As listed in Table 1, 
the area ratios for tube design A and B are 1.8.  Dividing by the area ratios yields values for 
𝑁𝑢/𝑁𝑢0 (panel (b)) that are less than values for ℎ𝐴/ℎ0𝐴0 (panel (a)). The tubes rank in order of 
increasing heat transfer coefficient:  tube B and tube A, with corresponding percent increase in 
the heat transfer coefficient relative to the Dittus-Boelter correlation of 69%, and 112%.  

 

Friction Factor 

While the increase in ℎ𝐴/ℎ0𝐴0 and 𝑁𝑢/𝑁𝑢0 shown in the previous section is encouraging, this 
enhancement must be weighted by the increase in the friction factor when considering the thermal 
performance of the tube designs. Shown in Figure 6 are the results for 𝑓/𝑓0. The friction factors 
for the conventional tube agree within 3% with the McAdams correlation and the friction factors 
for the conventional welded tube agree within 8% with the McAdams correlation. While the finless 
AM tube has a friction factor 134% larger than the McAdams correlation, the tube designs have 
friction factor an order of magnitude larger than the smooth tube correlation (nominally 2300%).  

 

 

Figure 6: Friction factor ratio for varying 𝑹𝒆𝑫.  

 

Companion Study and Future Work 

A companion study at NETL has sought to reduce the volume of pin fin designs by utilizing CFD 
to determine 𝑁𝑢/𝑁𝑢0 and 𝑓/𝑓0 of candidate pin fin tubes. The results of the present experimental 

study were utilized as a validation for the CFD simulation with (𝑁𝑢/𝑁𝑢0)/(𝑓/𝑓0)1/3 agreeing within 
10%.  

Several high performing candidate designs from this optimization study will be fabricated at the 
Oak Ridge National Lab and tested at the National Energy Technology Laboratory in Morgantown, 
WV. The results of these experiments will be utilized to estimate how much heat exchanger 
material can be reduced by using high performing pin finned tube designs. 
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CONCLUSIONS 

This work reports experiments performed in the Heat Exchange and Experimental Testing (HEET) 
facility at the U.S. DoE’s National Energy Technology Laboratory. The Wilson plot technique was 
utilized to measure the heat transfer coefficients in supercritical carbon dioxide flowing through 
additively manufactured tubing with pin fins. The following conclusions were made: 

• The results for a smooth, conventional tube agreed within 5% of the Dittus-Boelter 
correlation for heat transfer and within 7% of the McAdams correlation for pressure drop, 
validating the HEET measurements 

• For the best performing helical pin fin design, the tube side conductance increased by 
282% and the heat transfer coefficient increased by 112% relative to the Dittus-Boelter 
correlation. 

• Across the range of ReD considered (7×104 to 2.5×105), the average friction factor 
increased by 2300% relative to the McAdams correlation.  
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APPENDIX A: SURFACE ROUGHNESS PARAMETERS 

Surface roughness characterization of additively manufactured surfaces was well-defined in a 
paper by Stimpson et al. [10]. Arithmetic mean roughness, 𝑅𝑎, root-mean-square roughness, 𝑅𝑞, 
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mean roughness depth, 𝑅𝑧, were defined. The expressions for these roughness parameters are 
repeated here and their significance explained. 

 

 𝑅𝑎 =
1

𝑛
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𝑛
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∑(𝑧𝑚𝑎𝑥 − 𝑧𝑚𝑖𝑛)𝑖

𝑛

𝑖=1 

 (A.3) 

where 𝑧𝑖 are profile heights along a surface roughness profile, 𝜇 is the mean height, 𝑧𝑚𝑖𝑛 is the 
minimum height, 𝑧𝑚𝑎𝑥 is the maximum height, and 𝑛 is the number of points along the profile. 

𝑅𝑎 is the arithmetic average roughness and is a measure of the average variation of the 
roughness profile about the mean. 𝑅𝑞 is the root-mean-square roughness and is a measure of 

the variation of the roughness profile about the mean but unlike the arithmetic roughness weights 
larger variations more than smaller variations. 𝑅𝑧 is the mean roughness depth and can be defined 
in different ways. Here it is defined as the average of the maximum minus the minimum height for 
five different regions along the profile.   
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