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Integration of high-power electronic devices into existing aircraft, while minimizing the impact of additional heat
load on the environmental control system of the aircraft, requires innovative approaches. One such approach is to
reject heat through the aircraft skin by use of internal skin ducts with enhanced surfaces. This approach requires
a system-level consideration of the effect of cooling ducts, inlets, and outlets on the performance of the electronic
equipment and effectiveness of the heat rejection system. The development of a system-level model to evaluate the
performance of electronic equipment in an aircraft cabin and heat rejection through the skin is described. The
outer surface of the fuselage is treated as a heat exchanger. Hot air from an equipment exhaust plenum is drawn into
a series of baffled ducts within the fuselage support structure, where the heat is rejected and then recirculated into
the cabin. The cooler air from the cabin is then drawn into the electronic equipment. The aircraft air conditioning
unit is also modeled to provide chilled air directly into the cabin. Also, a series of tests is described, which were
performed to verify the model assumptions for heat dissipation from and airflow through the equipment. The tests
were performed using the actual electronic equipment in a representative cabin configuration. Results indicate
very good agreement between the analytical calculations for the design point and model predictions.

Nomenclature R = universal gas constant
A = flow area Re = Reynolds number
C = heat loss coefficient N = enthalpy input
Cp = specific heat at constant pressure s = distance from the nose of the aircraft
Cy = specific heat at constant volume T = temperature
D, = hydraulic diameter T = recovery temperature
F(Q) = driving force function t = time
f = Darcy friction factor U = overall heat transfer coefficient
Gr = Grashoff number v = Volume
H = enthalpy V. = velocity vector
H = enthalpy generation w = work input
h = heat transfer coefficient o = surface solar absorptivity
K = minor loss coefficient 1% = specific heat ratio, ¢, /c,
k = thermal conductivity AT = temperature difference
L =length Ewo = surface emissivity
L(Q) = flow resistance function " = viscosity
M = Mach number 3 = beginning of heated section
m = mass o = density
m, M = mass flow rate o = Stefan-Boltzman constant
Nu = Nusselt number T = shearstress
P = perimeter t(Q) = viscous loss function
Pr = Prandtl number
p = pressure Subscripts
0 = solar constant )
0 = volumetric flow rate a = ambient
q = heat flux b = bulk ) o
CF = coefficient for driving force source term
CR = coefficient for flow resistance term

N e = external
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Introduction

ETROFITTING of military and commercialaircraft with high-
power electronicequipmentprovides additional heat source in
the cabin. The existing aircraftenvironmentalcontrol system cannot
handle the additionalheatload created by this electronicequipment;
thus the aircraft requires supplemental cooling to fulfill its mission.
To overcomethis heatrejectionlimitationin a CL-600 Challenger
aircraft, a skin-cooling design has been developed. The design is
fully described by Dyson et al.! and Hashemi et al.>3 The concept
calls for baffled ducts at the aircraft skin to cool the air in the aft
cabin, where the equipment is located. The hot air from the rack
with the equipment that dissipates the most heat is exhausted into a
plenum that connects to a ceiling duct, from which it is distributed
by fans into the baffled ducts. These ducts, which are bounded by
the cold skin on one side, are used as a heat exchanger to reject the
heat. The cooled air is then recirculated into the aft cabin.

The heat transfer coefficient and the pressure drop in the skin-
cooling ducts were estimated using two-dimensional* and three-
dimensional'—3 computational fluid dynamics (CFD) models de-
veloped for this program. These models include conjugate heat
transfer and turbulence models and consider convection and ra-
diation exchange between the aircraft and its surroundings. The
three-dimensional model predictions were verified by laboratory
experiments on a representative section of the skin-coolingduct.' =
Based on analyticalmodels and experimentaldata, the aft cabin tem-
perature was calculatedand presented by Dyson et al.! and Hashemi
etal.?3

This paper describes the developmentof a system network model
to evaluate the performance of electronicequipment in the aft cabin
and heat rejection through the skin. The heat transfer and airflow
throughout the entire supplementary cooling system are modeled,
and the interaction between the ceiling and equipment fans is in-
cluded. The model is to serve as a simulation tool for design and
off-design prediction of temperature and pressure fields in the aft
cabin.

In addition, this paper describes a series of tests that were per-
formed to verify the model assumptions for heat dissipation from
and airflow through the equipment. The tests were performed using
the actual electronic equipment in a representative cabin configu-
ration. Results indicate good agreement between the test data and
equipment specifications for overall heat dissipation and airflow.

Configuration

The general layout of the Challenger aircraft and an overview of
the sources of heat dissipation in the aft cabin are fully described
by Dyson et al.! and Hashemi et al.>* However, for completeness,
the important features of the layout are presented in this paper. A
schematic of the compartments for the Challenger aircraftis shown
in Fig. 1. The aircraftis split into three main areas: the cockpit, the
main cabin area, and the aft cabin area, which is the location of most
of the high-powerelectronicequipmentand the skin-coolingsurface
area. The electronicequipmentlocatedin the aft cabinareais placed
in three equipmentracks EW1, EW2, and EW3. The specifications
for each piece of equipmentin the racks are summarized by Dyson
et al.! and Hashemi et al.’

Aft Cabin
Cockpit

Main Cabin

Fig. 1 Challenger cabin layout.
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Fig. 2 Aft cabin airflow distribution.

The total possible equipment heat load in the aft cabin exceeds
15 kW. However, the mission scenario provided by Hashemi et al.’
indicates that the equipment, in a worst-case operational scenario,
would dissipate a maximum heat load of 11.7 kW in the aft cabin.
This heat must be then rejected to the environment by the supple-
mentary cooling system through the skin of the aircraft.

A schematic of the aircraft supplementary cooling system and air
paths is shown in Fig. 2. In this design, baffled ducts at the aircraft
skin are used to cool the air in the aft cabin, where the equipment is
located. The hot air from the rack with the equipment that dissipates
the most heat (EW 1) is exhausted into a plenum that connects to a
ceiling duct, from which it is distributed by 11 fans into the baffled
ducts. These ducts, which are bounded by the cold skin on one side,
are used as a heat exchangerto reject the heat. The cooled air is then
recirculated into the aft cabin.

The baffles contained within the skin ducts increase mixing and
improve overall heat transfer at the cost of increased pressure drop.
In addition to the heat transfer provided by the ducts, a limited
amount of chilled air is provided directly to the aft cabin from the
aircraft air conditioning unit (ACU).

The design point chosen for the skin cooling is International
Standard Atmosphere (ISA) +20°C day at 25,000 ft at Mach 0.7.
A design goal of 104°F (40°C) for the aft cabin temperature was
established based on the lowest common denominator among the
equipment recommended inlet temperatures.

Network Model

To predict flow and heat transfer in the aft cabin, a network model
was developed using MacroFlow.® The model was then used to pre-
dict the performance of the aft cabin supplementary cooling system.
MacroFlow network models are based on link-node representation.
In this representation, each component or subcomponent was mod-
eled by a series of links and nodes. The various combinations of
links and nodes were then joined to form the complete system.

Links represent paths along which mass or energy flows. For
example, the skin duct is represented by a link. The average cross-
sectional area, length, and flow resistance along each link are speci-
fied. The link resistance characteristics, in effect, replace the vis-
cous diffusion terms that are lost through spatial averaging. Usually,
flow resistance will consist of a functional relationship between
the pressure drop and flow rate. This relationship for the baffled
ducts was determined through detailed CFD analyses and verified
experimentally.! =3 In addition to flow resistance, links also have
finite volumes to account for any inertia associated with the fluid
(storage of momentum). In this model, link volumes are assumed to
remain unchanged with respect to time. Finally, heat transfer with
the environmentcan occur along a link and is accounted for through
the specification of a heat transfer coefficient and exposed surface
area.

Nodes represent locations within the system at which pressure,
temperature,and fluid properties are determined. A node can repre-
sentareservoir,suchas the aft cabin. As with links, heat transferwith
the environment can occur at a node and is accounted for through
the specification of a heat transfer coefficient and exposed surface
area. Therefore, nodes require the specification of exposed surface
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Fig. 3 Generic link-node representation.

Pi-Pi Qii Pj»Pj
¥ link ij ¥
node i node j

Fig. 4 Generic link-node representation for conservation of momen-
tum.

area and volume, which can be a function of time, as well as initial
guesses for density, temperature, and pressure. In this model, only
steady-state conditions were considered.

The general governing differential equations employed in
MacroFlow are briefly described here. A detailed description of
MacroFlow is presented in Ref. 6.

Conservation of mass is applied at each internal node. Figure 3
shows a generic link-node representation, where link ij connects
node i to node j. Referring to Fig. 3, the mass balance equation for
node i can be represented as

njj

Z(pijQij)k +Mi =0 (1)

k=1

The first term represents the sum of mass flux entering the node
from all connecting links (1-7;;). Note that a single node can have
many connecting links. The second term accounts for any sources
or sinks of mass located at node i.

Momentum conservation is formulated at each link because the
flow rate is associated with links, not nodes. A generic link is shown
in Fig. 4. Although multiple links can connectto a single node, only
two nodes can connect to a single link.

The conservation of momentum may be expressed as

nf
P01 00 —v)) + ApA; — L(Qi) + Y F(Qi)A; =0 ()
f=1

The first term represents the convection of momentum into (out
of) the link. This term accounts for the change in momentum asso-
ciated with the acceleration (deceleration) of fluid within the link.
Physically, this term has meaning if the area at the entrance of the
link was larger (smaller) than that of the exit. The second term rep-
resents the net pressure force that is driving the fluid within the link.
The third term accounts for losses associated with any flow resis-
tance. Such flow resistanceincludes viscouslosses (shear) and minor
losses associated with any elbows, valves, nozzles, etc., within the
link, i.e.,

: : S Kpi'Q?'
L(Qij) = Tij(Qij)PijLij + Z <#> (2a)
ij

n=1

The final term in Eq. (2) represents the total additional driving
force provided by any fans within the link. Both the flow losses and
additional driving force terms can be linear or nonlinear functions
of the flow rate.

As with mass conservation, energy conservation is expressed at
each node (Fig. 3). Rather than formulating conservation of energy
with temperature as the primary variable, enthalpy is selected so as

to remove any difficulties associated with variable specific heat:
njj

Z(pij Qinij)k + Si + Wi =0 3

k=1

where the first term represents the net convection of enthalpy into
node i through all connected links. The second term represents any
enthalpy input to node i that is not associated with transport through
the connected links. This cans either be local enthalpy generation
or enthalpy transport with the environment,i.e.,

Si=H+Ci(Hy, — H) )

For constant specific heat, the coefficient C; represents the prod-
uct of the heat transfer coefficient and the exposed surface area,
divided by the specific heat, while the enthalpy of the environment
is simply the product of the environmental temperature and its spe-
cific heat. The final term represents the contribution due to work.
Work input is mechanical energy that is added at node i.

The final physical principal that is incorporatedin MacroFlow is
the relationship between local enthalpy, pressure, and density, i.e.,
equation of state. In this analysis, the ideal gas law

pi = R(H; [cpi)pi %)

was used.

The network was assumed to be an open loop, where pressure
and enthalpy are known at the inlet boundary. The flow enters and
leaves the system through the links associated with the boundary
nodes and, as such, provides a relative basis from which pressure
and enthalpy are defined. Further, mass conservationis not solved
at boundary nodes because they represent the environment.

The discretizationof the mass, momentum, and energy equations
and theirsolutionare describedinRef. 6. Itis noted thatthe particular
computational procedure employed in MacroFlow is similar to the
SIMPL algorithm”

Aft Cabin Network Model

The network representation of the cooling configuration for the
aft cabin is shown in Figs. 5a-5d. In Figs. 5a-5d, the numbers
in the circles are node numbers in the model, and the numbers be-
side the lines are link numbers. Node 1 (Fig. 5a) represents the
intake to the equipment in the EW1 rack. Links 1-10 (Fig. 5b)
correspondto the EW1 equipment, chassis 1-10, respectively.
Chilled air from the ACU is combined with the aft cabin air at
node 65. The heated air exiting the EW1 rack (node 28 in Figs. 5a
and 5b) flows to the rack plenum, node 66, and is then drawn into
the skin duct by the fans (Fig. 5¢). The skin ducts all feed back into
the cabin at node 65. Nodes 69 and 105 correspond to the inlet to
and exit from the EW2 rack, whereas nodes 70 and 90 correspond
to the inlet to and exit from the EW3 rack. The air heated within the
EW?2 rack returns to the aft cabin at node 65, and the heated air from
the EW3 rack partially exits the cabin at node 67. Nodes 91 and 92
correspond to the cabin outlet and inlet environment, and node 93
represents the ACU.

In the aft cabin network model, it was assumed that the flow
was steady and incompressible. Air was assumed to behave as an
ideal gas, and an open boundary node was assumed, i.e., at least one
boundarynode with known pressure and enthalpy. Surfaces,lengths,
areas, and volumes were estimated based on the best available data
and continuously updated, as new information became available.
Equipment specifications, i.e., pressure drop, heat dissipation, air-
flow rate, etc., were obtained from the manufacturer and incorpo-
rated into the model. Correlation for the pressure drop and heat
transferin the skinducts were derived from the CFD calculations.! 3

Heat Transfer

The internal convective heat transfer coefficient in the baffled
portion of the cooling duct was calculated as a function of mass
flow rate using CFD analysis'~* from the following equations:

hi = q/(T, — Ty) 6)
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Fig. 5d Link-node representation of the EW2 and EW3 racks.

where

(M

T, :/pcpqu)'// pc,udy

Atthe outerboundary, the skin was assumedtoexchangeheat with
the surroundingsby both forced convectionand radiation. For forced
convection,it was assumed that the local heat transfercoefficient can
be approximated by a correlation for a flat plate with an unheated
starting section? i.e.,

_L
Nu, = 0.0296Re*8 PrO33[1 — (£ /s)]73 ®)

Averaging the local heat transfer coefficient over the heated area,

the average heat transfer coefficient may be written as

L L
h, = / hgds / / ds
& &

The overall heat transfer coefficient between the inner and outer
air may then be written as

©)

U=
1 Ayskin Two - T:
: h; * Kyin * he(Too = Ty) — 0, Oy + e4o (T3, — T4)

(10)

Figure 6 shows the heat transfer coefficient for the baffled section
as a function of mass flow rate for the design point conditions.
The plotin Fig. 6 was fitted by the following equation and used
in the network calculations:
U = (1.261)m>® (Btu/h-f*-°F) (11)
where 7 is in pounds mass per minute per skin duct.
The variations in the overall heat transfer coefficient at 25,000-ft
altitude are shown in Fig. 7. At the design flow rate of about 11
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Fig. 6 Design point heat transfer coefficient in the baffled ducts.
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Fig. 7 Variations in the overall heat transfer coefficient at 25,000-ft
altitude.
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Table1 Design point input parameters + 7r A 15
2 F Altitude (1000x 20
Parameters Values £ E 30
@ 6 Mach Number = 0.8 ?
Geometry o5 b 7

Duct cross section 5x 16in. 82 s} N ISA :

Stringer height 0.85 in. 2% [ NJISA+10°C

Stringer spacing 6 in. E £ AL ISA+20°C |

Baseline baffle height 3in. % & ~

Beginning of skin cooling 388 in. from the nose 2™

End of skin cooling 477 in. from the nose = 3r ]

Materials E’ ‘

Skin ALCLAD 2024-T42 o 25 P 5 ) 10 12
Inside Anodized and coated with epoxy Mass Flow Rate Per Skin Duct (Ibmymin)
Outside Primer
Liner Gray paint, perfect insulator Fig. 10 Overall heat transfer coefficient for M =0.8.

Outside conditions

Flight altitude 25,000 ft

Mach number 07 3 The plotsin Figs. 8-10 were fitted by an equation of the following

Ambient temperaure ISA +20°C(~14.5°C= 5.85°F) form and used in the network calculations:

Recovery temperature 46.8°F

Duct inside conditions
122°F
10.9 psia (equiv. to 8000 ft.)

Inlet temperature
Outlet pressure

U=cCcm" (12)

Flow rate 0-140 Ibm/min (0-12.7 Ibm/min per duct) The internal convective heat transfer coefficient in the ceiling
Coefficients plenum was determined from the following relationship:
Outside convective coefficient 25 Btu/ft>-h-°F
Surface emissivity 0.8 (gray surface) Nu = 0.023Re%8 pr0-33 (13)
Surface solar absorptivity 0.8 (a5 /ewo=1)
Solar constant 430 Btu/ft-h . . . .
Because the controlling resistance to heat transfer in the ceiling
plenum was the internal film coefficient, i.e., internal heat transfer
coefficient, conduction through the skin and the external film re-
2 7 — . sistance were neglected. The overall heat transfer coefficient was
2 Altitude (1 000Xf%10 assumed to be approximately the same as the internal heat transfer
£ sf ~=20] coefficient using Eq. (13).
8 ~ [ Mach Number =06 #7_=7a The heat transfer through the floor and aft bulkhead due to natural
5 E’ st 7 1 convectionwas also considered.For natural convectiveheat transfer
as I K\ ISA at horizontal surfaces, the heat transfer coefficients were determined
8 s | \ 1SA+10°C £
F3 4l ISA+20°C rom
o |
2T 0.3
T af ] Nu =0.14(GrPr)™ (14)
©
g
é 2 . . - : and at vertical surfaces from
2 4 6 8 10 12
Mass Flow Rate Per Skin Duct (Ibm/min)
Nu = 0.1(GrPr)*? (15)

Fig. 8 Overall heat transfer coefficient for M =0.6.
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Fig. 9 Opverall heat transfer coefficient for M =0.7.

Ibm/min, the maximum deviation of the overall heat transfer coef-
ficient from the design point is about +2%.

The design point input parameters are presented in Table 1.

The overall heat transfer coefficient for Mach numbers 0.6, 0.7,
and 0.8 are shown in Figs. 8, 9, and 10, respectively. Figures 8-10
show the variations in the overall heat transfer coefficient as a
function of mass flow rate for altitudes of 10,000, 20,000, and
30,000 ft, and temperatures of ISA, ISA 4+10°C, and ISA + 20°C.

Again, the internal heat transfer coefficient was used to approx-
imate the overall heat transfer coefficient for the aft bulkhead and
the floor surfaces. Heat transfer due to these surfaces is negligible.

Pressure Loss

The pressure distribution in the cooling system was analyzed us-
ing the network of nodes and links shown in Fig. 5. The difference
in pressure between nodes is determined from the momentum equa-
tion (2).

The flow losses are associated with the third term of Eq. (2). Flow
losses in each link are associated with viscous forces, i.e., friction,
and nonideal flow through certain components. The latter losses
occur in orifices, junctions, sudden expansions, and contractions,
etc., and are generally due to flow separation and/or irreversible
velocity head changes due to abrupt changes of flow channel area
or flow direction. The losses may be expressed as

. . N Kp;; 02
L(Q;j) :Twall.ij(Qij)PijLij+Z§+Ql] (16)
i

n=1

The shear stress Ty is generally expressed by the friction factor,
defined by the Darcy equation,

f = 81‘\)&/&11/101"2 (17)
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Fig. 11 Pressure drop in the baffled ducts.

Combining Eqgs. (16) and (17) yields

. SL; pijQizj S KpijQizj
L(O:) = &=L =0 — =y
Q) <De 7, +> o (18)

n=1

The viscous and minor losses in the various links were estimated
using one of the following three methods.

Baffled Duct

The friction and minor losses in the baffled duct were determined
as a function of mass flow rate by CFD analysis and are presented
in Fig. 11.

The resultsin Fig. 11 were correlated by the following equations:

AP /100ft = 0.022m? [in. water gauge (in. w.g.)] (19)

where m is in pounds mass per minute per skin duct, and

Lusiea auct (Qi) = At (20)

Friction Losses

The friction losses in various sections of the plenum and ducting
were calculated from the following equation:
42
fL,‘j Pij Q,‘j

21
D, 2A @D

Lfriclion (Qz]) =

ij
Values of f were obtained from the Moody chart for smooth ducts.

Minor Losses

Minor losses are customarily characterizedby a K factor, as indi-
catedin Eq. (16). K factors for a wide range of round and rectangular
ductingcomponentshave been tabulatedby Idelchik’ The K factors
presentedby Idelchick were calculated for our specific geometry and
used in the network model. Figure 12 shows the main components
of the cooling system for which the losses were calculated.

Because the MacroFlow analysis does not provide equivalent K
factors for the viscous losses, they were estimated using the flow
path dimensionsand geometry. Whenevera velocity was required to
estimate the flow losses, a total volumetric flow rate of 2100 ft3/min
and equal division of flow between the 11 cooling ducts was as-
sumed. The following equation for the friction factor was used:

f =0.11[(¢/D) + (68/Re)** (22)

Equipment Losses

In addition to the three major sources of loss data just given, some
prescribed K factors were also used to permit the flow rate in the
chassis to adjust to the manufacturer’s specifications. The analysis
also uses specified loss data for the chassis, provided by the man-
ufacturer in the form of quadratic analytical functions. For some
of the rack components, the losses were provided by the compo-
nent specification and were modeled quadratically. For certain rack

T
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Fig. 12a Pressure loss model near the EW1 plenum exits.
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Fig. 12b Pressure loss model for flow distribution to the ducts.

chassis, where detailed data were not available, a K factor was as-
signed to analytically adjust the flow to its nominal value based on
the manufacturer’ specifications. The overall heat dissipation from
and airflow through the equipment in the EW1 rack were experi-
mentally verified.

Experimental Investigation

To characterize the thermal behavior of the chassis in the rack
configuration, a replica of the rack/plenum configuration was con-
structed, and tests were performed to measure the overall heat dis-
sipation and airflow rate. These tests were used to verify the manu-
facturers’ specifications for EW1 chassis in the model.

The rack and plenum test setup is shown schematicallyin Fig. 13.
The air enters the chassis from the front and exhausts into a
plenum, which in turn exhausts into the environment. The shaded
areas (Fig. 13a) indicate the air inlets to the individual equipment.
Figure 13b shows the general layout of the equipment rack and
plenum that was used to approximate the aircraft configuration.
Major dimensions are indicated in Fig. 13b.

Thermocouples were used to measure the inlet and outlet tem-
peratures of each chassis and the bulk temperature at the rack and
plenum exits. The air pressure in the plenum was measured by a
Dwyer Model 400 inclined manometer. The plenum exit velocity
was measured at nine locations in each of the three exit openings
using an Alnor Velometer Series 6000 air velocity meter with a dif-
fuser probe. The Velometer was verified by comparison with pitot
tube measurements of the velocity of air leaving a 2-in. pipe.

The airflow direction through the system is from the front of the
schematicthroughthe instruments(notshowninFig. 13b) to therack
plenum at the back of the rack, then vertically upward to the upper
portion of the rack plenum, then out to the ceiling plenum through
the openings indicated in the upper part of the rack plenum at the
top left of Fig. 13b.

Tests indicated that, at room conditions, the overall flow rate
through the rack was 2100 ft3/min (200 ft*/min) and, for a plenum
exit area of 1.92 ft?, the pressure in the plenum was 0.15 in. w.g.
(£0.02 in. w.g.). The temperature rise through the rack was 10°C
(£1°C. This yields a heat dissipation of 11+ 1 kW, which is con-
sistent with the manufacturer’s specifications of 2029 ft*/min and
10.7 kW (Refs. 1 and 5).
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Fig. 13a Schematic of front view of EW1 rack.
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Fig. 13b Schematic of EW1 rack and plenum (dimensions in inches).
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Fig. 14 Aft cabin temperature.

Model Predictions

Solid lines in Fig. 14 show the aft cabin average temperature for
the flight envelope as a function of Mach number, i.e., the speed of
the aircraft, flightaltitude,and ambienttemperature,i.e., ISA-ISA +
20°C. For example, for an aircraftflying at 25,000 ft at Mach 0.7 on
an ISA 4 20°C day, the predicted cabin temperatureis about 105°F.
The current operating pointis designated with a doton Fig. 14. This
point is below the maximum inlet temperature for the equipment,
which is presently defined as 122°F (40°C). The shaded regions on
the graph are outside the aircraft’s operating envelope.

Dotted lines in Fig. 14 show the results of the analytical
predictions.'~* Aft cabin temperatures predicted using MacroFlow
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Fig. 16 Combined ceiling fans performance (11 fans).

are lower than the analyticalresults presented by Dyson et al.! and
Hashemi et al.>® This is mainly due to higher recirculation airflow
through the EW1 rack (2400 vs 2100 ft*/min), which is a result of
coupling between the ceiling fans and the chassis fans.

The pressure distribution through the cooling system was calcu-
lated using the design point parameters. Then, using the pressure
drop along a typical run and the ceiling fan performance curve, the
fan operating point was estimated. This is shown in Fig. 15. Figure
15 shows that, for a total flow rate of about 2400 ft*/min divided
equally between 11 ducts (190 ft3/min per duct), the pressure head
to overcome by the fan is about 2 in. of H,O, which satisfies the
model requirements. It is noted that this is in very good agreement
with the analytical calculations for the overall pressure drop.

Figure 15 also shows the operating curves of the fan at STP con-
ditions. The fan scaling laws were used to determine the fan per-
formance at STP from the cabin conditions. The operating points at
STP and cabin pressurelie at the intersection of the fan performance
and system pressure-loss characteristics.

Using series fan laws, i.e., same static head, additive volumetric
head, the combined performance of the 11 fans in the aft cabin was
evaluated. Figure 16 shows the operating point of the fans at STP
and cabin conditions. For approximately 2 in. w.g. pressure drop in
each leg of the system at cabin conditions, a total volumetric flow
rate of about 2400 ft*/min is obtained. This confirms the consistency
between the flow rate and pressure drop predicted by MacroFlow.

Conclusions

A network model has been developed to characterize airflow and
temperature distributionin the aft cabin. This model was designed
to predict the performance of the supplementary cooling system.
Using the current design parameters, the model indicates that the
aft cabin temperature will be approximately 105°F, which is nearly
the same as the design goal of 104°F (see Fig. 14).

This cabin temperature is lower than that presented by Dyson
et al.! and Hashemi et al.>* because of a higher recirculation flow
rate in the aft cabin. The higherrecirculationflow is due to coupling
between the ceiling and the equipment fans. The inherent assump-
tion in these results is that the higher flow rate can be achieved
through bypass openings in the rack and plenum.
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Because several hundred theoretical design parameters, and at
times only best guesses, were used as input to the network model, the
predictions should be considered preliminary and used judiciously.
However, it should be noted that the overall energy balance and aft
cabin temperature predictions are remarkably consistent with our
analytical models and engineering calculations. The recirculation
flow is a function of pressure drop in the system, which will ulti-
mately be determined by the as-built system ducting and actual fan
performances.However, note that the network model predictions for
the overall airflow agree with previous engineering calculations ?

A series of tests was performed to design a low-impedance
plenum for the EW1 rack. The nominal design produced a flow rate
of 2100 ft3/min (£200 ft*/min) and a pressure rise of 0.15 in. w.g.
(£0.02 in. w.g.) at room conditions, which was judged to be satis-
factory. The temperature rise through the rack was 10°C (£1°C).
This combination of flow rate and temperature rise yields a heat
dissipationof 11 £ 1 kW, which is consistent with specifications of
2029 ft*/min, and 10.7 kW.
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