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Abstract

Agentic systems powered by large language models (LLMs) are increasingly
reshaping scientific workflows by automating tasks that traditionally required
expert intervention. In Computational Fluid Dynamics (CFD), the steep learning
curve of simulation software and the complexity of multistage workflows present
major barriers to accessibility and productivity. Hence, we introduce Foam-Agent,
amulti-agent framework that automates the end-to-end OpenFOAM workflow from
a single natural language prompt. Foam-Agent offers key innovations targeting
realistic deployment scenarios through End-to-end workflow automation that spans
1) external mesh file import and text-to-mesh generation via the Gmsh library; 2)
automatic HPC job submission and execution; and 3) post-simulation visualization,
all implemented within a decomposable service architecture built on the Model
Context Protocol (MCP) and high-fidelity generation through hierarchical retrieval
across case metadata and dependency-aware file ordering, ensuring core files are
produced first and supporting files follow in the correct sequence. On a benchmark
of 110 CFD cases across 11 physics scenarios, Foam-Agent achieves an 88.2%
execution success rate, surpassing existing frameworks by a large margin. By
substantially lowering the expertise barrier for CFD, Foam-Agent demonstrates
how specialized multi-agent systems can democratize complex scientific computing.
The code is open-sourced at https://github.com/csml-rpi/Foam-Agent.

1 Introduction

Agents based on large language models (LLM) are rapidly transforming scientific workflows by
automating complex, multistep tasks that traditionally required significant human expertise [15, 14].
In fields from biology [9, 18] to chemistry [4], agents are now indispensable collaborators, capable
of planning experiments, invoking tools, and analyzing results [17]. This agentic paradigm is
particularly promising for applied engineering, where sophisticated simulation software is critical but
often challenging for users due to steep learning curves. In Computational Fluid Dynamics (CFD),
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practitioners must manually define geometry, generate a high-quality mesh, specify complex physical
models, initial and boundary conditions, and finetune dozens of solver parameters, a tedious and
error-prone process where even minor mistakes can lead to simulation failure.

Recent work has begun to automate CFD with LLM-based systems [5, 11]. However, these approaches
have been demonstrated on toy cases and face significant limitations in realistic deployments, e.g.,
a lack of robust geometry editing and meshing capabilities, manually designed rigid workflows,
and a lack of demonstration coupling with high-performance computing (HPC) environments. To
overcome these challenges, we introduce Foam-Agent, a multi-agent framework that automates the
entire OpenFOAM [8] workflow from a single natural language prompt. Compared to existing work,
our key contributions are rooted in the challenges of realistic deployments: (1) Comprehensive
Workflow Automation: Foam-Agent is the first system to manage the full simulation pipeline,
including advanced pre-processing with a versatile Meshing Agent capable of handling external mesh
files and providing text-to-mesh capability via the Gmsh library to generate novel geometries and the
associated mesh, automatic generation of HPC submission scripts, and post-simulation visualization.
(2) Decomposable Service Architecture: Going beyond a monolithic agent, the framework uses
Model Context Protocol (MCP) to expose its core functions as discrete, callable tools. This allows
for flexible integration and use by other agentic systems, such as Claude-code, for more exploratory
workflows. (3) High-Fidelity Generation: We employ a RAG based on a hierarchical index of
case metadata (e.g., case name, domain, category, solver) to retrieve precise context. Generation is
performed in a dependency-aware order, creating basic files first and then producing the dependent
ones to ensure consistency.

Perform a 2D incompressible 1id driven cavity flow with top wall moving at 1 m/s in x direction.

Use kinematic viscosity of le-5 m*"2/s. The simulation runs from time 0 to 10 with a time step of
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Figure 1: Foam-Agent system architecture illustrating the complete end-to-end workflow from natural
language input to post-processing visualization of simulation.

2 Foam-Agent Framework

As displayed in Figure 1, Foam-Agent is a multi-agent system built on LangGraph [1], where
each agent performs a specialized task within the CFD pipeline. The workflow allows for iterative
refinement and error correction until a successful simulation is achieved. The core components are
described below, with further details on the underlying architecture available in Appendix A.1.

Multi-Index Hierarchical Retrieval The Foam-Agent workflow begins by identifying suitable
reference cases, even for novel scenarios, through a hierarchical retrieval strategy. A high-level
case description (e.g., name, domain, solver) retrieves a semantically similar directory structure
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from a FAISS database, which then guides more detailed queries to other indices specifying file
configurations and scripts. By prioritizing structural over literal similarity, this approach enables
Foam-Agent to construct robust plans for unseen cases using analogous case architectures.

Architect Agent This agent translates natural language descriptions into structured simulation
plans by classifying requirements with domain-specific taxonomies, retrieving semantically similar
reference cases from hierarchical indices, and decomposing tasks into files and directories with
defined dependencies and priorities. The resulting plan P = {F}, F5, ..., F}, } specifies each required
file along with its dependencies (e.g., boundary condition files in folder O depend on the turbulence
model prescribed in files within constant folder), content, and generation order.

Meshing Agent This agent handles meshing in three modes: (1) OpenFOAM native via
blockMesh/snappyHexMesh; (2) Gmsh-based mesh generation, where natural language descriptions
generate Python scripts that utilize the Gmsh library to create geometries and associated meshes.
This versatility overcomes the limitations of native meshing in OpenFOAM. (3) Other meshes, where
user-provided pre-generated mesh files in third party software are converted to OpenFOAM format.

Input Writer Agent with Dependency-Aware Contextual Generation This agent generates
OpenFOAM input files by adhering to a dependency-aware sequence: system (e.g., controlDict,
fvSolution) — constant (e.g., physicalProperties) — 0 (e.g., U, p) — auxiliary files. This
generation order mirrors the workflow of expert users, reducing setup errors such as inconsistent
parameters. Dependencies are modeled as a directed acyclic graph, and cross-file consistency is
enforced by providing previously generated files as context. Pydantic validation [2] further ensures
syntactic and semantic correctness, minimizing setup errors.

Runner Agent This agent executes simulations locally or on High Performance Computing (HPC)
systems. For HPC clusters, it generates and submits Slurm [16] scripts with inferred or user-
provided parameters. It monitors jobs, cleans artifacts, and extracts structured error records from
logs E : L — e;, where L is the execution error log and e; refers to the ¢th structured error record,
enabling robust error detection.

Reviewer Agent This agent iteratively analyzes the simulation log and corrects potential errors.
It maintains a review trajectory H = (F?, E7), where F? denotes the state of the ith file at review
iteration j and E7 is the corresponding structured error record (as defined in the Runner Agent) from
that iteration. The agent then generates fixes AF' consistent with user requirements C'. This iterative
refinement continues until success or a user-specified limit is reached.

Visualization Agent This agent generates requested visualizations using the PyVista [13] or
ParaView [3] Python libraries. It interprets prompt-specified quantities, executes scripts, and
iteratively corrects errors until the required plots (e.g., velocity fields) are produced.

Moving beyond a monolithic tool, Foam-Agent is built on the Model Context Protocol (MCP) [7],
which decouples workflows into atomic functions orchestrated by higher-level agents. The design of
these atomic functions is detailed in Appendix A.1. We realize this through a stateful LangGraph,
with Pydantic ensuring structured I/O and LangSmith providing end-to-end traceability. These
choices make Foam-Agent flexible, reliable, and fully observable.

3 Experiments and Results

We evaluated Foam-Agent on a comprehensive benchmark of 110 OpenFOAM cases covering 11
different physics scenarios [12]. We compare against MetaOpenFOAM [5], using both Claude 3.5
Sonnet. The comparison metric is the execution success rate, defined as the percentage of simulation
cases that ran to completion given the natural language prompt describing the case.

Overall Performance As shown in Table 1, Foam-Agent significantly outperforms all baselines.
With Claude 3.5 Sonnet, it achieves an 88.2% execution success rate, a substantial improvement
over MetaOpenFOAM, which has 55.5%, with a visual comparison provided in Figure 2. The
performance gap highlights the effectiveness of our advanced framework. Ablation studies, detailed
in the Appendix A.2, confirm that the Reviewer Agent is the most critical component, contributing to
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Table 1: Performance comparison and ablation study

Framework / Configuration Execution Success Rate (%)
MetaOpenFOAM 55.5
Foam-Agent 88.2

- without Reviewer Node 57.3

- without Reviewer & Hierarchical RAG 44.6

- without Reviewer & File Dependency 454

an increase in performance of 30.9% alone. Further analysis reveals that even after its removal, the
Hierarchical RAG and File Dependency modules still provide significant performance gains of 12.7%
and 11.9%, respectively.
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@ Visualization generated by Foam-Agent

Figure 2: Comparison of simulation results produced by MetaOpenFOAM and Foam-Agent. Top:
Temperature contour at a timestep of t=0.2s for wedge case. Bottom: Velocity magnitude contour at
a timestep of t=4s for forwardStep case. Ground truth is produced by human OpenFOAM expert.
The visuals for Foam-Agent are auto generated by the agent. Foam-Agent generates a Python script,
which upon running, loads the case and produces the visual as a . png file. The same Python script is
used to generate the visuals for ground truth and MetaOpenF0AM results.

Key Capabilities Showcase We demonstrate Foam-Agent’s unique capabilities on two tasks that
are beyond the scope of prior frameworks. Figure 3 shows the successful simulation of flow over
a multi-element airfoil using a complex, externally provided mesh file. Figure 4 illustrates the
agent’s ability to generate a mesh for flow around a cylinder from a natural language description
using the Gmsh library. These cases highlight the practical advancements delivered by Foam-Agent
that are absent in prior frameworks, which primarily address tutorial or toy problems. Further,
Figure 5 shows the atomization of each agentic function using the Model Context Protocol and
exposes these functions to an orchestrator, which in this study is the debugging environment Cursor.
The orchestrator performs a complete simulation of the flow over an NACA 0012 airfoil. It first
generates the mesh using Gmsh by invoking generate_mesh(). Next, it creates the input files
via generate_file_content () (the Input Write agent). Once the files are ready, it targets an
HPC node by calling generate_hpc_script () to produce Allrun and Slurm scripts, and then
submits the job with run_simulation(). Finally, it renders the velocity magnitude by invoking
generate_visualization(), which triggers the Visualization node.

4 Conclusion

We presented Foam-Agent, a multi-agent framework that automates the full OpenFOAM workflow,
from meshing and HPC execution to visualization, driven by a single natural language prompt.
Foam-Agent achieves an 88.2% execution success rate across 110 benchmark cases, substantially
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Figure 3: Flow over a multi-element airfoil by Foam-Agent. The mesh file is provided by the user
and Foam-Agent creates the required files to run the same. The agentic results are indistinguishable
in comparison to the simulation results by human OpenFOAM expert using the same mesh file.

a) Mesh generated by Foam-Agent c) Mesh generated by Foam-Agent
using gmsh library b) Velocity magnitude at the final timestep using OpenFOAM native files

Figure 4: Mesh generated with the text to mesh functionality of Foam-Agent which utilizes the Gmsh
meshing library for 2D flow over a cylinder. This capability is particularly useful since OpenFOAM’s
native meshing utilities cannot adequately capture the obstacle geometry in this case.
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Figure 5: Simulation of flow over NACA 0012 airfoil using the MCP version of Foam-Agent. The
user only provides the natural language request and it is the orchestrator that decides which function
is to be called given the request.

126 outperforming prior systems. Unlike earlier approaches, Foam-Agent provides a modular architecture
127 through the Model Context Protocol [10], enabling flexible integration with other agentic systems. It
128 also supports external mesh import and text-to-mesh generation via the Gmsh library, capabilities
129 that were not addressed in prior frameworks. By significantly lowering the expertise barrier for
130 high-fidelity simulation, Foam-Agent democratizes access to powerful scientific computing tools and
131 paves the way for broader adoption of agentic Al in engineering and applied sciences.
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A Appendix

A.1 Detailed Methodology

Hierarchical Multi-Index RAG A key innovation in Foam-Agent is its hierarchical multi-index re-
trieval system that segments domain knowledge into specialized indices optimized for specific phases
of the simulation workflow. This approach significantly improves retrieval precision compared to
conventional single-index RAG systems. We construct the knowledge base by parsing OpenFOAM’s
tutorial cases and implement four distinct FAISS [6] indices: a Tutorial Structure Index for
high-level case organization, a Tutorial Details Index for specific configuration parameters, an
Execution Scripts Index for command sequences, and a Command Documentation Index
for utility usage. This specialized architecture ensures that the agent receives highly relevant, context-
specific information at each stage of the workflow.

Decoupling Capabilities via a Model Context Protocol (MCP) To transition Foam-Agent from a
monolithic tool into a flexible scientific service, we design its core around the Model Context Protocol
(MCP). This decouples the CFD workflow into atomic, callable functions exposed via a standardized
protocol, making Foam-Agent a composable component that higher-level agents or workflow engines
can orchestrate. The MCP design follows three principles: atomicity (each function does one task),
statefulness (tracking multi-stage simulations via identifiers), and workflow decoupling (separating
meshing, solving, and post-processing). Key functions are summarized in Table 2.

Table 2: The core functions of the Foam-Agent Model Context Protocol (MCP). Each function
represents a decoupled capability within the CFD workflow, featuring strongly-typed inputs and
outputs to ensure reliable interaction with orchestrating agents.

Function Name Description Input Schema Output Schema
create_case Initializes a new CFD simulation case and its workspace. {user_prompt: str} {case_id: str}
plan_simulation_structure (Architect Agent) Plans the required file and directory {case_id: str} {plan: List[{file,
structure based on the user prompt. folder}]}
generate_file_content (Input Writer Agent) Generates the content for a single {case_id, file, folder} {content: str}

specified configuration file.

generate_mesh (Meshing Agent) Asynchronously generates the {case_id, mesh_config: {job_id: str}
computational mesh using a specified method. Dict}

generate_hpc_script (HPC Agent) Generates a job submission script (e.g., {case_id, hpc_config: {script_content: str}
Slurm) for a high-performance computing cluster. Dict}

run_simulation (Runner Agent) Asynchronously executes the simulation {case_id, environment: {job_id: str}
either locally or by submitting to an HPC cluster. str}

check_job_status Checks the status of any asynchronous job (meshing, {job_id: str} {status: Dict}
simulation, visualization).

get_simulation_logs Retrieves detailed logs for a failed job to enable error {case_id, job_id} {logs: Dict}
diagnosis.

review_and_suggest_fix (Reviewer Agent) Analyzes error logs and proposes {case_id, logs} {suggestions: Dict}
corrective actions.

apply_fix Applies suggested modifications to the relevant case files. {case_id, modifications: {status: str}

List}
generate_visualization (Visualization Agent) Asynchronously generates a {case_id, quantity, ...} {job_id: str}

visualization of the simulation results.

System Orchestration with LangGraph and LangSmith The sequence of MCP function calls
is dynamically determined by an intelligent orchestrator implemented as a stateful graph using
LangGraph. Nodes in the graph correspond to MCP function calls, while conditional edges direct the
workflow based on intermediate outcomes. This is particularly effective for the iterative refinement
loop: a simulation failure routes the workflow to a debugging subgraph before re-attempting the run.
To ensure reliability, all data exchanges use strict Pydantic schemas for validation. For observability,
we integrate LangSmith to log every function call, LLM invocation, and state transition, creating an
immutable record of the agent’s actions for debugging and analysis.

A.2 Ablation Studies

We conducted a series of ablation studies to quantify the contribution of each key component in our
framework. We analyzed the impact of the Reviewer Node, the File Dependency analysis module,
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the generation Temperature, and the Hierarchical RAG. All experiments were performed using the
Claude-Sonnet-3.5 model. The results are summarized in Tables 3 and 4.

The inclusion of the Reviewer Node is the most significant factor, dramatically improving the
execution success rate from roughly 50% to over 80%. This highlights the critical role of iterative
self-correction. The File Dependency analysis improves execution success rate in the absence of
the reviewer and reduces the number of review loops required for convergence when the reviewer is
present, thus improving efficiency. The Hierarchical Multi-Index RAG also provides a significant
boost in performance (57.3% vs. 44.6% without the reviewer), demonstrating the value of specialized,
context-aware retrieval.

Table 3: Ablation study results evaluating the impact of the reviewer node and file dependency
analysis on execution success rate, token usage, and reviewer efficiency. We varied the temperature
to show that Foam-Agent’s performance is generalizable. The highest execution success rate for each
configuration pair is highlighted in bold.

Reviewer File Temp-
Node Dependency erature

Execution Success Rate (%) Token Usage

Avg.
Reviewer Loops

Configuration without Reviewer Node

X X 0.0 48.2 282,056 N/A
X 0.0 56.4 314,670 N/A
X X 0.6 45.4 282,034 N/A
X 0.6 57.3 314,922 N/A
Configuration with Reviewer Node (max_loops=10)

X 0.0 86.4 309,873 0.90

0.0 88.2 332,324 0.79

X 0.6 86.4 356,272 1.87

0.6 88.2 334,303 0.96

Table 4: Comparison of Foam-Agent’s performance using hierarchical multi-index retrieval vs. a
single-index (baseline) retrieval. All experiments are performed using Claude-Sonnet-3.5 at T=0.6.
The highest execution success rates are highlighted in bold.

Retrieval Reviewer . Avg.
Method Node Execution Success Rate (%) Token Usage Reviewer Loops

Configuration without

Reviewer Node
baseline X 44.6 271,136 N/A
hierarchy X 57.3 306,844 N/A

Configuration with
Reviewer Node (max_loops=10)

baseline 84.6 323,011 0.73
hierarchy 88.2 334,303 0.96

A.3 Additional Case Studies

To further demonstrate Foam-Agent’s accuracy, we present comparative visualizations for two
additional physics scenarios. Figure 6 shows that Foam-Agent accurately reproduces the sharp
concentration gradient of a flame front in a counterflow flame simulation, whereas MetaOpenFOAM
produces a diffuse, inaccurate result. Similarly, in Figure 7, Foam-Agent correctly captures the
complex circular wave dynamics in a shallow water simulation, a task where MetaOpenFOAM fails
completely.
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Figure 6: CH4 mass fraction distribution comparison in counterflow flame simulations at t=0.5s:
Ground Truth (left), MetaOpenFOAM (center), and Foam-Agent (right), demonstrating Foam-Agent’s
superior reproduction of concentration gradients.
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Figure 7: Comparison of free surface height distribution in shallow water equation simulations:
Ground Truth (left), MetaOpenFOAM (center), and Foam-Agent (right), highlighting Foam-Agent’s
ability to accurately reproduce complex wave dynamics.

A.4 System and User Prompts

This section presents a selection of the system and user prompts used to guide the agents within the
Foam-Agent framework.

A.4.1 Architect Agent: Task Decomposition

Task Decomposition System Prompt

You are an experienced Planner specializing in OpenFOAM projects. Your task is to break
down the following user requirement into a series of smaller, manageable subtasks. For each
subtask, identify the file name of the OpenFOAM input file (foamfile) and the corresponding
folder name where it should be stored. Your final output must strictly follow the JSON
schema below and include no additional keys or information:

{ "subtasks": [ { "file_name": "<string>", "folder_name": "<string>" } ] }

Make sure that your output is valid JSON and strictly adheres to the provided schema.




2322 A.4.2 Input Writer Agent: File Generation

File Generation System Prompt

You are an expert in OpenFOAM simulation and numerical modeling. Your task is to
generate a complete and functional file named: <file_name>{file_name }</file_name> within
the <folder_name>{folder_name }</folder_name> directory. Ensure all required values are
present and match with the files content already generated. Before finalizing the output,
ensure: - All necessary fields exist (e.g., if ‘nu‘ is defined in ‘constant/transportProperties‘, it
must be used correctly in ‘0/U°). - Cross-check field names between different files to avoid
mismatches. - Ensure units and dimensions are correct for all physical variables. Provide
only the code—no explanations, comments, or additional text.

233

234 A.4.3 Reviewer Agent: Error Analysis

Error Analysis System Prompt

You are an expert in OpenFOAM simulation and numerical modeling. Your task is to review
the provided error logs and diagnose the underlying issues. You will be provided with a
similar case reference, which is a list of similar cases that are ordered by similarity. You can
use this reference to help you understand the user requirement and the error. When an error
indicates that a specific keyword is undefined (for example, 'div(phi,(plrho)) is undefined’),
your response must propose a solution that simply defines that exact keyword as shown in
the error log. Do not reinterpret or modify the keyword (e.g., do not treat ’I’ as ’or’); instead,
assume it is meant to be taken literally. Propose ideas on how to resolve the errors, but do
not modify any files directly. Please do not propose solutions that require modifying any
parameters declared in the user requirement, try other approaches instead. Do not ask the
user any questions. The user will supply all relevant foam files along with the error logs, and
within the logs, you will find both the error content and the corresponding error command
indicated by the log file name.
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236 A.4.4 Example User Requirement Prompts

Multi-Element Airfoil (External Mesh)

do an incompressible 2D incompressible flow over a multi element airfoil setup. The mesh is
provided as a .msh file. The msh file contains 4 boundaries named "inlet", "outlet", "walls",
"airfoil" and "frontAndBack". The "inlet" and "outlet" are of type freestream with the
freestream velocity being 9 m/s. The "walls" and "airfoil" have a no-slip boundary condition.
The "frontAndBack" faces are designated as empty’. The simulation runs from time O to 10
with a time step of 1.0 units. The viscosity (nu) is set as constant with a value of 1.5 x 10~°
m? /s. Use simpleFoam solver. Use SpalartAllmaras turbulence model. Further visualize the

magnitude of velocity along the Z plane.
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Flow Over Cylinder (Gmsh Generation)

Simulate incompressible flow over a circular cylinder. Use gmsh to create the computational
mesh. The computational domain extends from -2.5 to 2.5 in the x-direction, -1 to 1 in the
y-direction. The cylinder is positioned at (-1, 0) with a radius of 0.1 units. The inlet boundary
named "inlet" has a uniform velocity of 1 m/s. The right boundary is the outlet named "outlet".
The top and bottom walls named "topWall" and "bottomWall" use slip boundary conditions.
The cylinder surface named "cylinder" uses a no-slip boundary condition. Use base mesh size
of 0.5 on cylinder and size of 1.0 elsewhere. The simulation runs from time O to 2 seconds
with a time step of 0.001 units. The kinematic viscosity (nu) is set as constant with a value of
1 x 107° m?/s. Use pisoFoam solver. Visualize the magnitude of velocity ("U’) along the
X-y plane.

3D Cavity (HPC Case)

Do an incompressible 3D lid driven cavity flow using icoFoam solver. The cavity is a cube of
dimension [0, 0.1]x [0, 0.1]x [0,0.1]. Use simple grading with 100X100x100 in X, y and z
direction. The top wall ("movingWall’) moves in the x-direction with a uniform velocity of 1
m/s. The *fixedWalls’ have a no-slip boundary condition. The simulation runs from time 0 to
0.015 with a time step of 0.001 units. The viscosity (nu) is set as constant with a value of
0.01 m?/s. Perform an hpc run for this case in perlmutter cluster. My account is xxxx. Do a
parallel run for this case by splitting it into 32 subdomains.
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