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Optimization of Surface Modifications to Enhance Cryogenic Pool Boiling

Shuba Murthy

Chair of the Supervisory Committee:
Professor James Hermanson
Aeronautics & Astronautics

Cryogenic boiling plays a pivotal role in propulsion and thermal management systems, where
efficient heat transfer is essential. Enhancing nucleate boiling through surface modifications
has emerged as a promising passive technique to improve heat flux. Building on prior work,
which demonstrated improved performance using axially grooved aluminum cylinders, this
study investigates the effects of two additional surface treatments: a wider 3 mm groove
spacing and a knurled pattern with a 10° pitch angle and 0.03 mm depth.

Heat flux was estimated from thermocouple-based temperature profiles using a one-
dimensional conduction model, independent of electrical input power. Results show a distinct
performance hierarchy influenced by surface geometry: the 2 mm grooved surface delivered
the highest heat flux, followed by the 3 mm grooved and knurled surfaces, which showed re-
duced performance due to lower nucleation site density and altered wetting dynamics. These
findings highlight the sensitivity of cryogenic boiling to fine-scale surface geometry and sup-
port ongoing development of optimized surface designs for advanced cryogenic systems. We
developed an imaging protocol using an externally purged endoscope to visualize nucleate
boiling in LNy; preliminary images on a 2.5 cm OD cylinder indicate characteristic bubble
diameters of ~2 mm, while frame-rate limits precluded departure-velocity estimates. A cus-
tom two-viewport cryogenic dewar (with planned Phantom high-speed camera) will enable

quantitative bubble-dynamics measurements.
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NOMENCLATURE

Surface area of smooth cylinder (m?)

Surface area of grooved cylinder (m?)

Gravitational acceleration (m/s?)

Convective heat transfer coefficient, smooth (W/m? - K)
Heat transfer coefficient, grooved area-corrected (W/m? - K)
Heat transfer coefficient, fin-effectiveness-corrected (W/m? - K)
Thermal conductivity of cylinder (W/m - K)

Length of cylinder (m)

Heat flow (W)

Heat flux (W/m?)

Total radial thermal resistance (K/W)

Radial position in cylinder (m)

Radius at base of fin (m)

Inner radius of cylinder (m)

Outer (surface) radius of cylinder (m)

Critical bubble radius (m)

Temperature in cylinder as a function of radius (K)

Inner (heater-side) temperature of cylinder (K)

Surface temperature of cylinder (K)

Ambient bath temperature (K)

Thickness of space between fins (m)

v



ty = Thickness of fin (m)

o1 = Density of liquid (kg/m?)

o = Surface tension (N/m)

List of Subscripts

sur

Grooved cylinder

Fin correction

Fin base

Inner cylinder location
Outer cylinder location
Surface

Ambient bath (LNgy at 77.34 K)
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Chapter 1
INTRODUCTION

1.1 Technical background and approach

Cryogenic liquids play a critical role in space systems. Liquid hydrogen and liquid oxygen are
high-performance bipropellants for launch and propulsion, while liquid oxygen also provides
breathable air for cabins and spacesuits[l]. Cryogenic hydrogen and oxygen can be converted
to gaseous forms for fuel cells, supplying electrical power, and for Reaction Control System
(RCS) thrusters. The autogenous generation of high-pressure gas from cryogenic boiling
reduces or eliminates the reliance on hypergolic propellants, an important factor for reusable
and long-duration space vehicles.

Beyond aerospace, cryogenic fluids are central to terrestrial technologies such as high-
power electronic cooling and superconductivity[2]. These applications underscore a mission-
critical need for efficient, compact, and lightweight cryogenic-fluid devices. Pool boiling, in
particular, is central to cryogenic boiler systems under consideration for future spacecraft,
including those by Blue Origin. The goal of this research is to identify and develop geomet-
ric and surface configurations that optimize pool-boiling effectiveness for cryogenic boiler

applications.

1.2 Fundamentals of Pool boiling

Pool boiling is a highly effective method of transferring heat through vapor generation [3] [4].
As the wall temperature rises above saturation, bubbles first appear at active nucleation sites,
marking the onset of nucleate boiling (ONB). With increasing heat input, vapor escapes more
vigorously, producing a maximum heat flux known as the critical heat flux (CHF'). Beyond
CHF, film boiling occurs, where a vapor layer insulates the surface and drastically reduces

heat transfer.



Figure 1.1: Typical boiling curve for water at 1 atm pressure

Bubble dynamics play a key role in this process. At low heat flux, small bubbles are
isolated, while at higher flux they merge into clusters as CHF is approached. The number
and distribution of nucleation sites are strongly dependent on surface temperature and ge-
ometry [5, [6]. Visualizations to date have generally been limited to smooth wall surfaces
[7], highlighting a gap in understanding how engineered surface modifications alter boiling

regimes in cryogenic fluids.

1.3 Previous Studies on Cryogenic Pool Boiling

Extensive work has been done to characterize pool boiling across a range of fluids, geome-
tries, and operating conditions. These studies have led to empirical correlations [4] and
theoretical models [6] that predict ONB, CHF, and the Leidenfrost Point (LFP). However,
large discrepancies remain between reported results, with variations often exceeding an order
of magnitude for similar configurations [§]. A significant portion of this uncertainty arises
from experimental challenges in temperature measurement, heat flux calculation, and surface

characterization.



Surface condition has been identified as one of the strongest influences on boiling per-
formance. Reported surface modifications include porous coatings [9, 0], roughened or
oxidized surfaces [I1], grooves and channels [I2], and micro/nano-structured surfaces [4].
These techniques generally increase nucleation site density, modify bubble departure size
and frequency, and increase effective surface area. While many studies have demonstrated
substantial enhancements in heat transfer, relatively few have focused on cryogenic fluids
[11].

Preliminary work at the University of Washington has shown that even simple modifi-
cations, such as adding smooth grooves to a cylindrical surface, significantly improve the
heat transfer rate in liquid nitrogen compared to a polished baseline [13]. These results sug-
gest that combining multiple geometric approaches—such as porous coatings with grooves
or fins—may further enhance performance, offering a promising path for cryogenic boiler
optimization.

1.4 Objectives of this Study

The purpose of this research is to systematically investigate how surface geometry and con-
dition influence pool boiling in cryogenic liquids, with liquid nitrogen (LNj) serving as a

non-reactive analog to liquid oxygen. Specific objectives include:

1. Characterize bubble dynamics — using high-speed imaging to quantify bubble depar-

ture rates, sizes, and nucleation-site densities.

2. Quantify heat transfer performance — comparing smooth, grooved, and fin-like surfaces

under identical heating and diagnostic conditions.

3. Identify optimized surface geometries — correlating bubble dynamics with measured
heat flux to determine which modifications yield the highest performance. Support
spaceflight boiler design — providing experimental data and validated configurations

to industry partners (Blue Origin) for future cryogenic boiler systems.



Through this work, a more complete understanding of cryogenic pool boiling will be de-
veloped, directly connecting bubble-scale dynamics with macroscopic heat-transfer perfor-
mance. This connection is expected to yield surface configurations that provide reliable,

lightweight, and efficient cryogenic boilers for long-duration space missions.



Chapter 2
EXPERIMENTAL APPARATUS AND DIAGNOSTICS

2.1 Overview and Working Fluid

Experiments in this study use liquid nitrogen (LNy), a non-reactive cryogenic fluid for which
there is a large, existing database of results [8], and which is thermodynamically very similar
to liquid oxygen. All tests are conducted at atmospheric pressure with the test article
immersed in a static bath. The experimental configuration consists of an insulated vessel
of inner diameter 34.3 cm containing approximately 17 L of LN,, fitted with a horizontal
test specimen as shown in Figure 2.3. Heating is provided by embedded electrical cartridge

heaters.

2.2 Heater Geometry and Test Articles

Pool boiling has been investigated in a variety of geometries (wires, plates, cylinders). Cylin-
ders were selected here for their azimuthal symmetry, enabling dominant one-dimensional

radial conduction for heat-flux estimation.
2.2.1 Dimensions and L/D Selection

To minimize end effects, the cylinder length-to-diameter ratio was chosen to be at least 10:1.
The interior diameter d; = 0.64 cm (to accommodate commercial cartridge heaters) and
outer diameter d, = 2.5 cm were selected. The overall length was L = 26.5 cm, yielding

L/d, ~ 10.6:1.
2.2.2  Surface Configurations

Three surface conditions were tested:

1. Smooth (baseline): Turned/polished aluminum cylinder.



Figure 2.1: heater configuration (schematic). (1) insulated container; (2) test surface (hori-
zontal); (3) cartridge heater; (4) submerged action camera (waterproof housing); (5) mount-

ing rods; (6) Helium input; (7) Plug support; (8) Boroscope wire; (9) Mounting rods

2. Axially grooved: Square, straight-wall grooves machined uniformly along the length.

Two groove sets are referenced in this work:

(a) The baseline set following specimens with groove width, depth, and spacing of

2 mm each

(b) Follow-on set used to probe sensitivity featuring 3 mm spacing with groove depth

2 mm and ridge height 2 mm (a 1 mm change from the baseline spacing).

3. Knurled: A crosshatched roughened surface produced using the coarsest available
knurling tool (pitch angle 10°, depth & 0.029 in or 0.74 mm) on an aluminum cylinder

with the same outer diameter as the grooved specimens (worked length = 10 in).

All grooved samples were machined so that the grooves are interior to the nominal outer
diameter; therefore, all cylinders share the same d, = 2.5 cm. The outer thermocouple on

grooved cylinders is situated at the base of a fin (see Figure 2.4)



(a) Grooved 3 mm cylinder (b) Knurled surface

Figure 2.2: Test articles shown side by side: grooved (left) and knurled (right).

Figure 2.3: Horizontally mounted grooved cylinder.



2.3 Test Chamber and Mounting

The insulated vessel (dewar) is instrumented to allow either horizontal or vertical mounting
of the cylinder (Fig. ??). Optical access for visualization is provided with a submerged
action camera in a waterproof housing, powered externally. Mounting rods allow repeatable
placement. Vent/fill lines, electrical feedthroughs, and thermocouple leads are routed to

minimize flow disturbance near the test article.

2.4 Diagnostics and Instrumentation
2.4.1 Thermometry and Heat-Fluz Sensing

Multiple copper—constantan (Type T) thermocouples are embedded at prescribed radial lo-
cations to measure inner and outer wall temperatures. On grooved cylinders, the outer
thermocouple well is positioned at the fin base; on smooth cylinders, it is located at the
nominal outer radius. Each thermocouple well is packed with Apiezon N thermal grease
to exclude LNy and ensure good thermal contact. The stated thermocouple uncertainty is

+0.3°C.

2.4.2 Imaging and Illumination

Boiling visualization is performed with a submerged action camera (waterproof enclosure)
connected to an external power supply. A xenon arc lamp provides high-intensity illumination
to resolve bubble dynamics near the surface. Representative schematic configurations are
shown in Figure 2.1.

2.5 Experimental Procedure

1. Chamber fill and Cooldown: The dewar is filled with LN, and allowed to cool to

saturation conditions.

2. Specimen insertion and sealing: The test cylinder is slowly lowered into the LN,
bath to allow the Apiezon N grease within thermocouple wells to harden and form a

liquid-tight seal.



2.6

Thermal equilibration: The cylinder is allowed to equilibrate to the bath tempera-

ture.

Heating step: A specified electrical input power is applied to the embedded cartridge

heater and maintained for 5 min to approach quasi-steady conditions.

Cooldown step: The heater is switched off; the specimen is allowed to cool for 4 min

to return near the ambient LNs temperature.

Incremental testing: Steps 4-5 are repeated for a sequence of voltage (power) set-
tings spanning the nucleate boiling regime and approaching CHF, as allowed by safe

operation.

Data averaging: During each quasi-steady heating period, thermocouple readings are
time-averaged to obtain representative inner and outer wall temperatures for heat-flux

calculation.

Data Reduction

Heat transfer is evaluated by coupling measured wall temperatures with a 1D radial conduc-

tion model that accounts for the temperature dependence of the aluminum thermal conduc-

tivity k(T at cryogenic temperatures (NIST data [12]). The outer-surface heat flux is then

paired with the extrapolated surface temperature to compute the convective heat transfer

coeflicient.

2.0.1

Governing Relations

The relevant equations are [13]:

ar
Q = —kA% = hA(Tyw — Tw), (2.1)

T.—T
T(r) = = s 1n<1) + T, (2.2)
ln(ﬁ> To

To
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oD: 1“ oD 17
ID: 0.25¢ D 025
Length: 10.5 Length: 10.5 mm
Aluminum

Aluminum

Surface: Knurled
Pitch angle nd 10
Depth: 0.03 mm

SCALE 4:1

Thermocouple well (6 total)
Thermocouple well (6 total

Figure 2.4: Grooved Cylinder Geometry (left) and Knurled Cylinder Geometry (right).

N = 1000, (2.3)

Q = ———= (2.4)

Equation expresses conservation of energy at the surface; Eq. is the logarith-
mic temperature distribution for a hollow cylinder under steady 1D radial conduction;
Eq. computes the composite thermal resistance using N=1000 radial elements with
k, = k(%) from NIST [12]; Eq. gives total heat flow. The outer-surface heat
flux ¢/ is obtained from @ and the outer area, and h follows from ¢ = h (Tyy — Two)-

2.6.2 Heater

Figure 2.4 shows cross-sections indicating inner and outer thermocouple well positions. On
the grooved cylinder, the outer well is moved inward slightly to the fin base relative to the

smooth cylinder. These locations are used as r; and 7, in Eq. (2.2) and to construct the
discretized r, in Eq. (2.3)).
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2.6.3 Accounting for Variable Thermal Conductivity

To quantify the effect of variable k(T'), heat-flux profiles computed with temperature-dependent
conductivity are compared against profiles obtained assuming constant k. Incorporating
k(T) produces an overall ~ 2% decrease in the estimated heat flux relative to the constant-k

assumption under the present operating conditions.

2.7 Heat Flux Calculation and Validation

The heat flux in our cryogenic nucleate boiling experiments was estimated using a simplified

conduction model based on Fourier’s Law:

k- A

= ——  (Tyan — Tia 2.5
q 7 (Twan t) (2.5)

Where:

e ¢ is the total heat transfer rate (W)

k =0.3W/m - K is the thermal conductivity of aluminum at cryogenic temperatures

A = 0.0006 m? is the surface area for heat transfer (assumed)

L = 0.003m is the wall thickness of the cylinder

Twan is the measured surface temperature (in K)

o T, ="77.34K is the saturation temperature of LN, at 1 atm

Rewriting in terms of heat flux per unit area (¢”):

- q k
:_:_'Twa _Tsa 2.
¢ =7 =7 (T 0) (2.6)
Substituting the constants:
» 0.3
¢" = ——  (Twan — 77.34) = 100 - (Tyan — 77.34) (2.7)

0.003
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Validation and Discussion

The calculated values fall within the expected range for nucleate boiling in LN,. Litera-
ture reports heat fluxes ranging from 500 to 5000 W/m? depending on surface condition,
orientation, and subcooling.

Our dataset peaks around 2500-3000 W/m?, which is:

e Consistent with nucleate boiling, especially on enhanced surfaces (e.g., grooved or

knurled).

e Below the critical heat flux (CHF) of ~10,000-20,000 W/m? for LNy on smooth sur-

faces.

This agreement indicates that the simplified conduction-based methodology provides physi-

cally valid and relevant estimates for cryogenic pool boiling performance.

2.8 Uncertainty Analysis

The stated thermocouple temperature uncertainty is £0.3°C at each measurement loca-
tion. Combined with uncertainties in thermocouple radial placement, groove geometry (for
grooved /knurled specimens), and the temperature dependence and tabulation of k(7'), the
overall uncertainty in the heat-flux estimate is approximately 20% for the present configura-
tion and methodology. This aggregate value reflects error propagation through Egs. —

(2.4) and sensitivity to k(T") in the discretized resistance computation.
2.9 Notes on Groove/Knurl Selection

Groove spacing and cylinder material were selected for manufacturing simplicity and for the
availability of NIST thermal conductivity data for aluminum at cryogenic temperatures [12].
The knurled texture was chosen to increase effective area and potential nucleation-site density
while remaining compatible with the same heater geometry and outer diameter, enabling

direct comparison to both smooth and grooved surfaces.
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Chapter 3

RESULTS

The calculated theoretical temperature profile from Eq. 3 is shown in Fig. 3.1 (a). The
corrected heat flux profile, shown in Fig. 3.1 (b), is derived from Eq. 5 after dividing by
the area of the cylinder at a given radial location. Using the calculated heat flux value at
the surface and the surface temperature, Ty,,, the nucleate boiling curve can be plotted for

different heater power inputs.

The observed differences between the smooth, grooved and knurled cylinders are shown in
Fig. 3.2. the 2mm groove surface modification is seen to have a significantly higher effect on

the heat flux of the horizontal cylinder than the 3 mm grooves, smooth or knurled surfaces.

Figure 3.3 shows the corresponding convective heat transfer coefficients based on the su-
perheating temperature Ty,,—7T,. In our LN5 pool-boiling measurements, surface geometry—
rather than orientation—sets the scale of the heat-transfer coefficient. Using the smooth
cylinder as a baseline, the 2 mm grooved surface yields the greatest enhancement, with
h higher by roughly ~ 3.9x at AT =~ 5 K, tapering to ~ 2.4x by AT ~ 10 K. The 3
mm grooved surface is consistently second, about ~ 2.8x (at 5 K) down to ~ 1.6x (at
10 K) above smooth. The knurled surface shows a more modest but clear benefit, about
~ 2.5x (at 5 K) falling to ~ 1.4x (at 10 K). Thus, across the nucleate regime the ordering
is 2 mm groove > 3 mm groove > knurled > smooth, with gaps widest at low superheat
and narrowing as AT increases toward the high-flux end. Given the estimated uncertainties
(= £20% in ¢” and +0.3 K in AT'), these factors comfortably exceed experimental scatter

and the ranking remains robust.

The current results can be compared to those of previous studies. For example, Sathyab-

hama [10] reported an increase in the rate of heat transfer with increasing groove depth and
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Figure 3.1

decreasing channel width. They attributed the improved heat transfer to improved bubble
dynamics due to the larger heat transfer area and other considerations. Grooves and chan-
nels were seen to enhance the heat flux by as much as 2-3 times [10], with Sathyabhama et al.
[14] also showing significant increases with horizontal grooved cylinders. Microstructuring on
cylinders was also studied by Hossain [I5] and others, and was seen to have a benefit ranging
from 60-80% [16] up to a factor of 2 [I7], or up to a factor of 5 in the case of microchannels
[18]. Surtaev [9] studied porous coatings and found a heat transfer enhancement of up to
300% using a technique of measuring power input and surface temperature to determine
heat flux. This technique was impractical for this study due to the non-uniformities in the

cartridge heaters employed.

3.1 Surface Area Correction

The results presented above did not explicitly address the increase in surface area for grooved

cylinders. For the grooved cylinder, the convective heat transfer coefficient can be adjusted

based on Egs. (6) and (7), where the area ratio A% = 0.5205 is based on the fin geometry.

This correction suggests that the surface area-corrected heat transfer coefficients, hy, are
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shown in Fig. 9. Because the exposed area of the grooved cylinder is larger than that of
the smooth cylinder, this would suggest a decrease in the actual heat transfer coefficient of

about 50%.

Q=A- h(Tsur - TOO) = Ag ’ hg(Tsur - TOO) (6)

hg = —hs (7)
3.2 Fin Efficiency Correction

A more complete accounting of the effects of grooves on the heat flux involves consideration
of the actual grooved-surface geometry and heat transfer. The grooves effectively create a
fin geometry, where the fins can be considered extensions on top of the underlying wall. The

exposed area of each such fin, neglecting the tip regions, is given by

Ay =2m(rg — ) (8)

The corresponding exposed area between each pair of fins is then

Ay = 27ritpand 9)

Taking the base temperature of the fin to be equal to the temperature of the surface

between the fins gives for the total heat flow for each fin/base combination:

Q =T, — Two) [nAr + As] (10)

This formulation assumes that the heat transfer coefficient is constant over the fin/base
region. Normalizing this heat flow by the corresponding heat flow in the absence of the fin,
Qv = h(T, — T'o)2mr;(ty, + ty), then gives

Q _ (@3 —rd) +rity) by

Qy riltbtty) b (11)
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where h; is the equivalent heat transfer coefficient in the presence of fins based on the
temperature difference T, — T, and the baseline heat transfer coefficient, h.

The fin efficiency can be estimated using the formulation presented by Gardner [19], which
takes into account the temperature decrease from the base region to the fin tip (heat transfer
from the fin tip is neglected in this analysis). The efficiency has estimated values ranging
from 0.6 to 0.9 for the geometry and baseline heat transfer coefficient of this investigation.
With the estimated efficiency values, the corrected heat transfer coefficient can be calculated

using the following equation for a given measured total heat flow:

h ri(ty +1
by rdary) o
h n(rg —ri+roty) + ity
However even with this correction, a substantial increase to heat flux is indicated due
to surface modification. The amount of this increase rages from 4.5-13 for the horizontal

cylinder.

3.3 Comparative performance with corrected measurements

Applying the variable-conductivity correction to the heat flux (2% lower) leaves the en-
hancement factors essentially unchanged relative to the nominal analysis. When we further
express the grooved results on the true wetted area A, (i.e., hy = Q/(A;AT)) and include
a fin-effectiveness factor ny (hy = nshy), the apparent gains for the grooved cylinders are
reduced in proportion to A,/A and 7¢, but the ordering remains robust across 3-10 K super-
heat: 2 mm groove > 8 mm groove > knurled > smooth. Quantitatively, the k(T') correction
changes all reported h values by 2% (within experimental scatter), while area and fin correc-
tions reduce the grooved-cylinder multipliers by a geometry-dependent factor; the qualitative

conclusions are unaffected.
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Figure 3.2: Heat flux ¢” vs. wall superheat AT for four surface geometries.
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Figure 3.2: Heat flux ¢” vs. wall superheat AT (continued).



18

Heat Transfer Coefficient h (W/m?2-K)

Smooth Cylinder: h vs AT 2 mm Groove: h vs AT
2mm G
~+#B+ Smooth Cylinder 10,000 1 -~ 2 mm Groove

“
E
% i
E —s
&)
3 o
5
=
b
T

10t 101

Wall Superheat ATzt (K) Wall Superheat AT, (K)
(a) Smooth cylinder (b) 2 mm groove

Figure 3.3: Heat-transfer coefficient h vs. wall superheat AT for four surface geometries.

Heat Transfer Coefficient h (W/m2-K)

3 mm Groove: h vs AT Knurled Cylinder: h vs AT

—$+ 3 mm Groove =%+~ Knurled Cylinder

Heat Transfer Coefficient h (W/m?- K)

10! 10!
Wall Superheat ATzt (K) Wall Superheat ATz (K)

(c) 3 mm groove (d) Knurled cylinder

Figure 3.3: Heat-transfer coefficient h vs. wall superheat AT (continued).
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Chapter 4
IMAGING

Close-up visualization of cryogenic boiling was pursued first with a submerged GoPro and
then with a purged endoscope. The new custom cryogenic dewar includes optical windows
and will enable two-axis, external high-speed imaging; the UW’s Phantom v1211 can exceed
100000 fps, sufficient for expected bubble departure rates [3]. The dewar’s nominal volume
is 12.9 L and its inside diameter is approximately 18.9 cm. [§].

In submerged GoPro trials, images routinely fogged due to condensation and icing on the
housing. We therefore adopted a purged-endoscope approach with the battery external to
the bath and a continuous helium purge across the lens. This configuration reduced fogging
and allowed preliminary size estimates of nucleate bubbles. Using the in-frame ruler for
scale, the endoscope outer diameter was measured at ~ 16 + 2 mm, and observed bubble
diameters were on the order of 2 mm, consistent with the expected critical bubble size for
LN, at 1 atm.

Practical issues encountered included: compact housing geometry, susceptibility to leaks

Figure 4.1: Bubbles arising from the smooth cylinder
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and burst seals, long cryo-epoxy cure times, purge flow rates that exhausted helium quickly,
pressure-gauge replacement, and mechanical damage to polycarbonate feedthroughs during
drilling. Even so, the purged endoscope provided the most usable images to date; the
clearest imagery was obtained over the smooth cylinder. With the arrival of the optical-
access dewar, future work will transition to external high-speed imaging to quantify bubble

sizes, site density, and departure frequencies with minimal fogging [3].
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Chapter 5

CONCLUSIONS

Experiments were conducted using liquid nitrogen to assess the impact of surface modi-
fications on the rates of heat transfer and boiling in the nucleate boiling regime at one
atmosphere pressure. Tests were done in both the horizontal and vertical orientations with
both smooth and a grooved cylinders. Variations in the thermal conductivity were taken
into account using the NIST database and averaging the results to get an effective thermal
resistance within the cylinders. The grooved surfaces were shown to provide an increase in
the heat transfer coefficient, with a larger increase for the horizontal case (about an order of
magnitude compared to a factor of two for the vertical case). Correcting for the change in
surface area alone suggested that the heat transfer coefficients were somewhat lower than the
measured values for the grooved cylinders. With this correction applied, the increase in the
rate of heat transfer due to surface modification amounted to a factor of as much as 13 for
the horizontal cylinder. For the vertical cylinder, the computed heat transfer increased by up
to a factor of 1.4 for the upper position, but was less for the lower position. However, a more
complete analysis considering the fin effectiveness of the grooved cylinders suggests that the
heat transfer coefficients were somewhat higher (approximately 12-15% greater than base-
line measurements) for the grooved cylinders. This study also found a higher heat transfer
coefficient for the middle of the cylinder compared to lower down in the vertical case, while
no axial difference was found in the horizontal case. Future work on this topic will include
more complicated groove structures, different material variations and looking at different
geometries other than cylinders. Imaging progressed from a submerged GoPro (limited by
fogging and housing reliability) to an externally purged endoscope that consistently yielded

clear views of nucleate boiling on the 2.5 cm OD cylinder. Using cylinder markings as a
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fiducial, bubble diameters were ~2 mm, consistent with expectations for LN, at 1 atm and
the surface geometries tested. Although the present frame rates prevented estimation of
bubble departure velocity, the newly acquired two-viewport cryogenic dewar and planned
Phantom high-speed camera will enable quantitative bubble-dynamics measurements (size,

frequency, velocity) in future work.
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