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Introduction  

UC Berkeley has developed the PB-AHTR (Pebble Bed Advanced High Temperature 

Reactor) as shown in Fig. 1 [1]. The PB-AHTR uses an intermediate heat transport system to 

transfer the heat from reactor to power conversion system or hydrogen production system. 

The modular PB-AHTR (900 MWth) adopts several components and systems that were 

originally developed for the Molten Salt Breeder Reactor (MSBR) program at ORNL. These 

include the MSBR primary pump and intermediate heat exchanger (IHX) developed and 

tested at multiple scales in the ORNL MSBR program [1, 2].  

Several types of heat exchangers, compact plate types and shell-and-tube types, were 

considered for use as the PB-AHTR the IHX. To facilitate in-service inspection and reliability, 

the PB-AHTR adopts the MSBR shell and tube IHX design [1, 2]. There are four IHX (225 

MWth/IHX) and two primary pump in the intermediate loop and each of the two primary salt 

pumps provides flow to two of the four IHX's. Figure 2 provides a cross sectional elevation 

view of IHX for the PB-AHTR. 

 

Fig. 1.  Schematic of the modular PB-AHTR 
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Fig. 2.  Elevation view of IHX for the PB-AHTR, with inlet and outlet plenums 
shown schematically. 

 
The overall conditions in the PB-AHTR system impose several specific design 

requirements on the IHX’s [3]: 

1. The entrance and exit coolant temperatures, maximum pressure drop and the total 

heat transfer capacity must conform to the overall system operating conditions. 

2. The type of heat exchanger, general location of nozzle, height of the unit and 

minimum tube diameter must be compatible with various design, layout and 

fabrication considerations. 

3. The heat exchanger must be arranged for relatively easy tube-bundle replacement 

by means of remote operation. 

4. Flow velocities, baffle thickness, tube clearance and baffle spacing should be 

selected to minimize possibilities of vibration. 
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Based on the conditions, for application to the PB-AHTR the detailed design 

characteristics for shell-and-tube-type, one-pass vertical exchanger with disk-and-doughnut-

baffles heat exchangers are [3]: 

1. The tubes are arranged in concentric rings in the bundle and the L-shaped tubes 

are welded into a tube sheet.  The L-shaped tubes help accommodate differential 

thermal expansion between tubes. 

2. The tubes have a helically knurled surface to improve heat transfer and to 

minimize salt volume.  The tubes may also have a tri-clad construction, with a 

high-temperature structural alloy sandwiched between thin layers of a corrosion 

resistant cladding material. 

3. The baffles are used to hold the tubes and to control cross flow to minimize the 

flow-induced vibration. 

4. The IHX should facilitate natural circulation flow. Thus the primary salt must 

flow downward and the intermediate coolant upward. 

5. The primary coolant must enter and exit from the top of the IHX, because the 

connections on the primary loop of the PB-AHTR, which uses a pool-type reactor 

vessel and a guard vessel, are also high in the system. 

6. Under this configuration, the primary coolant flows on the tube side and the 

intermediate coolant enters from the bottom, flows on the shell side, and exits the 

top. 

The primary salt (flibe) enters the top of the IHX tube side, which uses 0.9525-cm O.D., 

0.1335-cm wall thickness tubes with an inlet temperature of 704 C, exits the bottom tube 

sheet into a collection plenum, and then flows upward through central pipe and out from the 

top of IHX at a temperature of 600 C. The secondary salt (flinak) enters the bottom of IHX 

shell side at a temperature of 545 C and flow upward around disk and doughnut type baffles, 

and flow out the top of IHX at 690 C. Based on the requirements, the design calculations 

were performed using the PRIMEX code.  

Description of the PRIMEX code 

PRIMEX (PRIMary heat EXchanger) is a computer code which was developed at ORNL 

in 1971 for MSBR primary heat exchanger design [4]. In the MSBR design, the PRIMEX 

code was believed to result in an efficient and reliable design. 

In 1998, the code was reconstructed at Ajou University (South Korea) as a part of 

development of an advanced molten salt nuclear energy complex, named AMBIDEXTER [5]. 

Most of the modification of the code was to meet PC operating system requirements, thus the 

code was updated from the original version of IBM 360/91 to MS WINDOWS. Table 1 

provides a brief history of the code development and modifications. 
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Table 1.  Development and update history of the PRIMEX code [4,5] 

year Institute Modifications 

1971 ORNL (MSBR) Original code development, IBM 360/91 

1998 Ajou Univ. (AMBIDEXTER) Code reconstruction for PC WINDOWS 

2008 UC Berkeley (PB-AHTR) Physical Properties (flibe, flinak) insertion 

 

A simplified flow diagram for the PRIMEX code and the definition of baffle space are 

shown in Figs. 3 and 4, respectively. In the code calculation, each zone between two baffles 

was considered as one increment length. The calculations are begun on the hot side of the heat 

exchanger, and increments are added until a complete heat balance is achieved [5]. 

 

Fig. 3.  The simplified flow diagram for the PRIMEX code 
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Fig. 4.  The baffle space in the PRIMEX code 

 

Design Calculations 

The physical properties of the salts are given by temperature dependent equations and 

these equations are can be replaced when the salt types are changed. The physical properties 

of primary and secondary salts for the heat exchangers in the AMBIDEXTER are same as the 

MSBR. But the PB-AHTR case, to the properties are changed to use flibe (primary) and flinak 

(secondary) as the salts. The salt properties used for the PB-AHTR IHX design are listed in 

table 2 [6].   

Heat transfer experience with the salts is limited because no experiments have been 

performed for correlating the heat transfer behavior of coolant salt in the shell side of the heat 

exchanger, but the MSRE and some experiments showed that basically the primary salt (fuel 

salt in MSRE) behaves very similarly to conventional fluids [3].  

As described earlier, the tubes in the heat exchanger are helically indented to improve heat 

transfer performance. Some experimental results performed by C. G. Lawsin, et al. [7] 

indicate that this indentation is expected to result in an improvement by a factor of 2 in the 

tube-side heat transfer coefficient. For the tube outside, an enhancement factor of 1.3 was 

recommended but it was based on some assumptions [3]. 

Table 2.  Summary of properties of the primary and secondary salts [6] 
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In the code calculation, the overall heat transfer coefficient, UO, is given by 

                                           (1) 

where for turbulent flow, 

                              (1-a) 

                                              (1-b) 

                       (1-c) 

The enhancement factors, EFi and EFO, are 

          EFi = 2.0 and EFO = 1.3 for Reynolds numbers (Re)  10,000 

          EFi = 1.0 and EFO = 1.0 for Reynolds numbers (Re)  1,000 

For 1,000  Re  10,000, 

 and                                   (1-d) 

                                    (1-e) 

The pressure drop at the inside tubes ( Pi) is calculated by 

                                              (2) 

and the pressure drops for the shell side with baffle region are calculated for the cross-flow 

zone and the window zone. The pressure drop for the cross-flow zone is 

                                    (3) 

and the pressure drop at the window zone is calculated by 

                                  (4) 
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Calculation Result and Analysis 

Similar to commercial heat exchanger design codes, total heat capacity, inlet-outlet 

temperatures of primary and secondary coolant, tube diameter, IHX shell diameter and 

maximum pressure drops in the tube and shell sides are required as main input parameters for 

the PRIMEX calculation. Also, British Thermal Units (BTU) are used in the code. 

Among the input data which significantly affect the heat exchanger design are the physical 
properties of salts and their variation with temperature, the heat transfer correlations, the 
enhancement factors assumed for the knurled tubes and the leakage factors associated with 
fabrication clearances [4].  

Once the inlet and outlet temperatures of the primary and secondary salts are determined, 

the maximum pressure drop and allowable IHX diameter are the major input parameters to 

determine the tube length and shell diameter of the IHX [3].  

For the baseline IHX design for the PB-AHTR, a lower LMTD is desired than was used in 
the MSBR to increase the power conversion efficiency and thus a substantially larger surface 
area is used comparing the MSBR case, as shown in Fig. 5 [6]  

Initial calculations were performed with some different shell diameter and tube length 

cases. As the result, the optimal inlet temperature for the intermediate salt will be around the 

550°C value and it is clear that shorter IHX designs have lower effectiveness and thus require 

more surface area to achieve the same LMTD. On the other hand, shorter IHX designs have 

smaller pressure drop, which is also valuable. In all cases the primary salt volume in the tubes 

was relatively small compared to the total primary salt volume. 

 

 
 

Fig. 5.  Primary salt, intermediate salt, and power conversion fluid temperatures in the 
MSBR IHX and the PB-AHTR IHX 
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Table 3 shows the calculation results for the IHX. There are three candidate approaches to 

meet the physical arrangement with reactor vessel and primary loop for the PB-AHTR plant 

[6]. From the perspective of the physical arrangement, there is no difference between the 1.98-

m diameter and the 2.35-m diameter designs, since this difference is very small compared to 

the distances needed between the IHX’s and the reactor vessel. 

The IHX height is a more important parameter, since it varies more, but the current reactor 

design can likely accommodate the full range of optimized lengths with minor impacts. Thus 

the IHX can be optimized independently from the physical arrangement. 

Fig. 6 shows the 3-D view for the PB-AHTR primary loop arrangement and the baseline 

IHX design with 8.54-m long tubes and a 2.16-m shell diameter. The physical arrangement 

was developed by U.C. Berkeley seniors in the 2008 NE-170 senior design class [8]. 

 

 

      

Fig. 6.  The 3-D drawings of the PB-AHTR primary loop and the baseline IHX design [8]. 
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Table 3. Design Data for PB-AHTR IHX, for 3 different point designs with different average 

tube lengths. 

Type Shell-and-tube one-pass vertical exchanger 
with disk and doughnut baffles 

Number of required Four 
Heat transfer rate per unit (MWth) 225.0 
Primary salt  flibe (Li2BeF4) 
Secondary salt  finak (LiF-NaF-KF) 
Tube Material Tri-clad Alloy 800H/Hastelloy N 

Inlet temperature of primary salt (°C) 704.0 
Outlet temperature of primary salt (°C) 600.0 
Inlet temperature of secondary salt (°C) 545.0 
Outlet temperature of secondary salt (°C) 690.0 

 

Outside diameter of tubes (cm) 0.9525 
Wall thickness of tubes (cm) 0.1335 
Mass flow rate of primary salt (kg/sec) 905.87 

Mass flow rate of secondary salt (kg/sec) 823.60 

Central tube(up-comer) diameter (cm) 55.0 

Wall thickness of IHX shell(cm) 1.27 
 

Total tube length(m) 9.36 8.54 7.99 
Total number of tubes 7822 9465 11249 
IHX approx. length(m) 8.80 7.98 7.39 
Nominal IHX diameter (m) 1.98 2.16 2.35 
Primary salt volume in tubes(m3) 2.70 2.99 3.32 

 

Total heat transfer area based on tube O.D(m2) 2194.20 2418.99 2695.30 
Tube side avg. heat transfer coeff. (W/ m2 °C) 7997.84 6556.83 5474.00 
Shell side avg. heat transfer coeff. (W/ m2 °C) 12943.56 11992.93 10853.75 
Pressure drop in tube side (bar) 2.20 1.39 0.93 
Pressure drop in shell side (bar) 1.90 1.43 0.95 

 

Total mass of tubes per IHX module (kg)* 22438.12 24772.59 27543.68 
Approx. total mass of IHX module (kg) ** 29170.00 32204.00 35806.00 

 

Uniform baffle spacing (m) 0.183 0.192 0.210 
*, ** Cold state (at 26°C) mass, primary and secondary salt masses are not included. 
** The total mass of the IHX is assumed to be 130% of the tube mass.  Four modules 

provide a total capacity of 900 MWth. 
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Conclusion and Remarks 

This report describes the design requirements and PRIMEX code results for the PB-AHTR 

IHX modules. The baseline 900-MWth reactor design has four IHX modules with 8.54-m 

long tubes and 2.16-m diameter shells.  The IHX design data is summarized in Table 3 and 

can used for the transient analyses of the PB-AHTR.  

The calculation results from the PRIMEX code will result in more reliable design to 

minimize the volume of primary salt and structural materials, compared to what can be 

achieved by normal hand calculations. Also, the code can be applied in the future for the 

design of the PB-AHTR Direct Reactor Auxiliary Cooling System heat exchangers (DHXs).  

However, the some models and input data that have a significant effect on the design of 

IHX still involve significant uncertainties:  the heat transfer correlations, the enhancement 

factors for the helically indented tubes, the baffle leakage factors related to the fabrication 

clearance, etc. Also, more detailed design and verification are required for the detailed design 

stage of the PB-AHTR.   Test data from a reduced-area, reduced length IHX from a Liquid 

Salt Component Test Facility would be helpful in validating these models and input data. 

Nomenclature 

    hi  heat transfer coefficient inside tube, Btu/hr ft
2

°F 

hw  heat transfer coefficient across the tube wall, Btu/hr ft
2

°F 

ho  heat transfer coefficient outside tube, Btu/hr ft
2

°F 

    di  tube inside diameter, ft 

    do  tube outside diameter, ft 

ki  thermal conductivity of fluid inside tube, Btu/hr ft °F 

k   thermal conductivity of tube wall, Btu/hr ft °F 

ko  thermal conductivity of fluid out tube, Btu/hr ft °F 

t   tube wall thickness, ft 

    Re  Reynolds number 

    Pr  Prandtl number 

    b  viscosity at temperature of bulk fluid, lb/ hr ft 

    i  viscosity of fluid at temperature of inside surface of tube, lb/ hr ft 

rB  number of cross-flow restrictios 

     density of fluid, lb/ft3 

V  flow velocity in the tube side, ft/sec 
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    Vm  cross-flow velocity of fluid, ft/sec 

    PLF  pressure drop leakage factor taken as 0.5  

    EF  enhancement factor outside helically indented tubes taken as 1.3 

    rw  number of restriction in the window zone 

    Vz  mean flow velocity, ft/sec 
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Appendix 1. PRIMEX code (Fortran Source) 
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Appendix 2. Sample output 
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