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Flow with separation and reattachment has been encountered in many thermo-fluidic devices.
Although it causes energy loss due to pressure drops, it is sometimes intentionally used for heat transfer
enhancement. To improve the performance of heat exchangers, understanding the details of such
complicated flow and thermal structures is very important. Therefore, attention was paid in this study to a
representative typical simple model that can generate separating and reattaching flow called
backward-facing step (BFS) flow, the fundamental flow and thermal characteristics of a 3-D BFS flow have
been investigated experimentally and a flow modification was also made by numerical simulation aimed to
promote the heat transfer enhancement.

In Chapter 1, a review study is proposed to summarize and categorize the BFS related studies in recent
years, to provide a general base for comparison and discussions in each aspect and find out some valuable
fields that still need to be studied. The basic mechanisms, experimental and numerical topics are reviewed
based on a historical viewpoint, while the control methods emerged in recent years are also categorized in
this chapter, providing the readers with the latest views of application-related works. Heat transfer effects
and related theoretical analysis are also summarized. This chapter firstly describes the basic geometric
design, physical and theoretical problems with BFS; and summarizes the experimental and numerical
aspects of BFS; In the heat transfer aspect, the representative BFS-based heat transfer designs and
combustor studies are discussed; Some representative BFS flow control methods are introduced and
summarized; then several emerging topics and future directions are proposed.

In Chapter 2, spatial distributions of flow reattachment position on the bottom wall downstream of a
backward-facing step in a duct have been measured by 2D PIV method. Investigations have been done for
changing the flow Reynolds number, ranging from steady (Re=200) to unsteady (Re=1000) flow regimes
for the stepped duct having an aspect ratio of 16 and expansion ratio of 2. Non-uniform spanwise
distribution of the reattachment length was observed in each case. Within the steady state, the reattachment
length shows a unique distribution in the spanwise direction over a channel, that is, having the maximum at
the center of the duct but the minimum near the side wall. Generally, the reattachment Jength increases
rapidly as the Reynolds number is increased and has the maximum at the center of the duct at Re=400. As
the Reynolds number is further increased Re>400, the reattachment length conversely decreases due to the
flow unsteadiness occurring near the center of the duct. This flow unsteadiness expands to the side wall with
the further increase of the Reynolds number, therefore, it makes the spanwise distribution of the flow
reattachment position more complicated. The spatial distributions of the reattachment point’s existence
probability for representative cases (Re=200, 400, 600, 800) were studied to further investigate and more
clearly clarify the spatial variations of the reattachment phenomena on the bottom wall as time advances.
The existence of the side wall restrains the development of the instability from the center of the flow channel



to a certain extent, but high Reyolds number will weaken the influence of the side wall. Time-averaged and
instantaneous flow structures were carefully analyzed. The periodicity of the reattachment points, separation
points near the side wall and the center of duct was focused on. Periodic instantaneous reattachment points
on the bottom wall appears near the duct center for Re=400, the secondary recirculation zone having an
obvious periodic movement near the upper wall could be judged by combining the instantaneous separation
and reattachment positions near the upper wall.

In Chapter 3, spatial distributions of local heat transfer coefficients on the bottom wall and upper wall
downstream of a backward-facing step in a duct flow have been measured by making use of a
thermo-sensitive liquid crystal sheet. Heat transfer experiments and three components of the time-averaged
velocity measurements by 2D PIV have been done for a wide variety of the flow Reynolds number ranging
from Re=400 to Re=900 flow regimes for the stepped duct having an aspect ratio of 16 and expansion ratio
of 2. Obtained local Nusselt number changes not only in the streamwise direction but also spanwise
direction, that is, the maximum Nusselt number always appears near the side wall region even if the flow
Reynolds number is varied. Two Nusselt number peaks appear near the side wall for Re=700, 800, 900, at
which the discontinuous reattachment points could be observed near the side wall. Strong downward flow
from the step induced along the side wall produces the secondary flow toward the central part of the duct
and the area where this secondary flow exists agrees well to the area of the high heat transfer coefficient.
High-speed reverse flow from side wall to the duct center can promote the heat transfer on the bottom wall
to a certain extent. The flow structure with almost the same velocity magnitude as the reverse flow, but with
higher velocity fluctuation downstream the reattachment position near the side wall plays a dominant role in
the heat transfer enhancement. When considering the range of 315 downstream of the flow channel, the
average Nu value over the entire bottom wall or upper wall can be estimated by averaging that at its center
line in the Reynolds number range from 400 to 900. The ratio of Numax t0 Niemax in different Re on the
bottom wall also proves the existence of a three-dimensional feature of this fluid flow model. The
three-dimensional flow effect is most obvious at approximately Re=400. The three-dimensional
characteristics near the upper wall is stronger than that of the bottom wall in the same Reynolds number
condition.

In Chapter 4, the reattachment length data near the side wall and the center of the duct has been
collected, the distribution of them once again confirmed the obvious three-dimensional characteristics.
Reynolds number of 400 was chosen as the main research object because of its largest reattachment length
near the duct center and some critical properties described by other researchers. After analyzing the
correlation between the velocity-related parameters and Nusselt number near the bottom wall through
Pearson Correlation method, it could be concluded that the velocity magnitude with high fluctuations in the
flow direction can directly affect the heat transfer coefficient in this area. Integrating the velocity-related
parameters of different cross-sections, the velocity vector of the Stereo PIV and the phase-averaged velocity
vectors, the heat transfer enhancement mechanism near the side wall is clarified: A flow near the side wall
from the inlet entrance meanders between the circulation zone adjacent to the step and the secondary
recirculation zone near the upper wall, as the flow arrives in the region x/S=10 to 12, it tums into a
clockwise flow from the upper wall, passing through the side wall and washes downward the bottom wall.
In the downstream side, at x/S=14 where the heat transfer is high, a large counterclockwise corer flow
which is generated from the upper wall, passing through the bottom wall and side wall and then flows back
to the upper wall could be observed above the high heat transfer area. Furthermore, this kind of corner flow
has high-speed velocity magnitude and obvious periodicity, making sure that the hot and cold fluid there can
be mixed thoroughly and quickly taken away. Thus, the reason for heat transfer enhancement near the side
wall at Re=400 was found.



In Chapter 5, an incompressible numerical model for the backward-facing step with an inserted
cylinder was established to investigate the effects of various streamwise and cross-stream positions of the
cylinder on the flow fields and heat transfer. The heat transfer of the unsteady laminar flow on the bottom
wall is significantly enhanced when equipped with a cylinder located at X/5=0.6 and Y¢/5=1.0. The overall
heat transfer enhancement on the bottom wall exhibited a 114% improvement in the presence of a cylinder
and 45% increment in the pressure drop when compared with that of the case with no cylinder. Considering
the effect of the periodic instability of the flow, the secondary peak of the time-averaged Nusselt number
was observed when X¢/S=0.6 and Y/S=1.0. This occurred when the hot fluid was pumped from the bottom
wall to the main flow region and the cold fluid was entrained from the main flow region to the proximal of
the bottom wall.

In Chapter 6, the findings obtained in this research were summarized and the prospects for future
BFS-related were pointed out.



