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Helical cruciform fuel (HCF) has high surface-to-volume ratio and excellent mixing performance, which can be
used to form the reactor core of the nuclear thermal propulsion (NTP) system. In this research, the flow and heat
transfer characteristics of HCF rod bundles in rectangular and triangular arrangement were comparatively
studied by numerical simulation method. The flow resistance coefficient and heat transfer coefficient of the
bundle were calculated, and the transverse flow rate between the sub-channels were analyzed. The results show

that the resistance coefficient of the HCF rod bundle in triangular arrangement is larger. The transverse flow
intensity in the sub-channel in triangular arrangement is 27 % larger than that in rectangular arrangement.
Moreover, the maximum of Jr factor in rectangular arrangement is 1.6 % higher than that in triangular
arrangement, and the minimum of Jr factor in rectangular arrangement is 11 % lower than that in triangular

arrangement.

1. Introduction

With the development of space career to deep space, new re-
quirements have been put forward for deeper space exploration, more
frequent navigation missions and higher speed space navigation. NTP
system with large specific impulse, long life and high stability has great
prospects in future space missions. Since 1950s, the United States and
the Soviet Union had successively started the research on space nuclear
thermal propulsion technology. The NERVA (Palomares et al., 2020)
program and the SNTP program led by the United States developed a
hexagonal prism reactor with 19 working fluid channels and a particle
bed reactor, which achieved abundant research results. Different from
the design of the United States, USSR’s RD-0410 (Gabrielli and Herdrich,
2015) reactor adopted a modular core design and used ribbon fuel,
which increased the heat transfer area and enhanced the heat transfer
efficiency. On this basis, HCF were proposed, which has a cruciform
section and gradually twists along the axial direction (Ageenkov et al.,
2002). This structure could increase the power output under the con-
dition of the same heat flux due to its large surface-to-volume ratio. The
helical structure of HCF also can increase the mixing of transverse flow;
which is beneficial to make the temperature distribution in the core

uniform (Malone et al., 2012). Each HCF rod can be supported by the
surrounding rods, so no grid is required for HCF assembly.

Conboy et al. (2013, 2014) et al. investigated the flow characteristics
of HCF rod bundle in 4 x 4 rectangular arrangement. It was found that
the pressure loss of HCF rod bundle is independent of the twist pitch in
the range of 50 cm to 200 cm. What’s more, the tracer method was used
to study the sub-channel mixing, and the effective mixing factor was
obtained with the help of the sub-channel code, which was found to be
related to the twist angle of HCF. Zhao et al. (2022) et al. investigated
the transverse flow and turbulent mixing of a 4 x 4 HCF rod bundle. The
results showed that the helical structure of the HCF rod could effectively
enhance the transverse flow in the fuel bundle. Xiao et al. (2021) et al.
analyzed the flow field in HCF rod bundles from the perspective of sub-
channel method, and proposed a flow sweep mixing model, which was
implemented in CTF code. Zhang et al. (2022) et al. compared the hy-
drothermal properties of HCF and wire-wrapped fuel, and the results
showed that the HCF had better comprehensive performance. Therefore,
HCF has great application prospects in NTP system.

At present, the study of HCF mainly focuses on the characteristics of
helical structure, ignoring the effect of arrangement mode on the flow
and heat transfer characteristics in the sub-channels. Jiang et al. (2023)
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studied the transverse mixing characteristics of the flow sweeping be-
tween the sub-channels of 19 fuel rods bundle in triangular arrange-
ment. The study shows that turbulent mixing can be ignored, while
transverse mixing is dominated by flow sweep. Cong et al. (2023) et al.
used a combination of experimental and numerical simulation methods
to study the transverse mixing characteristics of single-phase flows in a
5 x 5 HCF rods bundle in rectangular arrangement. The results show
that the effective mixing coefficient of the HCF rod bundle is indepen-
dent of Reynolds number. The local transverse flow strength is highly
correlated with the local gap size, but not with Reynolds number.
Therefore, due to the special geometric structure of HCF, its arrange-
ment is also an important factor to be considered when designing a
reactor.

The propellant and coolant used in the NTP system is hydrogen
because of its low atomic weight. Han et al. (2022) et al carried out
secondary development of the existing system analysis code applying to
PWR. The physical property model, heat transfer and resistance formula
of hydrogen were added into the system code. Fang et al. (2021) et al.
conducted a numerical study on the hydrodynamic performance of high-
temperature hydrogen flowing through 2 x 2 HCF channel, and the
results showed that the relative error between the computational result
and experimental result is less than 20 %.

Currently, there are few studies on the flow and heat transfer of
hydrogen in HCF channel, and the influence of HCF arrangement on the
flow and heat transfer process has also not been involved. Therefore,
based on the numerical method, the flow and heat transfer character-
istics in the HCF rod bundles in rectangular and triangular arrangement
will be comparatively studied in this paper.

2. Numerical model
2.1. Geometry and grid model
The geometric structure of the HCF rod in this study is the same as

that in Ref. Fang et al. (2021), and is shown in Fig. 1. The cross section of
HCF rod is in the shape of cruciform, and the radius of convex and
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concave part is 1.5 mm. The cross section gradually twists along the axis,
and the twist pitch of the rod is 500 mm. The twist pitch H, twist angle
and axial distance z satisfy a = 360°-z/H. The structures of the fuel rod
bundles in rectangular arrangement and in triangular arrangement are
shown in Fig. 2.

Because the fuel rod structure is periodic in the length direction, only
one twist pitch of computational domain is selected for calculation, so
that the computational cost can be reduced. For rectangular arrange-
ment, 3 x 3 fuel rod bundles are adopted, and for triangular arrange-
ment, 7 fuel rod bundles are adopted. The fluid domains of these two
bundles are shown in Fig. 3. In order to improve the grid quality, it is
assumed that there is a 0.4 mm gap between the adjacent fuel rod. The
same treatment has been adopted in other studies (Zhao et al., 2017; Liu
et al., 2017), which has little effect on the result. Grids of these two fluid
domains are shown in the Fig. 4. The grids in the regions near the fuel
rod surface are refined, because the velocity gradient and temperature
gradient in these regions are large. With the distance to the fuel rod
surface increasing, the grid size also increases proportionally. All grids
are hexahedral volume grids or square surface grids. The minimum of
the grid quality is greater than 0.4, and the average grid quality is
greater than 0.73.

In order to investigate the effect of grid density on the result, three
types of grids with different densities are generated. The total numbers
of these three types of grids and the corresponding pressure drops from
inlet to outlet calculated are shown in Table 1. Fig. 5 shows the varia-
tions of axial pressure drop of the HCF rod bundles when total grids
number increases. When the number of grids is greater than that of
medium density, the change of the axial pressure drop distribution is so
small that the grid effect can be ignored. The maximum difference be-
tween the pressure drop calculated by medium grid type and that by fine
grid type model is less than 0.12 %. Fig. 6 and Fig. 7 show the velocity
distributions on the character lines in two different arrangements. The
locations of the character lines are marked in red on the diagram.
Whether triangular or rectangular arrangement, the velocity distribu-
tion calculated by medium grid type are not much different from those
by fine grid type. Consequently, the medium density mesh model is

360°

0

Fig. 1. HCF rod.
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(a) Rectangular arrangement (b)Triangular arrangement

Fig. 2. Structure of fuel rod bundles in two arrangements.

Momentum equation

V-(pVV)= —Vp+V-(D)+pT+F )
Where
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Energy equation,

(a) Rectangular arrangement (b)Triangular arrangement

Fig. 3. Fluid domain.

Table 1
adopted in the following calculations. Effect of grids number.
Grid types  Rectangular arrangement Triangular arrangement
2.2. Governing equation
Grids number Pressure Grids number Pressure
) X (millions) drops (Pa) (millions) drops (Pa)
The governing equations of mass, momentum, and energy are o
: . Coarse (1 417 17,870 418 22,280
respectively sh.own as follows: Medium 718 18,940 655 23,330
Mass equation, @
Fine (3) 849 18,950 786 23,360

V- (pV)=0 (€]

—

Fig. 4. Fluid domain mesh.
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Where, kyy = k + kurp,which the turbulence effect enhances the heat
transfer effect.

Based on the research conclusion of Ref. (Fang et al., 2021), SST k-0
model is more accurate, reliable and suitable for adverse pressure
gradient flow, compressibility, shear flow diffusion and transonic shock
wave, incorporating modification for low Reynolds number effects,
compressibility, and shear flow propagation. Therefore, SST k-0 is
adopted as the turbulence model. The turbulent kinetic energy, k and
specific dissipation rate, w, can be obtained from the following transport
equation:

0 0 0 u\ ok
- . = (pk) +~— (pku;) = — E) 2 4G -V +85+G 5
1 1 1 1 1 at(p)+axi(pu) axi[<”+6k>axi:|+ : EETO 2
4x10° 5x10° 6x10° 7x10° 8x10° 9x10°
id number = a))+i( wu)—i + A do +G,—Y,+S,+G (6)
gr dt 4 0x,- P ! 7ax,- H Oy 0x,- ¢ ¢ ¢ b
Fig. 5. Effect of grids number.
Where, Gy is the turbulent kinetic energy generated by the average
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Fig. 6. Velocity distribution on the characteristic line in rectangular arrangement.
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Fig. 7. Velocity distribution on the characteristic line in triangular arrangement.
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velocity gradient. G, represents the formation of w. y, is the turbulent
viscosity. ox and o,, are the turbulent Prandtl numbers for k and w. Yi
and Y, represent the dissipation of k and @ due to turbulence. Sx and S,,,
are user-defined source terms. Gy and G, explain the buoyancy terms
described in the effects of buoyancy on turbulence in the k-® model.

2.3. Boundary condition and solving method

In this study, the flow and heat transfer characteristics of HCF rod
bundles in rectangular and triangular arrangement are comparatively
studied by numerical simulation method. The boundary conditions are
listed in Table 2. The inlet boundary condition of channel is defined as
velocity inlet and the outlet boundary condition is defined as pressure
outlet. The inlet velocity varies between 50 m/s and 150 m/s and the
inlet temperature is 300 K. The outlet pressure is 6.0 MPa. The uniform
heat flux, 5.0 MW/mz, is imposed on the surface of the HCF rod. The
wall of the bundle channel is defined as no slip boundary condition, and
the adiabatic boundary condition is imposed on the hexagonal duct wall.

The pressure-velocity couple is adopted for SIMPLE scheme. The
governing equations are discretized by second-order upwind method.
The convergence criterion of continuity, momentum and energy are
1075, Finally, the calculation is performed with ANSYS FLUENT.

NASA Lewis Research Center carried out many experiments on the
heat transfer characteristics of hydrogen for propulsion. The experi-
mental results (Taylor, 1970) that hydrogen gas flows through an elec-
trically heated tungsten tube with a length-to-diameter ratio of 77 and
an inner diameter of 2.95 mm are introduced for model validation. Fig. 8
shows that the hydrogen temperature obtained from this model is in
good agreement with the experiment.

3. Results and discussion
3.1. Resistance characteristic analysis

Fig. 9 shows the streamline of working medium in flow channel of
HCF rod bundles in two arrangements. It can be seen that the fluid flows
along the helical structure of the fuel rod, and vortex occurs in the center
of the sub-channel. Fig. 10 shows the pressure distribution in the flow
channel. The pressure gradually decreases linearly with the increase of
the distance to inlet, and the pressure drop from inlet to outlet in the
flow channel increases with the increase of the inlet speed. In addition,
the pressure drop of the rod bundle in triangular arrangement is greater
than that in the rectangular arrangement.

The frictional coefficient of the bundle is calculated as follows:

LG

Ap = 4f = — 7
D D2y 7

Where Ap represents pressure drop, f represents resistance coefficient, L
represents flow channel length, D represents hydraulic diameter, G
represents mass flow rate, and p represents density.

The resistance coefficients are shown in Fig. 11. The calculation re-
sults are in good agreement with Koo model, and the relative error is
within 5 %. The empirical formula of Koo model (Han et al., 2022) is as
follows:

f=0.0014+0.125 /Re** (8)
Table 2
Boundary conditions.
Parameters Value
Outlet pressure (MPa) 6.0
Inlet temperature (K) 300
Inlet velocity (m/s) 50 ~ 150
Heat flux (MW/m?) 5.0
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Where Re is Reynolds number. The results show that the friction resis-
tance of rod bundle in triangular arrangement is greater than that in
rectangular arrangement when the inlet velocity is the same, because
the structure of triangular arrangement is more compact and the hy-
draulic diameter is smaller.

3.2. Transverse flow characteristic analysis

Fig. 12 shows the relationship between twist angle and axial dis-
tance. H is the twist pitch of the fuel rod, and the relative position z/H
determines the twist angle of the fuel rod, and when z/H = 1, the twist
angle of the fuel rod is 360°. Fig. 13 and Fig. 14 shows the velocity vector
distributions in different cross sections of the bundles. It can be seen that
the fluid will be disturbed by its concave and convex parts due to the
helical structure, which enhance its transverse mixing ability. Around
the fuel rod, the fluid flows clockwise around the center of the fuel rod.
At the same time, due to the near-wall swirl, the fluid flows counter-
clockwise at the center of the sub-channel.

For the rectangular arrangement, z/H = 5/8 is the position where the
fuel rod has rotated 225°, and then the fuel rod rotates another 45° to z/
H = 3/4. As the gap between the fuel rods changes from maximum to
minimum, the flow pattern of the fluid in the channel changes accord-
ingly. At z/H = 5/8, the flow in the channel not only includes the flow in
the sub-channel, but also includes the mixed flow between the sub-
channels. With the increase of the twist angle, the mixed flow be-
tween the sub-channels gradually weakens. At z/H = 3/4, the flow in the
channel develops into a single counterclockwise flow in the center of the
sub-channel. In contrast, for the triangular arrangement, z/H = 2/3 is
the position where the fuel rod has rotated 240°, and then the fuel rod
rotates another 60° to the position where z/H = 5/6. As shown by the
position of the red box in the Fig. 14, the position of mixed flow between
sub-channels also changes with the change of twist angle.

Fig. 15 shows a simplified flow diagram of the fluid in the channels in
two different arrangements. At the fuel rod gap, the flow direction is
bidirectional, while at the channel edge, the flow direction is
unidirectional.

The names of the sub-channel and HCF rod in the numerical model
are shown in Fig. 15. Because of the central symmetry of the structure,
the flow characteristics of the sub-channel are similar, so the A32 and
B34 sub-channels are selected respectively for analysis and research of
the flow channels in two arrangements. A31-A32 is defined as the
interface of sub-channels A31 and A32. Therefore, A31-A32 and A32-
A42 are the interfaces between the center sub-channel and the edge
sub-channel in the flow channel, and A22-A32 and A32-A33 are the
interfaces between the center sub-channels in the flow channel. Simi-
larly, B34-B43 is the interface between the center sub-channel and the
edge sub-channel in the flow channel, and B33-B34 and B34-B35 are the
interfaces between the center sub-channels in the flow channel.

The Fig. 16 shows the velocity contours in y direction on the inter-
face A32-A42 and interface B34-B43. The left side is the inlet direction
and the right side is the outlet direction. It can be seen that the gap width
between the adjacent fuel rods varies periodically. In combination with
Fig. 15, the velocity distribution is symmetrical about the centerline and
the direction of velocity is opposite.

Based on above discussion, the flow on the interface between two
sub-channels can be divided into positive and negative direction. The
positive and negative transverse flow rate on the interface are defined as
follows:

Gt = / vidl ()]

G = /v’dl (10)

where v and v~ are positive and negative velocities respectively on the
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Fig. 8. Temperature distribution obtained from numerical simulation and experiment.

(b) Triangular arrangement

Fig. 9. Streamline of channel in two arrangements.

interface. G* and G~ represent line integrals of positive and negative
velocities respectively.

Fig. 17 and Fig. 18 show the variations of transverse flow rate on
interfaces around sub-channel A32 and sub-channel B34 along axial
direction. As can be seen, the flow between the sub-channels shows
obvious periodicity, which is caused by the twist structure of the HCF.
The number in front of the legend represents the inlet velocity.

As shown in the Fig. 17, due to the central symmetry of the
arrangement, the transverse flow rate distributions on interface A31-
A32 and A32-A42 are similar, and the same phenomenon can be
observed on interface A22-A32 and A32-A33 as well. Fig. 17(a) and

Fig. 17(h), Fig. 17(b) and Fig. 17(g) are symmetric about the x-axis, that
is to say, the velocity in the x and y directions is switched and reversed.
The vy is defined as transverse flow rate in x direction. And the v, on
interface A31-A32 is equal to the negative of the vy on interface A32-
A42.

In addition, with the increase of the inlet velocity, the transverse flow
rate also increases correspondingly. The v, and v, on each interface
around sub-channel A32 differ by 5-10 times. For example, the v, on the
interface A31-A32 shown in Fig. 17(a) is much higher than the v, shown
in Fig. 17(b), while the v, on interface A22-A32 shown in Fig. 17(d) is
much higher than the v, shown in Fig. 17(c). In other words, the flow
between sub-channels is mainly perpendicular to the interface.

However, although the flow between sub-channels parallel to the
interface does not dominate, their distribution is different from that
perpendicular to the interface. Fig. 17 shows that the velocity parallel to
the interface direction almost returns to zero every 45°, whose period is
half of that of the velocity perpendicular to the interface. That’s because
the fuel rods reach their maximum or minimum spacing every 45°,
which directly affects the parallel velocity. It is worth noting that the v,
on interface A31-A32 shown in Fig. 17(b) and the vy on interface A32-
A42 shown in Fig. 17(g) are a little more special. Because interface
A31-A32 and interface A32-A42 are connected the center sub-channel
and the edge sub-channel, they will be affected by the wall surface.
Transverse flow rate perpendicular to the interface changes periodically
with the twist angle, and their value becomes to the minimum every 90°.

The distribution of transverse flow rate on each interface around sub-
channel B34 in triangular arrangement shown in Fig. 18 is discussed as
follows. The v, velocity distribution on the B34-B43 interface shown in
Fig. 18(e) also returns to zero every 45 degrees, similar to the v, on
interface A31-A32 as shown in Fig. 17(b) and the v, on interface A32-
A41 as shown in Fig. 17(g). The transverse flow rate at other in-
terfaces also varies periodically with the twist angle, and its value rea-
ches the minimum every 90°. The difference is that their velocity
changes are not synchronous, which have phase difference, and their
peak value does not appear in the same position.

The transverse flow rate between two sub-channels is discussed
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above, in order to quantitatively analyze the transverse mixing effect in
the channel due to the helical structure, transverse flow intensity St
(Chen et al., 2018) is introduced and defined as follows:

an

Where _v; is the average transverse velocity, and _v, is the average axial
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velocity.

Fig. 19 shows the variation of the average transverse flow intensity
on the interfaces around sub-channel A32 and sub-channel B34.
Although the transverse flow rate at the same interface is different at
different inlet velocity, the average transverse flow intensity is the same
regardless of the unstable flow factors at the front of the flow channel.
That is to say, the transverse flow intensity does not vary with the inlet
velocity varying. It only depends on the flow path geometry. By
comparing the St curves of the interfaces around sub-channel A32 and
sub-channel B34, it can be clearly seen that the transverse flow in-
tensities of the bundle in rectangular arrangement and in triangular
arrangement change periodically. In additional, the transverse flow in-
tensities on the interfaces around sub-channel A32 changes synchro-
nously, while the transverse flow intensities on the interfaces around
sub-channel B34 is different. There is a phase difference of 180°. Their
maximum values occur at the points where the gap width is the furthest,
and their minimum values occur where the gap width is the smallest.
The difference between the maximum transverse flow intensities on the
interfaces around sub-channel A32 and that around sub-channel B34 is
no more than 3 %.

Fig. 20 shows the average transverse flow intensity in sub-channel
A32 and sub-channel B34. The average transverse flow intensity in
sub-channel B34 is 27 % greater than that in sub-channel A32, which
means that the transverse flow intensity in triangular arrangement is
stronger than that in rectangular arrangement.

3.3. Heat transfer characteristics analysis

The temperature distributions in the flow channel of HCF rod bun-
dles in rectangular and triangular arrangements are respectively shown
in the Fig. 21 and Fig. 22. It can be intuitively seen that the temperature
near the rod surface is higher, and the temperature in the concave region
is higher than that in the convex region. Because the heat in the concave
is not easily carried away. However, due to the continuous heating of the
fuel rod, with the increase of the twist angle, the high temperature area

=]

near the fuel rod is expanded. At the center of the sub-channel, which is
far from the fuel rod surface, it is less affected by the near-wall swirl, and
the heat transfer speed is slow.

The azimuthal wall temperature distributions of the fuel rod 5 in
rectangular arrangement and the fuel rod 4 in triangular arrangement at
z/H = 3/4 positions are compared in the Fig. 23. It describes that as the
hydrogen flows along the axial direction, the wall temperature also
presents a periodic trend due to its helical structure. The overall change
trend is relatively uniform, but the temperature of the fuel rod surface
changes more acutely. Fig. 23 shows that the wall temperature of fuel
rod in the triangular arrangement is higher than that in the rectangular
arrangement, because the rod bundle in triangular arrangement is more
compact. In addition, the maximum temperature difference of the wall
temperature of fuel rod in the triangular arrangement is also larger than
that in the rectangular arrangement, by about 30 %.

Fig. 24 shows the average hydrogen temperature and average wall
temperature in flow channel. As can be clearly seen, the average
hydrogen temperature in the triangular arrangement is higher than that
in the rectangular arrangement. The maximum ratios of wall tempera-
ture to hydrogen temperature in rectangular and triangular channels are
2.47 and 2.41, respectively. In addition, the wall temperature of fuel rod
in rectangular arrangement has a peak value in every twist pitch, which
lag a little behind the location where the minimum gap width occurs.
The reason is that when the gap width is the minimum, the transverse
flow intensity between the sub-channels is the lowest, and the heat from
the fuel rod wall is not carried away in time. In contrast, the fuel rods in
triangular arrangement does not have this phenomenon, and the overall
fuel rod wall temperature gradually increases.

The dimensionless coefficient Jr is used to evaluate the overall hy-
draulic performance of the bundle (Saha et al., 2020) and characterize
the relationship between the properties of convective fluid, heat transfer
coefficient, flow conditions and geometric shape. The calculation
method of Jr is given by
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Fig. 17. The transverse flow rate on interfaces around sub-channel A32.
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Fig. 18. The transverse flow rate on interfaces around sub-channel B34.
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Where f represents resistance coefficient, Nu is Nusselt number, and Pr is
Prandtl number.

Fig. 25 shows the variations of Jr factors of the bundles in the two
arrangements. As can be seen, the Jr factor near the channel inlet
gradually decreases along the axial direction. With z/H increasing, it
gradually becomes stable, presenting obvious periodicity. However, the
Jr factor of rod bundle in rectangular arrangement fluctuates more
strongly than that in triangular arrangement. The maximum value of Jp
0.0064 T factor in rectangular arrangement is 1.6 % higher than that in triangular
arrangement, and the minimum value is 11 % lower than that in trian-
gular arrangement.
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4. Conclusion

Fig. 20. Transverse flow intensity of the sub-channel. The flow and heat transfer characteristics of HCF rod bundles in
rectangular and triangular arrangement are comparatively studied in
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Fig. 21. Temperature distributions of different axial positions in triangular arrangement.
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Fig. 22. Temperature distributions of different axial positions in rectangular arrangement.
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Fig. 23. Azimuthal wall temperature distributions of the fuel rod at z/H = 3/4
in two arrangements.

this research. The fuel rod geometry and operating conditions are the
same for different arrangements. The resistance coefficient, transverse
flow intensity and Jr factor of the bundle are respectively calculated and
analyzed respectively under the same working condition. The following
conclusions can be drawn:

(1) The flow channels of HCF rod bundle in triangular arrangement
has smaller hydraulic diameter, so its resistance coefficient is
greater than that in rectangular arrangement at the same inlet
speed;

(2) The transverse flow intensity at each interface around sub-
channel A32 and B34 varied periodically. The former changes
synchronously, while the latter is not synchronous, and the phase
difference is 180°. The maximum transverse flow intensity dif-
ference between the interface around sub-channels A32 and B34
is no more than 3 %, but the transverse flow intensity of channel
B34 is 27 % greater than that of channel A32;
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Fig. 24. Comparison of hydrogen temperature and wall temperature.

(3) The maximum wall temperature difference of fuel rod in trian-

gular arrangement is about 30 % larger than that in rectangular
arrangement when the heat flux through the fuel rod surface is
equal;

(4) The maximum value of Jr factor of the HCF rod in rectangular

arrangement is 1.6 % higher than that in triangular arrangement,
and the minimum value is 11 % lower than that in the triangular
arrangement.

(5) Compared with the rectangular arrangement, the triangular

arrangement shows greater advantages in flow and heat transfer
characteristics. However, it is necessary to further consider the
influence of heat flux distribution to avoid the fracture caused by
excessive temperature difference on the fuel rod surface.
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