
Title: 

Author(s): 

Submitted to: 

Los Alamos 
N A T I O N A L  L A B O R A T O R Y  

CFD-BASED DESIGN OF THE VENTILATION SYSTEM 
FOR THE PHENIX DETECTOR 

L. Parietti 
R. A. Martin 
W. S. Gregory 

1996 ASME Fluids Engineering 
Division Summer Meeting 
San Diego, CA 
July 7-11, 1996 

L O ~  Alamos National Laboratory, an affirmative actlon/equal opportunity empldyer, is operated by the University of California for the U.S. Department of Energy 
under contract W-7405-ENG-36. By acceptance of this article, the publisher recognizes that the U.S. Government retains a nonexclusive, royalty-free IlCenSe to 
publish or reproduce the published form of this contribution, or to allow others to do so, for US. Government purposes. The Los Alamos National Laboratory 
requests that the publisher identify this article as work performed under the auspices of the US. Department of Energy. 

Form No 836 R5 
ST 2629 1 O B 1  



DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the 
United States Government. Neither the United States Government nor any agency 
thereof, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal liabiiity or responsibility for the accuracy, completeness, or use- 
fulness of any information, apparatus, product, or process disclosed, or represents 
that its use would not infringe privately owned rights. Reference herein to any spe- 
cific commercial product, process, or service by trade name, trademark, manufac- 
turer, or otherwise does not necessarily constitute or imply its endorsement, recom- 
mendation. or favoring by the United States Government or any agency thereof. 
The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible 
in electronic image products. Images are 
produced from the best available original 
document. 



CFD-BASED DESIGN OF THE VENTILATION SYSTEM 

FOR THE PHENM DETECTOR 

by 
L. Parietti, R. A. Martin, and W. S. Gregory 

Design Engineering Group 

Engineering Sciences and Applications Division 

Los Alamos National Laboratory 

Los Alamos, NM 87545 

ABSTRACT 

The three-dimensional flow and thermal fields surrounding the large PHENIX sub-atomic particle 

detector enclosed in the Major Facility Hall are simulated numerically in this study using the CFX finite 

volume. commercial. computer code. The predicted fields result from the interaction of an imposed downward 

ventilation system cooling flow and a buoyancy-driven thermal plume rising from the warm detector. An 

understanding of the thermal irregularities on the surface of the detector and in the flow surrounding it is 

needed to assess the potential for adverse thermal expansion effects in detector subsystems. and to prevent 

ingestion of electronics cooling air from hot spots. With a computational model of the thermal fields on and 

surrounding the detector, W A C  engineers can evaluate and improve the ventilation system design prior to the 

start of construction. This paper summarizes modeling and results obtained for a conceptual MFH ventilation 

scheme. 

1. Introduction 

1.1 Background 

The United States national Relativistic Heavy Ion Collider (RHIC) is a nuclear physics particle accelerator 

currently under construction by the Department of Energy at Brookhaven National Laboratory, Upton, NY. 

The RHIC is intended to accelerate material as heavy as gold ions to 100 GeV per nucleon in two intersecting 

beams. and to produce ion collisions at the locations of two sub-atomic particle detectors. These particle 

collisions may reveal a new phase of matter, the quark-gluon plasma, and allow investigation of plasma 

properties. PHENIX is one of two very large and complex RHIC particle detectors being designed by an 

international collaboration of physicists and engineers in government institutions. academia, and private 

industry. PHENIX will be located, operated, and maintained in an existing structure called the Major Facility 

Hall (MFH). The dimensions of the MFH chamber occupied by PHENIX are approximately 50.2-ft (15.3 m)- 

wide by 61-ft (18.6 m)-long by 47-ft (14.2 m)-high. 
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The interested reader can obtain additional information about the PHENIX project at its World Wide Web 

(WWW) site by visiting and perusing 

http://www .rhic.bnl.gov/exportl/phenix/WWW/phenix-home.html. 

At this site, color photographs of the MFH and the PHENIX, and some PHENIX components are available to 

view. 

The Los Alamos National Laboratory is a collaborator on several PHENIX subsystems as well as on the 

overall thermal management system for the MFH. Because of high levels of power consumption by magnets 

and electronics internal to PHENIX. it is estimated that 359.000 Btu/hr (105 kW) of residual waste heat may 

be released into the MFH. and must be removed to prevent overheating, external hot spots in the air flowing 

around PHENIX. or excessive thermal gradients in the detector or its subsystems. While some of the PHENIX 

subsystems are internally cooled. overall thermal control to prevent thermal expansion is important because of 

dimensional tolerances as tight as 25 microns for some subsystems. Of additional importance is the quality of 

air distribution and humidity control around the PHENIX because some of the detector subsystems will draw 

in ambient air for electronics cooling purposes. 

This paper describes initial efforts to develop a computational-fluid-dynamics (CFDbbased numerical 

model of the three-dimensional (3-D) velocity and thermal flow fields around the PHENIX using the CFX 

finite volume. commercial. computer code. The purpose of having this model is to provide HVAC engineers 

with a tool to use in guiding design of the ventilation system, that is, in determining the locations for inlet and 

exhaust registers in the MFH prior to construction. The determining factors for placement of the registers are 

minimization of temperature variations both on the surface of the PHENIX and in the surrounding airflow. 

Such temperature distributions can adversely impact the PHEN3.X project in two areas: (1) temperature 

gradients on the surface of the detector can lead to structural distortions of the physics detectors. and (2) 

temperature variations in the surrounding flow can lead to ingestion of warm air from hot spots for electronics 

cooling. Thus. we are developing an engineering tool to aid in determining the optimal air distribution 

strategy to minimize temperature gradients on and around the PHENIX. 

Section 1 concludes with a review of related literature. We then specify the modeling approximations to 

the geometries of the PHENIX and the MFH. as well as calculated HVAC requirements in section 2. The 

numerical model (including CFX software and workstation hardware specifications. and difficulties 

encountered early in the modeling effort), gridding and boundary conditions, and the solution strategy are then 

described in section 3. Finally, preliminary velocity and thermal field results are presented and discussed for a 

single. proposed. conceptual MFH ventilation scheme in section 4. Solution convergence and mesh 

independence results are also presented. 
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1.2 Literature Review and PHENIX Web Site 

This literature review does not pretend to be all-encompassing or in-depth; however, it does cite a number 

of pertinent references that have been helpful to the authors. The literature may be classified as CFD methods 

and theory, and CFD applications to 3-D enclosure problems. 

Regarding CFD methods and theory; several modem commercial codes including CFX are based on the 

SIMPLE algorithm developed by Patankar and Spalding [l], or one of its variants such as SIMPLER discussed 

by Patankar [21, and SIMPLEC discussed by Van Doormaal and Raithby [3]. This family of numerical 

algorithms for the calculation of three-dimensional parabolic flows is also discussed in a useful survey paper 

on building M o w  prediction from the European perspective by Jones and Whittle [4]. At about the same 

time that the SIMPLE methods were evolving, late 1960’s to early 1970’s. the Marker-and-Cell (MAC) 

method and variants for the calculation of 3-D flows were advancing at the Los Alamos National Laboratory, 

as reported by Hirt and Cook [5].  The MAC approach was incorporated into the SOLA (for “solution 

algorithm”) series of Los Alamos codes described by Hirt. et al. [6]. These and other computational fluid 

mechanics and heat transfer techniques are explained in the book by Anderson, Tannehill. and Pletcher [7]. 

Here. one can also find details on the two-equation. K-e turbulence model. In the text by White [8], the “law- 

of-the-wall” concepts that lead to the semi-empirical. logarithmic equations for velocity and temperature 

profiles in surface boundary layers. are discussed. This and other topics related to turbulence modeling, 

including isotropic turbulence and turbulent jets, can be found in the book by Tennekes and Lumley [9]. Good 

general references on fluid mechanics and heat transfer are the books by Fox and McDonald [lo] and 

Incropera and DeWitt [ll], respectively. Finally, the book by Rowe [12] and the ASHRAE handbooks [13] are 

good sources of general information on HVAC system design. 

CFD methods are being applied increasingly to a broad range of enclosure problems including air 

movement and heat transfer in large facilities [4]. In the early 1970’s, Nielsen pioneered the prediction of air 

movement and heat transfer in buildings using CFD methods in Europe, as discussed in the historical review 

in Ref. [4]. References [14], [15], and [16] are more recent examples of the work of Nielsen and his 

colleagues at the Department of Building Technology and Structural Engineering at Aalborg University in 

Denmark. Reference [14] reviews the status of research on air distribution in rooms and includes results from 

full-scale experiments. scale-model experiments, and 3-D CFD studies. Reference [15] compares 3-D CFD 

calculations of airflow to full-scale measurements in an 26.2-ft (8 m) by 19.7-ft (6 m) by 13.1-ft (4 m) room 

with heat sources. Reference [ 161 presents methods for modeling the inlet flow from real HVAC inlet registers 

using experimental data and 3-D radial wall jet theory. The use of these methods with CFX is feasible, but 

beyond the scope of the present work. 

The next four references [ 17-20] represent modem applications of different research and commercial CFD 

codes using different numerical methods to enclosure problems. Gan and Awbi [17] have developed the 

VORTEX code based on the SIMPLE algorithm and used it to analyze applications involving mechanically 
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ventilated (heated and cooled) and naturally ventilated rooms for environmental quality. In Ref. [ 181, Chow 

used the FLOVENT code (apparently based on SIMPLE) to simulate for W A C  design purposes, the indoor 

airflow in mechanically ventilated waiting halls and automobile parking structures in Hong Kong. Aboosaidi, 

et al. [19] at the Boeing Company, utilized two codes. FLUENT based on SIMPLER, and BINS3D, Boeing’s 

version of a NASA Ames Research Center research code. to compute isothermal aircraft cabin flows and 

compare to experimental results. Weathers and Spitler [20] developed their own 3-D code based on the Los 

Alamos MAC method. and used it to compare CFD predictions to full-scale experimental measurements of 

airflow in a 15-ft (4.57) by 9-ft (2.74 m) by 9-ft (2.74 m) room with isothermal walls. 

CFD techniques are also being applied to specialized enclosure applications. such as gloveboxes. 

cleanrooms. and large nuclear storage facilities, as evidenced by Ref. [6] and the final three references [21-231. 

In Ref. [6], Hirt et al. modeled a glovebox room at Los Alamos that contained three rows of gloveboxes as 

obstacles. as an illustration of the utility of using SOLA3D in the study of ventilation-type flows. Lemaire and 

Luscuere [21] at Delft, The Netherlands, have modeled cleanroom airflows (apparently using numerics based 

on the SIMPLE algorithm) in a 10.5-ft (3.2 m)-tall room with a view towards controlling potential airflow- 

related contamination problems. At Los Alamos, Gregory [22] used CFX (formerly CFDS-FLOW3D) to 

predict natural buoyant airflows and temperatures in a 39.4-ft (12 m) by 12.1-ft (3.7) m by 9.51-ft (2.9) m, 

heat-producing explosives storage chamber located at Pantex. Texas, and compared his results to experimental 

measurements made inside the same facility. In a study of the 20-ft (6.1 m) by 150-ft (45.7 m) by 20-ft (6.1 m) 

Nuclear Materials Storage Facility (NMSF) at Los Alamos, prior to major renovation activities. Gregory [23] 

again used CFX to study the feasibility of passive (buoyancy driven) removal of up to 68,200 B t a r  (20 kw) 

of heat generated in an array of vertical storage tubes. 

2. Problem Description 

This section describes the PHENIX detector as well as the MFH and gives heat dissipation specifications 

and cooling requirements for the detector. A single, proposed HVAC configuration for the MFH is described 

in Section 2.3, and studied in Sections 3 and 4. This configuration is evaluated and flow and thermal fields on 

the surface and surrounding the detector are predicted using CFX. 

2.1 PHENIX Detector 

The detector, shown in Fig. 1, is a very complicated geometric structure. Roughly speaking, it consists of 

a central octagonal cylinder (central magnet) connecting two truncated octagonal cones (muon trackersl on the 

north and south ends. The central magnet is surrounded by huge arms which form a cylindrical shell around 

the magnet when closed. These arms support the central 
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Fig. I: PHENIX detector. 

Figure 2 shows the PHENIX detector as envisioned under normal operation with the central magnet 

carriage closed. 

Fig. 2: PHENIX detector under normal operation mode. 

5 



Arrays of closely spaced vertical plates are located near both ends of the detector. These muon ID 
detectors work in conjunction with the muon trackers to characterize muon particles after a collision event. 

Most of the space between these plates is filled, so the muon ID’S are considered impervious to airflow. 

A best engineering estimate of the waste heat released into the MFH from the PEEMX is 359,000 Btu/hr 

(105 kW). Because PHENIX contains eleven sub-detectors in a complicated arrangement, the actual 

distribution of heat release on the boundary surfaces is unknown: hence, a uniform distribution was assumed. 

This released heat is the major portion of the MFH internal W A C  cooling requirement. The muon ID plates 

are not contributors to the internal heat load. 

2.2 Major Facility Hall 

The MFH will contain the PHENIX detector. The MFH is a huge room 50.2-ft (15.3 m)-wide by 61-ft 

(18.6 m)-long by 47-ft (14.2 m)-high. All but 73,300 f? (2076 m3) of the room volume is occupied by 

PHENIX. A schematic of the room is shown in Fig. 3; for simplicity, the PHENIX detector is represented 

inside the MFH as a box, bounded on the north and south ends by muon identifier plates. Four existing 

circular openings are located on the west wdl, two small vents and two Iarger emergency ducts. The two vents 

are 30-in. (0.76 m) diameter, while the emergency ducts are 54-in. (1.37 m) diameter. These openings are 

available to carry incoming and outgoing ventilation ductwork. The east wall constitutes a radiation shield 

between the detector and the occupied area, which will not be constructed until PHENIX is operational. 

Because an enormous amount of experimental equipment will require floor space in the MFH around the 

PHENIX, it is doubtful that there will be room for ventilation ductwork at floor level. 

vent 

* . - *  

south muon 
identifier plates 

N 
emergency ducts vent wx 

north muon 
identifier plates 

50 ft 

PHENIX detector 

Fig. 3: Major Facility Hall layout. 
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The space between the south muon tracker (small cone) and the south muon ID is 7.5 ft  (2.29 m), as 

shown in Fig. 4. There is very little space, 2.3 ft (0.70 m), between the north muon tracker (large cone) and 

the north muon ID (see Fig. 4). 

35 

7 7.5 1 6 I a5 11 1 2  7 
I I  

I 
s I 1 6  I .. - -  , 

1 , 6 1  ,I 
Fig. 4: Side view of the PHENIX detector and muon identifier plates. 

47 

PHENIX is off-centered in the MFH room: it is located 4.5 ft (1.37 m) from the east wall. and 2.7 ft (0.82 

m) from the west wall. Figure 5 shows this asymmeay and the compass directions in a top view of the MFH 

room. 
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Fig. 5: Top view of the PHENIX detector and muon identifier plates. 

2.3 HVAC Design Considerations 

50.2’ 

Self-contained, combined heating and cooling units are envisioned for roof-mounting on the MFH. From 

the standpoint of cooling, there are three sources of heat that ultimately must be accounted for in sizing and 

specifying the HVAC units. These are (1) internal heat loads (including equipment, €ighting, and people), ( 2 )  

transmission or conductive heat loads (from the building envelope), and (3) solar heat loads. For simplicity, 

convenience, and illustrative purposes, only the estimated PHENIX residual heat load of 359.000 Btuhr (105 

kW) plus a 10% safety margin, that is, only part of the internal heat load, is considered here in determining 

the MFH ventilation system airflow requirement. (It can be shown easily that inclusion of estimates of the 

remaining internal. transmission, and solar heat loads leads to the requirement of about 20% higher 

volumetric airflow rate for the MFH. A different airflow rate, adjustments to the PHENIX heat release or its 

distribution. and modifications to the ventilation system configuration can be incorporated in future studies.) 

The MFH is located on eastern Long Island at the Brookhaven National Laboratory, at Upton. New York. 

So for the ambient design point, we assumed 1% design conditions for New York City of Dry Bulb 

Temperature = 92°F. Wet Bulb Temperature = 74°F. Relative Humidity = 43%, and that 10% of the room 

supply airflow rate is drawn in from outside (that is, 10% outside air). For the roum supply air condition. we 

assumed Room Air Supply (Coil Leaving) Temperature = 55’F. For the MFH room design condition, we 
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assumed Room Dry Bulb Temperature = 75 O F ,  and Room Relative Humidity = 40%. These design points are 

shown on Fig. 6, a schematic diagram of the MFH air conditioning concept. 

40% RH 
Dew Point = 49 

0.0074 # Moisture 
## Drv Air 

ambient design 
92ry :,; 
43% RH 

2,000 
(1 0% outside air) 

1,500 
-fan exhaust 

BP = 500 

mixed air 
entering coil ieaving coil 

Fig. 6: Schematic diagram of the MFH air conditioning concept. 

The conceptual W A C  cooling calculation procedure is summarized in the following four steps: (1) 

determine internal sensible heat load, (2) calculate MFH airflow requirement, (3) use psychrometry (graphical 

methods) to determine the coil entering (mixed air) conditions and the coil sensible heat load, and (4) use 

psychrometry to determine the total coil load (TCL), which sizes the refrigeration unit. 

(1) Adding a 10% margin to 359,000 B t u h  gives a sensible heat load of Qs = 395,000 Btu/hr. (2) 

From this we determine 

CFM = Qs /( 1.1 (Troo, -Tapply)) = 395,000/( 1.1(75 - 55)) = 18,000 cfm. 

For convenience, we assume the MFH airflow rate to be 20, 000 cfm for the calculations in this paper. 

This flow rate represents 16 room volume changes per hour at a mass flow rate of 25.1 l b d s  (11.4 kg/s). 

(3) From an ASHRAE psychrometric chart for sea level conditions, assuming 10% outside air. we 

find that the coil entering (or mixed air) temperature is 76.7 O F ,  which leads to determination of the coil 

sensible heat load of 

Qs = 1.1 (CFM) (Tcoi1 entenng - T cod leavlag) = 1.1 (20,000) (76.5 55) 

= 477,000 Btu/hr. 

Continuing to use the psychrometric chart, we can determine the total coil load (TCL), Qt, including both 

sensible and latent heat loads, which sizes the refrigeration unit compressor, as 

Qt = CFM (DJ3 (4.5) = CFM (H coil entenng - H cod leaving ) (4.5) 

= 20,000 (27.3 - 21.2) (4.5) = 549,000 Btu/hr. 

Thus, 

Qt = 549,000 Btu/hr I (12,000 BtulhrlTon) = 46 Tons. 
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Standard W A C  units can be selected to handle this or whatever the ultimate cooling requirement turns 

out to be. In Fig. 6, the 500 cfm of airflow is assumed to insure back pressure, that is, to maintain a positive 

pressure in the MFH. 

2.4 MFH Ventilation Configuration 

The objective of this study is to develop a numerical model and a capability, not to design the final MFH 

ventilation system. However, some thought was given to starting with a realistic configuration. For example, 

in choosing between floor or ceiling delivery of cooled air, cooling supply ducts are customarily located at the 

ceiling and slightly away from the perimeter of a room so that the cool air can mix with warm air [12]. Little 

space is available on the floor of the MFH anyway, so floor delivery of cool air may not be feasible. Hence, our 

decision was to begin with ceiling delivery via 20 registers connected to a system of trunk lines and branches 

(equipped with dampers). The 1.7-ft (0.5 m) by 0.6-ft (0.2 m) are arranged in 5 rows of 4 in the North to South 

and are equally spaced as shown in Figs. 7 and 8. While we began with equal airflow rates in each inlet, in 

the real system, automatic or manual dampers will be installed to balance or adjust the system to help alleviate 

suspected hot spots. 

Y 

Fig. 7: W A C  system for the MFH. 
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Low return registers were selected to induce the more dense cool flow down over the PHENIX for cooling 

purposes. The three exhaust openings shown in Figs. 8 and 9 were placed only on the west wall because this is 

close to the available MFH wall penetrations. and because the east wall will be a shield wall that is only 

constructed after the PHENIX is operational. The 2-ft (0.6 m) by 4-ft (1.2 m) return registers are equally 

spaced along the west wall and are located 3 ft (0.9 m) above the floor of the MFH to remain clear of low-level 

apparatus. 

3. Numerical Model 

3.1 Software and Hardware 

For this study we started out using a commercially-available. finite-element-based CFD code with which 

we had some limited prior experience. We were running this code on an IBM-compatible PC platfoxm, and 

had good success in solving a modest-sized problem. Unfortunately, this finite element CFD solver was linked 

to a finite element analysis code that had memory limitations of 64 K elements. This turned out to be far too 

few elements for the 3-D MFH problem. 

After these difficulties and to obtain more capabilities. we turned to the British CFD code. CFX. a mature, 

commercial, full-physics, industry-driven computer code that has been developed under I S 0  9001 

requirements. and has been validated with numerous test problems. CFX is available in the United States 

from AEA Technologies, Bethel Park, PA 15102. We have found the CFX code to be relatively “user- 

friendly” with good post-processing capabilities. CFX was formerly known as CFDS-FLOWSD. 

The CFX modeling capabilities used in this study were three-dimensional, steady state, incompressible, 

turbulent flow with heat transfer and buoyancy. The reader may be interested in certain CFX capabilities 

available. but not used in this study. For example, CFX has the capability to handle unsteady or transient, 

weakly or fully compressible, multiphase with evaporation. condensation, and particulate transport. non- 

Newtonian fluids, chemical species concentration, chemical reacting flows, radiating surfaces (including a 

Monte Carlo calculation), porous media, and conjugate heat transfer flows. For conjugate heat transfer. the 

code will calculate conduction heat transfer within a solid object and, simultaneously, convection heat transfer 

to a fluid from the solid surfaces. CFX also has a user FORTRAN capability that allows the user to add 

custom subroutines. 

CFX features grid generation flexibility using a multi-block scheme with body-fitted grids (that is. grid 

boundaries that fit or map to the geometry). It also has the capability to do moving, sliding, rotating, and 

“globally unstructured” grids. (CFX models complex structures as an assemblage of “blocks.” While the 

hexahedral grid structure within each block is “structured.” the overall global connectivity of the blocks is 

essentially free or unstructured.) CFX has CAD compatibility with UG, ProE, PATRAN, IDEAS, and does 

not have to depend on IGES graphical exchanges. 
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Regarding numerics, CFX is a finite volume, implicit, Navier-Stokes solver with automatic timestep 

control. The numerics are based on the Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) 

technique for the solution of three-dimensional parabolic flows developed by Patankar and Spalding [l], and 

later enhanced by Van Doormaal and Raithby (SIMPLEC) [3]. The code uses well-developed solvers (to solve 

simultaneous. algebraic equations) and differencing schemes as appropriate for different flow situations. 

Regarding hardware. at Los Alamos CFX is installed on an SGI Indigo I1 workstation with 20-in. 

monitor. For the calculations reported here, our SGI contained a single 250 MHz IP22 processor and 128 

Mbytes of main memory. (The main memory has since been upgraded to 256 Mbytes to handle larger 

problems or grids finer than the one used here.) This machine also contains two SCSI 4 Gbyte hard disks, and 

its graphics board is a GR3-Elan. The floating point chip is an MIPS R4010 Rev 0, and the processor chip is 

an MIPS R4400 Rev 6.0. 

3.2 Model Geometry 

For the numerical model. the real, highly complex, PHENIX detector geometry is approximated for this 

study by a central parallelepipedic volume representing the central magnet and its carriage, connected to two 

trapezoids representing the muon trackers. While the geometric assumptions for this study are relatively 

severe, a more detailed geometry can be studied in a future calculation. 

The resulting model geometry used is shown in Fig. 10. The origin of the Cartesian coordinate axes is 

taken at the southeast comer of the MFH room: the x-axis extends from east to west, the y-axis extends from 

the ground to the ceiling, and the z-axis extends from south to north as shown in Fig. 10. (This coordinate 

system is also shown in Fig. 7.) In our model. the detector sits directly on the ground: this is a very reasonable 

assumption since the rails will be filled with miscellaneous equipment and will not allow air circulation under 

the PHENTX. In the model. there is solid blockage near the ground between the central magnet and the north 

muon tracker. In reality, some air space will be present in this region: however, the amount of flow going 

through this space is considered small compared to the total flow. Both sets of muon ID plates are modeled as 

a single parallelepipeds, respectively, since the space between the plates is mostly filled. Both the PHENIX 

and the muon ID plates are defined as flow obstacles in CFX. 
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Fig. 10: MFH model geometry outline. 

3.3 Grid and Boundary Conditions 

The total number of cells is 137,428. The average cell size is 1-ft (0.3 m) by 1-ft (0.3 m) by 1-ft (0.3 m). 

The mesh as shown in Fig. 11 has been refined near all walls and the average cell size near the walls is 0.5-ft 

(0.15 m) by 0.5-ft (0.15 m) by 0.5-ft (0.15 m).. This mesh refinement near all of the walls was needed to keep 

the modeling parameter y’ in the range 30 to 300, which is the required range for application of the “law of 

the wall” approximation. This approximation is a standard numerical technique for modeling high Reynolds 

number. turbulent flow next to walls. and effectively imposes a semi-empirical logarithmic velocity profie 

near surfaces [8], [9]. The approximation replaces the need for the turbulence model near walls and allows 

calculations using fewer cells near walls. 
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Fig. 11: MFH mesh. 

The inlet configuration and aimow requirement of 20,000 cfm (9.44 m3/s) described in Section 2.3 is 

modeled: each of the 20 inlets delivers 1.000 cfm (0.47 m3/s) of air at 55°F (286 K) through a 1.7-ft (0.5 m) by 

0.6-ft (0.2 m) opening, or a 1 ft2 (0.093 m2) area. A uniform velocity profile is assumed and the corresponding 

velocity is 1000 ft/min (5.1 m/s). The small exhaust with dimensions 1-ft (0.30 m) by 1.5-ft (0.46 m) on the 

ceiling is drawing 1,500 cfm (0.7 m3/s) out at 1000 ft/min (5.1 d s ) .  The three outlets located on the west 

wall near the ground, each with dimensions 2-ft (0.6 m) by 4-ft (1.2 m), are defined as zero pressure 

boundaries. In the absence of more detailed information. a uniform heat flux of 41.8 Btu/hr/fe (143 W/m2) is 

applied on all PHENIX walls, leading to the total heat dissipation of 359,000 Btu/hr (105 kW). 

3.4 Solver Parameters 

The MFH flow field was expected to be and was treated as a 3-D, steady-state, incompressible, turbulent. 

flow of a perfect gas. At the airflow velocities and temperatures encountered in this flow field, air is fully 

incompressible. This flow is not expected to be even “weakly compressible” because the temperature and 

density variations are too small. Because the flow field is strongly turbulent with an inlet Reynolds number 

based on hydraulic diameter of 900.000. a two-equation K-E turbulence model is used [7, 101. Sensitivity 

studies on the values of turbulent kinetic energy and turbulence dissipation were not performed. Rather. the 
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CFX generic default parameters for the K-E model were used in all calculations. If turbulence 

measurements or better estimates of these parameters become available. they can be used in future 

calculations. The no slip boundary layer flow near the walls is modeled by standard logarithmic wall functions 

as discussed in Section 3.3. The effects of radiation heat transfer were not taken into account. 

Numerical techniques of under-relaxation and false time-stepping were both used to achieve solutions [ 2 ] .  

Under-relaxation was used to reduce the amount of change in variables to improve stability and to obtain a 

more accurate solution. False time-stepping was also used to speed convergence. 

4. Results 

A lo_gical CFD solution strategy applicable in general to buoyancy-driven, mixed-convection problems was 

adopted here. This strategy allows the analyst an opportunity to view and check the solution at different levels 

of complexity starting with the simplest. The strategy also helps with convergence, First. we ran the 

isothermal case (all adiabatic walls and no heat released from the P H E W  to steady-state. This solution 

revealed the flow field unaffected by heat transfer. Then. we establish a forced-convection solution from the 

converged isothermal flow field. For this second solution, heat was released uniformly from the walls of the 

PHENIX model and the energy equation was solved by CFX. but buoyancy forces were set equal to zero. This 

solution. while thermally unrealistic, provided an initial or restart condition for the next and final level of 

complexity. a mixed-convection solution in which buoyancy force terms were included in the momentum 

equations. This fid solution lead to a free-convection as well as a forced-convection solution. 

Each solution is run up to convergence and a converged solution corresponds to steady state. One way to 

check convergence is to look at the “residuals”. To provide an indication of convergence as a CFX calculation 

proceeds. “residuals” are computed at each step in each cell of the mesh. Each dependent variable. y. such as 

the 3 components of velocity, the pressure. the temperature. the turbulent kinetic energy or the turbulent 

energy dissipation. is being solved for in algebraic equations of the form f(y) = F, where F is a forcing 

function. The “residual” or mor. R for y at each cell is defined to be R = F-f(y). Typically, in the early stages 

of iterations. the residuals spike up and decrease down slowly. Convergence is achieved when residuals reach 

a plateau and remain constant. Looking at the values of velocity. pressure and turbulence at a specific location 

constitutes another convergence check; if these values remain constant over a certain number of iterations, 

steady-state has been reached. 

Accuracy of each solution also needs to be assessed. In terms of mass, accuracy can be defined as the ratio 

of the mass residual over the total mass flowing into the system. while in terms of enthalpy, the accuracy can 

be defined as the ratio of the enthalpy residual over the total energy released into the system. 

4.1 Isothermal solution 

We first ran an isothermal case for 3,922 iterations. Once steady-state was reached we looked carefully at 

the flow field results to see if it met our expectations. Seeing that it did, we performed a mesh independence 
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study before accounting for heat-transfer phenomena. 'To this end, we doubled the number of computational 

cells from about 137,428 to 268.922 and ran an isothermal solution to convergence. Examination of the 

results showed that both coarse and fine flow fields exhibit similar patterns. Some of the flow-field features 

can be identified in Figs. 12 and 13. Figure 12 shows a vector plot of the flow field for the coarse grid for the -' 

plane z = 30.5 ft (9.3 m). Le.. in the middle of the room, just below the exhaust located on the ceiling. We can 

clearly see the air exiting downward from the ceiling inlets, and four jets (third row in the north-south 

direction) impinging on the top of the middle of the PHENIX. We can also see the air leaving the room at the 

outlet located near the ground in the center of the west wall. Note that the flow field is not symmetric with 

respect to the middle of the room since the PHENIX is not centered and outlets are present only on the west 

Wall. 

3 
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Fig. 12: Isothermal flow field at z = 30.5 ft (9.3 m). 
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Figure 13 shows the flow field for the coarse-grid solution for x = 18.8 ft (5.7 m), Le., just below The 

second row of inlets from the east wall. We can clearly see three of the jets splashing on the PHENIX, one in 
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the center and the other two on the south and north muon trackers, respectively. The two jets closer to the 

north and south walls impinge on the north and south muon ID plates, respectively. 

- .  

. . 

. I ‘  

. I - - - - .  

Fig. 13: Isothermal flow field at x = 18.8 ft (5.7 m). 

While similar patterns for the predicted flow field were observed for both coarse and fine grids, a 

I 

significant increase in computational time was needed for the fine grid. The CPU time per iteration for the 

coarse mesh was 24 s. while the CPU time for the fine grid was 60 s. Note that this dramatic drop in 

performance is due to the fact that the problem became too large to be stored and solved in the SGI RAM 
memory. That is. above a certain number of cells, the machine started “memory swapping” where it was 

continuously exchanging data between the hard disk and the RAM. Since the predicted flow fields were very 

similar. we selected the coarse mesh for the rest of this study. 

The accuracy of the isothermal solution is about 3%, this is very reasonable since we are mostly interested 

in qualitative results. The mass balance obtained for this solution was exact. 
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4.2 Forced-convection solution 

We ran a forced-convection (heat transfer on. but buoyancy off) solution using the final results from the 

converged isothermal flow field predicted by the coarse mesh. The forced-convection solution converged very 

quickly (50 iterations). This was expected since the energy and momentum equations are decoupled for a 

forced-convection case. and the code only needs to solve for one additional variable, the temperature, for each 

point of the domain. As expected, the predicted velocity field remains identical to the isothermal velocity 

field. 

The temperature field predicted by the this forced-convection solution was used as an initial or restart 

condition for the mixed-convection solution (see Section 4.3). In the pure forced-convection solution. predicted 

temperature eradients are unrealistic since buoyancy effects are predominant in our case. Airflow velocities 

around the PHENIX are so low that buoyancy effects play an important role in determining the flow field as 

explained in the next section. 

4.3 Mixed-convection solution 

As we examine the results in this section which includes heat transfer from the walls of the PHENIX to 

the air in the MFH. and the effects of buoyancy on the velocity field. we wish to interpret temperature 

variations on the surface of the detector in two ways, frst as they are calculated numerically by CFX. These 

surface gradients are caused by non-uniform cooling in the complex surrounding flow field. which in part is 

caused by the cool downflow. and in part is caused by the rising buoyant plume. But. in either case the surface 

cooling depends on the local energy balance between mesh volumes near and adjacent to walls. which is being 

calculated locally by CFX. Here. CFX is using “law-of-the-wall” logarithmic velocity and temperature profiles 

near the walls [8] to calculate cell velocities and temperatures. Where the velocity or mass flow is higher on 

surfaces. the cooling effect is greater. 

While CFX does not calculate wall heat transfer coefficients, there is a second viewpoint involving two 

heat transfer principles [ll]. The first results from the cooling law. Nu = f(Re.Pr), where Nu is the Nusselt 

number. Re is the Reynolds number. and Pr is the Prandtl number. That is. where the velocities are higher 

over a surface. the cooling effect will be greater. so the temperatures will be lower. and vice versa. Because of 

this. temperature on PHENIX model surfaces and velocity results near that surface are strongly (inversely) 

correlated. The second effect has to do with the fact that cooling is enhanced in regions where the boundary 

layer is thinner, as for the entry regions to tubes or pipes. Thus, we expect that where jets impinge on surfaces 

producing thin layers. the cooling will be enhanced. 

The MFH mixed-convection solution is buoyancy-driven in regions near the PHENIX because here. the 

surface to free sueam temperature differences are relatively large, say 6OoC (14OOF). while the surface 

velocities are relatively small, say 1 m / s  (3.3 Ws). Under these conditions. the controlling dimensionless 

parameter, @/Re’ is equal to 76. where Gr is the Grashof number. Actually, the range of variables for 
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calculation of this parameter are between 1°C (34OF) and 60'C (140OF) for the temperature and between 1 m/s 

(3.3 ft/s) and 5 m/s (16.4 ft/s) for the MFH flow field. This leads to values for Gr/Re2 between 0.32 and 76; 

thus. buoyancy effects must be accounted for, and a model that failed to do this would be in error. Buoyancy 

effects are only negligible if Gr/Re2 << 1 [ l  11. 

1 

For this final solution, buoyancy effects were added and the solution was run up to convergence for 4149 

iterations. Figure 11 shows the flow field on the PHEMX walls at z = 30.5 ft (9.3 m) for a mixed-convection 

case. The flow field of Fig. 14, including the effects of buoyancy, can be compared to the adiabatic flow field 

shown in Fig. 12. Significant differences can be observed between the two solutions. Because of buoyancy, 

differences in the vector field in the spaces between the downward jets can be observed. Also, a buoyancy- 

induced upward flow is observed along the east wall of the PHENIX in Fig. 14, but not in Fig. 12. 

\ 
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Fig. 14: Mixed convection flow field at z = 30.5 ft (9.3 m). 

/ 

Figure 15 shows the predicted flow field at x = 18.8 ft (5.7 m) for the mixed-convection case. This flow 

field can be compared to the flow field shown in Fig. 13. Buoyancy effects are also significant and are 
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responsible for the circulation zone near the east wall of the detector as well as the rise of air along the east 

Wall. 
3 

Fig. 15: Mixed convection flow field at x = 18.8 ft (5.7 m). 

I 

The temperature distributions in the flow at the same location for a forced-convection case and a mixed 

convection case are shown in Figs. 16 and 17, respectively. The mixed-convection solution shows the thermal 

plume rising off the walls of the PHENIX and warm air between the jets at the ceiling (see Fig. 17), while the 

forced convection solution shows hot air stagnating on the ground and cool air near the ceiling (see Fig. 16). 
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Fig. 16: Temperature distributions in the flow field at x = 18.8 ft (5.7 m) - Forced convection case. 
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Fig. 17: Temperature distributions in the flow field at x = 18.8 ft (5.7 m) - Mixed convection case. 

By looking at the flow field and the temperature distributions predicted by the mixed-convection solution, 

we can see that buoyancy governs the solution and can not be neglected, as expected. 

The next three figures present the temperature gradients on the east face of the detector. Figure 18 shows 

the temperature distributions in the flow field 40 cm (1.3 ft) to the east of the east wall of the PHENIX. The 

flow entering the room at 55'F (286K) that has approached the face is warmed up by the heat flux coming off 

the face. As the air becomes more buoyant or Iess dense, it rises dong the face. Air stratification of about 4°C 

(7'F) in the room is clearly illustrated by Fig. 19: warm air is concentrated near the ceiling, while cooler air 

remains at ground level. 
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Fig. 18: Mixed convection flow field at x = 3.3 ft (1 m). 

Fipre  19 shows the air temperature in the plane of the east face. Here. the expanding buoyant thermal 

boundary layers on vertical faces are clearly visible. Air flowing in between the south muon tracker and the 

south muon identifier plates is cooler than the air flowing on the north side of the detector (i.e.. between the 

north muon tracker and the north muon identifier plates). The difference in temperature is only about 5'C 

(9OF). but this can be of considerable importance for air cooling of other PHENIX subsystems, which would 

draw their air from the MFJ3 room. 
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Fig. 19: Mixed convection flow field on the east face of the PHENIX (x = 4.5 ft or 1.4 m). 

Figure 20 shows the temperature distributions on the east face of the detector. The temperature 

distribution is fairly uniform and the average temperature is about 330 K (135°F) with some regions showing 

as high as 350 K (170°F) because of reduced cooling effectiveness (lower heat-transfer coefficient). 
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Fig. 20: Temperature distributions on the east face of the PHENIX (x = 4.5 ft or 1.4 m). 

Temperature distributions on the west face of the detector are illustrated by Figs. 21 and 22. The 

temperature distributions in the air near the face is shown on Fig. 21. This figure again clearly illustrates the 

air stratification within the room. Here, the air on the north side of the PHENIX is again seen to be a few 

degrees warmer than the air circulating around the south side of the detector. 
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Fig. 21: Mixed convection flow field on the west face of the PHENM (x = 47.5 ft or 14.5 m). 

Temperatures on the west face of the PHENK are shown on Fig. 22. Overall, the west face is about 10°C 

(18OF) warmer than the east face. except as expected. near the ground at the outlet elevation. Near the outlets, 

a larger quantity of air is circulating more rapidly, therefore the lower part of the detector west face is more 

efficiently cooled. Note that the average temperature of the west face is greater than the average temperature 

of the east face since the space between the west walI of the MFH and the PHENIX is much smaIIer than the 

space between the detector east face and the MFH. Ventilation air seems to be circulating less efficiently in 

the smaller gap. 
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Fig. 22: Mixed convection flow field on the west face of the PHENIX (x = 47.5 ft or 14.5 m). 

Figures 23 and 24 show the temperature distributions in the flow and on the detector for the top of the 

central magnet carriage. Figure 23 shows the temperature distributions in the air surrounding the top of the 

PHENIX. The temperature of the air surrounding the top of the detector averages 297K (75'F). 
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Fig. 23: Mixed convection flow field on the top of the PHENM (y = 35 ft or 10.7 m>. 

Temperature distributions on the PHENIX are shown in Fig. 24. Cool spots correspond to areas where the 

four jets of the third inlet row impinge on the top of detector. Note that in this study. uniform velocity 

distributions were used for the inlets. The ‘‘open” inlets produced jets of air that normally would be broken 

down by inlet diffusers. While it is possible to simulate inlet diffusers using CFX or other CFD codes [16], 

this was left as future work. 
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Fig. 24: Temperature distributions on the on the top of the PHENIX (y = 35 ft or 10.7 m). 

Finally, temperature distributions on all the detector walls are shown on Figs. 25 and 26. Figure 25 is 

looking from the west side of the PHENIX. while Fig. 26 is looking from the east side. A surface temperature 

variation of 60°C is observed. from 300 K to 360 K. 

One might question whether surface temperatures of up to 360 K are reasonable in this flow field. To 

check. consider Newton's cooling law for the specified heat flux, Q/A = h (Ts - To) =143 W/m2. Here, Q, is 

the heat transfer in W perpendicular to surface A in m2. h i s  the heat transfer or film coefficient in W/m2K, 

and (T, - To) is the difference between the surface and free-stream temperatures, respectively, in K (or "C). 

For an inlet temperature of 55°F (286 K ) and an assumed value for h of 2 W/m2K, which is reasonable for the 

low h end of free convection [ll], we calculate T, = 357 K. With these assumptions, as h varies from 2 

W/m% to 10 W/m2K, T, varies from 357 K to 300 K. 
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The overall heat balance for the MFH easily can be checked using the outlet temperatures and mass flow 

rates. CFX calculated a total energy output through the three outlet orifices of 97 kW, which is within 8% of 

the PHENIX heat release of 105 kW. The mass balance for this solution was also exact. The accuracy of this 

fmal solution was about 10% which is still reasonable for qualitative results. 
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Fig. 25: Temperature distributions on the PHENIX looking west to east. 
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Fig. 26: Temperature distributions on the PHENIX looking east to west. 

5. Concluding Remarks 

The purpose of this study was to develop the capability to numerically simulate the 3-D flow and thermal 

fields in the large PHENIX Major Facility Hall using the CFX finite volume, commercial. computer code. The 

desired fields resulted from the interaction of an imposed downward ventilation system cooling flow and a 

buoyancy-driven thermal plume rising from the warm detector. While much work remains for the future, we 

achieved our basic goal. 

An understanding of the thermal irregularities on the surface of PHENIX and in the flow surrounding is 

needed to assess the potential for adverse thermal expansion effects in detector subsystems, and prevent 

ingestion of electronics cooling air from hot spots. With our CFX computational model of the thermal fields 

on and surrounding the detector, HVAC engineers can evaluate and refine proposed ventilation system designs 

32 



prior to the start of construction. For the MFH the design problem will be air distribution, that is. locating the 

inlet registers and balancing the branch lines to achieve relatively uniform cooling, given that the PHENIX is 

not centered in the MFH. and given that the outlets will probably be placed on the west wall. Given the high 

internal heat gain and high ceiling, this is a fairly unique situation. 

For a single. representative. ceiling-delivery, low-exhaust configuration. velocity and temperature fields 

were calculated and results were presented as color plots of velocity vectors and temperature contours for 

various planes in the MFH. Generally. the magnitude of velocities in the MFH were found to be from 0 m/s to 

4 d s .  Thermal stratification in the MFH was predicted and the effects of buoyancy were evident in the 

results. CFX predicted temperature differences of 5°C at various locations around the PHENIX. and 

temperature differences as high as 60°C on its surface. The latter temperatures are not too meaningful given 

the preliminary nature of the geometric approximation, the assumption of uniform heat flux, and the 

assumption of open inlets (no diffusing registers). 

Possible future work on MFH flow field modeling includes improving the geometric model of the 

PHENIX. refining the computational mesh to obtain better accuracy. investigating other ventilation system 

options, varying the heat source distribution on PHENIX surfaces, and modeling the flow from real inlet 

diffusers. 
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