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ABSTRACT 

The Modular High Temperature Gas-Cooled Reactor (MHTGR) has been chosen 
as a reference design for the Next Generation Nuclear Plant (NGNP) project.  
This reactor consists of concentric stacks of graphite blocks containing embedded 
fuel elements. Helium will be used as the coolant and will flow through coolant 
channels within the graphite blocks as well as in the gaps separating the blocks 
(called a bypass flow). A key phenomenon that may lead to localized hot spots in 
the reactor is the degradation of heat transfer effects in the bypass flow due to 
geometric distortions. Geometry distortions are the result of the graphite blocks 
being irradiated with energetic neutrons as well as thermal expansion effects due 
to temperature changes. Experimental data gathered from this project will be used 
to benchmark numerical codes used in the design and safety analysis of the 
MHTGR. 

Flow visualization and pressure loss experiments were conducted in order to 
characterize flow patterns approaching and within bypass channels and to 
quantify wall friction and pressure loss coefficients. A water-flow visualization 
apparatus was used to characterize bypass channel flow patterns using dye and 
particle tracers. The transparent acrylic model consisted of an inlet plenum, a 
beveled entrance to the simulated rectangular bypass channel, a diamond-shaped 
cut-out that simulated the junction between fuel blocks, and an exit bevel. The 
results were recorded photographically and with high-definition video. A water 
flow apparatus similar to that used for flow visualization was used to measure 
pressure distribution within the channel. Flows in both the visualization and 
pressure loss experiments were varied from laminar to turbulent. The pressure 
loss data are related in the paper to phenomena observed in the flow 
visualizations.   

 

1. INTRODUCTION 

The Modular High Temperature Gas-Cooled Reactor (MHTGR) has been chosen as a reference 
design for the Next Generation Nuclear Plant (NGNP) project. This reactor consists of concentric 
stacks of graphite blocks containing embedded fuel elements. Helium will be used as the coolant 
and will flow through coolant channels within the graphite blocks as well as in the gaps 
separating the blocks (called a bypass flow). A key phenomenon that may lead to localized hot 
spots in the reactor is the degradation of heat transfer effects in the bypass flow due to geometry 
distortions. Geometric distortions are the result of the graphite blocks being irradiated with 
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energetic neutrons as well as thermal expansion effects due to temperature changes. Idaho State 
University is studying heat transfer within the bypass flow and is developing a heated experiment 
to study the deterioration of heat transfer in the bypass flow stemming from these geometry 
distortions. Experimental data gathered from this project will be used to benchmark numerical 
codes used in MHTGR analysis. 

Bypass flows in a prismatic gas-cooled reactor (GCR) are of potential concern because they 
reduce the desired flow rates in the coolant channels and, thereby, can increase outlet gas 
temperatures and maximum fuel temperatures. In existing literature, bypass flows of one to thirty 
per cent of the total flow rate have been estimated. The range of Reynolds numbers (Re) 
estimated for bypass flow ranges from low Reynolds number laminar flow to moderately high 
Reynolds numbers characteristic of turbulent flow at full operating power. Melese and Katz [1] 
and others note that graphite expands as temperature increases and they expect it to shrink 
slightly due to irradiation over its life.  For their case they estimate about a 3.5 mm decrease 
across the flats of the block and about 5.1 mm decrease in height over a four year life. Since 
neither temperature nor irradiation is uniform, these effects will modify the shapes of the blocks 
and the gaps between them. For the vertical bypass gaps of the “NGNP Point Design” (GT-
MHR) [2], the geometry can be described as shown in Figure 1 for the streamwise (vertical) 
direction. This idealized geometry is shown with gaps of the same spacing but, with assembly 
tolerances and operation, the gaps may vary in all directions and along the blocks. The 
dimensions of the bevels of one typical design are about 17.1 mm in the x-direction in Figure 1 
by 8.3 mm, giving an angle of 25.8 degrees to the flow direction. Design block length is 793 
mm. Examination of existing literature shows that authors have suggested typical gap spacings, 
s, from about one to eight mm. 

Although there have been many studies of pressure losses and laminar-turbulent flow transitions 
for wide aspect ratio ducts in the literature dating back to the 1920’s, we have not found any that 
are specific to the beveled entry geometry of interest. For rectangular ducts with various 
entrances Kakac, Shah and Aung [3] found values of transition Reynolds numbers based on 
hydraulic diameter ranging from 2600 to 3400. Jones [4] presented an extensive review of 
turbulent pressure losses in rectangular ducts and reported data from over a dozen studies. 
Studies of laminar entry flow in rectangular ducts include those of Sadri and Floryan [5], Shah 
[6], and Schade and McEligot [7]. White [8] describes appropriate correlations for both laminar 
entry flow in rectangular ducts, including Shah[6], and for turbulent flow, including  an explicit 
form of the Colebrook-Moody correlation by Haaland [9]. White recommends the use of a 
“modified Reynolds number” first proposed by Jones [6] for turbulent flow friction factor 
calculation. Beavers, et al. [10] present a correlation for low Reynolds number turbulent flow in 
large aspect ratio rectangular ducts, which is the geometry of interest.  
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Figure 1 - Idealized representation of the streamwise passage gap between blocks [1]. Gap is 

oriented in vertical direction. Flow direction is downward through the gap during normal reactor 
operation. 

A review of the literature did not uncover pressure loss coefficients that are specific to the 
beveled entry and exit and the diamond-shaped region between blocks. However, Idelchik [11] 
presents loss coefficient for the beveled entrance to circular tubes with a similar bevel angle (the 
loss coefficient is approximately 0.12). There appears to be no published loss coefficients for 
diamond-shaped expansions-contractions in either circular or rectangular passages.  

Flow visualization and pressure loss experiments were conducted in order to characterize flow 
patterns approaching and within the bypass channel and to help quantify wall friction and 
pressure loss coefficients. Flows in both the visualization and pressure loss experiments were 
varied from laminar to possibly low-Reynolds-number turbulent regimes. Turbulent flow loss 
coefficients for the entrance, exit, and bevel cut-out are estimated. Pressure measurements are 
related to phenomena observed in the flow visualizations and are compared with correlations. 

2. FLOW VISUALIZATION APPARATUS 

A water-flow visualization apparatus was machined from acrylic plastic. The transparent acrylic 
model, as shown in Figure 2, consisted of an inlet plenum, a beveled entrance to the simulated 
rectangular cross-section bypass channel, a diamond shaped cut-out that simulated the junction 
between two fuel blocks, and an offset diamond shaped cut-out that simulated the junction 
between two misaligned fuel blocks. The cross-section dimensions of the bevel, diamond shaped 
cut-out, and (adjustable gap spacing) channel are full-scale. The channel length is 66.04 cm and 
width is 15.24 cm. Gap spacing is adjustable between 2.9 mm and 9.5 mm. The offset of the 
offset cut-out is 1.7 mm. Results for experiments using a gap spacing of 3.00 mm are reported. 
Water flow is delivered to the inlet plenum by gravity feed from a large (0.9 m3) storage tank, 
flows through the horizontally oriented channel, and then exits through an outlet plenum as a free 
surface, where it is either drained or re-circulated to the storage tank. Flow rate was initially set 
using a variable area flowmeter located in the inlet line. Flow was then measured accurately by 
timing the filling of a 15 liter bucket with a stop-watch.  

Flow was visualized by injecting either Rhodamine WT dye or 10 micron diameter silver coated 
hollow glass spherical tracer particles. The dye or particles were injected either by hand-held 
syringes or by a Harvard Instruments Model 33 syringe pump. Lighting for still photographs or 
high-definition video was provided by either a single quartz-halogen bulb or, for still 
photographs, by a Sunpak 610 electronic flash, oriented to provide side-scattered illumination 
through a narrow slit, as shown in Figure 3. The camera used for both still and high-definition 
video photography was a Canon 5D Mark II with a 24-105mm zoom lens set to 105mm. 
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Figure 2 - Schematic diagram of flow visualization apparatus showing inlet plenum, flow 
channel with inlet bevel, diamond-shaped cut-out, offset cut-out and outlet. 

 
 

Figure 3 - Schematic diagram showing camera and side-scattered lighting orientation with 
channel. 

3. FLOW VISUALIZATION RESULTS 

A selection of photographs that illustrate laminar, transitional and turbulent flow in the channel 
and cut-out is presented in Figures 4 through 7, and for laminar and turbulent flow in the offset 
cut-out in Figures 8 and 9.  Reynolds number, Re, is based on hydraulic diameter of the channel 
upstream and downstream of the cut-out and bulk velocity. 

Laminar flow is seen in Figures 4 and 8 to have a smooth inner core that is surrounded by two 
counter-rotating vortices in the symmetrical or offset diamond-shaped cut-outs. This observation 
would suggest that frictional losses, represented by loss coefficient, Kcut-out, as flow traverses the 
cut-outs are small for laminar flow. However, the inner core is seen to expand slightly within the 
cut-out, which implies that the parabolic or nearly parabolic laminar velocity profile of flow 
entering the cut-out relaxes to a more uniform profile. The result is that flow downstream of the 
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cut-out is re-established as an entry flow, with its associated higher friction as compared with a 
fully established velocity profile. 

As Reynolds number is increased, as shown in Figures 5 and 6, surface waves of increasing 
amplitude are seen to develop on the laminar inner core (or two-dimensional jet). The flow 
remains laminar downstream of the cut-out until at least a Reynolds number of 2,540 (Figure 6). 
At still higher Reynolds numbers characteristic of transition flow in the upstream channel the 
cut-out appears to trigger transition to turbulent flow (Figure 7). This impression will be 
discussed further in the pressure measurement results section. The flow visualization results 
indicate that the laminar-turbulent transition in the channel upstream of the cut-out is initiated 
somewhere between a Reynolds number of 2,450 and 2,900. The pressure loss measurement 
results indicate that laminar flow persists to at least a Reynolds number of 2,600, which is 
consistent with Kakac, Shah and Aung [3] who found values of transition Reynolds numbers 
ranging from 2600 to 3400 in wide aspect ratio rectangular channels. Flow patterns in the offset 
cut-out appear comparable to flow patterns in the aligned cut-out. 

 
 

Figure 4 - Laminar flow in diamond-shaped cut-out, Re = 735. The smooth inner flow core is 
surrounded by two slowly counter-rotating vortices. The inner core flow is seen to expand 

slightly within the cut-out. Flow is from right to left. 
 

 
 

Figure 5 - Re = 1,560. Flow enters as laminar, begins to transition, and returns to laminar 
downstream. Counter-rotating eddies are more chaotic. 
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Figure 6 - Re = 2,450. Flow enters as laminar, begins to transition, and returns to laminar 
downstream. 

 

 
 

Figure 7 - Re = 2,900. Flow appears to be laminar or transitional upstream of cut-out and 
turbulent downstream. (Turbulence is more apparent in high-definition video recordings). 

 

 
 

Figure 8 - Laminar flow in offset bevel cut-out, Re =400. 
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Figure 9 - Turbulent flow in offset bevel cut-out. Re = 3,400. 

4. PRESSURE MEASUREMENTS 

An apparatus similar to the flow visualization experiment was constructed for plenum and 
channel pressure measurements. The overall channel length is 72.39 cm. and the width, W,  is 
15.24 cm. The channel gap spacing is adjustable between 2.9 mm to 9.5 mm (52.5 > [W/s] > 
16.0). Distance between bevels, L, is 32.77 cm (113 > [L/s] > 34.5). The gap spacing is adjusted 
by inserting shims in the channel during assembly and removing them after channel walls are 
bolted in place. The upper and lower channel walls each contain an inlet bevel, a diamond 
shaped cut-out, and an exit bevel. An offset bevel was not included. In addition to an inlet 
plenum, as was provided for the flow visualization apparatus, an outlet plenum with free-surface 
outlet flow was incorporated so that pressure change across the outlet bevel could be measured. 
Pressure taps are located at 21 positions, 19 in the top wall of the channel and one each located at 
the channel center-line elevation in the inlet and outlet plena. Flow rates were set using a 
variable area flowmeter located in the inlet line and then accurately measured by timing the 
filling of a 15 liter bucket with a stop-watch. The measurements were repeated three times for 
each experiment and then averaged. Water temperature was measured with a finely graduated 
thermometer. The average channel gap spacing (not including the bevels or cut-out) was 
calculated after assembly from a carefully measured volume of water that filled the channel, with 
known volumes of the bevels and cut-out subtracted from the total. 

5. PRESSURE MEASUREMENT RESULTS 

A series of pressure measurements with the channel gap spacing set to an average of 3.00 mm 
([L/s] = 109.2) was obtained for flows varying from laminar to apparently fully turbulent. Water 
temperature was held constant during any one experiment and varied from 13 oC to 14 oC over 
the range of experiments. Additional measurements were obtained with the average gap spacing 
set to 4.39 mm ([L/s] = 74.6). Pressure measurements for all experiments using the 3.00 mm gap 
spacing are plotted in Figure 10. Measurements are shown in more detail for three experiments 
and are compared with predictions in Figure 11 through 13. 

Predictions employ the laminar entry flow correlation of Shah [6] for flow in rectangular ducts, 
where the local pressure at distance x from the entrance, px , is related to inlet pressure, p0 , as, 
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where, for a large aspect ratio rectangular duct,

 

                        fapp =  apparent friction factor =  
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1+ 0.000029 /ζ2

 

 
 

 

 
          (2) 

ζ = x /Re Dh

Dh =  hydraulic diameter

U  =  bulk velocity

ρ  =  density

 

This correlation, as well as others available for rectangular cross-section geometry, were 
developed for flow in ducts with a square-edge entry, and thus do not capture any effects of the 
entry bevel of our apparatus. 

For fully-developed low-Reynolds number turbulent flow, the correlation of Beavers et al. [10], 
was employed. The correlation for Darcy friction factor, , is, 

30.0Re 507.0                                           −=f                                     (3) 

As shown by the flow visualizations, a significant effect of the diamond-shaped cut-out on flow 
appears to be that the velocity profile relaxes from a developed laminar or turbulent profile to a 
more uniform profile as flow transits the cut-out and exits as entrance flow rather than well 
established flow. For laminar flow the streamwise pressure profile downstream of the cut-out 
appears to be very similar to that entering the first section of the channel from the inlet plenum. 
For apparent transition flow entering the cutout, the effect of the cut-out is to induce turbulence. 

The loss coefficient for the cut-out for turbulent flow was estimated to be Kcut-out = 0.5 ± 0.05, 
and the loss coefficient for the inlet bevel for turbulent flow Kinlet = 0.15 ± 0.05. The loss 
coefficient for the cut-out is estimated by comparing the difference of the projection of the 
calculated pressure upstream of the cut-out with that of the calculation downstream (see Figure 
13). The loss coefficient for the inlet is estimated from the difference between the inlet pressure 
minus the acceleration component and the calculated pressure in the channel. The loss coefficient 
for the cut-out is expected to decrease as gap spacing is increased. However, this aspect has not 
yet been quantified. 

There is little head change as the flow from the channel transits the outlet bevel and enters the 
outlet plenum. The change is essentially zero for laminar flow and only a very small amount of 
head recovery is shown for turbulent flow. Therefore most or all kinetic energy is dissipated as 
channel flow mixes with low velocity flow in the outlet plenum. The exit (from upstream of the 
exit bevel to the outlet plenum) loss coefficient is therefore equal to or very close to unity.  
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The laminar entry correlation appears to give a reasonably good representation of the measured 
pressure curve for laminar flow (Figure 11). Although the correlation gives a reasonable 
calculation of the overall pressure loss in the channel section upstream of the cut-out for higher 
Reynolds number laminar flow (Figure 12), the slope of the calculation appears to be too shallow 
near the entrance and too steep near the cut-out. Gajar and Madon [12] state that the type of inlet 
configuration can significantly influence the development of the friction factor along a channel 
and the length of the development region. For an approximate comparison, the tabulations of 
Schade and McEligot [7] for an infinitely-wide duct predict that the local apparent friction factor 
will be within five per cent of its fully-developed value by (L/s) = ~ 40 for our example laminar 
flow case where Reynolds number, Re = 1,478. Therefore, laminar flow is expected to become 
reasonably developed prior to either the cut-out or exit bevel for this case. 

 
 

Figure 10 - Streamwise pressure distribution for all experiments with channel gap spacing 
 = 3.00 mm. x is distance from entrance. 
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Figure 11 - Streamwise pressure distribution for Re = 1,478 (laminar flow). Gap spacing = 3.00 
mm. Predicted (“Calculation”) values are from the Shah (1978) laminar entry flow correlation 

[6]. 
 

 
 

Figure 12 - Streamwise pressure distribution for Re = 2603 (believed to be laminar or transition 
flow upstream of cut-out, turbulent downstream). Gap spacing = 4.39 mm. The laminar entry 

flow correlation is applied upstream of the cut-out and the fully-developed turbulent flow 
correlation is applied downstream of the cut-out. 
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Figure 13 - Streamwise pressure distribution for Re = 7,694 (turbulent flow). Gap spacing = 3.00 
mm. The pressure difference between calculated values upstream and downstream of the cut-out 

is consistent with a cut-out loss coefficient Kcut-out ~ 0.54. 

6. CONCLUSIONS 

Flow visualization and pressure loss experiments were conducted in order to characterize flow 
patterns approaching and within a model bypass channel and to quantify wall friction and 
pressure loss coefficients. The laminar entry flow pressure loss correlation of Shah [6] and the 
fully-developed low Reynolds number turbulent flow friction factor correlation of Beavers et. al. 
[10], are shown to produce reasonably good comparisons with measured pressure distributions, 
although our beveled channel inlet geometry differs from the square-edge entry flow used for 
develop the correlations. A significant effect of the diamond-shaped cut-out representing the 
junction of fuel blocks on flow appears to be that the velocity profile relaxes from a developed 
laminar or turbulent profile to a more uniform profile as flow transits the cut-out and re-enters 
the gap as entrance flow rather than well-established flow. The experiments quantify frictional 
and component pressure losses for the geometry investigated. However, it is expected that, in 
addition to Reynolds number, loss coefficients will be functions of gap spacing and gap offset, 
the effects of which have yet to be quantified. 

7. UNCERTAINTIES 

Average gap spacing  ± 0.05 mm     
Channel wall flatness  ± 0.05 mm      
Pressure   ± 10 Pa (using inclined manometer at 29.4O from horizontal)     
Temperature   ± 0.5 oC      
Flow rate   ± 1%   (using bucket and stop-watch)             
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Machined dimensions (including pressure tap locations, channel width and length, and bevel 
dimensions)   ± 0.025 mm                     
Loss coefficient  ± 0.05 
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