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Abstract

A cryogenic pressure box was designed and fabricated for use at NASA Langley Research
Center (LaRC) to subject 76 in. x 65 in. curved panels to cryogenic temperatures and biaxial
tensile loads. The cryogenic pressure box is capable of testing curved panels down to -423°F
(20K) with 52 psig maximum pressure on the concave side, and elevated temperatures and
atmospheric pressure on the convex surface. The internal surface of the panel is cooled by high
pressure helium gas that is cooled to -423°F by liquid helium heat exchangers. An array of
twelve independently controlled fans circulate the high pressure gaseous helium to provide
uniform cooling on the panel surface. The convex surface may be heated up to 1000°F by an
array of quartz lamps. The tensile loads are applied with pneumatic pressure on the inside
surface of the panel and tensile loads on the edges of the panel. The tensile load in the
circumferential direction (hoop load) of the panel is reacted through rods with turnbuckles that
are attached to the frames and skin of the panel. The tensile load in the axial direction of the
panel is applied by means of four hydraulic actuators. The load introduction structure, consisting
of four stainless steel load plates and numerous fingers attaching the load plates to the test panel,
is designed to introduce loads into the test panel that represent stresses that will be observed in
the actual tank structure. The load plates are trace cooled with liquid nitrogen to reduce thermal
gradients that may result in bending the load plates, and thus additional stresses in the test panel.
The design of the cryogenic systems, load introduction structure, and control system are
discussed in this report, but the heating system and various support facilities are not discussed
here as they were the responsibility of NASA Langley Research Center.
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Nomenclature and Acronyms

bolt shear area

bearing area

area for shear stress on actuator pin
net finger area

bearing area on load plate

shear area

distance between finger

specific heat

bolt diameter

bolt diameter

diameter

modulus of elasticity

applied web bearing stress

applied shear stress on the pin
applied tensile stress at the net section
applied shear stress

allowable bearing stress

allowable bearing stress on the pad is then
allowable shear stress

allowable web bearing stress
maximum load at a single bolt

heat transfer coefficient

thermal conductivity

hoop edge length per frame

mass flowrate
number of bolts
Nusselt number

load

internal tank pressure
frame turnbuckle load
Prandtl number

heat flux

radius

Reynolds number
finger thickness

test panel thickness
temperature

velocity

finger width
centerline finger spacing

percentage of the load to the frame
contraction

bearing stress on load plate
tension load

load pad shear stress

bolt shear strength

shear stress

viscosity
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Acronyms

CTE
DOF
FEM
HX1
HX?2
HXN
LaRC
LH2
LHe
LOX
MPC
RLV
scf
SSTO
STP
TPS

coefficient of thermal expansion
degrees of freedom

finite element model

heat exchanger 1

heat exchanger 2
nitrogen heat exchanger
Langley Research Center
liquid hydrogen

liquid helium

liquid oxygen

multi point constraint
reusable launch vehicle
standard cubic feet
single-stage-to-orbit

standard temperature and pressure

thermal protection system
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- Introduction

A new reusable launch vehicle (RLV) is being planned that will be a single-stage-to-orbit
(SSTO) vehicle, as illustrated in Figure 1. One of the hurdles to overcome in the successful
operation of an RLV is the design and fabrication of cryogenic propellant tanks, shown in Figure
1. Both liquid oxygen (LOX) and liquid hydrogen (LH,) tanks must be built that are light
weight, can carry the structural and thermal loads, and can contain the cryogens.

To test RLV tank designs, a cryogenic pressure box (cryobox) has been designed and
fabricated that will enable representative tank panel sections to be tested at actual operating
conditions and loads (-423°F (LH, temperature) with an internal pressure up to 52 psig) |1-3].
The cryobox, located at the NASA Langley Research Center (LaRC), will subject curved,
stiffened panels to biaxial tensile loads by applying pneumatic pressure on the internal surface of
the panel and tensile loads on the edges of the panel. The tensile load in the circumferential
direction (hoop load) of the panel will be reacted through rods with turnbuckles that will be
attached to the ring frames and skin of the panel. The tensile load in the axial direction of the
panel will be applied by means of four hydraulic actuators. The load introduction structure,
consisting of four stainless steel load plates and numerous fingers attaching the load plates to the
test panel, is designed to introduce loads into the test panel that represent stresses in the actual
tank structure. Fingers are used to minimize load interactions between the panel and the load
plates. The load plates are trace cooled with liquid nitrogen (LN,) to reduce thermal gradients
that may produce bending in the load plates, and thus introduce additional stresses into the test
panel. An additional benefit is lower heat loads conducted into the panel.

Figure I:  Conceptual drawing of the Lockheed Martin reusable launch vehicle showing the
liquid hydrogen (LH2) and liquid oxygen (LOX) tanks.

The design of the cryogenic pressure box can be divided into several areas: load
introduction structure, controls, cryogenic systems, heating system, and support facilities. This
report discusses the first three topics (load introduction structure, controls, and cryogenic
systems) which were contracted to AS&M and Lockheed Martin Engineering & Sciences by
NASA LaRC. The heating system and support facilities were designed by NASA and are thus
not discussed in this report. After a brief discussion of the design requirements, the load
introduction structure, controls, and cryogenic systems will be discussed in detail. (It should be
pointed out that several different groups performed the work discussed here. Each technical
group has certain sets of units with which they prefer to use. Attempts have been made to
convert to English units. However, in some cases in is not reasonable. As a result, this report
contains both English and metric units.)
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Cryogenic Pressure Box

To simulate hydrogen tank conditions, test panels need to be subjected to 34 psig internal
pressure, as well as cooled to an internal temperature of -423°F (20K). For re-entry simulation,
the internal pressure needs to be 5-10 psi, with an internal temperature of 50-200°F and a panel
temperature from 250°F to 350°F depending on the panel material. Since the cryogenic pressure
box needs to be capable of testing various panels, it must be able to handle the worst case
conditions from each panel. The pressure box needs to be able to accommodate both LOX and
LLH2 tank panels, with radii ranging from 130 in. to 266 in. The internal pressure required in the
pressure box increases to 52 psi for LOX panels.

The cryogenic pressure box consists of two main components. The first is the pressure box
itself. The pressure box is where the test panels are mounted, cooled, pressurized and tested.
Since space is limited in the pressure box, a second, separate component was designed to house
the heat exchangers and liquid nitrogen boiler required to cool the test panels efficiently. The
second component is called the boiler pod. The two components are connected via vacuum
jacketed piping. Figure 2 is an overall view of the cryogenic pressure box system, showing the
pressure box, boiler pod, supply vessels, and vacuum system.

Pressure box_<=>

Boiler pod

Figure 2:  Schematic diagram of the pressure box system layout showing the pressure box,
boiler pod supply vessels, and vacuum pump.

Figure 3 is a scale drawing of a cross-sectional view of the pressure box. The cross-section
is along the axial axis of symmetry, and shows some of the cooling system components located
inside the box. Only one finger connection is shown on each side. Both the hoop and axial load
plates are shown in the figure. The test panel with the two ring frames is shown attached to the
load plates. The C-seal, between the load plates and the transition channel is also shown. The
fan heat exchangers (cooling plates) are located inside the pressure box, and the fan motors are
located outside the pressure box.

Figure 4 is a high level system flow diagram that represents the system block diagram
schematically. The flow diagram consists of two components - the boiler pod (shown in gray on
the left) and the pressure box (shown in gray on the right). LN2, LHe, and GHe dewars are
shown in the figure. The boiler pod contains the heat exchangers (HX1, HX2, and HXN) and a
boiler. Several photographs of the as built pressure box are shown in Appendix A and a
description of the test panel planform is given in Appendix B.
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Figure 3:  Schematic diagram of the pressure box showing the primary components.
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Figure 4:  System flow diagram of the cryogenic systems.
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Design Requirements

The pressure box was thermally designed to test a 0.080-in-thick Gr/Ep panel with 1-in-
thick Rohacell” foam insulation. The two test conditions that were to be met correspond to a
ground hold and a descent condition, as shown in Table 1. For the ground hold, the inside
surface of the panel is maintained at -423°F, and the outside temperature is allowed to float. For
the descent condition, the outside surface of the TPS is heated to 1000°F and the inside surface is
allowed to float, though the Gr/Ep must be maintained below 250°F. The axial and hoop loads
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are also shown in Table 1, and correspond to P ¢ r for the hoop load and (P » r)/2 for the axial
load.

Table 1: Gr/Ep Panel (r = 192 in.) Test Conditions (LH2)

Condition Pressure, psig Temp., °F Loads, Ib/in.
inside  outside Hoop Axial
With TPS
First cycle (40% full load) 14 -423 float 2688 1344
Subsequent cycles 35 -423 float 6720 3360
35 <250 1000 6720 3360

The original design parameters called for ambient conditions on the outer surface while the
inner surface was cooled to -423°F (20K). Assuming [ in. of Rohacell foam and natural
convection on the outer surface, 2047 Btu/hr (600 W) was estimated to enter through the panel.
If a heat flux of greater than 2047 Btu/hr (600 W) enters through the panel, -423°F (20K) will
likely not be able to be maintained on the cold surface. Figure 5 gives an approximate internal
panel temperature as a function of the heat flux through the panel. The pressure box has been
designed to provide a panel temperature of -423°F (20K) with 2047 Btu/hr (600 W) heat through
the panel while coolin